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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: A total of  24 male Wistar rats (150–180 g) were divided into four groups (n = 6 per group): Group I (Control): Received food and distilled water.  Group II (Turmeric Only): Administered 500 mg/kg BW of turmeric extract orally.  Group III (Cadmium Only): Received 120 mg/kg BW of cadmium chloride subcutaneously. Group IV (Cadmium + Turmeric) Administered cadmium chloride followed by 500 mg/kg BW of turmeric extract orally. Turmeric was administered daily for four weeks. At the end of the experiment, blood samples were collected via the retro-orbital plexus and allowed to coagulate for 1 hour. Serum was separated by centrifugation at 3,000 rpm for 5 minutes and stored at −20°C until biochemical analysis.  Superoxide dismutase (SOD) activity was assessed using the Misra and Fridovich method, while acetylcholinesterase (AChE) activity was measured using Ellman’s method. Data were analyzed using one-way ANOVA, followed by Tukey’s multiple comparisons test, with p < 0.05 considered statistically significant.
Results: Cadmium exposure significantly (p < 0.05) reduced SOD activity and AChE levels compared to the control, indicating oxidative damage and impaired neurotransmission. Turmeric administration significantly restored SOD and AChE levels in the cadmium-exposed group, suggesting antioxidant and neuroprotective effects
Conclusion: Turmeric mitigates cadmium-induced neurotoxicity by enhancing antioxidant defenses and cholinergic neurotransmission. These findings support its potential as a dietary supplement or therapeutic intervention for neurodegenerative conditions associated with heavy metal toxicity. Further studies incorporating behavioral and histopathological assessments are recommended to validate turmeric’s protective efficacy in cognitive function.
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1. Introduction
1.1. Background to the Study
Neurotoxicity refers to the harmful effects of chemical, biological, or physical agents on the nervous system, leading to structural and functional impairments. Heavy metals such as cadmium (Cd) have been identified as potent neurotoxicants due to their ability to induce oxidative stress, inflammation, and apoptosis in neuronal cells (Spencer and Lein, 2014). Cadmium is a naturally occurring toxic metal widely distributed in the environment through industrial activities such as mining, metal refining, and waste incineration. Human exposure occurs mainly through contaminated food, drinking water, cigarette smoke, and occupational exposure in industries where cadmium is utilized (ATSDR, 2017). Due to its long biological half-life, cadmium accumulates in various organs, including the brain, where it disrupts normal neuronal function and contributes to neurodegenerative processes (Lopez et al., 2003).
Cadmium chloride (CdCl₂), a highly soluble form of cadmium, easily enters the bloodstream and crosses the blood-brain barrier, leading to direct neurotoxic effects (Wang and Du, 2013). Studies have shown that cadmium exposure results in increased reactive oxygen species (ROS) generation, lipid peroxidation, mitochondrial dysfunction, and neuronal apoptosis (Jomova and Valko, 2011). Additionally, cadmium interferes with neurotransmission by altering acetylcholinesterase (AChE) activity, leading to cognitive and behavioral deficits (Flora et al., 2012). These findings highlight the need for effective neuroprotective strategies to mitigate cadmium-induced neurotoxicity.

Several studies have explored the role of natural antioxidants in counteracting heavy metal toxicity. Among these, turmeric (Curcuma longa) has gained attention due to its strong antioxidative, anti-inflammatory, and neuroprotective properties (Gupta et al., 2013). The primary bioactive compound in turmeric, curcumin, has been shown to scavenge free radicals, inhibit pro-inflammatory cytokines, and regulate oxidative stress pathways (Maiti and Dunbar, 2018). Curcumin also modulates the activity of key antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), which play essential roles in neutralizing ROS and maintaining neuronal integrity (Zhao et al., 2018). Furthermore, curcumin has been reported to inhibit AChE activity, thereby enhancing cholinergic neurotransmission and improving cognitive function (Chin-Chan et al., 2015).
Despite these promising findings, research on the protective effects of turmeric against cadmium-induced neurotoxicity remains limited. While curcumin has been widely studied in isolation, fewer studies have investigated the effects of whole turmeric extract, which contains additional bioactive compounds that may contribute to its neuroprotective efficacy (Esatbeyoglu et al., 2012). Furthermore, the precise mechanisms through which turmeric mitigates cadmium-induced oxidative stress and neurotransmitter dysfunction have not been fully elucidated (Venkatesan et al., 2021). This study aims to address this gap by evaluating the biochemical effects of turmeric on cadmium chloride-induced neurotoxicity in male Wistar rats.
