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A B S T R A C T   

Background: According to the International Diabetes Federation, there will be 578 million individuals worldwide 
with diabetes by 2030 and 700 million by 2045. One of the promising drug targets to fight diabetes is 
α-glucosidase (AG), and its inhibitors may be used to manage diabetes by reducing the breakdown of complex 
carbohydrates into simple sugars. The study aims to identify and validate potential AG inhibitors in natural 
sources to combat diabetes. 
Methods: Computational techniques such as structure-based virtual screening and molecular dyncamic simulation 
were employed to predict potential AG inhibitors from compounds of Oroxylum indicum. Finally, in silico results 
were validated by in vitro analysis using n-butanol fraction of crude methanol extracts. 
Results: The XP glide scores of top seven hits OI_13, OI_66, OI_16, OI_44, OI_43, OI_20, OI_78 and acarbose were 
–14.261, –13.475, –13.074, –13.045, –12.978, –12.659, –12.354 and –12.296 kcal/mol, respectively. These hits 
demonstrated excellent binding affinity towards AG, surpassing the known AG inhibitor acarbose. The MM-GBSA 
dG binding energies of OI_13, OI_66, and acarbose were − 69.093, − 62.950, and − 53.055 kcal/mol, respectively. 
Most of the top hits were glycosides, indicating that active compounds lie in the n-butanol fraction of the extract. 
The IC50 value for AG inhibition by n-butanol fraction was 248.1 μg/ml, and for that of pure acarbose it was 
89.16 μg/ml. The predicted oral absorption rate in humans for the top seven hits was low like acarbose, which 
favors the use of these compounds as anti-diabetes in the small intestine. 
Conclusion: In summary, the study provides promising insights into the use of natural compounds derived from 
O. indicum as potential AG inhibitors to manage diabetes. However, further research, including clinical trials and 
pharmacological studies, would be necessary to validate their efficacy and safety before clinical use.   

1. Introduction 

Diabetes mellitus is a severe health issue worldwide that is a chronic 
metabolic illness with an intensified growth rate. Diabetes impacted 529 
million people worldwide in 2021, and more than 1.31 billion are pro
jected to be affected by 2050 (Ong, 2023). There are three main types of 
diabetes: type 1 diabetes (T1D), type 2 diabetes (T2D), and gestational 
diabetes mellitus (GDM). Most of the people (approx. 90 %) with dia
betes have T2D (Saeedi et al., 2019). Diabetes-related medical expenses 
are increasing day to day, subsequently placing a severe financial strain 

on nations and their citizens. Unlike T1D, T2D is a condition in which 
our body does not create enough insulin or gets resistant to insulin. 
Despite significant advancements in anti medications, only a limited 
number of drugs are clinically effective. There are six different classes of 
active pharmaceutical ingredients or oral anti-diabetic drugs currently 
available and are taken orally to treat T2D condition, namely biguanides 
(e.g., metformin), sulfonylureas (e.g., glimepiride), meglitinides (e.g., 
repaglinide), thiazolidinediones (e.g., pioglitazone), dipeptidyl pepti
dase IV inhibitors (e.g., sitagliptin), and α-glucosidase inhibitors (e.g., 
acarbose). (Feingold, 2000)). There is a strong correlation between T2D 
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and a number of ocular illnesses like retinopathy, glaucoma, placental 
microvascular abnormalities in gestational period (Chen et al., 2023; 
Liang et al., 2023) etc. Drugs are also available to address issues asso
ciated with diabetes; andrographolide, a potent medication to prevent 
and treat calcific aortic valve disease related to diabetes, which reduces 
calcification by interfering with H3Kla via p300 (Wang et al., 2024). 

Initially, an enzyme like amylase is responsible for breaking down 
complex carbohydrates into smaller fragments such as oligosaccharides 
and disaccharides. However, these fragments must first be broken down 
into glucose molecules so that they can enter the blood stream and be 
utilized as fuel. The enzyme α-glucosidase plays an important role in this 
conversion. One of the therapeutic approaches is to decrease post
prandial hyperglycemia by retarding the absorption of glucose by in
hibition of carbohydrate-hydrolyzing enzymes, such as α-amylase and 
α–glucosidase. α-Glucosidase inhibitors reduce this enzyme’s activity 
and delay the digestion and absorption of carbohydrates in the small 
intestine. Inhibition of α-glucosidase causes a slower and more consis
tent release of glucose into the blood stream, which helps to minimize 
blood sugar concentration after meals. If α-glucosidase activity is 
inhibited, the glucose conversion rate has to be slower and will produce 

