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ABSTRACT

	Background: Scientific research in support of the use of various African plant species for the management of neurodegenerative diseases, including Alzheimer's disease (AD) is currently ongoing. Most of the approved drugs for the treatment of Alzheimer's disease have adverse effects. Therefore, there is urgent need to develop new drugs with minimal side effects. The most remarkable biochemical change in AD patients is a reduction of acetylcholine levels in the hippocampus and neocortex of the brain. Therefore, inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), the enzymes responsible for hydrolysis of acetylcholine is currently the most established approach to treating Alzheimer's disease. Costus afer, Irvingia gabonensis and Sida acuta are medicinal plants commonly utilized in traditional medicine practice for the treatment of neurological disorders.
Aims: This study investigated the in vitro acetylcholinesterase and butyrylcholinesterase enzyme inhibitory activities of ethanol leaf extracts of Costus afer, Irvingia gabonensis and Sida acuta. 
Materials and Methods: Fresh leaves of Costus afer, Irvingia gabonensis and Sida acuta were collected from a farm at Egbu in Owerri North LGA of Imo state. They were washed and spread to air dry at room temperature and ground into fine powder. The acetylcholinesterase and butyrylcholinesterase enzyme inhibitory activity assay was carried out using Ellman’s spectrophotometric method and the percentage inhibition was calculated.
Results: The result of the enzyme inhibition assay showed that the plant extracts exhibited concentration-dependent anti-AChE and BChE activity. The extract of Irvingia gabonensis possessed the highest anti-AChE activity with IC50 value (concentration at which there was 50% inhibition of enzyme catalyzed reaction) of 74.63 µg/ml than Costus afer and Sida acuta extracts. Similarly, the extract of Irvingia gabonensis also possessed the highest anti- BChE activity with IC50 value of 153.29 µg/ml than Costus afer and Sida acuta extracts.
Conclusion: The findings of this study revealed that the ethanol leaf extracts of Costus afer, Irvingia gabonensis and Sida acuta had moderate AChE and BChE inhibitory activities, therefore supporting the traditional use of the plants in the management of Alzheimer’s disease.
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1. INTRODUCTION

Many plants have been utilized traditionally to treat various neurodegenerative diseases as well as neuropharmacological disorders and other cognitive abnormalities. Primary and secondary metabolites in plants are thought to be responsible for their medicinal properties which include antioxidant effects, free radicals scavenging activities, enzyme induction, and activation of important biochemical pathways. These compounds also have the ability to protect against pathogens and provide significant physiological advantages that can help avert certain diseases Asiwe et al., 2021; Lawson et al., 2021]. Recently, developed nations are resorting to traditional medicinal approaches that entail the use of herbal medications and remedies. Nearly 65% of the world's population, according to the World Health Organization (WHO), has included the use of plants as therapeutic agents into their primary means of health care (Manas et al., 2012). Natural products have been shown to have positive impacts in numerous research. They are essential for preserving the neuronal chemicals in the brain because they inhibit the activities of different receptors in multiple ways (Ayeni et al., 2021). Among the numerous families of secondary metabolites, nitrogen-containing alkaloids have produced the greatest number of drugs. Their effects range from anticholinergics (atropine) to analgesics (opium alkaloids) and from antiparasitics (quinine) to anticholinesterases (galantamine) to antineoplastics (vinblastine/vincristine). Terpenoids, which include steroids, have also had a significant impact on human health (Manas et al., 2012). The World Health Organization defines traditional medicine as the entirety of knowledge, abilities, and practices derived from indigenous theories, beliefs, and experiences from various cultures, irrespective of if they can be explained or not and are utilized for maintaining and treating of physical and mental health conditions. Therefore, traditional and alternative medicine are widely practiced in Nigeria and other African countries. The integration of ethnomedicinal knowledge in the domains of biosciences for the exploration of novel bioactive components as well as the polypharmacological formulation of plant extracts for use in basic medical care has been the fundamental interest in research (Ugboko et al., 2020). 

