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Abstract   

Diabetes, a chronic metabolic disorder with increasing global prevalence, 
poses a significant public health concern, necessitating the development of 
safe and effective drugs. This study specifically assessed the inhibitory 

effects of Euclea natalensis leaf extracts on α-amylase through in vitro,          

in vivo, and in silico methods. The extracts were sequentially obtained using 

solvents of graded polarity. α-amylase inhibition studies were conducted 

through spectrophotometric methods, while in vivo assessments were    
performed using a starch tolerance test on rats. Molecular docking was   
carried out using Autodock 4.2.6, and SwissADME, along with ADMETlab 2.0, 
were employed to determine the drug-likeness and toxicity properties of 
the literature-mined compounds. The extracts demonstrated significant in 

vitro inhibition of α-amylase, with the methanol extract exhibiting the high-

est percentage of inhibition at 27% ± 4.2, followed by hexane and aqueous   
extracts at 18% ± 2.5 and 18% ± 3.7, respectively. In vivo, the extracts       
lowered blood glucose levels, with acarbose reducing peak blood glucose 
levels by 42%, while both the aqueous and methanol extracts reduced it by 
19% each after 30 min. The overall glucose-lowering effect, based on the 
area under the starch tolerance curve, ranked as follows: acarbose > metha-
nol > aqueous > hexane > dichloromethane extract. Molecular docking iden-

tified 20(29)-lupene-3β-isoferulate C3 as the most promising compound 

with the lowest binding energy of -11.4 kcal/mol. Molecular dynamics       
revealed that C3 loses stability as it diverges from the active site. Additio-
nally, while all other compounds passed the Lipinski drug-likeness criteria,      

20(29)-lupene-3β-isoferulate C3 did not. Therefore, the present study       

suggests that E. natalensis exhibits antidiabetic properties through the   

inhibition of  α-amylase and may serve as a source of potential antidiabetic 

drug  molecules.   

 

Keywords   

Diabetes mellitus; α-amylase; oral starch tolerance test; Euclea natalensis; phyto-
chemicals    

 

Introduction   

Diabetes mellitus is a chronic metabolic disorder that affects 500 million 
people, with global estimates projecting approximately 643 million cases by 
2030 (1). It is characterized by chronic high blood sugar levels, attributed to 
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either the body's inability to produce insulin (Type 1 dia-
betes) or the body's inefficiency in using insulin (Type 2 
diabetes) (2). Diabetes poses a  significant public health 
concern due to asso-ciated complications, including cardi-
ovascular disease, renal failure, blindness, and amputa-
tions. Traditional treatments for diabetes involve insulin 
injections and oral    hypoglycemic medications (3), but 
these approaches have limitations due to side effects and 
can be expensive for poorly developing countries. In the 
United States alone, direct medical costs for managing 
diabetes surged from 116 billion USD in 2007 to 237 billion 
USD in 2017 (4),     potentially placing an overwhelming 
burden on many countries. One widely used class of hypo-

glycemic drugs for managing type 2 diabetes is α-amylase 

inhibitors. These drugs reduce postprandial hyperglyce-
mia by limiting    glucose absorption into the bloodstream. 

α-amylase, a digestive enzyme, plays a role in converting 

complex      carbohydrates into simpler sugars. In diabetes 

(5, 6), the activity of α-amylase increases, leading to the 

rapid breakdown of carbohydrates and the subsequent 
release of  glucose into the bloodstream. This process re-
sults in      elevated blood sugar levels after a meal, termed 
post-prandial hyperglycemia—a hallmark of type 2 diabe-
tes. 

 Therefore, drugs that inhibit the action of                    

α-amylase can slow down carbohydrate breakdown, ulti-

mately reducing the release of glucose into the blood-

stream and ensuring controlled blood glucose levels.     