This research will focus on assessing the impact of turmeric on oxidative stress markers and cholinergic function, specifically by measuring SOD and AChE activities. By elucidating the neuroprotective potential of turmeric, this study will contribute to the growing body of evidence supporting the use of natural antioxidants in preventing heavy metal-induced neurotoxicity (Mishra and Palanivelu, 2008). These findings provide valuable insights into potential therapeutic strategies to mitigate the harmful effects of cadmium exposure on the nervous system." (Rahmani et al., 2018).
2. MATERIALS AND METHODS
2.1. Plant Materials
Turmeric (Curcuma longa) rhizomes were obtained from Nwakpu Market at Ndufu-Alike, Ikwo Local Government Area, Ebonyi State, which is in close proximity to the university campus. The collected rhizomes were thoroughly washed with distilled water to remove dirt and surface contaminants. They were then air-dried under shade for two weeks to prevent direct sunlight exposure, which could degrade their bioactive components (Esatbeyoglu et al., 2012).
After drying, the rhizomes were pulverized into a fine powder using an electric blender. The powdered turmeric was then stored in an airtight container at room temperature to prevent moisture absorption and oxidation of active compounds (Venkatesan et al., 2021). 
The extraction process followed the methanol extraction method as described by Gupta et al. (2013). Briefly, 500 g of the turmeric powder 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 (Mishra and Palanivelu, 2008). The concentrated extract was further dried using a water bath to obtain a solid residue, which was stored at 4°C until use.
2.2. Animal and Experimental Design
A total of 24 wistar male rats weighing between 150 - 180g were obtained from the animal house of the Department of Physiology, Alex Ekwueme University Ndufu Alike Ikwo, Nigeria. 
Animals were kept in standard laboratory conditions in a well-ventilated animal house, with a 12/12-hour light/dark cycle. Animal beddings were changed every other day and food administration and food trough cleaning was on daily basis. 
Animals were given food and clean drinking water ad libitum. They were allowed to acclimatize for two weeks.
The 24 male Wistar rats were divided into four groups of six rats each. Group I – Control animals were given food and distilled water ad libitium. Group II – Animals were administered 500mg/kgbw of turmeric orally. Group III – Animals were given only 1.5ml dose of 120mg/kg bw of cadmium Group IV – Animals were given 1.5ml dose of 120mg/kg bw of cadmium followed by a daily dose of 500mg/kg/BW of turmeric orally
2.3. Cadmium Preparation
Cadmium chloride was bought from Dr. Fameruwa Chemical Stores LTD, Nigeria. The cadmium chloride solution was prepared in 1L of normal saline and administered subcutaneously per BW of the rats.
According to the guideline of the Organization for Economic Corporation and Development (OECD). In every 100g weight rats, the chosen dose should be constituted in 1ml of the vehicle (normal saline). In this work 500mg/kg BW and 1.2mg/kg was chosen from turmeric extract and cadmium chloride solution respectively. And the stock solution was prepared using the formular below to get the ML equivalent doses for each of the animal.
Volume(ml) =  Weight × mg/ml/stock (mg/ml)
2.4. Sampe Collection 
Animal Sacrifice and Tissue Preparation After completing all neurobehavioural tests, blood samples were collected from ten rats in each group via the retro-orbital plexus into plain sample bottles. The blood was allowed to coagulate for at least 1 h and was subsequently centrifuged at 3000 rpm for 5 min to separate the serum, which was later stored in Eppendorf tubes and frozen at −20 °C till use. Wholebrain samples from five rats were homogenized in 50 mM Tris–HCl buffer (pH 7.4) containing 1.15%  potassium chloride and were later centrifuged at 10,000 rpm for 10 min at 4 °C using a cold centrifuge. The supernatant collected was used for the  determination of biochemical parameters (Akinrinde  and Adebiyi 2019). 
2.5. Biochemical Assays 
2.5.1. Determination of  Serum Levels of Enzyme Biomarker Acetylcholinesterase activity 
2.5.2. Principle: 
Acetylcholinesterase activity was determined according to the method of  (Ellman et al., 1961).
The reactions involved in the cholinesterase assay are as follows:
Propionythiocholine + H₂O → Propionic acid + Thiocholine
Thiocholine + DTNB → 5-Thio-2-Nitrobenzoate
Cholinesterase hydrolyzes Propionythiocholine (PTC) to form Thiocholine, which then reacts with 5,5'-dithiobis-2-nitrobenzoic Acid (DTNB) to yield a yellow 5-thio-2-nitrobenzoate.  This compound has an absorbance maximum at 405 nm. Therefore, the rate of change in absorbance at 405 nm is directly proportional to cholinesterase activity.