Neurodegenerative diseases are neurological disorders that gradually deteriorate the structure and function of the central or peripheral nervous system, affecting different parts of the brain. It is one of the main causes of death and affects a significant number of individuals globally (Ayeni et al., 2021). Alzheimer’s disease (AD), the most prevalent type of dementia is a progressive neurodegenerative disease that is associated with memory loss accompanied by cognitive and learning disabilities. Aging is the most significant risk factor for Alzheimer's disease. Approximately 50 million individuals globally suffer from Alzheimer's disease, and this figure is estimated to triple to about 152 million by 2050 (Chen et al., 2022; Alhawarri et al., 2023). The major pathological characteristic features of Alzheimer’s disease include cognitive decline which is consistent with the presence of cholinergic deficit, including the accumulation of various abnormal proteins, such as amyloid-β in plaques and hyperphosphorylated-tau in neurofibrillary tangles, resulting in severe loss of synapses, dendrites, and neurons in the basal forebrain. Despite the fact that the key occurrences in the pathogenesis of Alzheimer's disease has remain poorly understood, numerous competing theories on the biological basis of neurodegeneration have directed research into strategies to modify, halt, or delay the disease progression and its clinical manifestations. Given the complicated, diverse, progressive, and dynamic pathophysiology of Alzheimer's disease, individualized combination therapies are probably required, which may be varied depending on the patient as well as the stage of the disease (Hampel et al., 2018). 

Acetylcholine (ACh) is a naturally occurring neurotransmitter in the brain that is essential for memory formation, verbal and logical reasoning, and concentration. However, the activity of ACh is significantly hindered by the enzymes acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). In mammalian brain, there are two major forms of cholinesterases, namely, acetylcholinesterase and butyrylcholinesterase. The AChE is found in all excitable tissue, including nerve, muscle, in most erythrocytes and in placental tissue, whereas BChE is present more commonly in the body including within the central and peripheral nervous system, liver and plasma. According to the cholinergic hypothesis, increasing acetylcholine by inhibiting acetylcholinesterase, the enzyme responsible for ACh hydrolysis, is one of the rational and efficient approaches to treating the symptoms of Alzheimer's disease. The discovery of acetylcholinesterase (AChE) or butyrylcholinesterase (BChE) enzymes inhibitors from traditional medicinal plants such as Hypericum perforatum (St. John's wort), Salvia officinalis (Sage), and Ruta graveolens (Rue) due to the severe adverse effects of several licensed synthetic medications which are used to treat Alzheimer's disease, have become of interest to scientists and is the current focus in the field of Alzheimer's disease research (Benzi et al., 1998; Talic et al., 2014; Saleem et al., 2016).

Costus afer (C. afer), often known as spiral ginger or bush cane belongs to the Zingiberaceae family, currently known as Costaceae. It is among the 150 species of rhizomatous and perennial grasses that constitute this family. It is commonly found in moist or shady forests and river banks in tropical West Africa. The stem, leaves, seeds, and rhizomes of C. afer are valued for their therapeutic properties and are widely used in ethnomedicine across various cultures. C. afer is also used in traditional medicine to treat central nervous system disorders (Akinwumi et al., 2022; 12, Odey et al., 2024).

Irvingia gabonensis commonly known as African mango, African bush mango, dikanut, dikabread tree, or sweat bush mango belongs to the family Irvingiaceae. It is an edible fruit tree native to Africa. It is a large tree that grows up to 15-40 meters and a diameter of about 120 cm, trunk is slightly buttressed. The leaves are dark green, leathery, and shiny while the flowers are golden or greenish-white in colour. It grows wild in the forest especially in the humid lowland area of Nigeria, Cameroun and Cote d’Ivoire. Various components of the plant such as roots, stems, leaves, and fruits have been utilized in traditional medicinal practices with considerable success (Hassan et al., 2024; Ajayi et al., 2021). I. gabonensis fruit was found to be very effective in reducing dyslipidemia and hence useful in preventing cardiovascular diseases (Emejulu et al., 2014). The neuroprotective effect of I. gabonensis was evaluated by Uchewa et al. (2023), the observed effects included improvement in learning and memory.

Sida acuta is an upright, small perennial shrub belonging to the Malvaceae family. The root is thin, long, cylindrical, and very rough. The bark is smooth and greenish. The leaves are lance-shaped and glamorous, with peduncles equal to the petioles. The seeds are smooth and black. The flowers are yellow and can be found alone or in pairs (Dike et al., 2023). For thousands of years, indigenous healthcare systems have used various parts of Sida plants including S. acuta to treat a wide range of conditions, such as uterine and neurological disorders, headaches, diabetes, tuberculosis, malaria, piles, ulcers, wounds, rheumatic and cardiac issues, skin diseases, diarrhea and dysentery (Benjumea et al., 2016; Akinnibosun et al., 2015; Dinda et al., 2015). 

However, despite the extensive pharmacological characterization of these medicinal plants, limited research has explored their neuroprotective potential in mitigating conditions which affects normal functioning of the brain.