Consequently, α-amylase inhibitors play a critical role in 

the management of type 2 diabetes. However, synthetic 

inhibitors such as acarbose (7), miglitol (8), and voglibose 

(9) have limitations, including adverse effects and low bio-

availability at target sites. Hence, there is a pressing need 

for new and effective α-amylase inhibitors derived from 

natural sources. Given the high cost and notable side 

effects of glucose-lowering drugs (4, 10), many individuals 

turn to traditional medicinal plants to manage diabetes 

and its debilitating complications (11). Medicinal plants 

offer a holistic approach to diabetes management (10), 

and their readily availability (12) makes them a                 

cost-effective alternative to modern medicine. Numerous 

medicinal plants have been identified as potential sources 

of α-amylase inhibitors (13–16). These plants contain     

bioactive compounds that inhibit α-amylase action, lead-

ing to a decrease in glucose release into the bloodstream. 

The bioprospecting of medicinal plants for α-amylase   

inhibitors presents a promising strategy for diabetes treat-

ment and has garnered scientific attention. 

 Euclea natalensis is an evergreen woody plant    be-
longing to the Ebenaceae family, widely distributed in the 
forests of South Africa, Botswana, and other African na-

tions. It has been extensively studied for its medicinal 
properties (17). The selection of this plant for the current 
study is based on its documented ethnopharmacological 

uses across various countries (17). E. natalensis is            
frequently employed in traditional medicine for the     
management of various conditions, including headaches, 

sexually transmitted infections, tuberculosis, skin           

infections, and diabetes mellitus (17–19). Previous investi-
gations have explored the antioxidant potential of the  

acetone root bark extract and ethanolic shoots extract. 
These studies found that their DPPH scavenging activity is 
comparable to that of vitamin C, as indicated by the inhibi-

tory concentration providing 50% inhibition (IC50) (20). 
Additionally, the acetone root bark preparation demon-
strated anti-diabetic properties by inhibiting the activities 

of α-amylase and alpha-glucosidase (21). The ability of       

E. natalensis extracts to scavenge free radicals and inhibit 

carbohydrate-hydrolyzing enzymes supports the ethno- 
pharmacological use of these extracts in managing          
diabetic complications. Therefore, the present study aims 

to assess the α-amylase inhibitory effects of E. natalensis 

leaf extracts both in vitro and in vivo using normoglycemic 
rats. The reported compounds of E. natalensis will also be 
analysed through in silico studies to identify potent        

bioactive compounds that can be modelled into hypo-
glycemic drugs.   

 

Materials and Methods 

Plant collection and extraction       

Matured leaves of Euclea natalensis were collected from 
Matlhakola village in Central Botswana and authenticated 
by Dr. M. Muzila at the University of Botswana herbarium 
(Voucher number: BAKW-01/2020). Subsequently, the 

leaves were cleaned with tap water, rinsed with distilled 
water, and left to dry in darkness at room temperature for 
7 days. Using a household blender (Ottimo, South Africa), 
the dried leaves were ground into a fine powder. The    

powder was then sequentially extracted with different  
organic solvents in increasing polarity order. Approxi-
mately 2 kg of the powder was macerated in 3 L of            

non-polar n-hexane for 24 hrs with intermittent shaking at 
room temperature. The mixture was filtered using No. 1 
Whatman filter paper, and the residue was subjected to 

two additional extractions with fresh liquid. The filtrates 
were combined, and the solvent was evaporated using a 
rotary evaporator at low pressure and temperature. Simi-

lar to the n-hexane extraction, the residue underwent   
extraction with dichloromethane: methanol (1:1, mode-
rate polarity), 70% methanol (higher polarity), and water 

(highest polarity). The resulting four crude extracts were 
dried and stored at -20 °C for pending analysis. 

Experimental animals       

40 Sprague Dawley rats, weighing between 150 and 180 g 
and aged 8 weeks, were housed in steel cages at the      
Botswana International University of Science and Techno-
logy (BIUST) animal house. The animal facility maintained 

a 12 hr dark/12 hr light cycle and a temperature of               
24 ± 1 °C. Rats were provided with normal rodent feed 
(Epol, South Africa) and had unrestricted access to         

distilled water ad libitum. The animal study protocol was 
approved by the Ministry of Health and Wellness, with  
permit number HPDME 13/18/1. 