2.5.3. Procedures:
Reagent of 1.0mL was pipetted into appropriate tubes and allowed to equilibrate to 37°C. Spectrophotometer was zeroed with water at 405nm. Sample of 10μL was added and (serum) properly Mixed. After 15 seconds, the absorbance was measured (A1). The tube was returned to 37°C for another 30 seconds and measure another absorbance (A2). Absorbance(A) per 30 seconds was calculated by subtracting A1 from A2, Multiply by 2 to obtain Absorbance(A) per minutes. Cholinesterase activity (U/L) of sample was calculated by multiplying A/min times 7426.
2.6. Determination of Antioxidant Superoxide Dismutase (SOD) activity
SOD was assayed by colorimetric method of Misra and Fredovich, (1972).
2.6.1. Principle:
Adrenaline undergoes auto oxidation at pH 10.2 to form adrenochome which has an absorption maximium at 480 nm. The presence of superoxide dismutase in the reaction mixture inhibits the auto oxidation of adrenaline and the decrease in the formation of this adrenochrome is proportional to the rate of superoxide dismutase activity in the sample.
2.6.2. Procedure:
Eighty (80 µl) of sample/blank was added into a clean test tube containing 1000 µl of carbonate buffer (pH 10.2). The resulting solution was mixed thoroughly, and allowed to equilibrate by incubating at 37 °C for 5 minutes. Thereafter, 600 µl of freshly prepared epinephrine was added and the reaction mixture was read at 30 seconds interval for 150 seconds at 480 nm. The blank was treated the same way except that 80 ul of distilled water was used instead of plasma. The changes in absorbances of both test and blank were determined. The % inhibition of auto oxidation of epinephrine by SOD was calculated and the plasma SOD activity was expressed as U/ml. One unit of SOD activity was equivalent to the amount of SOD that can cause 50% inhibition of epinephrine.
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.
3. Results
3.1. Comparison of Effects of Turmeric on the Concentration of Superoxide dismutase. 
Observations from Figure 1 showed a significant (p < 0.05) decrease in superoxide dismutase levels in the cadmium group compared to the control group. Superoxide dismutase concentration significantly increased in the treated group compared to the cadmium group.
3.2. Comparison of Effects of Turmeric on the Concentration of Acetylcholinesterase
Figure 2 shows the comparison of the concentration of the Acetylcholinesterase on the treated group and the control group. The results shows a significant decrease on Acetylcholinesterase concentration compared to the cadmium, while the treated group significantly increased compared to the cadmium group. 
Figure 1. Effects of Turmeric on the Concentration of Superoxide dismutase




Figure 2. Comparison of the Acetylcholinesterase concentration on the treated and control group

 













4. Discussion
The study evaluates the neuroprotective effects of turmeric on cadmium chloride-induced neurotoxicity in male Wistar rats by measuring superoxide dismutase and acetylcholinesterase levels
Cadmium (Cd) is a heavy metal known for its toxic effects on various organs, including the brain. It induces neurotoxicity through multiple mechanisms, including oxidative stress, disruption of neurotransmitter systems, apoptosis, and inflammation.
One of the primary mechanisms by which cadmium induces neurotoxicity is through oxidative stress. Cadmium exposure leads to the overproduction of reactive oxygen species (ROS), including superoxide radicals (O₂⁻), hydrogen peroxide (H₂O₂), and hydroxyl radicals (OH•) (Jomova & Valko, 2011). Since cadmium itself is not a redox-active metal like iron or copper, it indirectly promotes oxidative stress by depleting antioxidant defense systems, particularly superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) (Flora et al., 2012).
The result showed a Significant change in Superoxide Dismutase level activities in brain tissues of rats administered Cadmium chloride, evidenced oxidative damage of brain tissues . The oxidative damage mechanism caused by Cadmium intoxication might be related to it's displacement to iron ((Fe+2) and copper (Cu+2 ) from cytoplasmic and cell membrane proteins with consequent elevation in their ions inside the cell leading to free radical generation.
According to Ognjanovic et al., (2003), a significant oxidative stress caused by cadmium intoxication may be related to impaired learning ability. Valko et al., ( 2005) explained that Superoxide Dismutase was selected to measure the level of endogenous antioxidant defense. In figure 1 The significant change on the level of SOD on the treated group compared to the control group implies that Turmeric extract possess ant oxidative activity.
