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Abstract 

Context: α-Glucosidase represents one of the key treatments for diabetes based on its ability to regulate postprandial blood glucose levels. 

Aims: To evaluate the α-glucosidase inhibitory potential of Abelmoschus manihot (L.) Medik, an endemic species of Minahasa, Indonesia, which is consumed as 

a vegetable and has been used as an anti-diabetic herbal medicine. 

Methods: The α-glucosidase inhibitory activity of A. manihot ethanolic extract was benchmarked against acarbose in vitro. A multi-parametric quadrant analysis 

was applied to 27 identified phytochemicals to rank them based on binding affinity (ΔG) and ligand efficiency (LE). Top-ranked leads (stigmasterol and 

hibiscone-B) underwent 100 ns molecular dynamics (MD) simulations and MM-PBSA calculations to validate binding stability and energetic profiles. 

Results: The extract demonstrated robust, dose-dependent inhibition (IC50 = 1069.71 µg/mL) and achieved superior maximal efficacy (92.0%) compared to 

acarbose. Quadrant analysis identified stigmasterol as a "Power Binder" (ΔG = -9.17 kcal/mol) and hibiscone-B as a "Precision Lead" (LE = -0.43), both of which 

outperformed acarbose in atomic binding efficiency. MD simulations confirmed that hibiscone-B maintains a stable occupancy of the catalytic cleft, supported 

by persistent hydrogen bonds with ASP203 and ASP542.  

Conclusions: A. manihot serves as a potent botanical matrix for anti-diabetic leads. The narrow 3.5-fold potency gap between the crude extract and its pure lead, 

hibiscone-B, underscores the high efficiency of its phytochemical components, offering a superior alternative to traditional carbohydrate-mimetic inhibitors. 

Hibiscone-B and stigmasterol are identified as high-priority templates for the development of next-generation inhibitors.  
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Resumen 

Contexto: La α-glucosidasa representa uno de los tratamientos clave para la diabetes debido a su capacidad para regular los niveles de glucosa en sangre 

posprandial.  

Objetivos: Evaluar el potencial inhibidor de la α-glucosidasa de Abelmoschus manihot (L.) Medik, una especie endémica de Minahasa, Indonesia, que se consume 

como verdura y se ha utilizado como medicina herbal antidiabética. 

Métodos: La actividad inhibidora de la α-glucosidasa del extracto etanólico de A. manihot se comparó con la de la acarbosa in vitro. Se aplicó un análisis de 

cuadrantes multiparamétrico a 27 fitoquímicos identificados para clasificarlos según su afinidad de unión (ΔG) y eficiencia del ligando (LE). Los compuestos 

principales (estigmasterol e hibiscona-B) se sometieron a simulaciones de dinámica molecular (DM) de 100 ns y cálculos MM-PBSA para validar la estabilidad 

de la unión y los perfiles energéticos. 

Resultados: El extracto demostró una inhibición robusta y dependiente de la dosis (CI50 = 1069,71 µg/mL) y alcanzó una eficacia máxima superior (92,0 %) en 
comparación con la acarbosa. El análisis de cuadrantes identificó al estigmasterol como un "ligando potente" (ΔG = -9,17 kcal/mol) y a la hibiscona-B como un 

"compuesto principal de precisión" (LE = -0,43), ambos con una eficiencia de unión atómica superior a la de la acarbosa. Las simulaciones de dinámica 

molecular confirmaron que la hibiscona-B mantiene una ocupación estable de la hendidura catalítica, respaldada por enlaces de hidrógeno persistentes con 

ASP203 y ASP542. 

Conclusiones: A. manihot constituye una matriz botánica potente para compuestos principales antidiabéticos. La estrecha diferencia de potencia de 3,5 veces 
entre el extracto crudo y su compuesto principal puro, la hibiscona-B, subraya la alta eficacia de sus componentes fitoquímicos, ofreciendo una alternativa 

superior a los inhibidores tradicionales que imitan los carbohidratos. La hibiscona-B y el estigmasterol se han identificado como modelos prioritarios para el 

desarrollo de inhibidores de próxima generación. 