In vitro α-amylase inhibitory activity assay         

To assess the impact of Euclea natalensis extracts on           
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α-amylase activity, the method described by Kamtekar 

(22) was employed to compare the inhibitory effects of the 
extracts at a high dose of 1 mg/mL (23). The various plant 
extracts were reconstituted in 20% DMSO, and 0.5 mL of    

1 mg/mL of extracts or 0.5 mL of 50 µg/mL of acarbose 
(positive control) were incubated with 0.5 mL of 0.5 mg/mL 

α-amylase in 0.02 M sodium phosphate buffer (pH 6.9) and 

6 mM sodium chloride at 37 °C for 10 min. Subsequently, 

0.5 mL of 1% starch, prepared in the same buffer, was  
added, and the contents were further incubated at 37 °C 
for 30 min. Following this, 1 mL of dinitro salicylic acid 

(DNS) was added to halt the reaction, and the mixture was 
boiled for 5 min before being diluted to 5 mL with distilled 
water. Absorbance at 540 nm was determined using a 

Spec200E UV-Vis spectrophotometer (ThermoFisher Scien-
tific, USA). The vehicle control used was 20% DMSO, and 
blanks for each extract were created by mixing all the 

above components but replacing the enzyme solution with 
buffer. The absorbance of blanks was subtracted from the 
absorbance of samples to eliminate bias brought about by 

the color of the extracts. The percentage inhibition was 
calculated as a percentage of the vehicle control, assum-
ing 100% hydrolysis of starch in the absence of any         

inhibitor. 

Abs(control) - Abs (sample) 
Percentage inhibition =                                                              X100  

Abs(control)  
 ..............Eqn. 1 

Oral starch tolerance test (OSTT)         

Oral starch tolerance tests were conducted as previously 
described (19). In summary, 30 fasted normoglycemic rats 

meeting the criteria—weighing between 160 and 180 g, 

aged 8 weeks, and having fasting blood glucose levels     

below 5.6 mmol/L (indicative of prediabetes cutoff) were 

divided into six groups of five each for statistical compari-

sons. The rats were orally administered with 100 mg/kg 

body weight of the extracts, chosen based on its efficacy in 

the oral glucose tolerance test (24). 

Group 1: Starch solution + 2 mL Distilled water (Normal 

control) 

Group 2: Starch solution + 50 mg/kg bw Acarbose (Positive 

control) 

Group 3: Starch solution + 100 mg/kg bw Hexane (HEX) 

extract 

Group 4: Starch solution + 100 mg/kg bw Dichloromethane

-methanol 1:1 (DCM) extract  

Group 5: Starch solution + 100 mg/kg bw 70% Methanol 

(MeOH) extract 

Group 6: Starch solution + 100 mg/kg bw Aqueous (AQE) 

extract 

 Acarbose at 50 mg/kg bw (25) served as the positive 

control, while distilled water was used as the negative  

control. 15 min after treatment, the blood glucose level 

was measured (0 min), and the rats were orally adminis-

tered a starch solution at a concentration of 3.0 g/kg body 

weight. Blood glucose levels (BG) were measured using a 

handheld glucometer (Accu-check Active, Germany) after 

30, 60, and 120 min. The peak blood glucose (PBG) was 

determined by observing the blood glucose level during 

the mentioned time intervals, and the area under the 

curve (AUC) was calculated using the formula below: 

 ..........................Eqn. 2 

Where BG stands for blood glucose levels at time intervals 

0, 30, 60 and 120 min. 

In silico studies          

Ligands preparation          

To identify the isolated or identified compounds in Euclea 

natalensis extracts, a comprehensive literature review was 

conducted, encompassing published articles up until 2021. 

The 14 compounds discovered during this investigation 

are presented as 2D structures in Table 1. The 3D struc-

tures of these 14 ligands were obtained as SDF files from 

PubChem (https://pubchem.ncbi.nlm.nih.gov/) and subse-

quently converted to PDB files using Discovery Studio. 

Subsequently, the ligands underwent further preparation 

through Autodock tools, which involved calculating Gas-

teiger charges and saving them as PDBQT files. 

Protein preparation         

The crystal structure of human intestinal amylase (1B2Y) in 

complex with acarbose was obtained from the RCSB      

Protein Data Bank (https://www.rcsb.org/). Using              

Discovery Studio, the protein structure was prepared by 

removing the bound acarbose, water molecules, hetero-

atoms, and chain B. Subsequently, the remaining chain A 

was further processed using Autodock tools, involving the 

addition of Kollman charges and polar hydrogens. The 

final structure was then saved in PDBQT format. 