Cadmium interferes with neurotransmission by altering the function of key neurotransmitters suchas acetylcholine(ACh), dopamine(DA), and gamma-aminobutyric acid(GABA). Studies have shown that cadmium inhibits acetylcholinesterase (AChE) activity, leading to excessive accumulation of acetylcholine at synaptic junctions, which can disrupt normal synaptic signaling and impair cognitive functions such as learning and memory (Miron et al., 2005).
Cadmium also affects dopaminergic and GABAergic neurotransmission by modulating the expression of dopamine transporters (DAT) and GABA receptors, leading to excitotoxicity and neuronal dysfunction (Dutta & Arends, 2003). Chronic cadmium exposure is associated with neuropsychiatric disorders, including anxiety, depression, and cognitive decline.
The results in Figure 2 show the effect of turmeric on acetylcholinesterase concentration. The results revealed a significant change in acetylcholinesterase levels in serum, consistent with previous findings by Antonio et al. (2003). The significant increase in acetylcholinesterase concentration in the treated group compared to the control confirms an association between cholinergic innervation and memory. Acetycholinestaease activity is frequently used as a biomarker of neurotoxicity. The activity of this enzyme is extremely important for many physiological function such as memory and neurobehaviour (Miron et al., 2005). When Acetylcholinesterase activity decreases, Acetylcholinesterase is not broken and it accumulates within synapses which therefore cannot function in a normal way (Dutta and Arends, 2003). Alterations in this enzyme level are indicative to impairment of cholinergic function (Slechta and Pokora, 2000). Figure 2 shows a significant change in acetylcholinesterase levels in the treated group compared to the control, indicating neuroprotective effects
4.1. Conclusion 
The present study demonstrates that turmeric exerts neuroprotective effects against cadmium chloride-induced neurotoxicity by enhancing antioxidant defenses and modulating cholinergic neurotransmission. The significant increase in superoxide dismutase (SOD) and acetylcholinesterase (AChE) activity in the treated group suggests that turmeric mitigates oxidative stress and preserves neuronal function. These findings align with previous research emphasizing the neuroprotective properties of natural antioxidants in combating heavy metal toxicity (Maiti & Dunbar, 2018; Rahmani et al., 2018). Despite these promising results, the study suggests that turmeric provides partial protection, indicating that higher doses or prolonged administration may be necessary for optimal neuroprotection. Additionally, while this study focused on biochemical markers, further behavioral and histological analyses would be valuable in confirming the full extent of turmeric's effects on cognition and neurodegeneration.
Implications for Translation
The findings of this study have significant implications for public health and toxicology. Given the widespread environmental exposure to cadmium through industrial pollution, contaminated food, and cigarette smoke, incorporating turmeric into daily diets or as a supplement may serve as a preventive strategy against heavy metal-induced neurotoxicity
Additionally, these results support the potential use of turmeric-based interventions in clinical settings for individuals at high risk of neurodegenerative disorders linked to oxidative stress, such as Alzheimer's disease and Parkinson's disease. The affordability, accessibility, and safety of turmeric make it a viable alternative to synthetic neuroprotective agents.
Furthermore, these findings can inform regulatory policies on occupational health and environmental protection. By understanding the mechanisms through which turmeric mitigates cadmium toxicity, targeted nutritional and pharmacological interventions can be developed to counteract the harmful effects of heavy metal exposure.



4.2. Strengths and Limitations of the study
4.2.1. Strength of the Study
I. The study highlights turmeric as a potential natural neuroprotective agent, offering a safer and more affordable alternative to synthetic antioxidants. The findings contribute to the growing body of research supporting the role of dietary interventions in preventing heavy metal-induced neurotoxicity.
II. Given the increasing concerns about cadmium exposure through industrial pollution and food contamination, this study provides valuable insights into potential dietary strategies to mitigate its harmful effects.
4.2.2. Limitations of the study
I. The study  did not include behavioral tests such as the Novel Object Recognition Task to directly assess cognitive function.This limits the ability to correlate the biochemical effects of turmeric with actual improvements in learning and memory.
II. The study was conducted over a relatively short period, making it difficult to determine long-term neuroprotective effects of turmeric against cadmium toxicity. Chronic exposure models would be more reflective of real-world environmental cadmium exposure.

4.3. Recommendations
While this study provides valuable insights, several areas require further investigation so we recommend that: 
I. Future studies should investigate varying doses and durations of turmeric administration to determine the optimal therapeutic range for neuroprotection.
II. Long-term studies are needed to assess whether prolonged turmeric supplementation provides sustained benefits against cadmium-induced neurotoxicity.
III. Since this study primarily focused on biochemical markers, future research should incorporate behavioral tests such as the Morris Water Maze or Novel Object Recognition Task to assess the cognitive effects of turmeric more comprehensively.
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