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ABSTRACT
Background: The gastrointestinal (GI) tract is a complex and dynamic system that plays a crucial role in maintaining overall health and homeostasis. The increasing prevalence of gastrointestinal disorders globally has prompted a significant interest in exploring natural remedies that can offer therapeutic benefits. Among these remedies is Vernonia amygdalina L., commonly known as bitter leaf. It has been widely recognised for its traditional medicinal properties. 
Aim: This study investigates the immunomodulatory potential of V. amygdalina, focusing on its bioactive compounds and their interactions with key proteins involved in gastrointestinal immune regulation.  
Methods: Leaves of V. amygdalina were collected from a farm in Ado-Ekiti, Nigeria, and authenticated. The 10 g of V. amygdalina were subjected to successive solvent extraction with 95% ethanol (1:7, m/V) for 48 h by maceration at room temperature and filtered through Whatman No. 4 filter paper. The residues were re-extracted with 95% ethanol. The following procedures were carried out: Anti-Lipoxygenase Activity Analysis, Protein Denaturation Activity Analysis, Membrane Stabilising Activity Analysis, and Protein-Ligand Docking using standard methodologies. Ex-vivo biochemical assays were carried out, gas chromatography-mass spectrometry (GC-MS) for compound identification, and in silico docking studies to assess molecular interactions. GraphPad Prism software (version 9.0, GraphPad Software, Inc., was used for data analysis. All data are reported as mean values with standard deviation (mean ± SD). Significant difference was set at P < 0.05.
Results: The biochemical analysis revealed significant anti-inflammatory activities, including anti-lipoxygenase and protein denaturation inhibition. In silico molecular docking demonstrated strong binding affinities of selected compounds against target proteins FABP4, COX-1, FFAR1, and PPARα/ PPARA involved in regulating gastrointestinal immune function, with binding energies ranging from -8.704 to -2.979 kcal/mol. 
Conclusion: These findings suggest that V. amygdalina has substantial potential as a therapeutic agent for gastrointestinal disorders, warranting further exploration through further experimental validation.
Keywords: Vernonia amygdalina, immunomodulation, in-silico docking, traditional medicine, gastrointestinal tract.
Introduction
The gastrointestinal tract (GI) is a complex and dynamic system that plays a crucial role in maintaining overall health and homeostasis [1]. At the core of this system lies the GI immune system, which is responsible for regulating immune responses and protecting the host against harmful pathogens, while also maintaining tolerance towards commensal microbiota and dietary antigens [1]. Dysregulation of the GI immune system has been implicated in the pathogenesis of various gastrointestinal disorders, such as inflammatory bowel diseases (IBD), irritable bowel syndrome (IBS), and even metabolic disorders [2,3]. In regulating the GI immune function, key molecular targets involved include fatty acid-binding protein 4 (FABP4) [4], cyclooxygenase-1 (COX-1) [5], free fatty acid receptor 1 (FFAR1) [6], and peroxisome proliferator-activated receptor alpha (PPARα/ PPARA) [7]. 
Fatty acid binding proteins (FABPs) is a cytoplasmic protein that plays a crucial role in lipid metabolism by binding and transporting fatty acids within cells [4]. It is involved in regulating lipid storage and metabolism, as well as inflammation and insulin sensitivity [4]. COX-1 is an enzyme that is responsible for the production of prostaglandins, which are important mediators of inflammation, pain, and fever [5]. It is constitutively expressed in many tissues and is involved in maintaining normal physiological functions, such as protecting the stomach lining and regulating blood flow to the kidneys [8]. FFAR1, also known as GPR40, is a G-protein-coupled receptor that is activated by free fatty acids [6]. It plays a role in regulating glucose and lipid metabolism, insulin secretion, and inflammation. Activation of FFAR1 can affect various physiological processes related to metabolic homeostasis [9,10]. 
PPARα is a nuclear receptor that regulates the expression of genes involved in lipid metabolism, energy homeostasis, and inflammation [7]. It plays a key role in the transcriptional control of genes related to fatty acid oxidation, ketogenesis, and anti-inflammatory responses in various tissues, particularly in the liver and muscle [11]. These target proteins play crucial roles in the modulation of inflammatory pathways, immune cell function, and intestinal barrier integrity. Aberrant or excessive activity of them has been associated with the development and progression of various GI-related disorders.
Inhibiting the activity of these key target proteins holds great promise for the management of GI-associated immune dysfunction and related diseases. Previous studies have demonstrated the therapeutic potential of targeting these proteins in the context of gastrointestinal disorders. Notably, a recent study by Wu et al. (2020) investigated the role of FABP4 in the pathogenesis of asthma, a respiratory condition characterised by airway inflammation and epithelial barrier dysfunction [12]. The researchers found that the inhibition of FABP4 effectively alleviated airway inflammation and improved epithelial barrier function, suggesting that the inhibition of FABP4 could be a promising therapeutic approach not only for respiratory disorders but also for gastrointestinal conditions. Complementing these findings, the research by Costa-Filho et al. (2023) specifically focused on the role of COX-1 in maintaining intestinal barrier integrity [13]. The study found that the inhibition of COX-1, but not COX-2, led to a decrease in transepithelial electrical resistance (TER) and an increase in mucosal permeability in an experimental colitis model. Bartoszek et al. (2020) provided a comprehensive review on the development and characterisation of FFAR1 ligands, focusing on the liver toxicity observed with the clinical candidate TAK875 and the importance of developing selective FFAR1 ligands [14]. Recent research by Decara et al. (2020) underscores the significance of PPARα in the GI tract, highlighting its expression in peripheral tissues and its role in crucial metabolic pathways [15]. PPARα is involved in the catabolism of fatty acids, glucose homeostasis, and insulin resistance, linking it to the pathogenesis of prevalent diseases such as diabetes, hypertension, and inflammation [15]. The therapeutic potential of PPARα agonists in treating dyslipidemia and metabolic syndromes further emphasises the relevance of this receptor in GI health. Moreover, Decara et al. discuss the anti-inflammatory properties of endogenous PPARα ligands, such as oleoylethanolamide (OEA) and palmitylethanolamide (PEA). This suggests that modulation of PPARα could be a viable strategy for addressing GI immune dysregulation [15].
Pharmacological interventions available today may have limitations, resulting in researchers exploring alternative approaches. Vernonia amygdalina, a widely grown shrubby plant in Africa, is consumed as a vegetable and has high medicinal value. It has gained wide application in the treatment and management of various diseases. The leaves are useful components for herbal medicine constitution. The plant’s activities are a result of diverse bioactive compounds isolated from the different parts of the plant (Oyeyemi et al., 2018). One such approach is the potential role of Vernonia amygdalina L. in regulating GI immune function. Vernonia amygdalina L. (Bitter leaf) is a medicinal plant widely utilised in traditional African medicine, known for its diverse therapeutic properties [16]. It has been reported to exhibit anti-inflammatory, antioxidant, and immunomodulatory effects. In traditional medicine, V. amygdalina L. is highly esteemed for its medicinal benefits and is employed in the treatment of various ailments [17]. It is believed to possess anti-inflammatory, antimicrobial, and antioxidant characteristics, making it a popular remedy for conditions such as malaria, diabetes, gastrointestinal issues, and skin infections [17,18]. The bioactive compounds present in V. amygdalina L. have the potential to target the aforementioned key proteins involved in the regulation of GI immune function, making it a promising candidate for the development of novel therapeutic strategies. This study aims to explore the immunomodulatory potential of V. amygdalina L. through in silico screening and in vivo validation, conducting a detailed phytochemical analysis to identify bioactive compounds capable of inhibiting FABP4, COX-1, FFAR1, and PPARα activities.
 Materials And Methods
Plant Collection and Authentication
Bitter leaves (Vernonia amygdalina) were sourced locally in Ikere-Ekiti, Nigeria. It was identified and authenticated at the Department of Veterinary Physiology and Biochemistry, Faculty of Veterinary Medicine, University of Ibadan, Oyo State, Nigeria and assigned the voucher specimen number 2022011.  The leaves of the bitter leaf were detached from the stem of the plant. They were rinsed thoroughly with clean water and later were spread on a sack and placed under room temperature for drying. The drying process took ten (10) days, and we ensured that they were thoroughly dried by turning them regularly for the duration of ten days. 