To bridge this gap, we investigated the presence of acetylcholinesterase and butyrylcholinesterase inhibitors in ethanol leaf extracts of Costus afer, Irvingia gabonensis and Sida acuta which are plants traditionally used in medicine for the treatment of neurological disorders.	Comment by SUMEDH JOSHI: Well written, check for grammar and spellings.

2. MATERIALS AND METHODS

2.1. Chemicals/Reagents

Enzymes such as AChE electric eel (CAS 9000-81-1, Sigma-Aldrich GmbH, USA), BChE equine serum lyophilized (CAS 9001-08-5, Sigma-Aldrich GmbH, USA), substrates: acetylthiocholine iodide (CAS1866-15-5 Sigma-Aldrich, U.K.), butyrylthiocholine iodide (CAS 2494-56-6, Sigma-Aldrich, Switzerland), DTNB (5,5-dithio-bis-nitrobenzoic acid) (CAS 69- 78-3, Sigma-Aldrich, Germany), eserine Sp. (CAS 1933-04-4, Sigma-Aldrich, France) were used for enzyme inhibition study. Dipotassium hydrogen phosphate (K2HPO4), potassium dihydrogen phosphate (KH2PO4), potassium hydroxide utilized for buffer preparation were of extra pure analytical grade.

2.2. plant materials	Comment by SUMEDH JOSHI: Details of authentication and standardization of plant species to be added

Fresh leaves of Costus afer, Irvingia gabonensis and Sida acuta used for this research work were collected from a farm at Egbu in Owerri North LGA of Imo state. Samples were identified a plant taxonomist. The leaves were washed with tap water and spread to air dry at room temperature for two (2) weeks. The samples were ground into fine powder using an industrial-grade grinding machine, weighed and placed in clearly labelled containers to facilitate identification and subsequently stored for extraction.

2.3. Extraction 

Fifty grammes (50g) of each pulverized sample was macerated in 400 ml of 96 % ethanol and was vigorously shaken every two hours for 48 hours. Thereafter, was filtered, first with clean handkerchief, then with filter paper to obtain a filtrate which was concentrated at 40 oC in a hot-air oven to obtain the extract which were all pasty in consistency. 7.45 % yield was obtained for Sida acuta, 8.70 % yield was obtained for Costus afer, while that of Irvingia gabonensis was 6.50 %. All extracts were preserved at 35 oC in a refrigerator till use.

2.4. Acetylcholinesterase assay

The acetylcholinesterase inhibition activity was measured by modified Ellman’s spectrophotometric method (Ellman et al., 1961) as reported by (Faraone et al., 2019). Total volume of the reaction mixture was 100 μL and contained 60 μL Na2HPO4 buffer with concentration of 50 mM having pH 7.7. A volume of 10 μL test compound (0.5 mM/well) was added, followed by the addition of 10 μL (0.005 unit/well) AChE enzyme. The contents were mixed and pre-read at 405 nm. Then, contents were pre- incubated for 10 min at 37°C. The reaction was initiated by the addition of 10 μL of 0.5 mM/well substrate (acetylthiocholine iodide), followed by the addition of 10 μL DTNB (0.5 mM/well). After 30 min of incubation at 37°C, absorbance was measured at 405 nm using 96-well plate reader. All experiments were carried out in triplicates. Eserine (0.5 mM/well) was used as a positive control. Percentage inhibition was calculated as follows:

% inhibition = control – test ×   100
				   Control
Where;	 control is the total enzyme activity without inhibitor. 
test is the enzyme activity in the presence of test compound. 

IC50 values (concentration at which there was 50 % inhibition of enzyme catalyzed reaction) were calculated.

2.5. Butyrylcholinesterase assay

The butyrylcholinesterase inhibition activity was measured by modified Ellman’s spectrophotometric method (Ellman et al., 1961) as described by (Faraone et al., 2019). Total volume of the reaction mixture was 100 μL containing 60 μL, Na2HPO4 buffer, and 50mM having pH 7.7. A volume of 10 μL test compound 0.5 mM/well was added followed by the addition of 10 μL (0.5 unit/well) BChE. The contents were mixed and pre-read at 405 nm and then pre-incubated for 10 min at 37°C. The reaction was initiated by the addition of 10 μL of 0.5 mM/well substrate (butyrylthiocholine chloride), followed by the addition of 10 μL DTNB, 0.5 mM/well. After 30 min of incubation at 37°C, absorbance was measured at 405 nm using 96-well plate reader. All experiments were carried out with their respective controls in triplicates. Eserine (0.5 mM/well) was used as positive control. Inhibition (%) was calculated.