limited glucose molecules at a time. FDA-approved three synthetic 
drugs, acarbose, miglitol, and voglibose are well-known α-Glucosidase 
inhibitors to treat T2D to date (Junge et al., 1996, Rydén et al., 2013). 
However, prolonged use of these medicaments was reported with 
several adverse effects like vomiting, liver disorders, flatulence, 
abdominal discomfort, hypoglycemia, urinary tract infection, etc., in 
patients. In this context, it is desirable to identify potential novel syn
thetic or natural α-glucosidase inhibitors effective with minimum side 
effects. Several researchers have recently developed new synthetic 
α-glucosidase inhibitors and predicted their inhibitory potential (Gul 
et al., 2024; Khan et al., 2023; Alam et al., 2022). There are several other 
strategies to treat diabetes and diabetes-related complications. A 
mitophagy regulation mechanism may be a potential target for the 
development of lipotoxicity-related T2D. Treatment of nephropathy 
related to diabetes in the future could involve restoring glomerular 
filtration barrier damage by manipulation of adenosine monophosphate- 
activated protein kinase activity (Yang et al., 2021, Li et al., 2023). The 
prevalence of T2D in Europe was lower than the global average, but 
substantial from T2D, reflecting the diversity of regions. In order to 
lower the risk of T2D, other than medication, enhance healthcare sys
tems, decrease the waist circumference and body mass index, provide 
affordable treatment, region-specific interventions are required to 
address the rising incidence of both T1D and T2D (Ling et al., 2023, Zhou 
et al., 2023). To reduce diabetes and diabetes-related complications, 
continuous monitoring is required along with the use of highly sensitive 
detecting component, medication and lifestyle modification. Another 
important aspect is to increase the efficacy of current drugs like met
formin (Zhou et al., 2022, Xiao et al., 2016). It is observed that over 
60–80 % of the world’s population still relies on conventional medicines 
to treat common ailments (Libman et al., 2006). Natural substances are 
the basis of novel therapeutic lead molecules with minimal side effects, 
and the use of natural bioactive compounds is the replacement therapy 
for our contemporary therapeutic developments (Chen et al., 2023; Su 
et al., 2023). Edible natural products may be a valuable source of 
medication for so many ailments with lower toxicity and side effects 
(Dirir et al., 2022). Bioactive natural substances available in edible 
plants have recently emerged as effective methods against several dis
eases. The present work aims to predict and identify the potential 
α-glucosidase inhibitors from the fruits of an edible plant source using a 
rational drug design approach and validate the theoretical study 
simultaneously with laboratory experiments. The selection of plant 
O. indicum (L.) Kurz, for our study, was considered based on its tradi
tional knowledge. It is a tree that is used as a traditional medicine for the 
prevention and treatment of a wide range of illnesses, including jaun
dice, arthritic and rheumatic conditions, gastric ulcers, tumors, respi
ratory illnesses, diabetes, diarrhea, and dysentery (Dinda et al., 2015). 

Unlike our present study, Bhatia et al. investigated and showed 
potent α-glucosidase inhibitory activity of methanolic extract of Cornus 

Fig. 1. Superposition of the docked co-ligands (3R,5R,7R)-octane-1,3,5,7-tetracarboxylic acid, ß-D-glucopyranose, and α-maltose on their respective crystallographic 
bound conformation (green) of (PDB IDs: 3WY2, 3WY1 and 5ZCC). 

Table 1 
XP Glide score, MM-GBSA dGBind, active site interacting amino acid residues of 
selected top seven hits and known inhibitor Acarbose.  

Compound XP Glide 
Score(kcal/ 
mol) 

MM-GBSA dG 
Bind(kcal/ 
mol) 

Interacting amino acid residues 

OI_13  − 14.261  − 60.524 HIS-203, GLN-256(2),ASN-258 
(2), MET-285, ASP-327, GLN-328 
(2), THR-409 

OI_16  − 13.074  − 35.422 TYR-63 (π-π interaction), ILE-143, 
ASN-258, MET-285, GLN-328, 
ASP-382, THR-409, ARG-411 

OI_20  − 12.659  − 29.359 ASP-60, HIE-103, ARG-197, ASP- 
199, GLN-256, ASN-258, THR- 
409 

OI_43  − 12.978  − 19.022 HIE-103, PHE-144 (π-π 
interaction), ASP-199(2), HIS- 
203, GLN-256, ASN-258, ARG- 
411 

OI_44  − 13.045  − 37.071 ARG-44, ASP-60, HIE-103, ASP- 
199, ASN-256, HIE-326, ASP-327 
(3) 

OI_66  − 13.475  − 43.908 ILE-143, GLN-256, ASN-256, PHE- 
282 (3)(π-π interaction), ASP-327 
(2), GLN-328 

OI_78  − 12.354  − 35.659 ASP-60, HIE-103(2), ARG-197, 
ASP-199, HIS-203, GLN-256, 
ASN-258, ASP-327, ARG-411 

Acarbose  − 12.296  − 42.832 ASP-60, ASP-199, ASN-258, PHE- 
282, ASP-327, GLN-328  
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capitata leaves (Bhatia et al., 2019). Whereas Libman et al. and Chhetri et 
al., studied separately to evaluate the anti-diabetes activity of O. indicum 
root and bark, respectively, to validate its traditional knowledge (Lib
man et al., 2006, Chhetri et al., 2005). Further, Swargiary et al. identi
fied a few selected volatile compounds from leaf extracts of O. indicum 
using GC–MS analytical techniques and studied α-glucosidase inhibitory 
activity of the same (Swargiary & Daimari, 2020). Though systematic 
investigations on natural products have been going on for several de
cades using modern, sophisticated instruments, only very few bioactive 
molecules were isolated and reported from this plant. All these facts 
motivate us to investigate further to predict and identify bioactive 
compounds of O. indicum as anti-diabetic potential and to validate the 
traditional use of O. indicum for several decades. For this, the compounds 
of O. indicum were retrieved from literature and predicted the α-gluco
sidase inhibitory potential using structure-based virtual screening. 
However, the stability of potential protein–ligand complexes was 
revealed using MD simulation. Finally, the selective fraction of the plant 
extract was evaluated for α-glucosidase inhibitory activity based on in 
silico study results to validate the computational findings. 