Palabras Clave: Abelmoschus manihot; diabetes tipo 2; dinámica molecular; estigmasterol; α-glucosidasa; hibiscona-B. 
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INTRODUCTION 

Type 2 diabetes mellitus (T2DM), a chronic meta-
bolic disease, is characterized by hyperglycemia and 
an imbalance between insulin secretion and insulin 
sensitivity (DeFronzo et al., 2015; Khan et al., 2020). α-
Glucosidase inhibitors represent one drug class used to 
manage T2DM. The clinically available α-glucosidase 
inhibitors used to treat diabetes, namely, acarbose, 
voglibose, and miglitol, competitively inhibit α-gluco-
sidase in the small intestine and consequently delay 
the hydrolysis of carbohydrates (starch and disaccha-
rides), thereby reducing postprandial hyperglycemia 
(Guo et al., 2015; Gupta et al., 2016). 

While current α-glucosidase inhibitors effectively 
manage postprandial blood sugar levels, their use is 
hampered by several limitations, including gastroin-
testinal adverse effects, which led to patient non-ad-
herence (Fisher, 2022). Thus, new α-glucosidase inhib-
itors are actively being pursued. Compounds from 
functional foods widely used to treat T2DM are critical 
to the search for new anti-diabetics because they re-
duce postprandial hyperglycemia with few gastroin-
testinal side effects. The leaves of Abelmoschus manihot 
(L.) Medik (family Malvaceae), a species endemic to Mi-
nahasa, North Sulawesi, Indonesia, that is also known 
as red gedi, has been consumed as a vegetable and is 
widely used as an anti-diabetic herbal medicine (Nur-
rani & Kinho, 2013; Suoth et al., 2013). Our previous 
study identified 38 metabolites in the ethanolic extract 
of this plant (Tangka et al., 2021). To date, few studies 
have investigated the anti-diabetic pharmacology of 
the extract and its components (Fitriyah et al., 2020; Fu-
adi et al., 2020; Nurasidah et al., 2020; Sakinah et al., 
2020).  

In this study, the α-glucosidase–inhibitory activity 
of A. manihot leaf extract was determined using in vitro 
assays, and the metabolites were analyzed using in sil-
ico molecular docking to predict which metabolites 
contributed to this activity. Identified phytochemicals 
serve as templates or lead compounds that can be fur-
ther optimized to yield novel, safe, and effective drugs. 

Computational molecular simulation or virtual screen-
ing aims to identify new drug candidates by docking 
large libraries of small molecules into the binding site 
of the therapeutic target and using scoring functions to 
determine binding poses and estimate binding affinity 
(Agu et al., 2023). Such in silico studies can predict the 
binding affinity and selectivity of small molecules, as 
well as their binding stability with molecular targets, 
which are important parameters in drug discovery and 
design (Cole et al., 2019).  

MATERIAL AND METHODS 

Plant material 

The leaves of A. manihot were collected from North 
Tondano Plantation, North Sulawesi, Indonesia 
(1.30198° N latitude and 124.913399° E longitude). 
Plant identification was performed at the Center for 
Plant Conservation Botanic Gardens, Indonesian Insti-
tute of Sciences (Bogor, Indonesia, Letter B-
3177/IPH.3/KS/IX/2018) (Tangka et al., 2021). 

Chemicals 

p-Nitrophenyl-α-d-glucopyranoside (PNPG), 
phosphate buffer, sodium carbonate, α-glucosidase 
(derived from Saccharomyces cerevisiae), and the stand-
ard inhibitor acarbose were all of analytical quality and 
obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Extraction 

The ethanolic extract of A. manihot leaves was gen-
erated as previously described (Tangka et al., 2022). 
Dried A. manihot leaves (50 g) were dynamically mac-
erated in 500 mL of 96% ethanol solvent (1:10) and 
stirred at 30–40°C and 200 rpm for 6 h. The macerate 
was subsequently evaporated at 50 and 80°C. The final 
thick extract (12.1 g) was used in α-glucosidase inhibi-
tion assays or stored in a refrigerator. Characterization 
of the compounds in the ethanolic extract of red leaves 
A. manihot was conducted as previously described 
(Tangka et al., 2021) using a UHPLC system connected 
to a triple quadrupole mass spectrometer (LCMS-8040; 
Shimadzu, Kyoto, Japan). Mass spectra were simulta-
neously acquired using electrospray ionization (ESI) in 
the positive ionization modes, and full-scan mass spec-
tra were acquired at a mass-to-charge ratio (m/z) of 
50–1000.  

