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Abstract
Background and Objectives: Cadmium is a potent neurotoxic heavy metal known to induce oxidative stress, apoptosis, and neurotransmitter dysfunction, leading to neurodegenerative effects. Turmeric (Curcuma longa) has gained attention as a natural antioxidant with potential neuroprotective properties. This study evaluates the neuroprotective effects of turmeric against cadmium chloride-induced neurotoxicity in male Wistar rats by assessing oxidative stress and cholinergic function.
Method: Twenty-four male Wistar rats (150–180 g) were divided into four groups (n = 6): Group I (Control), Group II (Turmeric only: 500 mg/kg BW orally), Group III (Cadmium only: 120 mg/kg BW subcutaneously), and Group IV (Cadmium + Turmeric). Turmeric was administered daily for four weeks. Superoxide dismutase (SOD) and acetylcholinesterase (AChE) activities were measured using standard spectrophotometric methods. Data were analyzed using one-way ANOVA and Tukey’s test, with p < 0.05 as the significance threshold.
Results: Cadmium exposure significantly reduced SOD activity (3.77 ± 0.19 U/mg protein) and AChE levels (11.0 ± 4.36 U/L) compared to the control group (6.22 ± 0.11 U/mg and 28.0 ± 0.52 U/L, respectively; p < 0.05). Turmeric co-administration markedly improved SOD (7.12 ± 0.12 U/mg) and AChE (32.0 ± 1.42 U/L) levels, demonstrating restoration of antioxidant and cholinergic function. Interestingly, turmeric alone elevated both SOD (6.50 ± 0.09 U/mg) and AChE (46.0 ± 0.48 U/L) beyond control values.
Conclusion: Turmeric mitigates cadmium-induced neurotoxicity by significantly enhancing antioxidant defenses and cholinergic neurotransmission. These findings support its potential as a dietary supplement or therapeutic agent in managing neurodegenerative conditions related to heavy metal toxicity. Further studies incorporating behavioral and histopathological assessments are recommended to validate its cognitive benefits.
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Introduction
Background to the Study
Cadmium (Cd) is a widespread environmental toxicant that poses significant health risks to humans (Genchi et al., 2020). It is found in various food items, with concentrations varying greatly based on the type of food and the degree of environmental contamination (Thompson, & Darwish, 2019). Exposure to cadmium can lead to several health issues, including kidney damage, bone loss, cardiovascular complications, testicular damage, vision problems, and neurological disorders (Rinaldi et al., 2017). This widespread exposure increases the risk of cadmium accumulation in vital organs, particularly the brain, where it disrupts neuronal homeostasis and induces long-term neurological damage (Branca et al., 2020).
Recent research has linked cadmium exposure to a variety of neurodegenerative conditions. It facilitates amyloid-beta aggregation and tau hyperphosphorylation, processes implicated in the development of Alzheimer’s disease (Sajjad et al., 2018). Cadmium also induces dopaminergic neuron degeneration in the substantia nigra, a key hallmark of Parkinson’s disease (Raj et al., 2021). Additionally, it impairs hippocampal synaptic plasticity, which compromises learning and memory functions (Foster, 1999), and contributes to peripheral neuropathy through its damaging effects on Schwann cells and peripheral motor neurons (Wang et al., 2022).
Pharmacological agents currently used to manage these disorders often present limitations such as high cost, adverse effects, and limited accessibility, especially in low resource settings (de Jesus Mari et al., 2013). These limitations have spurred interest in natural compounds with potential neuroprotective effects. One such compound is turmeric (Curcuma domestica), a widely used medicinal herb known for its therapeutic properties.
Turmeric’s major bioactive component, curcumin, has shown potent antioxidant and anti-inflammatory effects that counteract oxidative stress and neuronal degeneration (Ullah et al., 2017). Curcumin has been reported to enhance endogenous antioxidant enzyme activity and suppress acetylcholinesterase (AChE), thus improving neurotransmission and cognitive functions (Akinyemi et al., 2018). However, few studies have explored the broader spectrum of turmeric’s phytochemicals beyond curcumin and their collective neuroprotective potential.
Due to the increasing incidence of neurotoxicity caused by environmental toxicants and the limitations of conventional therapies, this study aims to examine the Neuroprotective Role of Turmeric Against Cadmium-Induced Neurotoxicity in Male Wistar Rats: Modulation of Oxidative Stress and Acetylcholinesterase Activity