2. Materials and methods 

2.1. Dataset 

The compounds of O. indicum were retrieved from the literature 
(Dinda et al., 2015, Swargiary et al., 2020, Deka et al., 2013). All 91 
structures (Figure S1) were drawn using ChemDraw Professional 15.1 
and saved in sdf format. The X-ray crystal structure of α-glucosidases, 
PDB ID: 3WY1, Resolution: 2.15 Å (Shen et al., 2015), PDB ID: 3WY2, 
Resolution: 1.47 Å (Shen et al., 2015), and PDB ID: 5ZCC, Resolution: 1. 
70 Å (Kato et al., 2018, Auiewiriyanukul et al., 2018) were retrieved 
from Research Collaboratory for Structural Bioinformatics (RCSB.) 
Protein Data Bank (https://www.rcsb.org/). All the computational 
works were carried out using Dell Inc., System Model: Precision 5820 
Tower, Processor: Intel(R) Xeon(R) W-2245 CPU @ 3.90 GHz (16 CPUs), 
~3.9 GHz, OS: Ubuntu 22.04.1 LTS, 64-Bit. 

2.2. Ligand preparation 

The initial step in the molecular docking process was ligand prepa
ration. All the structures were imported into Maestro (Schrödinger, 
2021), and geometric refinement with the Ligprep module (Schrödinger, 

Fig. 2. 2D and 3D protein–ligand interaction diagrams of selected hits and standard α-glucosidase inhibitor acarbose (OI_13, OI_16, OI_20, OI_43, OI_44, OI_66, OI_78 
and Acarbose). 
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2021) LigPrep creates a single, low-energy, 3D structure with the proper 
chiralities for each properly provided input structure. In this stage, the 
original states of ionization and chiralities were determined from the 3D 
structure. The conformers were then all minimized using the OPLS_2005 
force field. 

2.3. Preparation of target protein and grid generation 

The X-ray crystal structures of α-glucosidase were downloaded from 
the RCSB protein databank (https://www.rcsb.org/). All the proteins 
(PDB ID: 3WY2, 5ZCC, and 3WY1) were imported into Maestro. All the 
proteins were prepared using the default option of the Protein Prepa
ration Wizard of Schrodinger. The receptor grid was generated using the 
prepared protein α-glucosidase by selecting their respective co-ligand, 
setting the grid dimension to 15.0 Å from the co-ligand’s center. This 
receptor grid was used for the virtual screening database using Glide 
(Friesner et al., 2006, Halgren et al., 2004, Friesner et al., 2004). 

2.4. Validation of docking 

The accuracy of the docking protocol was calculated by measuring 
the root mean square deviation (RMSD). The RMSD was calculated by 
superimposing the docked pose of the co-ligand on its original crystal
lographic bound conformation. The lower value of RMSD indicates 
higher docking accuracy, and RMSD values less than 2.0 Å, depending 

on ligand size, are considered to have been performed successfully 
(Hevener et al., 2009). Amongst the several α-glucosidase crystal 
structures, the lowest RMSD PDB ID was selected for virtual screening 
studies. 

2.5. Virtual screening (VS) of in-house database 

The structure-based virtual screening (VS) of compounds of 
O. indicum against α-glucosidase (PDB ID: 5ZCC) was performed using 
the virtual screening tool of Glide. In the workflow, the filtered hits were 
submitted to HTVS-based molecular docking. The top 60 % of the hits 
resulting from HTVS were submitted to SP docking. Again, the top 60 % 
of the hits obtained from SP were then subjected to XP docking, and 80 
% of output molecules were considered for score prediction. Then, the 
output molecules were subjected to MM-GBSA dG Bind = Complex −
Receptor – Ligand energy calculation (Li et al., 2011). The workflow of 
the present study is shown in Fig. 10. 

2.6. MD with Desmond simulation package 

Molecular dynamics simulation is the simplest and most widely used 
method for assessing the stability of the protein–ligand complex. After 
molecular docking, the binding sites for α-glucosidase were subjected to 
MD simulations using the Desmond package. To determine the stability 
of the protein backbone in the docked complex, a 100 ns molecular 