Preparation of Plant Sample
After drying, the leaves were ground using a pestle and mortar into smaller particles and then blended into powder using an electric blender. The powdered sample was then stored in containers and kept at a normal room temperature for further analysis.
Solvent Extraction
The V. amygdalina L. (10 g) were subjected to successive solvent extraction with 95% ethanol (1:7, m/V) for 48 h by maceration at room temperature and filtered through Whatman No. 4 filter paper. The residues were re-extracted with 95% ethanol (1:5, m/V), as described above, for 24 h. The solvent combined extract was evaporated at 40 °C and stored at 4 °C for further analysis.
Anti-Lipoxygenase Activity Analysis 
Anti-Lipoxygenase Activity Anti-LOX assay was carried out using linoleic acid as substrate and lipoxygenase as enzyme. V. amygdalina L extract sample (200-800 µg/ml) was dissolved in 0.25 ml of 2 M borate buffer, pH 9.0 and 0.25 ml of soybean lipoxidase enzyme solution (final concentration 20,000 U/ml) was added. This mixture was incubated at 25 °C for 5 minutes. Then, 1.0 ml of linoleic acid solution (0.6 mM) was added, mixed well, and the absorbance was measured at 234 nm. Indomethacin (60 µg/ml) was used as a reference standard. Per cent inhibition was calculated using the following equation: (% inhibition = [(AC – AT)/AC] x 100), where AC is the absorbance of the control; AT is the absorbance of the test sample. All tests and analyses were performed in triplicate and averaged.
Protein Denaturation Activity Analysis 
The protein denaturation assay was carried out according to the method described by Gambhire et al. (2009) with some modifications as in Gunathilake et al [19]. The reaction mixture (5 mL) consisted of 0.2 mL of 1% bovine albumin, 4.78 mL of phosphate-buffered saline (PBS, pH 6.4), and 0.02 mL of extract. The mixture was mixed and incubated in a water bath (The reaction mixture was first heated to 37 °C for 15 minutes and then heated to 70 °C for 5 minutes. After cooling, the turbidity was measured at 660 nm using a UV/VIS spectrometer (Spectrumlab 752S). Aspirin was used as a standard. The per cent inhibition of protein denaturation was calculated using the following formula: (% inhibition of denaturation = 100 × (1 − A2/A1)), where A1 = absorption of the control sample, and A2 = absorption of the test sample.
Membrane Stabilising Activity Analysis 
The membrane stabilising activity of the V. amygdalina L. extracts was determined according to the method of Akhtar [20]. Whole blood from a rat was collected under ether anaesthesia. An erythrocyte suspension was prepared and tested for hemolysis using V. amygdalina L. extracts at concentrations ranging from 1000 µg/ml to 3000 µg/ml for locust bean and V. amygdalina L., respectively. Acetyl salicylic acid (Aspirin) was used as a reference standard at concentrations of 1000 µg/ml, 1500 µg/ml, and 2000 µg/ml. Hemolysis was quantified by measuring the absorbance at 560 nm after incubation and centrifugation of the mixtures. The percentage of inhibition or acceleration was calculated according to the formula: % acceleration or inhibition of hemolysis = 100(OD1 – OD2)/OD1, where OD1 represents the optical density of the control sample and OD2 represents the optical density of the test sample.
In Vitro Urease Inhibition Activity Analysis 
The modified Berthelot method was used. Each sample (0.01g) was dissolved in 10ml ethanol to make a 1mg/mL test solution. A thiourea reference solution was prepared by dissolving 0.1g of thiourea in 10ml ethanol to create a 10mg/mL stock solution. A 1ml aliquot of the stock solution was diluted to 10ml with ethanol to obtain a 1mg/mL working solution for comparison. The BUN enzyme vial was reconstituted in 10ml deionised water as per the kit instructions. The assay involved mixing V. amygdalina L. extracts, thiourea solution, and ethanol in labelled test tubes. To each tube, 1ml of reconstituted BUN enzyme solution and 10µl of urea were added, followed by a 10-minute incubation at room temperature. Urease inhibition was calculated using the formula: % inhibition = 100(A control - A sample) / A control, where A control is the absorbance of the control solution and A sample is the absorbance of the extracts or thiourea solution. Thiourea served as the standard urease inhibitor. Both ureases were 99.9% pure from Mon Scientific (Lagos, Nigeria).
Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
The V. amygdalina L. powder underwent chromatographic analysis using a Varian 3800/4000 gas chromatograph with a VF-5MS fused silica capillary column. Operating conditions included electron impact mode at 70ev, nitrogen as the carrier gas, and specific temperature settings. Mass spectra were compared with NIST Library data and literature for identification. Only components with 90% or higher spectral matching accuracy were reported, without calculating response factors.
Computational Drug Designing and Screening
In-silico Pharmacokinetics Analysis
The in silico ADME (absorption, distribution, metabolism, and excretion) screening of the compounds was done on the SwissADME server (www.swissadme.ch), which was performed at default parameters using the SMILES format [21], by following Lipinski’s rule of five. 
Clustering Analysis
The SMILES of the bioactive compounds in V. amygdalina L. identified through GC-MS were obtained from the NCBI PubChem Compound database (https://pubchem.ncbi.nlm.nih.gov/) and used to generate clustering analysis of the compounds. The clustering of the chemical compounds was done on the ChemMine R webserver (https://chemminetools.ucr.edu/). The fingerprint of similarity of the compounds based on their physicochemical properties was obtained.
Ligand Preparation
The main phytochemical components of V. amygdalina L. were determined through GC-MS analysis, and their structures were sourced from the NCBI PubChem Compound database (https://pubchem.ncbi.nlm.nih.gov/) in SDF format. The LigPrep tool within the Maestro Schrodinger panel (v. 12.8) was employed for ligand preparation. This involved energy minimisation using the OPLS4 force field, applying the standard energy function of molecular mechanics and limiting the generation of stereoisomers to one per ligand.
Target Preparation
The three-dimensional crystallographic structure of receptors/enzymes were obtained from the Protein Data Bank RCSB PDB: Fatty acid-binding protein 4 receptor (PDB ID: 3P6H), Cyclooxygenase 1 (PDB ID: 3N8Z), Free fatty acid receptor 1 (PDB ID: 4PHU), and Peroxisome proliferator-activated receptor alpha receptor (PDB ID: 3KDU). Subsequently, the protein receptor targets underwent preprocessing, optimisation, minimisation, and refinement using the Protein Preparation Wizard. Charges and protonation states were assigned, followed by energy minimisation utilising the OPLS-4 force field in Maestro 12.8. The x, y, and z coordinates of the active sites of their respective centroid co-crystallised ligands were employed to generate docking grid boxes saved in gridbox.zip files.
Protein-Ligand Docking
Protein-ligand docking was conducted using the Glide tool within the Schrodinger Maestro package. The molecular docking process utilised a generated receptor grid file for synthesis and screening, with ligand sampling set to both rigid and flexible modes under Highthroughput Virtual Screening (HTVS), Standard Precision (SP), and Extra Precision (XP) settings. Docking scores were recorded post-screening. The XP method aimed to eliminate false positives, improve the correlation between favourable poses and scores, predict the theoretical interaction of ligands with proteins, and evaluate interactions between the ligands and amino acids.
 Statistical Analysis 
GraphPad Prism software (version 9.0, GraphPad Software, Inc.) was used for data analysis. All data are reported as mean values with standard deviation (mean ± SD). Significant difference was set at P < 0.05.
Results
Anti-Lipoxygenase Activity Analysis
The anti-lipoxygenase (ALOX) activity and its minimum inhibitory concentrations (MIC) of V. amygdalina L. extract as well as that of reference standard (indomethacin) were as shown in Figure 1. It was observed that the V. amygdalina L. extract showed a concentration-dependent increase in anti-lipoxygenase activity, but less when compared with the standard reference used, although the MIC of the V. amygdalina L. extract revealed a significant (p<0.05) decrease when compared with reference standard.
[image: C:\Users\HP\Downloads\Screenshot_20250612-121314.png]
Figure 1: Anti-lipoxygenase inhibitory activity of V. amygdalina L (Bitter leaf).
Protein Denaturation Inhibition Activity Analysis
Figure 2 depicts the result for V. amygdalina L. extract as well as that of the reference standard (aspirin) of protein denaturation (PD) inhibitory activity and its minimum inhibitory concentration (MIC). The V. amygdalina L. extract showed high PD inhibitory activity at 300, 400, and 500 µg/ml concentrations when compared with the reference standard used, although the MIC of V. amygdalina L. extract revealed a decrease (p<0.05) when compared with the reference standard used.
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Figure 2: Protein denaturation inhibitory activity of V. amygdalina L (Bitter leaf).

