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Abstract

Lead (Pb) remains a pervasive environmental neurotoxin implicated in cognitive dysfunction and
hippocampal injury. Identifying natural compounds capable of mitigating these deficits is critical for
developing safe neuroprotective interventions as standard chelation therapies carry adverse systemic
side effects. This study evaluated the neuroprotective efficacy of graded doses of an ethanol extract of
Curcuma longa (EECI) against lead acetate-induced hippocampal B-amyloid deposition and alterations
in neurochemical trace element homeostasis (Ca?*and Zn?*) in adult male Wistar rats. Thirty-six adult
male Wistar rats were randomly allocated into six groups (n = 6/group). The control group received
distilled water (2 mL/kg), while the Pb group received lead acetate (120 mg/kg). A positive control group
(Pb+Vit C) was co-administered lead acetate (120 mg/kg) and ascorbic acid (100 mg/kg). Three
treatment groups (Pb+375, Pb+750, and Pb+1500) received concurrent administration of lead acetate
(120 mg/kg) alongside graded doses of EECI (375, 750, and 1500 mg/kg, respectively) daily.
Administrations of all substances lasted for 14 days via oral gavage. Following the 14-day treatment
period, the animals were humanely euthanized. Brains were rapidly excised and hemisected; one
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hemisphere was homogenized for the neurochemical quantification of calcium (Ca?*) and zinc (Zn*’),
while the contralateral hemisphere was fixed in Bouin's fluid. Histopathological evaluation of the
hippocampus was conducted using Congo red staining to assess p-amyloid plaque deposition. Co-
administration of EECI significantly attenuated Pb-induced neurochemical disruptions. Hippocampal
Ca?* and Zn?* levels were significantly preserved in all EECl-treated groups compared to the Pb-only
group (p <0.05). Furthermore, histological analysis revealed a marked reduction in Pb-induced p-
amyloid deposition in the hippocampus of EECl-treated rats relative to the untreated Pb group. These
findings demonstrate that Curcuma longa ethanol extract confers significant neuroprotection against
lead-induced hippocampal toxicity. This protective effect is likely mediated by the preservation of
essential divalent cations (Ca?* and Zn?") and the suppression of Congo Red-positive amyloid-like
deposits.
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INTRODUCTION

Lead (Pb) remains a major environmental and public health concern because it is persistent,
non-essential, and highly toxic even at low levels of exposure (WHO, 2024; Agency for Toxic
Substances and Disease Registry [ATSDR], 2020). Human exposure via contaminated water,
soil, food, occupational sources, and artisanal mining leads to severe central nervous system
disruption, clinically manifesting as cognitive impairment, behavioral changes, and long-term
neurological dysfunction in both developing and adult populations (Lanphear et al., 2005;
Sanders et al., 2009; Tobalu & Enogieru, 2025).

The hippocampus is particularly vulnerable to Pb-induced injury due to its high metabolic
demand and central role in learning, memory, and synaptic plasticity. At the cellular level, Pb
exerts its neurotoxic effects largely through an ionic mechanism; it competitively substitutes
essential bivalent cations, such as calcium and zinc. This displacement impairs calcium-
regulated signaling pathways, N-methyl-D-aspartate (NMDA) receptor function,
neurotransmitter release, and long-term potentiation (Bressler et al., 1999; Neal & Guilarte,
2010). Concurrently, Pb exposure disrupts cellular oxidant/antioxidant homeostasis by
increasing reactive oxygen species, depleting antioxidant defenses, and promoting severe
lipid peroxidation and neuroinflammation (Sanders et al., 2009; Flora et al., 2012; Kabeer et
al., 2019). Ultimately, this cascade of oxidative damage and ionic dysregulation compromises
the blood-brain barrier and accelerates Alzheimer-like neurodegeneration, notably promoting
the pathological processing of amyloid precursor protein and the subsequent aggregation of
neurotoxic amyloid-beta (AP) peptides (Bakulski et al., 2020; Wu et al., 2020; Parithathvi et al.,
2025).