Fig. 2. (continued). 
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dynamics simulation experiment was performed using the Desmond 
program of Schrodinger, an explicit solvent MD package, and a fixed 
OPLS_2005 force field (Schrödinger-Desmond Shaw D. E. Research, 
2021, Kevin et al., 2006). The best-docked pose for each protein and 
ligand have been saved separately in pdb format and then imported once 
again into PyMOL (Lilkova et al., 2015). The protein–ligand complexes 
were imported in PyMOL, and then the complex was exported in pdb 
format. The OPLS force field’s default settings were used to parameterize 
the ligands in the Desmond model. The protein–ligand complexes were 
fixed in an orthorhombic periodic box that was soaked in solvent, with a 
minimum gap between the protein atoms and the box borders of 10.0 Å. 
The solvent was applied using a single-point charge (SPC) water model 
(Mark & Nilsson, 2001). The charge of the system was neutralized by the 
addition of 0.15 M NaCl, Na+, and Cl- counterions. Using the Desmond 
System Builder panel, the salt concentration was adjusted to match the 
physiological system (Jorgensen et al., 1996). To relax the system into a 
local energy minimization, a minimization task was carried out. Then, 
using the OPLS_2005 force field parameter, this model system was put 
into MD simulation stages. The simulation was run using the NPT 
ensemble (Isothermal-Isobaric ensemble, constant temperature, con
stant pressure, constant number of particles) at 300.0 K temperature and 
1.013 bars pressure with the relaxation settings left at default (Kalibaeva 
et al., 2003). The temperature was controlled using the Noose-Hover 
chain thermostat algorithm, while the pressure was controlled using 

the Martyna-Tobias-Klein barostatal method (Martyna, 1994). A cut-off 
of 9.0 was utilized for nonbonded interactions, the Particle Mesh Ewald 
(PME) approach was used for long-range electrostatic interaction, and 
the remainder of the parameters were left at their default values 
(Toukmaji et al., 1996). The behavior and interactions between the li
gands and proteins were examined using the Simulation Interaction 
Diagram (SID) tool. Root Mean Square Deviation (RMSD) and Root 
Mean Square Fluctuation (RMSF) were chosen in the analysis type after 
loading the cms file to create the aforementioned figures. 

2.7. ADME prediction of selected inhibitors 

Prediction of absorption, distribution, metabolism, and excretion 
(ADME) are crucial components in establishing drug pharmacokinetics. 
ADME prediction can help to discover compounds with advantageous 
ADME properties early in the drug discovery process, reducing the time 
and cost to manufacture a novel treatment by half. The ADME properties 
of selected inhibitors were predicted by QikPro (Schrödinger, QikProp, 
2021). QikProp provides ranges for comparing specific ADME properties 
with 95 % of recognized drugs. 

2.8. Collection of plant materials 

The fresh bark of O. indicum was obtained from the Tripura 

Fig. 2. (continued). 
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University campus, Tripura, India. All necessary permissions were ob
tained for plant collection through the Department of Forestry and 
Biodiversity, Tripura University. The research also complies with all 
applicable regional and national regulations. The sample was collected 
following the guidelines of IUCN and SITES (https://cites.org/eng/app/ 
index.php). 

2.9. Identification and preparation of plant materials 

A certified botanist and taxonomist of the Department of Botany, 
Tripura University, Tripura, India, systematically identified and 
authenticated the plant species. A voucher specimen (Call NoTUH-4407) 
of the O. indicum flowering plant was deposited in the Department of 
Botany, Tripura University, Tripura, India. The entire plant bark was 
scrubbed clean with tap water and then left to dry naturally without 
exposure to sunlight at room temperature. The dried bark was cut into 
tiny pieces and shaded-dried for 2–3 weeks. 

2.10. Preparation of crude extracts 

The dried material was initially crushed into fine powder, and 500 
gm of powdered bark was subjected to cold maceration sequentially in 
an extracting jar with petroleum ether (1:3 w/v) for two days and then 
with 1500 mL of methanol. The prepared solution was kept at room 
temperature for 48 h, followed by filtration using Whatman filter paper- 
1. Afterward, the filtrate was concentrated by evaporating methanol 
solvent in a rotary evaporator at 40 ◦C to obtain crude extract. The 
concentrated solution was then dried at 4 ◦C to eliminate excess solvent. 

The procedure was repeated three times to collect the crude residue. The 
dried crude residue was then dissolved in 200 ml of deionized water, and 
the solvent extraction procedure was used to fractionate it. The aqueous 
extract was mixed with ethyl acetate (1:1) and separated using a sepa
rating funnel, followed by n-butanol. The n-butanol fraction was stored 
at − 20 ◦C for further use in in-vitro α-glucosidase inhibitory assay. 

2.11. In-vitro α-glucosidase inhibitory assay 

The plant extract was evaluated for α-glucosidase inhibitory activity 
according to the method given by Pistia-Brueggeman and Hollingsworth 
(Pistia-Brueggeman and Hollingsworth, 2001) with minor modifica
tions. Plant extract 100 μl (n-butanol fraction) at varying concentrations 
(25–500 μg/mL) was incubated with 20 μL of the α-glucosidase (5 U/ml) 
for 25 min at 37 ◦C with an additional 250 μL of 0.1 M phosphate buffer 
(pH 6.8). After 25 min, the reaction was started with the addition of 40 
μL of 1 M pNPG as substrate, and the mixture was incubated for 45 min 
at 37 ◦C. The reaction was terminated with the addition of 0.1 N of 
Na2CO3 (100 μL), and final absorbance (Abs) was measured at 405 nm 
using a spectrophotometer. The standard compound acarbose was used 
as a positive control at varying concentrations (25–500 μg/mL). Enzyme 
activity was measured and calculated using the following formula:  