Membrane Stabilising Activity Analysis 
The membrane stabilising activity and its minimum inhibitory concentration (MIC) of V. amygdalina L. extract, as well as that of the reference standard (aspirin), were as shown in Figure 3. It was observed that V. amygdalina L. extract showed a concentration-dependent increase in membrane stabilising activity, but less when compared with the standard reference used, although the MIC of V. amygdalina L. extract revealed a significant (p<0.05) decrease when compared with the reference standard.
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Figure 3: Membrane stabilising inhibitory activity of V. amygdalina L (Bitter leaf).
Urease Inhibition Activity Analysis 
The Urease inhibition activity and its minimum inhibitory concentration (MIC) of V. amygdalina L. extract, as well as that of the reference standard (thiourea), were as shown in Figure 4. It was observed that V. amygdalina L. extract showed a concentration-dependent increase in urease inhibitory activity, but less when compared with the standard reference used, while the MIC of V. amygdalina L. revealed a significant (p<0.05) increase when compared with the reference standard.
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Figure 4: Urease inhibitory activity of V. amygdalina L (Bitter leaf).
Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
The GC-MS analysis revealed the chemical composition of V. amygdalina L., which is presented in Table 1 with 90% or greater spectral matching accuracy compared to those of NIST Library mass Spectra database and mass spectra. The result shows 17 bioactive compounds from V. amygdalina L. extract.
Table 1: Gas Chromatography-Mass Spectrometry GC-MS Analysis result of bioactive compounds present in V. amygdalina L.
	Peak
	RT