In vitro α-glucosidase inhibition assay 

The α-glucosidase inhibition assay was performed 
using 96-well ELISA plates (Hamza et al., 2015). In each 
well, 10 µL of A. manihot extract (312.5, 625, 1250, 2500, 
5000, and 10,000 µg/mL) or acarbose (3.125, 6.25, 12.5, 
25, 50, and 100 µg/mL) were added. The samples in 
each well were mixed with phosphate buffer (490 µL, 
100 mmol/L, pH 7), and PNPG substrate (250 µL, 3 
mmol/L) was then added. The plate was incubated at 
37°C for 5 min, after which α-glucosidase (250 µL, 0.065 
U/mL) was added, and the plate was further incu-
bated at 37°C for 15 min. The reaction was stopped by 
adding 1000 µL of 0.2 mol/L Na2CO3. The nonenzy-
matic hydrolysis of each substrate was corrected by 
measuring the increase in absorbance at 405 nm for the 
control mixture without α-glucosidase. The α-
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glucosidase–inhibitory activity of each sample was cal-
culated using Equation [1]. 

Inhibition ratio (%) =  
1— [sample OD—blank 2 OD] 

× 100 [1] 
[control OD—blank 1 OD] 

For in vitro experiments, all analyses were per-
formed in quadruplicate. To calculate the IC50, a loga-
rithmic transformation was employed for the inde-
pendent variable (concentration) to linearize the dose-
response relationship. The logarithmic regression 
equation was then used to predict the IC50, as it was a 
superior fit compared to the standard linear model. To 
ensure comparability between experimental sets and 
account for inherent assay variability, the inhibitory 
potential was expressed as a potency ratio (PR), de-
fined as the IC50 of the reference standard (acarbose) 
divided by the IC50 of the test sample. This normaliza-
tion facilitated direct comparison of the crude extract's 
efficacy with pure phytochemical standards reported 
in the literature (Finney, 1978).  

Statistical analysis 

Data from the in vitro α-glucosidase inhibition assay 
were presented as mean ± standard deviation percent-
ages for each concentration tested. To determine the 
concentration-dependent effect of the ethanolic extract 
and acarbose, the data were subjected to one-way anal-
ysis of variance (ANOVA). Statistical significance was 
set at p<0.05. The IC50 values were calculated using 
nonlinear regression analysis of the dose-response 
curves. The relationship between concentration and in-
hibition was modeled using the log-linear equation. 
All calculations were performed using SPSSv6 (IBM, 
Armonk, NY, USA). 

Computational analysis 

The computational workflow was executed in two 
distinct phases to ensure the reliability of lead identifi-
cation. In Phase I, molecular docking was used to gen-
erate a docking score, which represents a static interac-
tion in a vacuum and served as a rapid heuristic for the 
initial ranking and bivariate quadrant analysis of the 
27 identified phytochemicals. Phase II involved 100 ns 
molecular dynamics (MD) simulations to calculate the 
structural persistence and estimate the binding free en-

ergy (G) in an explicit aqueous environment. This 
dual-layer validation ensures that the prioritized leads 
possess high geometric complementarity and a favora-
ble energetic profile for sustained enzymatic blockade. 

Molecular docking 

The interaction between bioactive compounds from 
A. manihot leaf extract and the enzyme α-glucosidase 
was analyzed using molecular docking to evaluate 

potential inhibitory activity in silico. The crystal struc-
ture of the N-terminal subunit of human maltase-glu-
coamylase in complex with acarbose (ID 2QMJ), as de-
termined by X-ray diffraction at 2.45 Å, was collected 
from the PDB database (https://www.rcsb.org/). The 
acarbose binding sites identified on the target protein 
were used as the standard for docking analyses. The 
3D ligand structures and 26 identified compounds of 
A. manihot (Table 1) were collected from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/) in 
SDF format (Suoth et al., 2013; Tangka et al., 2022). Af-
ter optimization in Avogadro using hydrogen atoms at 
pH 7.4, followed by energy minimization by means of 
the MMFF94 method (Hanwell et al., 2012), all were 
saved in mol2 format. The next step was ligand prepa-
ration for docking using prepare_ligand4.py, which in-
cluded adding Gasteiger charges, torsions, and con-
verting to PDBQT format. The docking process was 
performed using AutoDock Vina 1.1.2 with a 35 × 35 Å 
grid centered on acarbose as the reference ligand, with 
coordinates -20.81 × -6.58 × -5.07 (Trott & Olson, 2010). 
To avoid bias due to the large differences in molecular 
size between compounds (number of heavy atoms 9–
44), Ligand Efficiency (LE) was calculated as a param-
eter for normalizing binding energy per heavy atom 
using the Equation [2]. 