% inhibition = control – test ×   100
				   Control
Where;	 control is the total enzyme activity without inhibitor. 
test is the enzyme activity in the presence of test compound. 

IC50 values (concentration at which there was 50 % inhibition of enzyme catalyzed reaction) were calculated.


3. RESULTS

3.1. Acetylcholinesterase inhibitory activity assay

The findings depicted in Table 1 exhibit the acetylcholinesterase inhibitory activity of ethanol leaf extracts of C. afer, I. gabonensis and S. acuta. The leaf extracts inhibited acetylcholinesterase activity in a concentration dependent manner. The I. gabonensis extract had a significantly (P ˂ 0.05) higher inhibitory activity (84.29 ± 1.22%) against AChE enzyme than that of C. afer, S. acuta and the standard (Eserine) at the highest concentration of 400 µg/ml. 

Table 1. Acetylcholinesterase inhibitory activities of the plant extracts.

	Concentration (µg/ml)
	% inhibition for Sida acuta extract
	% inhibition for Irvingia gabonensis extract

	% inhibition for Costus afer extract

	% inhibition for Standard (Eserine)

	25
	0.46 ± 0.04a
	27.50 ± 0.32 b
	1.47 ± 0.09 c
	26.11 ± 0.31b

	50
	0.86 ± 0.06 a
	43.17 ± 0.29 b
	2.69 ± 0.08 c
	45.62 ± 0.30d

	100
	1.27 ± 0.21 a
	68.14 ± 0.21 b
	9.04 ± 0.10 c
	63.94 ± 0.58d

	200
	5.18 ± 0.70 a
	78.69 ± 0.57 b
	14.14 ± 0.52 c
	71.41 ± 0.91d

	400
	[bookmark: OLE_LINK1]8.01 ± 0.26 a
	84.29 ± 1.22 b
	24.39 ± 0.91 c
	81.05 ± 0.51d

	IC50
	2500.74 µg/ml
	74.63 µg/ml
	815.76 µg/ml
	55.98 µg/ml


Values are mean ± standard deviation of triplicate determinations. Different letters indicate statistically significant differences (p<0.05).

3.2. Butyrylcholinesterase inhibitory activity assay

The findings illustrated in Table 2 shows the butyrylcholinesterase inhibitory activity of ethanol leaf extracts of C. afer, I. gabonensis and S. acuta. The leaf extracts inhibited butyrylcholinesterase activity in a concentration dependent manner. The BChE inhibitory activity of the extracts indicated that I. gabonensis had greater inhibition (70.49 ± 0.32%) than that of C. afer and S. acuta. However, the standard Eserine exhibited a greater inhibitory activity than all three extracts at varying concentrations.

Table 2. Butyrylcholinesterase inhibitory activities of the plant extracts.

	Concentration (µg/ml) 
	% inhibition for Sida acuta extract
	% inhibition for Irvingia gabonensis extract
	% inhibition for Costus afer extract

	% inhibition for Standard (Eserine)

	25
	0.00 ± 0.00a
	19.50 ± 0.42 b
	0.14 ± 0.02 a
	41.64 ± 0.85 c

	50
	0.03 ± 0.01 a
	25.11 ± 0.41 b
	0.17 ± 0.01 a
	50.62 ± 0.29 c

	100
	0.06 ± 0.01 a
	40.14 ± 0.20 b
	0.17 ± 0.03 a
	56.28 ± 0.90 c

	200
	1.07 ± 0.05 a
	65.85 ± 0.33 b
	3.56 ± 0.02 c
	70.65 ± 0.51 d

	400
	3.03 ± 0.10 a
	70.49 ± 0.32 b
	13.84 ± 0.46 c
	83.72 ± 0.67 d

	IC50
	6,602 µg/ml
	153.29 µg/ml
	1,428 µg/ml
	45.32 µg/ml


Values are mean ± standard deviation of triplicate determinations. Different letters indicate statistically significant differences (p<0.05).