	Compound Detected
	Molecular Formula
	Molecular Weight
	Peak Area %
	Composition by weight %
	Mass fragmentation

	1
	8.02
	Benzene
Acetaldehyde
	C8H8O
	120
	5.23
	1.20
	41, 93, 136

	2
	10.50
	1,2-Benzenedicarboxylic acid
	C8H6O4
	166
	5.66
	5.73
	50, 104, 166

	3
	11.43
	Caryophyllene oxide
	C15H24O
	220
	1.79
	2.31
	41, 79, 220

	4
	13.25
	n-Hexadecanoic acid
	C10H16
	256
	8.15
	6.05
	43, 73, 256

	5
	16.50
	Phenol, 3,5-bis(1,1-dimethylethyl)-
	 C14H22O
	206
	5.41
	6.26
	41, 57, 206

	6
	20.81
	Tetradecanoic acid
	C14H28O2
	228
	2.08
	3.61
	41, 73, 228

	7
	23.03
	1, 2-epoxy hexadecane
	C16H32O
	240
	1.66
	2.93
	41, 82, 240

	8
	26.02
	Hexadecanoic acid, methyl ester
	C17H34O2
	270
	18.30
	17.54
	43, 74, 270

	9
	28.50
	2-Pentade canone,6,10,14-trimethyl
	C18H36O
	268
	2.91
	3.99
	

	10
	32.50
	Oleic acid
	C18H34O2
	282
	20.80
	21.96
	41, 55, 282

	11
	35.71
	9,12-Octadecadienoic acid (Z,Z)-
	C18H32O2
	280
	2.83
	3.88
	65, 67, 280

	12
	37.20
	Phytol
	C20H40O
	296
	2.00
	1.63
	43, 71, 296

	13
	37.80
	Eicosanoic acid
	C20H40O2
	312
	12.06
	12.45
	43, 73, 312

	14
	39.75
	6-Octadecenoic acid, (Z)-
	C18H34O2
	282
	2.29
	2.56
	41, 55, 282

	15
	40.75
	Octadecanoic acid
	C18H36O2
	284
	2.91
	3.04
	43, 73, 284

	16
	43.52
	Cholestane
	C27H48
	382
	3.33
	3.27
	43, 217, 382

	17
	48.21
	Campesterol
	C28H48O
	400
	1.66
	1.18
	43, 55, 400



Clustering Analysis
The results of the clustering analysis are presented in Figure 5, which shows the various compounds and their weights. Canonical smiles and compound identifier (CID) numbers were generated from the NCBI PubChem database for each compound, as shown in Table 2. These identifiers were then used in clustering analysis to group the compounds according to their molecular weights. The colour-coded legend (Figure 5) depicts the range of molecular weights for each compound, with each colour representing a different weight range as shown in Figure 5. 

Table 2: Compound CID and canonical smiles of V. amygdalina L. bioactive compounds.
	S/N
	COMPOUND NAME
	COMPOUND CID
	CANONICAL SMILES

	1
	Benzeneacetaldehyde
	998
	C1=CC=C(C(=C1)C(=O)O)C(=O)O

	2
	1,2-Benzenedicarboxylic acid 
	1017
	C1=CC=C(C(=C1)C(=O)O)C(=O)O

	3
	Caryophyllene oxide
	1742210
	C[C@@]12CC[C@@H]3[C@H](CC3(C)C)C(=C)CC[C@H]1O2

	4
	n-Hexadecanoic acid
	985
	CCCCCCCCCCCCCCCC(=O)O

	5
	[bookmark: _Hlk97228629]Phenol, 3,5-bis(1,1-dimethylethyl)-
	70825
	CC(C)(C)C1=CC(=CC(=C1)O)C(C)(C)C