LE = Ebinding [2] 

Nheavy atom 

where Ebinding was the docking score (kcal/mol), and Nheavy atom was the 

number of non-hydrogen atoms (Abad-Zapatero & Metz, 2005; Hop-

kins et al., 2004). 

An LE value ≤ −0.40 is used as the minimum thresh-
old to identify ligands with good binding efficiency 
and significant inhibitory potential against the target 
enzyme. Candidate ligands that meet these criteria 
proceed to molecular interaction analysis using Chi-
mera 1.15 and Discovery Studio Visualizer 2020 (Das-
sault, 2020). Of the 38 phytochemicals previously re-
ported (Tangka et al., 2021), 26 were used in molecular 
docking. The other 12 phytochemicals were excluded: 
8 of them are glycoside compounds (where the alka-
loid component was already included in the first 26 
compounds), and the remaining 4 were unlikely to en-
ter the bloodstream due to their molecular size (> 500 
Da). Candidate ligands with interaction patterns simi-
lar to those of acarbose at the alpha-glucosidase bind-
ing site are subjected to molecular dynamics simula-
tions to assess the stability of their interactions. 

Multi-parametric prioritization and quadrant 
analysis 

To move beyond raw binding energies and identify 
the most biologically relevant inhibitors, a multi-para-
metric prioritization strategy was employed.  
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Table 1. Docking scores and ligand efficiency (LE) of A. manihot compounds. 

Ligand 
Heavy atom 

Docking score  

(G, kcal/mL) 
LE 

Acarbose (reference drug) 44 -7.17 -0.16 

Alpha-spinasterol 30 -8.87 -0.30 

Aquillochin acid 30 -6.73 -0.22 

Caffeic acid methyl ester 14 -6.20 -0.44 

Cis-P-coumaric acid 12 -5.93 -0.49 

Cyanidin 21 -7.40 -0.35 

Daphniphyllin 38 -7.03 -0.19 

Farnesol 16 -6.10 -0.38 

Ferulic acid 14 -5.90 -0.42 

Ficusol 16 -5.63 -0.35 

Gmelofuran 18 -6.80 -0.38 

Gossypetin 23 -7.67 -0.33 

Hibiscetin 24 -7.80 -0.33 

Hibiscone-A 17 -6.47 -0.38 

Hibiscone-B 17 -7.27 -0.43 

Hibiscoquinone-A 19 -7.00 -0.37 

Kaempferol 21 -7.40 -0.35 

Malic acid 9 -4.70 -0.52 

Moupinamide 23 -7.33 -0.32 

Myricerol 23 -7.57 -0.33 

Myricetin 23 -7.60 -0.33 

Quercetin 22 -7.50 -0.34 

Stigmasterol 30 -9.17 -0.31 

Syringaresinol 30 -6.60 -0.22 

Syringic acid 14 -5.00 -0.36 

Trans-P-coumaric acid 23 -7.03 -0.31 

Vanillic acid 12 -5.40 -0.45 

 
The 27 phytochemicals were analyzed using a 

Quadrant Analysis framework, which integrated bind-
ing affinity (ΔG) and ligand efficiency (LE). Threshold 
setting: a stringent high-affinity threshold was set at 
ΔG≤-7.5 kcal/mol, and a high-efficiency threshold was 
set at LE ≤-0.40 kcal/mol/heavy atom. Compounds 
were mapped onto a master correlation plot, with the 
X-axis representing binding affinity (ΔG) and the Y-
axis representing ligand efficiency (LE). Categoriza-
tion: based on these thresholds, ligands were divided 
into four distinct functional quadrants: Q1 (the elite 
performers): compounds meeting both stringent 
thresholds (ΔG ≤-7.5 and LE ≤-0.40); Q2 (The Precision 
Fragments): high efficiency (LE ≤-0.40) despite moder-
ate raw affinity; Q3 (the low-priority binders): com-
pounds failing both thresholds; and Q4 (the 

bulky/power binders): high affinity (ΔG ≤-7.5) but 
lower atomic efficiency (LE > -0.40). 