MATERIALS AND METHODS
Materials
Twenty-four (24) male Wistar rats, normal saline, stopwatch, methanol, filter  paper,  grinding  machine,  5  ml  syringes,  plan  container,  funnel, Pasteur  pipette, conical  flask, universal  container, 10% formalin, Bouin’s fluid, cotton wool, tissue cassette, Spectrophotometer etc.
Cadmium Preparation
Cadmium chloride was procured from Dr. Fameruwa Chemical Stores LTD, Nigeria. The cadmium chloride solution was prepared according to the guideline of the Organization for Economic Cooperation and Development (Organisation for Economic Co-operation and Development., 2001).
Plant Harvest and Extraction
The Curcuma longa (turmeric) rhizomes were obtained from Nwakpu Market in Ndufu-Alike, Ikwo Local Government Area, Ebonyi State, Nigeria. The turmeric rhizomes were air dried and pulverized. The pulverized turmeric (500 g) was soaked in 2.5 L of absolute methanol for 72 hours with intermittent shaking to enhance the dissolution of bioactive components. The mixture was filtered using Whatman No. 1 filter paper, and the filtrate was concentrated using a rotary evaporator at 40°C under reduced pressure. The concentrated extract was further dried using a water bath to obtain a solid residue, which was stored at 4°C until use. The extract’s fresh solution was prepared in distilled water.
Experimental Animals
For  the  experiment,  a  total  of  twenty-five  (25)  male  Wistar  rats weighing between 150 and 180g were procured from the animal house of  the  Faculty  of  Basic  Medical  Sciences,  Alex  Ekwueme  Federal University   Ndufu   Alike   Ikwo,   AE-FUNAI.   Two   (2)   weeks   of acclimatisation  preceded  the  start  of  the  experiment.  The  rats  were sheltered in conventional settings and given access to water and regular rats'  pellets.  With  a  temperature  range  of  27–290C  and  a  12-hour day/light photoperiod, the animal chamber was adequately ventilated
Experimental Design
Randomly,  the  rats  were  selected  and  divided  into  four  (4)  groups, consisting   of   six   (6)   rats   per   group   after   Fourteen  (7)   days of acclimatization.  Group  A  served  as  the  control  and  received  normal saline, feed, and water ad libitum. Group B was the untreated cadmium, which received 2mg/kg of cadmium chloride, feed, and water. Group C received 2mg/kg of CdCl2 + 500 mg/kg of Turmeric,  feed  and  water.  Group  D received 2mg/kg of CdCl2+ 500 mg/kg of Turmeric. All administrations were done orally twice daily (6:00 AM and 6:00 PM) for 14 consecutive days using oral gavage. 


 Dose selection 
The dose of CdCl2 was adopted below the LD50 by oral administration of 14 days. Besides, the authors have found that at this dose,  CdCl2  affects mainly the brains and the main mechanism for the neural damage occurs mainly by activation of oxidative stress and mitochondria-mediated cell death-related mechanisms (Di Pietro, et al., 2020). The dose of turmeric and route of administration was based on another that showed significant protective effects against toxicity without any signs of adverse effect  in other animal models of neurodegeneration. Similarly, Zhang et al. (2021) found that 500 mg/kg turmeric administered for up to 14 days provided neuroprotective and antioxidant effects, supporting it use as an effective dose for short-term studies without toxicity
Sampe Collection
After completing the required experimental treatments, the animals were anesthetized using chloroform (0.5 ml intraperitoneally). The animals were then sacrificed by cervical dislocation. An incision was made in the cranial region, the scalp was carefully cut, and the skull was opened. The brain was then carefully removed, placed on ice, and immediately processed for homogenization.
Brain Tissue Homogenization
The brains were homogenized in 50 mM Tris–HCl buffer (pH 7.4) containing 1.15% potassium chloride. The homogenized tissue was subsequently centrifuged at 10,000 rpm for 10 minutes at 4°C using a cold centrifuge. The supernatant was collected and used for the determination of biochemical parameters.
 Biochemical Assays
Determination of Acetylcholinesterase (AChE) Activity
A modified version of Ellman’s method (Ellman, 1961) was used to assess AChE activity using brain homogenate. After removal from the deep freezer, rat brains were rinsed with cold phosphate buffer (pH 7.8), blotted dry, and weighed. The tissues were homogenized in ice-cold 0.05 M sodium phosphate buffer (pH 7.8) at a ratio of 1 g to 5 ml.
A 50 µl aliquot of the brain homogenate was added to 20 ml of buffer containing DTNB (10 mg/100 ml). Subsequently, 50 μl of 20 mM propionylthiocholine (PTC) was added to the mixture. The samples were centrifuged at 1850g for 5 minutes. Absorbance was read using a Specol 10 spectrophotometer (Carl Zeiss, Jena, Germany) at 412 nm. AChE activity was calculated based on the rate of increase in absorbance and expressed as U/L. Measurements were repeated after pre-incubation with 50 μl of 10 mM eserine for 15 minutes at 30°C.
 Determination of Superoxide Dismutase (SOD) Activity
SOD activity was determined using the colorimetric method of Misra and Fridovich (1972), modified to use brain homogenate. An aliquot of 80 µl of brain homogenate was added into a clean test tube containing 1000 µl of carbonate buffer (pH 10.2), mixed thoroughly, and incubated at 37 °C for 5 minutes. Then, 600 µl of freshly prepared epinephrine was added, and the absorbance was read at 30-second intervals for 150 seconds at 480 nm.
The blank was treated similarly but with 80 µl of distilled water instead of the homogenate. The percentage inhibition of epinephrine auto-oxidation was calculated, and SOD activity was expressed as U/ml. One unit of SOD activity was defined as the amount of enzyme causing 50% inhibition of epinephrine auto-oxidation.
2.7. Statistical Analysis
 Statistical analysis was performed using the GraphPad Prism software (version 8.00, GraphPad Software, USA). Results of biochemical analyses were expressed as mean ± standard deviation and analysed using one-way analysis of variance (ANOVA) followed by the Turkey's multiple comparison test. The results were  statistically significant at p<0.05