% inhibition of α-glucosidase = (AbsBlank – AbsSample) / (AbsBlank) × 100      

Each unit of enzyme can be defined as the amount of enzyme 
(α-glucosidase) involved in the formation of one μmol of the end product 
(p-Nitrophenol) from the substrate (p-nitrophenyl-α-D- 

Fig. 2. (continued). 
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glucopyranoside) per minute. IC50 (concentration required to inhibit 50 
% of the enzyme activity) was calculated using regression a equation 
obtained through plotting concentration in the range 25–500 μg/mL (x- 
axis) and percentage inhibition (y-axis) for n-butanol fraction as well as 
standard. The enzymes and chemicals were procured from Sisco 
Research Laboratories Pvt. Ltd. (SRL) − India. The purity of n-butanol, 
p-Nitrophenyl-ß-D-Glucuronide (pNPG) extra pure, and Na2CO3, was 99 
%, 99 %, and 99.5 %, respectively. 

3. Results 

In the present study, structure-based virtual screening of a library of 
91 compounds (Figure S1) of O. indicum was carried out to identify 
potential α-glucosidase inhibitors. For structure-based VS, validation of 
the docking protocol was crucial, and it was measured using root mean 
square deviation (RMSD). The RMSD values of docked co-ligands of PDB 
IDs of α-glucosidase: 3WY2, 3WY1, and 5ZCC were 1.9413, 0.9130, 
0.5936 Å, respectively, when superimposed on their respective original 
crystallographic bound conformation (green) are shown in Fig. 1. 

The virtual screening (VS) of all the prepared molecules of the library 

Fig. 3. The binding pose in 3D space of selected hits OI_13, OI_16, OI_20, OI_43, OI_44, OI_66, OI_78 in the active site of α-glucosidase.  
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resulted in seven hits having XP glide score superior to the standard 
α-glucosidase inhibitor acarbose (XP Glide score: − 12.296 kcal/mol). 
The XP Glide score of top seven hits OI_13, OI_16, OI_20, OI_43, OI_44, 
OI_66 and OI_78 were − 14.261, − 13.074, − 12.659, − 12.978, − 13.045, 
− 13.475, − 12.354 kcal/mol, respectively. Table 1 summarizes the XP 
Glide score of top seven selected hits along with active site interacting 
amino acid residues. The 2D and 3D protein–ligand visual representa
tions of the selected top seven hits are presented in Fig. 2. The XP Glide 
score and MM-GBSA dG binding energy of top hits exported from hits VS 
result are shown in Figure S2. The MM-GBSA dG bind energy predicted 
from VS of OI_13, OI_16, OI_20, OI_43, OI_44, OI_66, OI_78 and Acarbose 
were − 60.524, − 35.422, − 29.359, − 19.022, − 37.071, − 43.908, 
− 35.659 and − 42.832 kcal/mol, respectively. The MM-GBSA dG bind
ing energy predicted from VS of the selected top hits is demonstrated in 
Table 1. Detailed analysis of each molecule in 3D surface view orien
tation within the α-glucosidase active site cavity is shown in Fig. 3. 

The 100 ns molecular dynamics simulation further assessed the sta
bility of protein–ligand complexes and the interaction properties of 
selected hits, OI_13, OI_66, OI_78, and standard α-glucosidase inhibitor 
acarbose with the α-glucosidase were monitored simultaneously. The 
calculation was performed for each frame in the simulation trajectory to 
evaluate the stability of complexes over time. The RMSD, RMSF, and 
ligands atom interactions with protein residues are depicted in Figs. 4–7. 
The average range RMSD and RMSF of protein–ligand (OI_13, OI_66, & 
OI_78) complexes ranged from 1.882–2.633 Å and 1.896–2.478 Å, 
respectively. The average range of RMSD and RMSF of protein-acarbose 

complex were 2.414 Å and 1.849 Å, respectively. The maximum, mini
mum, and average RMSD and RMSF results of protein–ligand complexes 
of OI_13-5ZCC, OI_66-5ZCC, and OI_78-5ZCC are illustrated in Table 2. 

The interacting amino acid residues of α-glucosidase with acarbose 
during simulation time were identified as HIS-103, ASP-199, ASN-258, 
PHE-282, GLU-283, TRP-288, HIS-326, ASP-327, and ARG-411. In 
case of OI_13, the interacting amino acid residues were observed as ASP- 
199, PHE-225, ASN-258, GLY-259, ASP-327, GLN-328, and LYS-334. 
The interacting amino acid residues of the enzyme with OI_66 were 
found as ASP-199, ASN-258, GLY-259, GLU-283, ASN-325, and ASP- 
327. Similarly, the interacting amino acid residues of α-glucosidase 
with OI_78 were identified as ASP-60, ASP-199, HIS-203, ASP-289, ARG- 
411, and ARG-415. 