Molecular dynamics (MD) simulation 

All MD simulations were performed using 
GROMACS version 2025 with a simulation period of 
100 ns (Van Der Spoel et al., 2005). The protein and lig-
and topologies were prepared in advance; the protein 
topology was obtained by applying the all-atom 
CHARMM36 force field (Huang & MacKerell, 2013), 
and the ligand topology files were generated by add-
ing hydrogen atoms using Avogadro (Hanwell et al., 
2012) and submitting them to the CgenFF web server 
(Vanommeslaeghe et al., 2012). All complexes were 
dissolved in a dodecahedron box containing TIP3P wa-
ter and chloride ions to neutralize the system, 
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maintaining a minimum distance of 1 Å between the 
box edge and the protein. Energy minimization was 
then applied to the system using the Verlet cutoff 
scheme, resulting in a maximum force of <10 
kJ/mol/nm over up to 50,000 steps, while eliminating 
unwanted steric clashes and poor contacts. Equilibra-
tion was performed in the canonical (NVT) and iso-
thermal-isobaric (NPT) ensembles. The NVT equilibra-
tion step was carried out at a constant volume at 300 K 
using the modified Berendsen thermostat algorithm 
for 1000 ps. Next, NPT equilibration was performed at 
a constant pressure of 1 bar and 300 K using the Parri-
nello–Rahman barostat for 1000 ps. Subsequently, a 
100 ns production simulation (NPT) was performed, 
and the MD results were analyzed using scripts inte-
grated into the GROMACS software package. gmx rms 
and gmx hbond were used to determine the RMSD and 
hydrogen bond parameters throughout the simulation. 
Hydrogen bond persistence was monitored through-
out the 100 ns trajectory using a geometric criterion: a 
donor–acceptor distance cutoff of 3.5 Å and a bond an-
gle cutoff of 30° (Hubbard & Haider, 2010). To assess 
the localized flexibility of the enzyme upon ligand 
binding, the root mean square fluctuation (RMSF) of 
the Cα atoms was calculated relative to the initial struc-
ture. This analysis identifies regions of high mobility 
(loops) and areas of localized stability (active site), 
providing insight into the rigidification of the catalytic 
dyad during the simulation (Abraham et al., 2015). 
Graphs were processed using QtGrace 
(https://sourceforge.net/projects/qtgrace/). 

The binding free energy (ΔGtotal) of the prioritized 
lead complexes was calculated using the Molecular 
Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) method via the g_mmpbsa tool (Kumari et al., 
2014). This approach integrates the molecular 

mechanics energy with the Poisson–Boltzmann (PB) 
equation for polar solvation and the solvent-accessible 
surface area (SASA) for non-polar solvation contribu-
tions, excluding the entropic term, as per standard pro-
tocols for relative binding affinity ranking (Genheden 
& Ryde, 2015). For each system, 100 snapshots were ex-
tracted from the last 20 ns of the stable MD trajectory 
to ensure that the system had reached energetic equi-
librium. The total binding energy was deconvoluted 
into its components according to Equation [3]. 

ΔGbind = ΔEMM + ΔGsolv - TΔS  [3] 

The vacuum molecular mechanics potential 
(ΔEMM) included both electrostatic and van der Waals 
interactions. The solvation free energy (ΔGsolv) was 
estimated using a dielectric constant of 80 for the sol-
vent and 2 for the protein interior. The non-polar solv-
ation contribution was calculated based on the solvent-
accessible surface area (SASA) with a surface tension 
coefficient (γ) of 0.02267 kJ/mol/Å2. Owing to the high 
computational demand and relative nature of the 
study, the configurational entropy contribution (–
TΔGS) was not included, and the results are reported 
as relative binding affinities. 

RESULTS  

In vitro assay 

The ethanolic extract of A. manihot leaves was inves-
tigated for α-glucosidase inhibitory activity using in 
vitro assays. Acarbose was used as the standard for 
comparison. The experiments were replicated four 
times. Both the ethanolic extract and acarbose exhib-
ited potent, dose-dependent inhibition of α-gluco-
sidase (Table 2). The inhibitory activity increased sig-
nificantly with higher concentrations (p<0.001). 