Molecular docking       

The α-amylase binding site residues were identified using 

Discovery Studio Visualizer, referencing the publication 

where 1B2Y was co-crystallized with acarbose, and the 

structure was deposited in the Protein Data Bank (PDB). 

Subsequently, a grid box was defined with coordinates       

x = 17.388, y = 5.268, and z = 46.733, centered around the 

active site of α-amylase, with grid sizes of 60 × 60 × 60 at 

3.75 spacing. Molecular docking was performed with Auto-

dock 4.2.6 (https://autodock.scripps.edu/) utilizing 

Larmakian genetic algorithms. Compounds were assessed 

based on their binding affinities and the nature of mole-

cular interactions with the protein. The ligands were indi-

vidually docked with 100 cycles to identify the pose with 

the lowest binding affinity (kcal/mol). 

Molecular dynamic simulations       

The Desmond module of the Schrödinger software was 

employed to conduct molecular dynamics simulation 

tests, aiming to analyze the conformational changes and 

stabilities of the top two best-amylase compound         

complexes with C2, C3, and the positive control Acarbose. 

The TIP3P model was utilized to determine the optimal 

docking poses of the ligands in association with α-amylase 
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within an explicit orthorhombic periodic boundary box with a size of 10 Å. Using the built-in Desmond System 

ID Ligand 2D Structure Affinity (kcal/mol) 

 Acarbose 

 

-11.2 

C3 20(29)-lupene-3β-isoferulate 

 

-11.4 

C2 Lupeol 

 

-9.9 

C7 Galpinone 

 

-9.4 

C1 Betulin 

 

-9.3 

C10 Diospyrin 

 

-8.6 

C6 Euclanone 

 

-8.4 

C9 Neodiospyrin 

 

-8.3 

C5 Mamegakinone 

 

-8.1 

Table 1. Binding affinity scores and interactions of compounds with α-amylase.  
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Builder tool, the simulated system was neutralized by  

adding the appropriate amounts of Na+ and Cl-. The NPT 

ensemble, incorporating a Nose-Hoover thermostat and  

 

 

barostat, was employed to maintain the temperature and 
pressure at 300 K and 1 bar, respectively. The OPLS-3e 

force field within Desmond's molecular dynamics module 

was utilized for running the simulation, and the runtime 

was set at 100 ns. Following the simulation runs, the      

trajectory files were examined using the Desmond simula-

tion analysis module to calculate various structural        

parameters, such as the root mean square deviation 

(RMSD) and the root mean square fluctuation (RMSF) 

ADME and drug-likeness analysis         

The simplified molecular input line entry system (SMILES) 

for each compound was retrieved from PubChem and in-

put into the SwissADME software (http://

www.swissadme.ch/) to assess drug-likeness based on the 

Lipinski parameters. Additionally, the absorption, distribu-

tion, metabolism, excretion, and toxicity (ADMET) proper-

ties were determined using ADMETLab 2.0 (https://

admetmesh.scbdd.com/) 

 

Statistical analysis        

The results are presented as the mean (n = 3) for in vitro 

studies and n = 5 for in vivo studies, accompanied by the 

standard deviation (SD). Statistical significance was deter-

mined at p < 0.05 using One-way analysis of variance 

(ANOVA) with Tukey-Kramer’s range test. All statistical 

analyses and graphing were performed using GraphPad 

Prism version 9.0.   

 

Results  

α-amylase inhibition         

The in vitro amylase inhibition was most pronounced with 

acarbose, exhibiting a percentage inhibition of 49% ± 1.2, 

C4 Isodiospyrin 

 

-7.9 

C13 Octahydroeuclein 

 

-7.2 

C12 Shinanolone 

 

-6.0 

C8 Methylnaphthazarin 

 

-5.8 

C14 4-Hydroxy-5-methoxy-2-naphthaldehyde 

 

-5.6 

C11 7-Methyljuglone 

 

-5.6 
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as depicted in Fig. 1. Following this, the MeOH extracts 

demonstrated a considerable inhibition at 27% ± 4.2, while 

HEX and AQE extracts showed inhibition levels of 18% ± 2.5 

and 18% ± 3.7, respectively. The lowest inhibition was   

observed with DCM at 9% ± 0.8. All extracts were statisti-

cally different (p<0.05) from acarbose and from each oth-

er,  except for HEX and AQE extracts, which were not signif-

icantly different (p<0.05) from each other. 