Results
Table 1: Effects of Turmeric on SOD and AChE Activities in Cadmium-Induced Neurotoxicity
	Group
	Treatment
	SOD (U/mg protein)
	AChE (U/L)

	A
	Control
	6.22 ± 0.11
	28.0 ± 0.52

	B
	CdCl₂ Only
	3.77 ± 0.19a
	11.0 ± 4.36a

	C
	Turmeric Only
	6.50 ± 0.09b
	46.0 ± 0.48ab

	D
	CdCl₂ + Turmeric
	7.12 ± 0.12b
	32.0 ± 1.42ab



Key: ª (P ≤ 0.05) – Significantly decreased compared to Control group, ᵇ (P < 0.05) – Significantly increased compared to Cadmium-only group. Data are expressed as Mean ± SEM. Statistical Analysis: One-way ANOVA followed by Tukey’s post hoc test. Significance level: P ≤ 0.05 was considered statistically significant
Table 1 shows a significant decrease (P ≤ 0.05) in SOD levels in the CdCl₂-only group compared to the control group* indicating oxidative stress induced by cadmium exposure. Conversely, SOD levels in the Turmeric-only and CdCl₂ + Turmeric groups showed a significant increase (P ≤ 0.05) when compared to both the CdCl₂ and control groups. This suggests that turmeric not only mitigated cadmium-induced oxidative damage but also enhanced endogenous antioxidant activity. In comparison with the Turmeric-only group, SOD activity was slightly higher in the CdCl₂ + Turmeric group, although both were significantly elevated compared to the control and cadmium groups.
For Acetylcholinesterase (AChE), significant decrease (P ≤ 0.05) in the CdCl₂ (Group B) compared to the control group (Group A), indicating impaired cholinergic neurotransmission and potential neurotoxicity induced by cadmium exposure. In contrast, the Turmeric-only group (Group C) exhibited a significant increase (P ≤ 0.05)  in AChE levels when compared to both the CdCl₂ group (Group B) and the control group (Group A), suggesting that turmeric enhances cholinergic activity and possesses neuroprotective potential. Similarly, the CdCl₂ + Turmeric group (Group D) showed a significant increase (P ≤ 0.05) in AChE activity compared to the CdCl₂  (Group B), and a  mild but significant increase (P ≤ 0.05) compared to the control group (Group A), indicating that turmeric co-administration mitigates the neurotoxic effects of cadmium and restores AChE function.
 Discussion
It has been observed in biological systems that certain cellular structures and components such as the cell membrane, mitochondria, lysosomes, neuronal cells endoplasmic reticulum, and enzymes involved in metabolism, detoxification, and tissue repair are primary targets of toxic heavy metals, particularly cadmium (Cd). These cellular disruptions are known to compromise brain function by inducing oxidative stress and impairing neurotransmitter activity. Therefore, this study aimed to ascertain the neuroprotective role of turmeric in cadmium-induced neurotoxicity by evaluating its effects on oxidative stress and acetylcholinesterase activity in the brain of adult male Wistar rats. 
As shown in Table 1, cadmium exposure resulted in a significant reduction in both superoxide dismutase (SOD) and acetylcholinesterase (AChE) activity compared to control, highlighting the oxidative and neurotoxic effects of cadmium on the brain. These findings align with previous reports demonstrating cadmium’s ability to generate excessive reactive oxygen species (ROS), disrupt redox balance, and impair cholinergic neurotransmission by altering mitochondrial function and calcium signaling (Bertero & Maack, 2018).
The marked decrease in SOD activity in the cadmium-only group confirms the overwhelming oxidative burden induced by cadmium, which compromises the brain’s primary enzymatic defense system. However, turmeric administration significantly increased SOD levels in the cadmium-exposed rats, not only reversing cadmium-induced inhibition but also enhancing antioxidant capacity beyond control levels. This suggests turmeric activates endogenous antioxidant pathways, likely via upregulation of the Nrf2/ARE signaling axis, which is known to stimulate the transcription of detoxifying enzymes like SOD and HO-1. Curcumin, turmeric’s principal bioactive compound, has demonstrated potent Nrf2 activation and mitochondrial protective effects in several neurotoxicity models.