 

Table 2. α-Glucosidase–inhibitory effects of A. manihot leaf ethanolic extract 

Ethanolic extract of A. manihot leaves Acarbose 

Concentration  

(μg/mL) 

Maximum inhibition  

[mean ± SD (%)], (n = 4) 
p-value 

Concentration  

(μg/mL) 

Maximum inhibition  

[mean ± SD (%)], (n = 4) 
p-value 

312.5 24 ± 0.0153  

0.00007 

3.125 7 ± 0.0359 

0.00009 

625 40 ± 0.0082 6.25 8 ± 0.0391 

1250 50 ± 0.0048 12.5 13 ± 0.03623 

2500 72 ± 0.0005 25 16 ± 0.0479 

5000 83 ± 0.0010 50 19 ± 0.0542 

10,000 92 ± 0.0060 100 22 ± 0.0577 

Calc.IC50 

1069.71 

Equation:  

y = 46.6019 log10(x) - 91.1695,  

R2=0.9860 

Calc.IC50 

456.24 

Equation:  

y = 10.4578 log10(x) + 1.2588,  

R2= 0.9677 
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Figure 1. 3D pose at the active site of α-glucosidase and molecular interaction diagram showing interactions between candidate compounds and 

α-glucosidase. 

 
Statistical significance was assessed using log-lin-

ear regression analysis. Logarithmic transformation of 
the independent variable (concentration) was em-
ployed to linearize the dose-response relationship. The 
regression model showed an excellent fit to the exper-
imental data, with an R2 coefficient > 0.95. The extract 
also exhibited a steeper dose-response slope (46.60) 
compared to that of acarbose (10.45), suggesting higher 
sensitivity of the α-glucosidase enzyme toward the 
phytochemical constituents of the extract within the 
tested concentration range. The calculated IC50 
(Calc.IC50) values for the extract and acarbose were 
1069.71 and 456.24 μg/mL, respectively. The crude ex-
tract demonstrated a Potency Ratio of 0.43 relative to 
acarbose. Such a high relative potency (where PR > 0.1 
or fold-difference < 10) is indicative of strong inhibi-
tory activity within a crude botanical matrix. 

A comparison of the maximal inhibitory capacity 
revealed that at a concentration of 10,000 µg/mL, the 
ethanolic extract achieved near-complete enzymatic 
blockade (92.0 %), significantly outperforming the ex-
trapolated efficacy of acarbose (43.1%) at the same 
dose. This superior maximal efficacy (Emax) under-
scores the robust bioactivity of the extract’s matrix. 

Molecular docking A. manihot compounds 

Molecular docking analysis was conducted to iden-
tify bioactive compounds from A. manihot with the 

potential to inhibit α-glucosidase, using acarbose as a 
reference ligand. Based on the docking results, the 
docking scores of the tested compounds ranged from –
9.17 to –4.70 kcal/mol, while acarbose had a score of –
7.17 kcal/mol. Since the tested compounds have a 
highly variable heavy-atom count (9–44 atoms), the as-
sessment of inhibitory activity was based not only on 
the absolute docking score but also on ligand efficiency 
(LE), which quantifies the binding energy per heavy 
atom (Table 1). 