Oral starch tolerance test        

Fig. 2 illustrates the impact of the extracts on blood          
glucose levels following the administration of a starch        

solution to rats. The normal control (NC) exhibited a peak 

blood glucose level (PBGL) of 8.67 mmol/L and an area 

under the curve (AUC) of 21 ± 1.2 mmol/L.min on the 2 hr 

starch tolerance curve. Within the 2 hr study duration, 

treatment with Euclea natalensis extracts and acarbose 

led to a reduction in PBGL and AUC. According to Table 1, 

acarbose reduced PBGL by 42%, while both AQE and MeOH 

extracts reduced it by 19%. HEX extracts showed the     

lowest PBGL decrease. Acarbose achieved an AUC of          

13 ± 0.3, compared to the normal control's AUC of                

21 ± 1.2 mmol/L.min, representing a 36% reduction, which 

exceeded the average for all extracts. Table 2 further      

reveals that acarbose was followed by MeOH, AQE, and 

HEX extracts, while DCM extracts showed the least          

reduction in the AUC of the starch tolerance curve. In 

terms of lowering AUC, there was no significant difference 

(p<0.05) between MeOH and AQE extracts, as well as      

between HEX and DCM extracts. 

Molecular docking analysis       

The search for phytocompounds isolated and identified 
from Euclea natalensis yielded 14 compounds, which were 

subjected to virtual screening using Autodock 4.2.6. The 

human α-amylase (PDB: 1B2Y) co-crystallized with        

acarbose was re-docked to validate the protocol, and   

acarbose served as the positive control. Docking analysis 

revealed that acarbose binds to the active site of                    

α-amylase by forming hydrogen bonds with amino acid 

residues GLN63, HIS305, GLY306, ILE235, LYS200, ALA198, 

GLU233, ARG195, ASP197, and TRP59, as illustrated in     

Fig. 3 (a, c). It also engaged in Van der Waals and hydro-

phobic interactions, resulting in a binding energy of              

-11.2 kcal/mol, as shown in Table 1. The 14 bioactive com-

pounds from E. natalensis interacted with the active site of 

α-amylase, forming hydrogen bonds, Van der Waals forces, 

and hydrophobic forces, contributing to varying binding 

affinities. Among these, the bioactive compound                 

20(29)-lupene-3β-isoferulate C3 exhibited the lowest bind-

ing energy of -11.4 kcal/mol, surpassing that of acarbose, 

the clinically used drug. Fig. 3 (b, d) depicts the 3D struc-

ture (b) and 2D structure of 20(29)-lupene-3β-isoferulate 

C3 interacting with amino acids on the active site of             

α-amylase via hydrogen bonding (GLY306, LYS200, 

HIS201), Van der Waals, and hydrophobic forces. Following 

this, Lupeol C2 exhibited a binding energy of -9.9 kcal/mol, 

forming one hydrogen bond with amino acid residue 

GLU233 (Fig. 3 e, g). Galpinone C7 demonstrated a binding 

energy of -9.4 kcal/mol, engaging in hydrogen bonding 

with GLN63 and HIS305. Betulin C1, although exhibiting 

hydrogen bonding, surprisingly had a high binding energy 

Fig. 1. Percentage inhibitory effect of Euclea natalensis leaf extracts on            

α-amylase activity.  Results are presented as mean (n = 3) ± standard devia-
tion (SD). Bars with the same letters (a, b, c, or d) are not significantly           
(p < 0.05) different, while those with different letters are significantly                
(p < 0.05) different. HEX: hexane extract; DCM: dichloromethane-methanol 
(1:1) extract; MeOH: 70% methanol extract; AQE: aqueous (water) extract.  

Treatment 
groups 

PBGL 
(mmol/L) % Change 

AUC   

(mmol/L.min) 
% 

Change 

NC 9 - 21 ± 1.2 - 

Acarbose 5 42a 14 ± 0.3 36a 

HEX 8 6b 20 ± 1.3 8b 

DCM 7 17c 20 ± 1.4 6b 

MeOH 7 19c 19 ± 0.1 16c 

AQE 7 19c 19 ± 0.6 13c 

Table 2. Effects of treatments on peak blood glucose level (PBGL) and 
area under the curve (AUC) after starch loading in normoglycemic rats.  