	6
	Tetradecanoic acid
	11005
	CCCCCCCCCCCCCC(=O)O

	7
	1, 2-epoxyhexadecane
	23741
	CCCCCCCCCCCCCCC1CO1

	8
	Hexadecanoic acid, methyl ester
	8181
	CCCCCCCCCCCCCCCC(=O)OC

	9
	2-Pentadecanone, 6,10,14-trimethyl
	10408
	CC(C)CCCC(C)CCCC(C)CCCC(=O)C

	10
	Oleic acid 
	445639
	CCCCCCCC/C=C\CCCCCCCC(=O)O

	11
	9,12-Octadecadienoic acid (Z,Z)-
	5280450
	CCCCC/C=C\C/C=C\CCCCCCCC(=O)O

	12
	[bookmark: _Hlk107924284]Phytol
	5280435
	C[C@@H](CCC[C@@H](C)CCC/C(=C/CO)/C)CCCC(C)C

	13
	Eicosanoic acid
	10467
	CCCCCCCCCCCCCCCCCCCC(=O)O

	14
	6-Octadecenoic acid, (Z)-
	5281125
	CCCCCCCCCCC/C=C\CCCCC(=O)O

	15
	Octadecanoic acid
	5281
	CCCCCCCCCCCCCCCCCC(=O)O

	16
	Cholestane

	6857534
	C[C@H](CCCC(C)C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CCC4[C@@]3(CCCC4)C)C

	17
	Campesterol


	173183
	C[C@H](CC[C@@H](C)C(C)C)[C@H]1CC[C@@H]2[C@@]1(CC[C@H]3[C@H]2CC=C4[C@@]3(CC[C@@H](C4)O)C)C
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Figure 5: Clustering analysis of V. amygdalina L. bioactive compounds


In-silico Pharmacokinetics Analysis
The In-silico pharmacokinetics analysis of the chemical compounds identified through GC-MS was conducted, using the SwissADME online tool and following Lipinski’s rule of five to evaluate the pharmacokinetic properties of these compounds. Lipinski criteria suggest that for a compound to be considered orally bioavailable, it must have no more than one violation of the following criteria: a molecular weight of less than 500 daltons, no more than 10 hydrogen bond acceptor sites, no more than 5 hydrogen bond donor sites, and the mlogP (the logarithm of the partition coefficient) value of less than or equal to 4.15. Our analysis revealed that all the compounds adhered to these guidelines as detailed in Table 3.
Table 3: In-silico pharmacokinetics analysis of V. amygdalina L. bioactive compounds
	COMPOUND NAME
	MW
	HBA
	HBD
	MLOGP
	ROF