While conventional chelation therapies are frequently utilized to manage chronic heavy metal
poisoning, their clinical application is severely limited by non-specific actions that deplete
essential physiological trace metals and induce adverse systemic side effects, such as renal
toxicity. Consequently, plant-derived phytotherapeutics have emerged as highly viable, safer
alternatives. Curcuma longa L. (turmeric) is rich in curcuminoids, primarily curcumin, which
possesses potent antioxidant, anti-inflammatory, and metal-chelating properties (Hewlings &
Kalman, 2017). Because it is highly lipophilic, curcumin readily crosses the blood-brain barrier
to exert robust neuroprotection. It directly counteracts heavy metal toxicity by chelating free
lead ions to form tight, active complexes, thereby reducing bioaccumulation in soft tissues
and preventing the pathological displacement of endogenous trace elements (Abubakar et al.,
2019; Abubakar et al., 2020). Furthermore, curcumin directly interacts with amyloid pathways
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by inhibiting [3-secretase activity, binding to existing plaques, and suppressing the formation
of neurotoxic amyloid fibrils, although its low systemic bioavailability remains an important
pharmacological consideration (Lim et al., 2001; Yang et al., 2005; Bhat et al., 2019).

Recent investigations demonstrate that curcumin administration in Pb-intoxicated
experimental models significantly restores endogenous antioxidant defenses (such as
superoxide dismutase) and attenuates structural lesions across highly vulnerable biological
systems, including the brain, liver, and kidneys (Abubakar et al., 2019; Abubakar et al., 2020).
In a related rat model, Elisha et al. (2023) reported that an ethanol extract of C. longa reduced
oxidative stress markers and improved hippocampal histoarchitecture following Pb exposure.
However, its specific capacity to restore hippocampal trace-element homeostasis and mitigate
amyloid-like plaque deposition remains insufficiently characterized.

Therefore, this study aimed to evaluate whether an ethanol extract of Curcuma longa
modulates hippocampal calcium (Ca?") and zinc (Zn?*) levels and reduces Congo Red-positive
amyloid-like deposition in the CA1 and CA3 regions of adult male Wistar rats exposed to lead
acetate.

MATERIALS AND METHODS

Plant Material

Fresh rhizomes of Curcuma longa L. were purchased from a local market in Samaru, Zaria,
Nigeria. The plant material was identified and authenticated at the Herbarium of the
Department of Botany, Ahmadu Bello University, Zaria. A voucher specimen was deposited

with voucher number ABUO0551.

Plant extraction method

The ethanol extract of Curcuma longa was prepared in the Department of Pharmacognosy and
Drug Development, Ahmadu Bello University, Zaria, using a maceration procedure adapted
from established pharmacognostic extraction methods (Brain & Turner, 1975; Evans, 2009;
Azwanida, 2024). Briefly, the rhizomes were cleaned, air-dried at room temperature,
pulverized, and macerated in ethanol. The extract was filtered and concentrated using a rotary
evaporator at 45 °C until a semi-solid extract was obtained. The percentage yield was

calculated using the following formula:
weight of dried extract

Percentage yield (%) = % 100.

weight of powdered plant material

Drugs and Chemicals

Lead Acetate

Lead acetate was used to induce Pb-associated neurotoxicity. The compound was obtained
from Hopkin and Williams Chemical Ltd., England, Product No. 5032. The administered dose
was expressed as mg/ kg body weight. Distilled water was used to prepare the daily treatment
solutions.

Ascorbic Acid

Ascorbic acid, vitamin C, was used as a reference antioxidant. The tablets were obtained from
Emzor Pharmaceutical Industries Ltd., Lagos, Nigeria. Distilled water was used to prepare
the daily treatment solutions

Ketamine
Ketamine hydrochloride injection 50 mg/mL was used for anesthesia and was obtained from

Swiss Parenterals Pvt. Ltd., Gujarat, India.
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Experimental Animals

Thirty-six healthy male Wistar rats weighing 100-180 g was obtained from the Animal House
of the Faculty of Pharmaceutical Sciences, Ahmadu Bello University, Zaria, Nigeria. The
animals were housed in the animal facility of the Department of Human Anatomy, Ahmadu
Bello University, under standard laboratory conditions with a 12 h light/12 h dark cycle.
Standard rodent chow and water were provided ad libitum. The animals were allowed to
acclimatize for two weeks before treatment. All experimental procedures were conducted in
accordance with institutional animal-care guidelines (ABUCAUC/16.08.2021/100).