Mean with the same letters (a, b, c, or d) in a column are not significantly 
(p < 0.05) different, while those with different letters are significantly                (p < 
0.05) different. HEX: hexane extract; DCM: dichloromethane-methanol (1:1) 
extract; MeOH: 70% methanol extract; AQE: aqueous (water) extract.  

Fig. 2. Effects of Euclea natalensis leaf extracts on starch tolerance in 
normoglycemic rats. Results are presented as mean (n = 5). HEX: hexane 
extract; DCM: dichloromethane-methanol (1:1) extract; MeOH: 70% methanol 
extract; AQE: aqueous (water) extract.  
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of -9.3 kcal/mol. The compound with the least favourable 

binding energy was 7-Methyljuglone C11, with -5.6 kcal/

mol. 

Molecular dynamic simulation         

The root mean square deviation (RMSD) values of the  

complex 1B2Y with acarbose did not exceed those of the 

backbone 1B2Y, and the fluctuations stabilized after           

20 sec, indicating that acarbose formed a stable complex 

on the active site of the protein, as depicted in Fig. 3a.  

Fig. 3. Binding interactions of acarbose (a, c), 20(29)-lupene-3β-isoferulate C3 (b, d), lupeol C2 (e, g) and galpinone C7 (f, h) interacting with human                 

α-amylase (PDB: 1B2Y). 
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Concerning 1B2Y in complex with C2, the RMSD of the 

complex was larger, and after 50 sec, it lost stability as  

major fluctuations deviated from those of the protein 

backbone, as observed in Fig. 4c. The complex of 1B2Y 

with C3 initially showed RMSD values aligning well and not 

exceeding those of the backbone. However, after 43 sec, 

the RMSD deviated away from the backbone, suggesting 

that the compound was dispersing away from the active 

site, as seen in Fig. 4e. The root mean square fluctuation 

(RMSF), illustrating the impact of ligand binding on protein 

residues, was computed for all compounds and the con-

trol acarbose. The RMSF graphs demonstrate that the fluc-

tuations in Fig. 4 (b, d, f) for acarbose, C2, and C3, respe-

ctively, interacted with residues of 1B2Y, exceeding 3.0 Å. 

Analysis of drug-likeness of the compounds       

The drug-likeness properties of the bioactive compounds 

were assessed based on Lipinski’s rule of 5, and the results 

are presented in Table 3. All the compounds met Lipinski's 

rule of 5, qualifying as druggable compounds, except for 

20(29)-lupene-3β-isoferulate C3. This specific bioactive 

compound violated the Lipinski rules related to molecular 

weight (< 500 g/mol) and lipophilicity (LogP < 5), thus     

failing to meet the criteria for drug-likeness according to 

Lipinski’s rule of 5. 

Analysis of ADMET profiles of the compounds        

The absorption, distribution, metabolism, excretion, and 

toxicity (ADMET) properties were evaluated in silico and 

are presented in Fig. 5. In comparison to acarbose, all the 

compounds exhibited moderate to excellent intestinal 

absorption and 20% bioavailability. With the exception of 

C1, C2, C3, and C13, most compounds interacted with and 

inhibited the P450 cytochrome CYP1A2, while C1, C2, and 

C3 were likely to be substrates of the P450 cytochrome 

Fig. 4. Molecular dynamics simulations results of complexes; RMSD (a) and RMSF (b) of acarbose, compound C2 (c, d) and compound C3 (e, f).  
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CYP2C19. Regarding excretion, all the compounds dis-

played moderate to good clearance rates and half-life 

times, except for C1, C2, C12, and C13, which exhibited 

extremely high half-lives. While some compounds showed 

moderate to a high degree of toxicity, C1 demonstrated 

safety with no hepatotoxicity, skin sensitization, muta-

genicity, and carcinogenicity.   