	Benzeneacetaldehyde
	120.15
	1
	0
	1.78
	0

	1,2-Benzenedicarboxylic acid 
	166.13
	4
	2
	1.20
	0

	Caryophyllene oxide
	220.35
	1
	0
	3.67
	0

	n-Hexadecanoic acid
	256.42
	2
	1
	4.19
	1

	Phenol, 3,5-bis(1,1-dimethylethyl)-
	206.32
	1
	1
	3.87
	0

	Tetradecanoic acid
	228.37
	2
	1
	3.69
	0

	1, 2-epoxyhexadecane
	240.42
	1
	0
	4.06
	0

	Hexadecanoic acid, methyl ester
	270.45
	2
	0
	4.44
	1

	2-Pentadecanone, 6,10,14-trimethyl
	268.48
	1
	0
	4.79
	1

	Oleic acid 
	282.46
	2
	1
	4.57
	1

	9,12-Octadecadienoic acid (Z,Z)-
	280.45
	2
	1
	4.57
	1

	Phytol
	296.53
	1
	1
	5.25
	1

	Eicosanoic acid
	312.53
	2
	1
	5.13
	1

	6-Octadecenoic acid, (Z)-
	282.46
	2
	1
	4.57
	1

	Octadecanoic acid
	284.48
	2
	1
	4.67
	1

	Cholestane
	372.67
	0
	0
	8.47
	1

	Campesterol
	400.68
	1
	1
	6.54
	1



Protein-Ligand Docking
Schrodinger Maestro 12.8 was utilised to dock the ligands identified with GC-MS against the target proteins. The docking result shows that a minimum of nine (9) of the bioactive compounds were able to bind well to the active site of the target proteins (Table 4). A stronger or more potent interaction between molecules is typically associated with more negative binding energies. Against the target FABP4, fifteen (15) compounds were seen to bind against the target with binding affinities ranging from -6.220kcal/mol to -2.979kcal/mol. 1,2-Benzenedicarboxylic acid; Phenol, 3,5-bis(1,1-dimethylethyl)-; 9,12-Octadecadienoic acid (Z,Z)-; Caryophyllene oxide; 2-Pentadecanone, 6,10,14-trimethyl-; and Oleic acid among the others had the highest binding affinity against the target with docking score of -6.220kcal/mol, -5.298kcal/mol, -4.712kcal/mol, -4.687kcal/mol, -4.677kcal/mol, and -4.646kcal/mol respectively (Table 4). The 2-dimensional structure of these lead compounds docked against the FABP4 active site is illustrated in Figure 6a. From the docking result, nine (9) compounds were able to exhibit binding affinity against the target COX-1 among the bioactive compounds present in V. amygdalina, ranging from -7.784kcal/mol to -5.647kcal/mol. Among the nine compounds, 9,12-Octadecadienoic acid (Z, Z)-; 1,2-Benzenedicarboxylic acid;  6-Octadecenoic acid, (Z)-; Benzene acetaldehyde; Caryophyllene oxide; and n-Hexadecanoic acid exhibited the best binding compounds against the COX-1 with binding affinities of -7.784kcal/mol, -6.945kcal/mol, -6.799kcal/mol, -6.434kcal/mol, -6.123kcal/mol, and -6.083kcal/mol respectively (Table 4). The 2-dimensional structure of these lead compounds docked against the COX-1 active site is illustrated in Figure 6b. Against the target FFAR1, fifteen (15) compounds were seen to bind at the active site of this target with binding affinities ranging from -8.704kcal/mol to -2.952kcal/mol. Eicosanoic acid; Phytol; 6-Octadecenoic acid, (Z)-; 9,12-Octadecadienoic acid (Z, Z); 2-Pentadecanone, 6,10,14-trimethyl-; and Octadecanoic acid had the highest binding affinity against the target FFAR1 with docking score of -8.704kcal/mol, -7.581kcal/mol, -7.560kcal/mol, -7.535kcal/mol, -7.220kcal/mol, and -7.173kcal/mol respectively (Table 4). The 2-dimensional structure of these lead compounds docked against the FFAR1 active site is illustrated in Figure 6c. Among V. amygdalina L. bioactive compounds, nine (9) compounds exhibited binding affinity against the target PPARA, with binding affinity values ranging from -7.312kcal/mol to -4.813kcal/mol. 6-Octadecenoic acid, (Z)-; 9,12-Octadecadienoic acid (Z, Z)-; 1,2-Benzenedicarboxylic acid; Phytol; Hexadecanoic acid, methyl ester; and n-Hexadecanoic acid with docking score -7.312kcal/mol, -6.479kcal/mol, -6.109kcal/mol, -5.847kcal/mol, -5.737kcal/mol, and -5.484kcal/mol respectively (Table 4) had the highest binding affinity against the active site of the target PPARA. The 2-dimensional structure of these lead compounds docked against the PPARA active site is illustrated in Figure 6d
Table 4: Docking scores of the lead compounds of V. amygdalina L. docked against the target proteins: FFAR1 (PDB ID: 4PHU), FABP4 (PDB ID: 3P6H), PPARD (PDB ID: 1Y0S), and PPARA (PDB ID: 3KDU) receptors.
	
COMPOUND NAME
	DOCKING SCORE (Kcal/mol)

	
	FABP4
	COX-1
	FFAR1
	PPARA

	Benzeneacetaldehyde
	-4.424
	-6.434
	-6.297
	-5.045

	1,2-Benzenedicarboxylic acid 
	-6.220
	-6.945
	-6.880
	-6.109

	Caryophyllene oxide
	-4.687
	-6.123
	-2.952
	-

	n-Hexadecanoic acid
	-3.411
	-6.083
	-6.886
	-5.484

	Phenol, 3,5-bis(1,1-dimethylethyl)-
	-5.298
	-
	-3.997
	-4.813

	Tetradecanoic acid
	-2.979
	-
	-6.190
	-4.897

	1, 2-epoxyhexadecane
	-3.697
	-5.893
	-5.633
	-

	Hexadecanoic acid, methyl ester
	-3.571
	-5.837
	-5.210
	-5.737

	2-Pentadecanone, 6,10,14-trimethyl
	-4.677
	-5.647
	-7.220
	-

	Oleic acid 
	-4.646
	-
	-6.278
	-

	9,12-Octadecadienoic acid (Z,Z)-
	-4.712
	-7.784
	-7.535
	-6.479

	Phytol
	-4.404
	-
	-7.581
	-5.847

	Eicosanoic acid
	-4.404
	-
	-8.704
	-

	6-Octadecenoic acid, (Z)-
	-4.474
	-6.799
	-7.560
	-7.312

	Octadecanoic acid
	-3.510
	-
	-7.173
	-

	Cholestane
	-
	-
	-
	-

	Campesterol

	-
	-
	-
	-
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Figure 6a: 2D-molecular interactions of V. amygdalina L. lead compounds docked against FABP4 active site: (A) 1,2-Benzenedicarboxylic acid  (B) Phenol, 3,5-bis(1,1-dimethylethyl)  (C) 9,12-Octadecadienoic acid (Z,Z)-  (D) Caryophyllene oxide  (E) 2-Pentadecanone, 6,10,14-trimethyl-  (F) Oleic acid
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 Figure 6b: 2D-molecular interactions of V. amygdalina L. lead compounds docked against COX-1 active site: (A) 9,12-Octadecadienoic acid (Z,Z)-  (B) 1,2-Benzenedicarboxylic acid  (C) 6-Octadecenoic acid, (Z)-  (D) Benzene acetaldehyde  (E) Caryophyllene oxide  (F) n-Hexadecanoic acid
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Figure 6c: 2D-molecular interactions of V. amygdalina L. lead compounds docked against FFAR1 active site: (A) Eicosanoic acid  (B) Phytol  (C) 6-Octadecenoic acid, (Z)-  (D) 9,12-Octadecadienoic acid (Z,Z)  (E) 2-Pentadecanone, 6,10,14-trimethyl-  (F) Octadecanoic acid
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Figure 6d: 2D-molecular interactions of V. amygdalina L. lead compounds docked against PPARA active site: (A) 6-Octadecenoic acid, (Z)-  (B) 9,12-Octadecadienoic acid (Z,Z)-  (C) 1,2-Benzenedicarboxylic acid  (D) Phytol  (E) Hexadecanoic acid, methyl ester  (F) n-Hexadecanoic acid