Experimental Design

Thirty-six adult male Wistar rats were randomly assigned to six experimental groups (n =
6/ group). The normal control group received distilled water (2 mL/kg), while the negative
control (toxic) group received only lead acetate (120 mg/kg). The positive control group (Pb
+ Vit C) was co-administered lead acetate (120 mg/kg) alongside the reference antioxidant,
ascorbic acid (100 mg/kg). The three treatment groups (Pb + 375 mg, Pb + 750 mg, and Pb +
1500 mg) received concurrent administration of lead acetate (120 mg/kg) and graded doses
of an ethanol extract of Curcuma longa (EECI) at 375, 750, and 1500 mg/kg, respectively. All
treatments were administered daily for 14 consecutive days via oral gavage.

Physical Observation, Body Weight, and Tissue Collection

Animals were monitored daily for alterations in physical activity and behavioral patterns.
Absolute body weights were recorded at the initiation and conclusion of the 14-day study
period to assess weight fluctuations (OECD, 2024; National Research Council, 2025). At the
termination of the experiment, animals were anesthetized via an intraperitoneal injection of
ketamine (75 mg/kg) (Turner et al., 2024). The brains were meticulously excised and
hemisected; one hemisphere was randomly fixed in freshly prepared Bouin's fluid for
histopathological evaluation, while the contralateral hemisphere was homogenized in 0.1 M
phosphate buffer solution (pH 7.4, 1 g tissue/4 mL) for neurochemical analyses (Ige et al.,
2011; Zhang et al., 2024; Adeyemi et al., 2026).

Trace Element Analysis

Biochemical quantification of Zn?* and Ca?" in the hippocampal homogenate was performed
utilizing a Flame Atomic Absorption Spectrophotometer (AAS - AA240FS, Varian) (Santos et
al., 2024; Ibrahim et al., 2025). Brain tissue samples were transferred into Pyrex screw-cap glass
vials, treated with 700 pL of nitric acid (65% w/w, Sigma-Aldrich) and 300 pL of hydrogen
peroxide (30% w/w, Bio-Basic). The mixtures were subsequently digested on a hot plate at
120-150 °C for 40 minutes (Khan et al., 2024). Following digestion, the samples were filtered,
transferred to 100 mL volumetric flasks, and made up to the mark with deionized water. The
concentrations of Zn?* and Ca?" in the brain tissues were expressed as pg/g of wet tissue
weight (Heba & Yomn, 2019; Adebola et al., 2026).

Histochemical Analysis

The fixed hemispheres were maintained in Bouin's fluid for 48 hours to prevent autolysis.
Post-fixation, tissues were dehydrated through a graded ethanol series (70%, 95%, and
absolute alcohol, two changes each). Dehydrated samples were cleared in two changes of
xylene (2 hours per step) and subsequently infiltrated and embedded in molten paraffin wax.
The paraffin blocks were sectioned at 5 um utilizing a rotary microtome (Leica Biosystems,
RM2125RTS). Tissue sections were floated on a 50°C water bath, mounted onto clean glass
slides, and allowed to air-dry. Congo Red histochemistry was performed to visualize (-
amyloid plaque deposition. Photomicrographs were captured at X250 magnification using
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light microscopy (Optical Microscope; HM-LUX, Leitz Wetzlar, Germany). Because Congo
Red is not specific for amyloid-beta, stained structures were reported as Congo Red-positive
amyloid-like  deposits unless confirmed by additional amyloid-beta-specific
immunohistochemistry or polarized-light birefringence.

Statistical Analysis

Data were expressed as mean + SEM. Statistical analysis was performed using GraphPad
Prism. Body-weight changes were analyzed using Paired sample student T-test. Calcium and
zinc concentrations were analyzed by one-way ANOVA followed by Tukey's post-hoc test.
Statistical significance was accepted at p < 0.05.