 

Discussion  

In this study, we evaluated the in vitro antidiabetic poten-

tial of Euclea natalensis leaf extracts based on the            

inhibition of the activity of one of the key carbohydrate-

digesting enzymes, α-amylase. This enzyme is implicated 

  ID   Compound name 

Lipinski’s Rule of 5 

  Drug-
likeness 

Molecular 
weight (g/mol) 

Lipophilicity 
(MLogP) 

H-bond 
donors 

H-bond         
acceptors 

Rule       
violations 

<500 <5 <5 <10 <2 

C1 Betulin 442.72 6.0 2 2 1 Yes 

C2 Lupeol 426.72 6.92 0 1 1 Yes 

C3 20(29)-lupene-3β-isoferulate 602.89 6.96 1 4 2 No 

C4 Isodiospyrin 374.34 0.62 2 6 0 Yes 

C5 Mamegakinone 374.34 0.62 2 6 0 Yes 

C6 Euclanone 390.34 0.24 3 7 0 Yes 

C7 Galpinone 560.51 0.31 3 9 1 Yes 

C8 Methylnaphthazarin 204.18 0.01 2 4 0 Yes 

C9 Neodiospyrin 374.34 0.62 2 6 0 Yes 

C10 Diospyrin 374.34 0.62 2 6 0 Yes 

C11 7-methyljuglone 188.18 0.59 1 3 0 Yes 

C12 (R)-Shinanolone 192.21 0.76 2 3 0 Yes 

C13 Octahydroeuclein 382.41 0.91 4 6 0 Yes 

C14 4-Hydroxy-5-methoxy-2-naphthaldehyde 202.21 1.49 1 3 0 Yes 

Table 3. Drug-likeness properties of Euclea natalensis phytochemicals.  

Fig. 5. Heatmap of ADMET properties of acarbose and Euclea natalensis phytochemicals. AC: acarbose, C1 – C14: phytocompounds of E. natalensis.              
0: good and 5: bad/poor.  
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in managing postprandial hyperglycemia in type 2 diabetic 

patients. The strategy of suppressing postprandial hyper-

glycemia through the inhibition of α-amylase has led to 

the discovery of acarbose, a clinical drug with this mecha-

nism (7, 26). The solvent extracts of E. natalensis demon-

strated inhibition of α-amylase activities, as depicted in 

Fig. 1. The highest inhibitory effect on α-amylase activity 

was observed with MeOH extracts, significantly surpassing 

all other extracts and indicating superior α-amylase inhibi-

tory activity. The enzyme α-amylase is found in saliva and 

the small intestines, secreted by the pancreas. It hydrolyz-

es the alpha-1,4-glycosidic bonds of starch’s amylose and 

amylopectin components into oligosaccharides and      

disaccharides such as sucrose and maltose (27, 28). Inhibi-

tion of α-amylase results in reduced availability of           

disaccharides, leading to decreased glucose absorption 

into the bloodstream (27). Our results align with the find-

ings of Nkobole and colleagues (21), who reported that the 

acetone root bark extract of E. natalensis inhibited the 

enzymatic activity of α-amylase. 

 After establishing the in vitro inhibition of                      

α-amylase by the extracts, we sought to determine wheth-

er this inhibition also occurred in live animals. We investi-

gated the effects of the extracts on blood glucose levels in 

normoglycemic rats administered a starch solution, as 

depicted in Fig. 2. Administering the starch solution to      

normal rats resulted in an increase in blood glucose levels 

and a high area under the curve (AUC) in the 2 hr starch 

tolerance test, as presented in Table 2. Surprisingly, treat-

ment with the extracts and acarbose led to a reduction in 

peak blood glucose levels (PBGL) and AUC in normo-

glycemic rats. While acarbose significantly lowered blood 

glucose levels more than all the extracts, the MeOH and 

AqE extracts exhibited the highest inhibitory effects 

among all other extracts, with no statistical difference (p < 

0.05) between the effects of MeOH and AqE extracts. The        

decrease in PBGL and AUC suggests that the extracts     

inhibited the enzyme α-amylase in vivo, confirming the     

in vitro inhibitory effects. The inhibition of α-amylase    re-

duces glucose release and absorption in the small      intes-

tines, thereby suppressing postprandial glycemia. We hy-

pothesize that bioactive compounds previously          re-

ported (19, 29) may be responsible for the observed inhibi-

tion of α-amylase. Our results align with previous studies 

demonstrating the in vivo inhibition of α-amylase using 

the starch tolerance test with plant extracts (30–32). 