Based on the docking results and residue interac-
tion analysis (Fig. 1), stigmasterol, caffeic acid methyl 
ester, cis-p-coumaric acid, ferulic acid, hibiscone-B, 
and vanillic acid were selected for further investiga-
tion. Caffeic acid methyl ester (–0.41), cis-p-coumaric 
acid (–0.47), ferulic acid (–0.42), hibiscone-B (–0.43), 
and vanillic acid (–0.43) also met the LE ≤ –0.40 strin-
gent threshold as the eligibility criterion for inhibition 
activity. The reference ligand acarbose is known to in-
teract with the main catalytic residues ASP203, 
ASP443, and ASP542, as well as auxiliary residues 
THR205, TRP406, and TYR299, which play crucial roles 
in the catalytic activity of the enzyme (Fig. 1) (Piparo et 
al., 2008; Sim et al., 2008). Stigmasterol, with the lowest 
docking score (-9.17 kcal/mol), showed the highest 
binding affinity toward α-glucosidase. The interaction 
of this complex was dominated by hydrophobic inter-
actions, particularly π-alkyl interactions with the 
TYR299, PHE575, ILE328, TRP406, and ILE364 
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residues. This dominance of hydrophobic interactions 
is consistent with the lipophilic nature of stigmasterol 
as a steroid, which enables stabilization of the complex 
through non-polar interactions within the enzyme's 
binding pocket. Hibiscone-B interestingly exhibits in-
teractions similar to acarbose through the formation of 
conventional hydrogen bonds with ARG526, ASP203, 
and ASP542, key residues at the catalytic site, as well 
as T-shaped π-π and π-alkyl interactions with TYR299 
and PHE575 (Fig. 1) (Piparo et al., 2008). This combina-
tion of polar and hydrophobic interactions provides 
high stability of the complex and suggests that hi-
biscone-B may operate via an inhibition mechanism 
comparable to that of acarbose. Meanwhile, vanillic 
acid showed a higher docking score (-5.40 kcal/mol), 
indicating a weaker binding affinity. This compound 
forms hydrogen bonds and electrostatic interactions 
with ARG526 and ASP327, as well as carbon-hydrogen 
bonds with ASP542, located around the enzyme's cat-
alytic domain (Fig. 1). It also exhibits π-π interactions 
with TYR299, PHE575, TRP441, and TRP539. Further 
supports the hypothesis that vanillic acid can bind sta-
bly to the active site (Sim et al., 2008). Despite its LE 
value of –0.43, relatively high docking score (–5.1 
kcal/mol), and small molecular size, which limits con-
tact surface area with the binding pocket, vanillic acid 
α-glucosidase may exhibit reduced complex stability. 

Conversely, cis-p-coumaric acid had the highest LE 
value (–0.47); however, interaction analysis showed 
the presence of unfavorable bonds (steric clashes) with 
residues ASP327, ASP366, and ASP443, which could 
potentially hinder optimal binding at the active site 
(Fig. 1). This indicates that although theoretically it has 
high energy efficiency, spatially the compound experi-
ences steric hindrance that may reduce the stability of 

the complex. Based on docking score results, LE val-
ues, and active residue interaction analysis, hibiscone-
B, vanillic acid, and stigmasterol were selected as can-
didate compounds with potential as α-glucosidase in-
hibitors. These candidate compounds were then fur-
ther subjected to molecular dynamics simulations to 
examine the stability of their interactions at the active 
site of alpha-glucosidase. 

Quadrant distribution and lead identification 

The integration of binding affinity and atomic effi-
ciency enabled a systematic ranking of the 27 identified 
compounds, distinguishing between bulky/power 
binders and precision fragments, using acarbose as the 
functional baseline (Fig. 2, Table 3). The quadrant anal-
ysis placed the clinical standard, acarbose, in a transi-
tional zone characterized by moderate-to-high binding 
affinity but relatively low atomic efficiency. This posi-
tioning serves as the critical baseline for the study. 
Acarbose’s position reflects its nature as a large, com-
plex pseudo-tetrasaccharide. While it achieves a strong 
thermodynamic binding to the enzyme, which ex-
plains its clinical use, its low LE indicates that it re-
quires a large number of atoms to exert its inhibitory 
effect. In this study, acarbose serves as the threshold 
for standard potency; any ligand appearing to the right 
of acarbose (higher affinity) or above it (higher effi-
ciency) is considered a superior candidate for lead op-
timization. Daphniphyllin and moupinamide exhib-
ited binding affinities nearly identical to acarbose. 
Their clustering suggests a similar bulky binding 
mechanism, in which multiple van der Waals contacts 
drive the interaction rather than high-precision atomic 
bonding. 

 

 

Figure 2. Bivariate distribution of binding affinity and ligand efficiency for 27 phytochemicals.  

The quadrant plot employs a dual-threshold filtering strategy to prioritize drug-like candidates. The docking score of -7.5 kcal/mol represents the high-affinity 

boundary, identified as the upper limit for potent α-glucosidase inhibition based on the reference standard, acarbose (-7.17 kcal/mol). The ligand efficiency 

threshold (-0.40 kcal/mol/heavy atom) represents the stringent efficiency cutoff, as defined in medicinal chemistry, for identifying leads with optimal fit-to-size 

ratios. Quadrant 2 isolates precision leads like hibiscone-B, which exceed LE thresholds. Quadrant 4 categorizes power binders like stigmasterol, which exhibit 

superior affinity but lower structural economy. This multi-parametric filter effectively identifies molecules that offer the highest probability of persistent 

enzymatic blockade. 
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Table 3. Hierarchical prioritization of 27 phytochemicals via multi-parametric quadrant analysis. 