Similarly, AChE activity was significantly suppressed in the cadmium-only group, reflecting cholinergic dysfunction—a hallmark of neurodegeneration. Turmeric treatment restored AChE activity in the cadmium group to near-normal levels, while the turmeric-only group exhibited an even greater enhancement in AChE activity compared to the control group. This supports the hypothesis that turmeric, beyond its antioxidative role, modulates neurotransmitter systems and may possess intrinsic cognitive-enhancing properties. Curcumin’s ability to preserve synaptic integrity and modulate neuroinflammatory signaling cascades (NF-κB, MAPK) is well-documented and may underlie the observed restoration of cholinergic function.
Furthermore, turmeric’s neuroprotective effect may also stem from anti-apoptotic mechanisms. Cadmium induces apoptosis via mitochondrial dysfunction, cytochrome c release, and caspase-3 activation, leading to neuronal death. Curcumin has been shown to inhibit these apoptotic pathways by upregulating anti-apoptotic proteins such as Bcl-2 and downregulating pro-apoptotic factors like Bax and caspases, thereby preserving neuronal architecture.
The findings also suggest a dose- and time-responsive effect of turmeric, with the co-treated group demonstrating a mild yet significant improvement in both biomarkers compared to the turmeric-only group. This may reflect turmeric’s enhanced efficacy in oxidative or toxicological stress contexts, where its bioactive constituents are more readily utilized in modulating disrupted pathways.
 Given turmeric’s availability, affordability, and low toxicity, especially in low-resource settings, it presents a promising candidate for mitigating environmental neurotoxicant exposure. The enhancement of AChE activity beyond baseline in non-toxic conditions also suggests potential applications in cognitive health, particularly for aging populations or those with neurodegenerative risk factors. Future studies exploring nano-formulations or curcumin-phospholipid complexes could further improve bioavailability and therapeutic outcomes.
Moreover, recent research has revealed that turmeric exerts its neuroprotective effects by influencing various molecular signaling networks that govern cell survival, synaptic plasticity, and gene expression. These effects are largely attributed to curcumin, the principal bioactive component of turmeric, which has been shown to modulate transcription factors such as CREB (cAMP response element-binding protein) and increase levels of brain-derived neurotrophic factor (BDNF)—both of which are critical for memory formation and neuronal repair. However, turmeric as a whole contains a synergistic blend of curcuminoids and other phytochemicals that may act collectively to enhance its therapeutic potency (Patel et al., 2020). Through this multimodal mechanism, turmeric does not merely counteract cadmium-induced damage but actively promotes the restoration and enhancement of neuronal function.
Conclusion 
Oxidative damage and cholinergic dysfunction were caused following exposure to cadmium chloride as shown in our study. However, administration of turmeric   ameliorates  the  neurotoxic effects  induced  by cadmium, the marked improvements in SOD and AChE levels highlight turmeric’s potential to mitigate oxidative damage and preserve neurotransmission under toxic stress. 
 Given turmeric accessibility, safety profile, and multifaceted mechanism of action, turmeric presents a promising natural intervention for managing heavy metal-induced neurotoxicity.The use of the turmeric is encouraged in populations prone to to  populations prone to toxic levels  of  cadmium. Further studies incorporating behavioral, histopathological, and molecular analyses are warranted to fully elucidate its therapeutic potential and long-term benefits in neurodegenerative disease models.
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