The MM-GBSA dG bind of complexes OI_13-5ZCC, OI_66-5ZCC, 
OI_78-5ZCC, and acarbose were analyzed to determine the affinity of the 
ligand towards the receptor. The predicted binding energies and 
contributing factors of protein–ligand complexes are shown in Table 3. 
The binding free energies (ΔGbind) of hits OI_13, OI_66, OI_78, and 
acarbose were − 69.093, − 62.950, − 38.982, and − 53.055 kcal/mol, 
respectively, for the receptor 5ZCC. A more negative value shows 
stronger binding free energy. 

The n-butanol fraction of crude extract of O. indicum bark was 
selected for in vitro activity study and showed significant inhibitory 
activity with an IC50 value of 248.1 µg/ml on α-glucosidase comparable 
to standard acarbose (IC50 89.16 µg/ml). The activity of the n-butanol 
fraction and standard inhibitor are shown in Table 4 and Figs. 8 & 9. 

Fig. 4. Protein-ligand (OI_13) RMSD. Cα (violet) and Lig-fit (purple) (A), protein–ligand (OI_13) RMSF change (B), timeline representation of Protein-Ligand contacts 
(C), 2D ligand interaction diagram and binding pose of ligands OI_13 (D), with active site residues during 100 ns simulation. 
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Fig. 5. Protein-ligand (OI_66) RMSD. Cα (violet) and Lig-fit (purple) (A), protein–ligand (OI_66) RMSF change (B), timeline representation of Protein-Ligand contacts 
(C), 2D ligand interaction diagram and binding pose of ligands OI_66 (D), with active site residues during 100 ns simulation. 

Fig. 6. Protein-ligand (OI_78) RMSD. Cα (violet) and Lig-fit (purple) (A), protein–ligand (OI_78) RMSF change (B), timeline representation of Protein-Ligand contacts 
(C), 2D ligand interaction diagram and binding pose of ligands OI_78 (D), with active site residues during 100 ns simulation. 
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These results validate the in-silico findings of this study. Though the n- 
butanol fraction still contains a variety of compounds, the outcome of 
this study is highly encouraging and impressive compared to the pure 
compound acarbose. 

The ADME properties of the chosen hits and known inhibitor 

Fig. 7. Protein-ligand (DB00284) RMSD. Cα (violet) and Lig-fit (purple) (A), protein–ligand (Acarbose) RMSF change (B), timeline representation of Protein-Ligand 
contacts (C), 2D ligand interaction diagram and binding pose of ligands DB00284 (D), with active site residues during 100 ns simulation. 

Table 2 
RMSD and RMSF of selected protein–ligand complexes.  

Name of complex RMSD analysis (Å) RMSF analysis (Å) 

Minimum Maximum Average Minimum Maximum Average 

OI_13-5ZCC Complex  0.824  2.941  1.882  0.392  3.743  2.067 
OI_66-5ZCC Complex  1.764  3.493  2.628  0.418  4.538  2.478 
OI_78-5ZCC Complex  0.817  4.449  2.633  0.431  3.361  1.896 
Acarbose − 5ZCC Complex  1.191  3.638  2.414  0.381  3.318  1.849  

Table 3 
The MM-GBSA binding free energy, coulombic free energy, lipophilic interaction 
free energy, van der Waals free energy (kcal/mol).  

Protein-Ligand 
complex 

MMGBSA 
ΔGbind 

MMGBSA 
ΔGbind coulomb 

MMGBSA 
ΔG bind lipo 

MMGBSA 
ΔG bind vdW 

OI_13-5ZCC  − 69.093  − 46.261  − 25.189  − 66.145 
OI_66-5ZCC  − 62.950  − 37.765  –22.273  − 59.279 
OI_78-5ZCC  − 38.982  –22.842  − 17.047  − 41.394 
Acarbose-5ZCC  − 53.055  − 43.794  − 21.103  − 50.910  

Table 4 
α-glucosidase inhibitory activity of n-butanol fraction of Oroxylum indicum and 
Acarbose (standard drug).  

Sample Percentage α-glucosidase inhibition IC50 

(μg/ml)  
25 μg/ 
ml 

50 μg/ 
ml 

100 μg/ 
ml 

300 μg/ 
ml 

500 μg/ 
ml  

n-butanol 
fraction 

6.79 ±
0.52 

21.09 
± 0.44 

37.7 ±
0.86 

67.94 
± 0.55 

85.9 ±
0.79  

248.1 

Acarbose 31.13 
± 0.56 

43.67 
± 0.17 

57.21 
± 0.52 

93.26 
± 0.99 

98.18 
± 0.63  

89.16 

Values are mean ± SE of three parallel measurements; P value < 0.0001, and 
results statistically significant. 
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acarbose, as predicted by QikProp, are listed in supplementary 
Table S1. The human oral absorptions of compounds OI_13, OI_16, 
OI_20, OI_43, OI_44, OI_66, OI_78, and acarbose are 1, 1, 1, 2, 1, 1, 2, 1, 
and 1, respectively. The human oral absorption of compounds OI_13, 
OI_16, OI_20, OI_44, OI_66, and acarbose are 1, indicating that, like 
known inhibitors, the human oral absorption of these compounds was 
poor, which is excellent. The human oral absorption of OI_44 and OI_78 
was 2, indicating that these compounds’ absorption was medium. The 
percentage of human oral absorption of compounds OI_13, OI_16, OI_20, 
OI_44, OI_66, and acarbose were zero, which indicates that the per
centage of human oral absorption of these compounds was very poor. 
The percentage of human oral absorption of compounds OI_43 and OI_78 
were 38.39 and 27.27, respectively. 