RESULTS

Plant Extraction Percentage Yield, Physical Observations, and Body Weight

A yield of 10.078% was obtained for the ethanol extract of Curcuma longa. Reduced locomotor
activity, bradykinesia, sluggishness, weakness, and reduced agility were observed most
prominently in the Pb-only group. Soft or jelly-like feces were also observed in some Pb-
exposed animals. Body weight increased over the 14-day experimental period in all groups.
Significant within-group increases were observed in the control, Pb-only, Pb + EECl 375
mg/kg, Pb + EECl 750 mg/kg, and Pb + EEC] 1500 mg/kg groups, p < 0.05. The Pb + vitamin
C group did not show a statistically significant body-weight increase over the same period
(Figure 1).
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ECI
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Figure 1. Effects of Curcuma longa ethanol extract on the body weight of adult male Wistar rats exposed to lead
acetate. The bar graph illustrates the initial and final body weights (g) of the experimental groups over the 14-day
study period. Blue bars represent the initial weight prior to treatment, and orange bars represent the final weight
prior to sacrifice. Data are expressed as Mean + SEM. *p < 0.05 vs. Control; #p < 0.05 vs. Pb group.

Neuro-Trace Elements

In the present study, the level of Ca?" was significantly higher (p < 0.05) in the Pb + 375 mg/kg
EECI treatment group, Pb + 750 mg/kg EECI treatment group, and Pb + 1500 mg/kg EECI
treatment group when compared to the normal control group and Pb (120 mg/kg) negative
control group in the brain tissue following lead acetate exposure (Figure 2A).

Similarly, the results indicate that the level of Zn?* was significantly higher (p < 0.05) in the
Pb + 375 mg/kg EECI, Pb + 750 mg/kg EECI, and Pb + 1500 mg/kg EECI treatment groups
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when compared to the control group and Pb (120 mg/kg) treatment group in the brain tissue
following lead acetate exposure (Figure 2B).
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Figure 2A. Effect of Curcuma longa ethanol extract on hippocampal calcium (Ca?") levels in lead-exposed Wistar
rats. Bar graph illustrating the concentration of calcium (Ca?*) in the brain tissue of experimental animals following
14 days of oral co-administration of lead acetate and graded doses of C. longa extract. Data are expressed as Mean
+ SEM (n = 6/group). Statistical analysis was performed using One-way ANOVA followed by a Tukey post-hoc
test. * p < 0.05 significantly different compared to the normal Control group; » p < 0.05 significantly different
compared to the toxic Lead (Pb) group. Abbreviations: Pb = Lead acetate; Vit C = Ascorbic acid (100 mg/kg); EECI]
= Ethanol extract of Curcuma longa.
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Figure 2B. Effect of Curcuma longa ethanol extract on hippocampal zinc (Zn?*) levels in lead-exposed Wistar rats.
Bar graph illustrating the concentration of zinc (Zn?*) in the brain tissue of experimental animals following 14 days
of oral co-administration of lead acetate and graded doses of C. longa extract. Data are expressed as Mean + SEM
(n = 6/group). Statistical analysis was performed using One-way ANOVA followed by a Tukey post-hoc test. * p
< 0.05 significantly different compared to the normal Control group; ? p < 0.05 significantly different compared to
the toxic Lead (Pb) group. Abbreviations: Pb = Lead acetate (120 mg/kg); Vit C = Ascorbic acid (100 mg/kg); EEC1
= Ethanol extract of Curcuma longa.
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Histochemical Findings in the Hippocampal CA1 and CA3 Regions