Discussion
The rising incidence of gastrointestinal disorders has sparked interest in natural remedies with therapeutic potential [22]. Vernonia amygdalina L., or bitter leaf, is recognised for its traditional medicinal uses, particularly in African cultures, where it has been employed to treat digestive issues, inflammation, and infections [23]. Its therapeutic effects are attributed to a rich phytochemical profile, including flavonoids, terpenoids, and polyphenols, known for their antioxidant and anti-inflammatory properties. Recent studies have begun to substantiate these traditional applications, highlighting their potential benefits for gastrointestinal health [23]. Given the role of inflammation in conditions like inflammatory bowel disease, peptic ulcers, and gastritis, exploring natural compounds that can modulate immune responses may offer promising therapeutic options [24].
The biochemical analysis of V. amygdalina L. extracts revealed significant anti-inflammatory properties that support its traditional use in managing gastrointestinal disorders. One of the primary assays performed was the anti-lipoxygenase activity test. Lipoxygenases are enzymes that play a critical role in the inflammatory response by converting arachidonic acid into leukotrienes, which are potent mediators of inflammation [25,26]. The results indicated that V. amygdalina L. extracts exhibited a concentration-dependent increase in anti-lipoxygenase activity. Although the extract's potency was lower than that of the reference standard, indomethacin, the significant decrease in the minimum inhibitory concentration (MIC) suggests that V. amygdalina L. can effectively inhibit lipoxygenase activity. This inhibition is crucial for mitigating inflammatory responses, particularly in conditions such as asthma and inflammatory bowel disease, where leukotrienes are implicated [27-29]. Another important aspect of the biochemical analysis was the evaluation of protein denaturation inhibitory activity. Protein denaturation is a process that can lead to the loss of structural integrity and function of proteins, often exacerbated during inflammatory conditions [30,31]. The results showed that V. amygdalina L. extracts demonstrated high inhibitory activity at concentrations of 300µg/ml and above. This finding indicates that the extract may possess compounds that stabilise proteins and cellular membranes, thereby protecting them from denaturation. Such protective effects are particularly relevant in the gastrointestinal tract, where maintaining protein integrity is essential for proper digestive and immune functions [32,33]. The membrane stabilising activity of V. amygdalina L. was also assessed, revealing its potential to protect cellular integrity during inflammatory responses. The extract exhibited a concentration-dependent increase in membrane stabilisation, with significant decreases in MIC compared to aspirin, a known anti-inflammatory agent. This activity suggests that V. amygdalina L. may help preserve the integrity of cell membranes during inflammatory processes, thereby preventing cell lysis and subsequent tissue damage. This protective mechanism could be particularly beneficial in conditions characterised by increased membrane permeability and inflammation, such as ulcerative colitis [34]. Furthermore, the analysis included the evaluation of urease inhibition activity. Urease is an enzyme produced by certain bacteria in the gastrointestinal tract, and its activity can lead to the production of ammonia, which is toxic to intestinal cells [35]. The results indicated that V. amygdalina L. extracts possess urease inhibitory properties, suggesting that they may help reduce ammonia production and its associated toxic effects. This activity is particularly relevant in the context of gastric disorders, where elevated urease activity can contribute to mucosal injury and exacerbate inflammation [36].
The phytochemical composition of V. amygdalina L. is a critical aspect of its therapeutic potential, as it is rich in various bioactive compounds that contribute to its medicinal properties. Through gas chromatography-mass spectrometry (GC-MS) analysis, a diverse array of phytochemicals was identified, including flavonoids, terpenoids, alkaloids, and fatty acids. Among the notable compounds identified are Benzeneacetaldehyde, Caryophyllene oxide, and several fatty acids, including Oleic acid and 9,12-Octadecadienoic acid (Z, Z). These compounds play significant roles in modulating biological processes, particularly those related to inflammation and oxidative stress. For instance, oleic acid, a monounsaturated fatty acid, is known for its anti-inflammatory properties. It can influence the expression of pro-inflammatory cytokines and promote the resolution of inflammation, making it a valuable component in the management of inflammatory conditions [37,38]. The presence of flavonoids and terpenoids in V. amygdalina L. further enhances its pharmacological profile. Flavonoids are well-documented for their antioxidant activities, which help combat oxidative stress, an important factor in the pathogenesis of many gastrointestinal diseases [39-41]. By scavenging free radicals and reducing oxidative damage, flavonoids can protect intestinal cells and maintain mucosal integrity [39-41]. Similarly, terpenoids have been shown to possess anti-inflammatory and antimicrobial properties [42], contributing to the overall health benefits of the plant. The implications of these phytochemical findings extend beyond traditional uses. The identification of specific bioactive compounds allows for targeted research into their mechanisms of action and potential therapeutic applications. For instance, understanding how caryophyllene oxide interacts with inflammatory pathways could lead to the development of novel anti-inflammatory agents derived from V. amygdalina L.. Additionally, the potential synergistic effects of multiple compounds working in concert should not be overlooked. The complex interplay between different phytochemicals may enhance their individual effects, resulting in a more potent overall therapeutic impact [43]. Moreover, the rich phytochemical profile of V. amygdalina L. suggests its potential for use in functional foods and nutraceuticals. As consumers increasingly seek natural alternatives to synthetic pharmaceuticals, products derived from V. amygdalina L. could meet the demand for safe and effective dietary supplements aimed at promoting gastrointestinal health and preventing inflammation. This shift towards natural remedies aligns with broader trends in health and wellness, emphasising the importance of preventive care and holistic approaches to health management [44].