4. Discussion 

The RMSD values less than 2.0 Å are considered to have performed 
docking protocol has good reproducibility (Hevener et al., 2009). The 
lower the value of RMSD, the higher the docking accuracy; therefore, 
5ZCC was considered a superior protein for virtual screening. 

The docking score of the selected seven hits is much higher than that 
of the docking score of the known inhibitor acarbose. The compound 
OI_13 interacted with active site amino acid residues HIS-203, GLN-256 
(2), ASN-258(2), MET-285, ASP-327, GLN-328(2), THR-409. The resi
dues ASN-258 and GLN-328 were common to known inhibitor acarbose. 
The compound OI_16 interacts with TYR-63 (π-π interaction), ILE-143, 
ASN-258, MET-285, GLN-328, ASP-382, ARG-411, THR-409 out of 
these ASN-258 and GLN-328 were common to known inhibitor acarbose. 

The MM-GBSA dG binding energy of hit OI_13 was highest, and that 
of OI_43 was lowest. The molecular docking score and MM-GBSA dG 
binding free energy of OI_13, OI_66, and OI_78 were impressive; there
fore, these three molecules could be potential inhibitors. It was un
equivocally demonstrated that each chosen hit suitably fitted in the 
active site cavity. Also, it was noted that the binding posture of each of 
the chosen (yellow-colored) hits is similar to that of the reference in
hibitor acarbose (green color). The active site binding posture of 
selected hits is comparable to that of the known alpha-glucosidase in
hibitor acarbose, revealing that selected hits are not false positives. Most 
of the hits selected were glycosides in nature, and the n-butanol fraction 
may be the source of these compounds (Nassar et al., 2013, Akowuah 

Fig. 8. The percentage of inhibition of α-glucosidase by n-butanol fraction of O. indicum and acarbose.  

Fig. 9. Dose-response curve of acarbose and n-butanol fraction.  
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et al., 2002). Based on the docking score, interacting amino acid residues 
and MM-GBSA dG bind energy calculated from VS, the OI_13, OI_66, and 
OI_78 protein–ligand complexes and standard inhibitor acarbose- 
protein complex were subjected to 100 ns molecular dynamics (MD) 
simulation. The highest binding affinity of compounds predicted by 
Swargiary et al. against α-glycosidase was − 8.5 kcal/mol, which was not 
found impressive as the GC–MS result shows only for volatile com
pounds. The study showed that the leaf extract has the potential for 
α-glucosidase inhibitory activity (Swargiary & Daimari, 2020). The 
standard α-glucosidase inhibitors acarbose, maglitol, and voglibose are 
highly polar in nature. However, GC–MS of previously reported com
pounds (Swargiary & Daimari, 2020) are comparatively non-polar. On 
the other hand, the potential compounds reported in the present study 
were highly polar in nature, and their binding affinities are far better 
than those reported (− 8.5 kcal/mol) earlier. 

The average RMSD of OI_13 binding protein calculated from MD 
trajectories was 1.882 Å less than the average RMSD of 2.414 Å of 
acarbose binding protein. Similarly, the average RMSD of OI_78 bound 
protein was 2.633, and the RMSF of OI_78 bound protein residues was 
1.896 Å, close to the average RMSF of acarbose binding protein. The 
orders of the RMSD changes within the range of 1.0–3.0 Å are perfectly 
acceptable for small, globular proteins (Junejo et al., 2021). 

During simulation, the RMSD and RMSF of selected compounds 
revealed stable protein–ligand interactions. The interacting amino acid 
residues ASP-199, ASN-258, and ASP-327 were found to be common for 
both known inhibitors and OI_13. On the occasion of OI_66, the residues 
common to acarbose were found to be ASP-199, ASN-258, and GLU-283. 
In the case of OI_78, only one amino residue, ASP-199, was found to be 
common to known inhibitors interacting with the enzyme. Both the 
compounds OI_13 and OI_66 showed at least three common interacting 

residues similar to standard inhibitor acarbose. The binding free energy 
of selected hits OI_13 and OI_66 was more significant than the known 
inhibitor acarbose. Therefore, these two selected hits could serve as 
potential α-glucosidase inhibitors in the field of pharmaceutical 
development. 