Congo Red histochemistry of the hippocampal CA1 and CA3 regions in the normal control
group (distilled H-O) revealed minimal to no deposition of p-amyloid plaques. Conversely,
the lead acetate-only group exhibited prominent, multiple depositions of f-amyloid plaques.
Co-administration of lead acetate with Vitamin C (100 mg/kg) resulted in a markedly sparse
deposition of plaques. Among the extract-treated groups, rats receiving 375 mg/kg EECI
displayed scattered plaque deposition confined primarily to the CA1 region. Administration
of 750 mg/ kg EECI further reduced this to isolated, single plaque depositions in the CA1 area,
while the highest dose of 1500 mg/kg EECl completely abrogated P-amyloid plaque
formation in both regions (Figures 3 and 4).
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Figure 3: Section of Wistar rats' hippocampal regions (CA1) of A: control group (distilled H-O) with relatively no
deposition of B-amyloid plaque; B: lead acetate treated group with relatively multiple deposition of B-amyloid
plaques (arrows); C: lead acetate and 100 mg/kg Vit C treated group with relatively sparse deposition of p-amyloid
plaques (arrows); D: lead acetate and 375 mg/kg Curcuma longa treated group with relatively few depositions of
B-amyloid plaques (arrows); E: lead acetate and 750 mg/kg Curcuma longa treated group with relatively no
deposition of B-amyloid plaques; F: lead acetate and 1500 mg/kg Curcuma longa treated group showing no
deposition of -amyloid plaques — Congo Red stain (Mag x250).
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Figure 4: Section of Wistar rats' hippocampal regions (CA3) of A: Control group (distilled H.O) with relatively few
depositions of f-amyloid plaque (arrow); B: lead acetate treated group with relatively multiple deposition of -
amyloid plaques (arrows); C: lead acetate and 100 mg/kg Vit C treated group with relatively no deposition of -
amyloid plaque; D: lead acetate and 375 mg/kg Curcuma longa treated group with relatively no deposition of -
amyloid plaque; E: lead acetate and 750 mg/kg Curcuma longa treated group with relatively no deposition of -
amyloid plaque; F: lead acetate and 1500 mg/kg Curcuma longa treated group with relatively no deposition of -
amyloid plaques —Congo Red stain (Mag x250).

DISCUSSION

The present study evaluated the neuroprotective potential of an ethanol extract of Curcuma
longa (EECI) in adult male Wistar rats exposed to lead acetate. The findings demonstrate that
EECI co-administration significantly attenuated Pb-induced systemic toxicity, restored
hippocampal trace-element homeostasis (Ca?* and Zn?'), and dose-dependently reduced
Congo Red-positive amyloid-like plaque deposition in the CA1 and CA3 regions.

Lead exposure was clinically characterized by soft feces, reduced agility, muscular weakness,
and bradykinesia, confirming the induction of profound systemic toxicity. While all groups
exhibited body weight gain over the 14-day experimental period —an expected physiological
trajectory for young adult Wistar rats—the literature regarding Pb-induced weight
fluctuations remains highly variable depending on dose, diet, and duration (Ibrahim et al.,
2012; Sun et al., 2017). Therefore, absolute weight gain alone should be interpreted cautiously;
however, the maintenance of normal growth trajectories and the absence of overt physical
decline in the EECI-treated cohorts align with recent toxicological models demonstrating
curcumin's ability to reverse heavy metal-induced physiological stress and restore underlying
metabolic parameters (Abubakar et al., 2020).

In this study, there was significant increase in Zn2?* and Ca?* in the EECl-treated groups when
compared to the controls, as this could be as a result of the protective properties of EEC]
against the neurodegenerative effects of Pb. In conditions characterized by the overactivation
of excitatory signaling, synaptically released Zn2?* can flux into post-synaptic neurons through
Zn?* permeable channels (Sensi et al., 2009). Zn2* entry occurs primarily through voltage-
gated Ca?* channels and Ca?* permeable the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (CP-AMPARs) (Colvin et al., 2000; Sheline et al., 2002).
AMPAR permeability to Ca2* and Zn?* ions is restricted to certain neuronal populations or
occurs upon disease-associated challenges. The distinct expression pattern and the high
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permeability to Ca?* and Zn?* contribute to the unique role of CP-AMPAR in selective
neurodegeneration (Weiss, 2011).