 The in vitro and in vivo inhibitory effects of the    
extracts sparked an interest in understanding how the 

bioactive compounds interact with amylase at the molecu-

lar level. This was investigated using molecular docking, a 

molecular modelling technique that predicts how a        

protein interacts with a ligand and determines a stable 

conformation (33). Molecular docking has become a key 

tool in computer-aided drug discovery. In this study,          

14 compounds from E. natalensis were subjected to       

molecular docking analysis. Among them, 20(29)-lupene-

3β-isoferulate C3 exhibited the lowest binding energy of -

11.4 kcal/mol, even lower than that of acarbose                     

(-11.2 kcal/mol). In molecular docking, a more negative 

binding energy indicates a more stable protein–ligand 

complex (34, 35). The stability of the complex is achieved 

through hydrogen bonding and electrostatic forces, both 

observed in our study. While acarbose formed hydrogen 

bonds with 10 amino acid residues on the active site of       

α-amylase, 20(29)-lupene-3β-isoferulate C3 had hydrogen 

bonds with 3 amino acids. Despite having only 3 hydrogen 

bonds, the lowest binding energy of amylase - C3 may be 

attributed to the δ and π-bonds formed with 8 amino acid 

residues. Overall, all compounds interacted with the     

protein, resulting in varying binding energies and types of 

interactions. The complexes with the highest docking 

scores, C2 and C3, were subjected to molecular dynamics 

simulations. The root mean square deviation (RMSD)     

values, depicting the stability of the complex over the 

analysis time frame (36), revealed that C2 and C3            

complexes were not as stable as the complex with         

acarbose. C3 showed fluctuations that diverged signifi-

cantly from the 1B2Y protein backbone, indicating that C3 

loses stability and disperses away from the active site of 

the protein. Although the RMSD values of C2 in complex 

with 1B2Y were substantial, the divergence was not as  

significant as that of C3. The root mean square fluctuation 

(RMSF) was computed to analyse residual fluctuations 

over the simulation time (37). The RMSF showed fluctua-

tions of more than 3.0 Å in all complexes, indicating higher 

flexibility (38). Our results align with a study by Oyewusi 

(39) where Withanolide A from the plant Withania           

somnifera exhibited strong and stable binding energies 

along with high flexibility, as indicated by RMSF. 

 In addition to molecular docking, the bioactive 

compounds were assessed for their potential to be          

developed into drugs. The evaluation of drug-likeness was 

based on Lipinski's Rule of Five, which comprises five 

properties determining the oral activity of a compound in 

humans (32). All compounds demonstrated druggable 

characteristics, except for 20(29)-lupene-3β-isoferulate C3, 

which violated Lipinski's rule regarding molecular weight 

(< 500 g/mol) and the lipophilicity rule (LogP < 5). While 

this finding suggests the potential for these bioactive  

compounds to be further developed into drugs, it is crucial 

to note that the ADMET profiles indicated potential toxicity 

for most of them, with the risk of causing liver injury,      

mutations, or interference with drugs metabolized by the 

P450 enzymes CYP1A2 and CYP2C19. It is noteworthy that 

compounds from other plants have been reported to inter-

act with α-amylase without exhibiting signs of toxicity (40, 

41). For instance, in a chemoinformatics analysis for     

drug-likeness, Topotecan from the plant Leucas ciliata 

Benth inhibited α-amylase with no apparent toxicity      

potential, satisfying Lipinski’s Rule of Five for drug candi-

date molecules intended for oral administration (40).  

 

Conclusion   

The present study successfully demonstrated the inhi-

bitory effects of Euclea natalensis leaf extracts on                  

α-amylase through both in vitro and in vivo approaches. 
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Molecular docking and dynamic simulations with the iden-

tified bioactive compounds revealed a strong binding 

affinity, suggesting their potential for drug development. 

However, further research is warranted to isolate and  

thoroughly evaluate the pharmacological value of these 

bioactive compounds. Human studies are also necessary 

to determine whether similar results can be obtained in 

human subjects.   
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