The selected compounds OI_13, OI_16, OI_20, OI_43, and OI_44 were 
found to be flavone glycosides in nature; in addition, the compounds 
OI_66 and OI_78 were also found to be glycosides. Literature studies 
reveal that the n-butanol fraction often contains an impressive number 
of glycosides (Akowuah et al., 2002, Nassar et al., 2002, Cui et al., 
2012), and several researchers also studied the α-glucosidase inhibitory 
activity of n-butanol extracts of plant materials (Ajiboye et al., 2019, 
Kamran et al., 2024). Therefore, the n-butanol fraction was selected to 
evaluate the α-glucosidase inhibitory activity of the plant under study. 
Moreover, n-butanol fraction residue was found to be highly polar in 
nature due to being readily soluble in aqueous media used for in vitro 
study. The IC50 value of standard α-glucosidase inhibitor acarbose was 
89.16 μg/ml. On the other hand, the IC50 value of the n-butanol fraction 
of methanol extract was 248.1 μg/ml, showing less inhibitory activity as 
it comprises a mixture of compounds compared to acarbose, a single 
compound. The use of medicinal plants with anti potential in typeII 
patients is a common practice worldwide. Plant-based secondary me
tabolites may act on various carbohydrate metabolism pathways, 
inducing insulin secretion, inhibiting carbohydrate digestion, reducing 
the rate of monosaccharide production, or delaying its absorption in the 
intestine. The α-Glucosidase enzyme is one of the key enzymes in our 
digestive system that releases monosaccharides from disaccharides and 
oligosaccharides, hence elevating the postprandial blood glucose level. 
Therefore, α-Glucosidase inhibition is an effective way to delay ab
sorption and also prevent high postprandial blood glucose levels, which 

Fig. 10. Diagrammatic representation of the present study.  

S. Bhaumik et al.                                                                                                                                                                                                                                



Saudi Pharmaceutical Journal 32 (2024) 102095

13

may suppress diabetes progression. Various drug molecules like acar
bose, voglibose, and miglitol, the common α-glucosides inhibitors, are 
used to manage type II diabetes (Yao et al., 2024, Guo et al., 2022). 

Mishra et. al. reported the presence of 15 spots through HPTLC 
profiling of O. indicum seed extracts, and the highest area percentage of 
one component was found to be 71.85 % w/w at Rf 0.88 (Mishra et al., 
2018). The seed extract significantly reduced blood glucose levels in rats 
with chemically induced diabetes (Mishra et al., 2018). The mechanism 
behind the anti-diabetic activity was not addressed in the above study. 
Unlike Mishra et. al., in our study, we sought to demonstrate the anti- 
diabetic property of the n-butanol fraction of O. indicum bark extract 
by α-glucosidase inhibition. Most potential inhibitors in this study were 
found to be glycosides structurally resembling the well-known inhibitor 
acarbose. Moreover, the residue obtained from the n-butanol fraction 
was found to be soluble in aqueous media, and it could be assumed as 
another interesting finding of this study. In this context, it is also 
required to mention the limitations of the present study due to re
strictions on the literature-based compounds; thus, future research 
needs to be focused on the isolation of compounds from n-butanol 
fraction along with preclinical study design to identify and structural 
elucidation of bioactive molecules of this plant. 

Like known inhibitors, the human oral absorption and percentage of 
human oral absorption for most of the compounds were poor. The 
α-glucosidase breaks carbohydrates into absorbable monosaccharides 
located in the small intestine’s brush border. The use of these com
pounds as α-glucosidase inhibitors is encouraged by the decreased ab
sorption of these compounds due to the enzyme functions in the 
intestines. The poor oral absorption of prospective molecules in humans 
encourages the implementation of this n-butanol fraction as an anti- 
diabetes medicine, followed by in vivo and toxicity testing. 

5. Conclusions 

O. indicum was traditionally said to have anti properties, but no 
scientific validation was carried out in support of this claim. The current 
investigation aims to predict and identify α-glucosidase inhibitors from 
the known compounds of O. indicum using a rational drug design 
approach. Molecular docking analysis showed the presence of seven 
compounds OI_13, OI_66, OI_16, OI_44, OI_43, OI_20, and OI_78, which 
have an excellent binding affinity towards α-glucosidase and even better 
than well-known inhibitor acarbose. The 100 ns MD simulation analysis 
of the top three inhibitors confirmed stable protein–ligand interactions. 
The MM-GBSA dG binding energy of OI_13, OI_66 and known inhibitor 
acarbose was found as − 69.093, − 62.950, and − 53.055 kcal/mol, 
respectively. The MM-GBSA dG binding energy of compounds OI_13 and 
OI_66 was far better than the MM-GBSA dG binding energy of known 
inhibitor acarbose. The wet lab experiment also validated the molecular 
docking and dynamic study results. The inhibition of α-glucosidase in 
the presence of standard pure inhibitor acarbose at 100 μg/ml was found 
to be 57.78 %, whereas the inhibition for n-butanol fraction of O. indi
cum at 100 μg/ml was 37.7 %, though it contains a mixture of phyto- 
constituents. All potential phytoconstituents of the n-butanol fraction 
are assumed to be highly polar in nature, and simultaneously, like the 
known inhibitor acarbose, the percentages of predicted human oral 
absorption were found to be poor. This finding is identified to be an awe- 
inspiring part of this study. Thus, the current study supports that the 
aqueous edible plant extract may be utlized for managing diabetes in 
humans after further thorough preclinical and toxicity studies. More 
studies are needed to purify and identify the bioactive molecules and 
perform preclinical trials in order to create innovative anti- pharma
ceutical compositions. 
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