At the cellular level, lead exerts severe neurotoxicity through an ionic mechanism,
competitively displacing essential bivalent cations (Ca?* and Zn?') to disrupt calcium-
dependent signaling, N-methyl-D-aspartate (NMDA) receptor function, synaptic vesicle
release, and long-term potentiation (Bressler et al., 1999; Neal & Guilarte, 2010; Kabeer et al.,
2019). In this study, EECl administration significantly preserved hippocampal Ca?" and Zn?*
concentrations relative to the Pb-only group. This dose-dependent restoration supports the
potent heavy-metal chelating properties of curcuminoids. Utilizing its $\beta$-keto-enol
tautomer structure, curcumin readily binds redox-active transition metal ions to form tight,
inactive complexes, thereby preventing the pathological displacement of endogenous trace
elements (Abubakar et al., 2019; Kabeer et al., 2019). While calcium and zinc supplementation
alone have been shown to reduce some Pb-induced oxidative disturbances (Prasanthi et al.,
2010), the robust elemental modulation observed here underscores EECl's localized
neuroprotective capacity. Nevertheless, because direct tissue-level Pb chelation was not
quantified, these data primarily serve as evidence for the modulation of trace-element status
rather than direct in vivo Pb clearance.

Beyond ionic disruption, Pb exposure accelerates neurodegeneration by inducing profound
oxidative stress and disrupting the intracellular clearance of amyloid precursor proteins.
Consistent with experimental literature linking Pb to Alzheimer-like pathology, the Pb-only
group exhibited prominent Congo Red-positive amyloid-like deposits in the CA1 and CA3
regions (Bakulski et al., 2020; Wu et al., 2020; Parithathvi et al., 2025). Co-administration with
Vitamin C—whose oxidized form, dehydroascorbic acid, utilizes facilitative transport to cross
the blood-brain barrier —markedly reduced this deposition, corroborating its recognized
capacity to lower amyloid burden and mitigate oxidative damage in neurodegenerative
models (Huang et al., 2001; Kook et al., 2014).

Strikingly, EECl administration resulted in a robust, dose-dependent clearance of these Congo
Red-positive deposits, with complete abrogation observed at the highest dose (1500 mg/kg).
Unlike conventional chemical chelators, the lipophilic nature of curcumin permits unhindered
transport across the blood-brain barrier to exert dual anti-amyloidogenic and antioxidant
effects (Abubakar et al., 2019). Curcumin acts as a potent chain-breaking antioxidant to
neutralize the reactive oxygen species (ROS) that accelerate plaque formation; concurrently,
it directly binds to amyloid structures, inhibits $\ beta$-secretase activity, and suppresses the
pathological aggregation of neurotoxic amyloid oligomers and fibrils (Lim et al., 2001; Yang
et al., 2005; Bhat et al., 2019; Kabeer et al., 2019).

Despite these highly promising histochemical findings, certain analytical limitations must be
acknowledged. Congo Red staining alone does not exclusively confirm the presence of specific
B-amyloid peptides; additional validation using anti-amyloid-beta immunohistochemistry,
thioflavin staining, or polarized-light birefringence is warranted to definitively characterize
these structural deposits. Furthermore, because crude C. longa extract comprises multiple
phytochemical constituents and curcumin possesses inherently limited oral bioavailability,
the observed neuroprotective effects cannot be attributed exclusively to curcumin without
rigorous phytochemical quantification. Future studies should focus on the pharmacokinetic
profiling of EECI to fully elucidate its mechanisms of mitigating heavy metal-associated
neurodegeneration.

Conclusion
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Lead acetate exposure produced behavioral signs of toxicity and increased Congo Red-
positive amyloid-like deposition in the hippocampal CAl and CA3 regions. Co-
administration of ethanol extract of Curcuma longa significantly modified hippocampal
calcium and zinc levels and reduced Congo Red-positive deposition, particularly at higher
doses. These findings suggest that EECI may exert neuroprotective effects through
antioxidant activity, modulation of trace-element homeostasis, and reduction of amyloid-like
histochemical changes. Further studies using Pb tissue burden analysis, oxidative-stress
assays, anti-amyloid-beta immunohistochemistry, and behavioral testing are required to
confirm the mechanisms involved.
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