In silico drug design and screening represent a crucial component of modern pharmacological research, allowing for the efficient identification and optimisation of potential therapeutic compounds [45-47]. Clustering Analysis was performed to categorise the bioactive compounds based on their molecular weights and structural characteristics. This analysis facilitated a deeper understanding of how these compounds might interact with biological systems [48]. Following clustering, we conducted a pharmacokinetics assessment using the SwissADME online tool, which evaluates the pharmacokinetic properties of compounds based on Lipinski’s rule of five. This rule serves as a guideline to predict the oral bioavailability of compounds, suggesting that an ideal drug should have a molecular weight of less than 500 daltons, no more than 5 hydrogen bond donors, no more than 10 hydrogen bond acceptors, and a logP value of less than or equal to 4.15 [49-52]. Our analysis revealed that all identified compounds from V. amygdalina L. adhered to these criteria, indicating their potential for effective oral absorption and systemic distribution. This finding is pivotal, as it suggests that the bioactive compounds could be viable candidates for further development as therapeutic agents for gastrointestinal disorders.
Molecular docking is an essential computational approach in drug discovery that enables the prediction of interactions between small molecules and target proteins [53]. In this study of V. amygdalina, docking analyses were performed to assess the binding affinities of the bioactive compounds against key target proteins involved in gastrointestinal immune regulation: Fatty Acid-Binding Protein 4 (FABP4), Cyclooxygenase-1 (COX-1), Free Fatty Acid Receptor 1 (FFAR1), and Peroxisome Proliferator-Activated Receptor Alpha (PPARα). Fifteen compounds were identified as capable of binding to the FABP4 target, exhibiting binding affinities that ranged from -6.220 kcal/mol to -2.979 kcal/mol. Among these, six compounds stood out with the highest binding affinities: 1,2-Benzenedicarboxylic acid (-6.220 kcal/mol), Phenol, 3,5-bis(1,1-dimethylethyl)- (-5.298 kcal/mol), 9,12-Octadecadienoic acid (Z, Z) (-4.712 kcal/mol), Caryophyllene oxide (-4.687 kcal/mol), 2-Pentadecanone, 6,10,14-trimethyl- (-4.677 kcal/mol), and Oleic acid (-4.646 kcal/mol). The strong binding of 1,2-Benzenedicarboxylic acid, in particular, suggests its potential role in modulating fatty acid transport and metabolism, which are critical processes in inflammatory responses [54]. The 2-dimensional structure of these lead compounds docked against the FABP4 active site is illustrated in Figure 6a, showcasing their spatial orientation and interaction with the protein. The docking results also revealed that nine compounds exhibited significant binding affinities against the COX-1 target, with values ranging from -7.784 kcal/mol to -5.647 kcal/mol. Notably, 9,12-Octadecadienoic acid (Z, Z) demonstrated the highest affinity at -7.784 kcal/mol, followed by 1,2-Benzenedicarboxylic acid (-6.945 kcal/mol), 6-Octadecenoic acid (Z) (-6.799 kcal/mol), Benzene acetaldehyde (-6.434 kcal/mol), Caryophyllene oxide (-6.123 kcal/mol), and n-Hexadecanoic acid (-6.083 kcal/mol). The strong binding of 9,12-Octadecadienoic acid suggests its potential as an anti-inflammatory agent by inhibiting COX-1, a key enzyme in the biosynthesis of pro-inflammatory prostaglandins [55]. The 2-dimensional structures of these lead compounds docked against the COX-1 active site are depicted in Figure 6b, illustrating their interactions and potential inhibitory effects. Fifteen compounds were also found to bind effectively at the active site of FFAR1, with binding affinities ranging from -8.704 kcal/mol to -2.952 kcal/mol. The compounds with the highest binding affinities included Eicosanoic acid (-8.704 kcal/mol), Phytol (-7.581 kcal/mol), 6-Octadecenoic acid (Z) (-7.560 kcal/mol), 9,12-Octadecadienoic acid (Z, Z) (-7.535 kcal/mol), 2-Pentadecanone, 6,10,14-trimethyl- (-7.220 kcal/mol), and Octadecanoic acid (-7.173 kcal/mol). The exceptional binding affinity of Eicosanoic acid highlights its potential role in mediating gut inflammation and metabolic regulation through its interaction with FFAR1, a receptor involved in fatty acid sensing and signaling [56]. The 2-dimensional structure of these lead compounds docked against the FFAR1 active site is illustrated in Figure 6c, providing a visual representation of their binding modes. Also, nine compounds exhibited binding affinities against the PPARA target, with values ranging from -7.312 kcal/mol to -4.813 kcal/mol. The compounds with the highest binding affinities included 6-Octadecenoic acid (Z) (-7.312 kcal/mol), 9,12-Octadecadienoic acid (Z, Z) (-6.479 kcal/mol), 1,2-Benzenedicarboxylic acid (-6.109 kcal/mol), Phytol (-5.847 kcal/mol), Hexadecanoic acid, methyl ester (-5.737 kcal/mol), and n-Hexadecanoic acid (-5.484 kcal/mol). The 2-dimensional structures of these lead compounds docked against the PPARα active site are shown in Figure 6d, illustrating their spatial orientation and interactions with the protein. The strong binding of 6-Octadecenoic acid suggests its potential role in regulating lipid metabolism and inflammation, as PPARα is a key transcription factor involved in fatty acid oxidation and inflammatory responses. 
Conclusion
This study highlights the promising immunomodulatory properties of Vernonia amygdalina leaf and its bioactive compounds. The comprehensive biochemical analysis demonstrated significant anti-inflammatory effects, while in silico docking studies identified key interactions with target proteins critical for gastrointestinal health. The strong binding affinities observed for compounds such as 9,12-Octadecadienoic acid and 1,2-Benzenedicarboxylic acid suggest their potential roles as therapeutic agents for managing GI disorders. These results not only provide a foundation for future experimental studies but also underscore the importance of traditional medicinal plants in contemporary drug discovery. Further research, such as exploring the clinical efficacy of the identified compounds and conducting trials, is essential to validate these findings and explore the clinical applications of V. amygdalina L. in the treatment of inflammatory gastrointestinal conditions
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