4. DISCUSSION

Memory impairment in Alzheimer's disease is primarily caused by a reduction in cholinergic activity and an alteration in synaptic function (Sayer et al., 2004). One of the treatment strategies for the enhancement of cognitive function in AD patients is through the utilization of cholinesterase inhibitors to increase cholinergic function in the brain (Malar, et al., 2016). Inhibition of cholinesterases with the use of synthetic drugs has been associated with various side effects which include drowsiness, headache, diarrhea and vomiting. Cholinesterase inhibition is still a promising therapeutic strategy for development of drugs for AD. Cholinesterase inhibitors may have a variety of therapeutic effects, including preventing the development of β-amyloid plaques, enhancing antioxidant activity, and modulating APP processing (Bolognesi et al., 2009). Several plants and their constituents, which are widely believed to improve cognitive function in traditional medicinal practices, have been examined for pharmacological targets relevant to Alzheimer's disease (Lima et al., 2009). 

Acetyl and butyryl cholinesterases are biologically essential enzymes that aid in the hydrolysis of the neurotransmitter acetylcholine. Anticholinesterases are medications that extend the activity of acetylcholine (ACh) once it is released from cholinergic nerve endings. They do this by inhibiting the enzymes acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), enhancing the concentration of ACh, or prolonging the duration of ACh in the synapse thereby slowing the degenerative process resulting to memory improvement and cognition (Saleem et al., 2016). Medicinal plants and extracts contain a wide array of chemical components which have the ability to inhibit cholinesterases, and are therefore currently employed in the treatment of Alzheimer’s Disease. Consequently, interest in natural AChE and BChE inhibitors has increased because these natural components have less harmful effects (Islam et al., 2021). 

The ethanol leaf extract of Costus afer, Irvingia gabonensis and Sida acuta were analyzed for their abilities to inhibit acetylcholinesterase in vitro in this study. The result revealed that the plant extracts inhibited AChE activity in a dose-dependent manner (25–400 µg/ml). Irvingia gabonensis extract inhibited AChE activity (84.29 ± 1.22%) in comparison to the standard eserine (81.05 ± 0.51%) whereas Costus afer and Sida acuta extracts produced moderate inhibition on AChE as seen in Table1. The AChE inhibitory activity of aqueous extract of Phyllanthus acidus was reported in an earlier study (Moniruzzaman et al., 2015). Acetylcholinesterase is a key regulatory enzyme that modulates the transmission of nerve impulses across cholinergic synapses through the hydrolysis of the neurotransmitter, acetylcholine. Acetylcholinesterase inhibition can restore cholinergic functioning and increase acetylcholine retention in the brain, which is crucial for enhancing cognitive function, learning and memory. Inhibition of AChE is therefore regarded a promising strategy for the treatment of Alzheimer's disease (AD) and potential therapeutic applications in the treatment of other neurodegenerative diseases such as Parkinson’s disease and myasthenia gravis (Saliu & Olabiyi, 2016). 
 
The results of the in vitro butyrylcholinesterase enzyme inhibitory activity illustrated in Table 2 showed that all three plant extracts also inhibited BChE activity in a dose-dependent manner (25–400 µg/ml). Irvingia gabonensis extract had higher inhibition for BChE activity (70.49 ± 0.32%) than C. afer and S. acuta extracts which produced moderate inhibition. The findings are consistent with the report by Edziri et al. (2017) on the in vitro butyrylcholinesterase inhibitory activities of methanol extracts of Marrubium alysson, Retama raetam and Peganum harmala extracts, which indicated a high activity against BChE by the extracts of Marrubium alysson whereas, extracts from Peganum harmala and Retama raetam showed moderate BChE inhibitory activity. Butyrylcholinesterase plays a vital role in the regulation of cholinergic neurotransmission in both glial cells and subcortical neurons. As Alzheimer's disease progresses, BChE levels increases, allowing the transformation of benign plaques to malignant plaques, subsequently leading to degeneration of the neurons (Rajmohamed et al., 2017). BChE inhibition is an effective tool for the treatment of Alzheimer’s disease and associated dementias. In order to search for efficient inhibitors of BChE from natural sources, particular effort is needed to implement an effective approach for the treatment of AD, thereby increasing the level of Acetylcholine in the synapses of neurons (Bekdash, 2021).


5. CONCLUSION

Based on the findings from this study, the extracts of C. afer, I. gabonensis and S. acuta showed promising anticholinesterase inhibitory activity. Consequently, the plants exhibited potential as natural sources of therapeutic agents for the management of Alzheimer’s disease. However, this is a preliminary study, further research is in progress, especially combination therapy for the three plant extract, in vivo studies, assessment of pharmacokinetic properties, bioavailability and investigation of associated metabolic pathways is required to draw definite conclusions on the effectiveness of the plant extracts for the pharmacological activities reported in this study.
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