Quadrant Description Rank Ligand Qualification 

Q1 The elite performers  

(ΔG ≤ -7.5 and LE ≤ 0.40) 

The "perfect 

drug": small but 

extremely potent 

 

-   

Q2 The Precision Fragments 

(ΔG > -7.5, LE ≤ -0.4)  

High efficiency 

(Best LE) 

1 Hibiscone-B Best overall lead 

2 Cis-p-coumaric acid Highest atomic efficiency 

3 Vanillic acid High stability) 

4 Caffeic acid methyl ester Strong hydrophobic linker 

5 Ferulic acid Balanced phenolic lead 

6 Malic acid Fragment-like binder 

Q3 The weak  

(ΔG > -7.5, LE > -0.4) 

Low affinity/LE 1 Cyanidin Borderline (good affinity) 

2 Kaempferol Common flavonoid, moderate binder 

3 Moupinamide Weakly efficient amide 

4 Hibiscoquinone-A Moderate potency 

5 Acarbose* Reference standard (lowest LE) 

6 Daphniphyllin Large molecule, poor efficiency 

Q4 The bulky / power binders  

(ΔG ≤ -7.5, LE > -0.4) and 

structural stability 

High-affinity 

binders 

(Best LE in Q3) 

1 Stigmasterol The master binder. highest affinity; acts as a 

hydrophobic anchor in the enzyme cavity.  

2 α-Spinasterol The structural peer. A highly potent phytosterol 
with a similar lipid-shielding mechanism to 

stigmasterol. 

3 Hibiscetin The flavonoid leader. Best-performing flavonoid 

in terms of raw energy; bridges multiple polar 

sub-pockets. 

4 Gossypetin The stable binder. High affinity with multiple 

hydroxyl groups for hydrogen bonding. 

5 Myricetin The balanced binder. Solid affinity crossing the 

− 7.5 threshold. 

6 Myricerol The structural bridge. A high-affinity 

triterpenoid that acts as a secondary 

hydrophobic anchor, supporting the "lipid-

shield" mechanism of the phytosterols. 

7 Quercetin The clinical peer. Exhibits a standard-strength 
binding profile comparable to acarbose; 

functions as a classical flavonoid inhibitor but 

lacks the "Elite" efficiency of the precision 

leads. 

 

Quadrant 1 (the elite performers), notably, con-
tained no compound, indicating that the extract's po-
tency derives from synergistic cooperation between 
the precision fragments of Quadrant 2 and the power 
binders of Quadrant 4, rather than from a single perfect 
drug molecule. This distribution explains the efficacy 
of the crude extract: the sterols provide the initial an-
choring, whereas the precision phenolics ensure a 
high-efficiency blockade of the catalytic center. Quad-
rant 2 contains the most promising drug leads. Hi-
biscone-B and phenolic fragments were identified as 
the most electronically efficient molecules. Despite 
having moderate raw affinity, hibiscone-B was 

identified as the best overall lead as its high efficiency 
and stability suggest a superior, precision fit. Other 
high-efficiency leads included Cis-p-coumaric acid, 
which demonstrated the highest atomic efficiency in 
the study, and vanillic acid. Caffeic acid methyl ester 
and ferulic acid also fell into this Precision category, 
balancing size and binding strength. Quadrant 4, the 
power binders, was dominated by the sterol class. Stig-
masterol emerged as the master binder with the high-
est affinity in the study, followed closely by α-spinas-
terol. Although these compounds exhibited lower 
atomic efficiency owing to their large hydrophobic 
scaffolds, they function as critical hydrophobic 

https://jppres.com/


Tangka et al. Abelmoschus manihot: A potential α-glucosidase inhibitor 

 

https://jppres.com  J Pharm Pharmacogn Res (2026) 14(2): 9 

 

anchors within the enzyme cavity. While myricerol 
serves as a vital structural bridge within the high-affin-
ity Quadrant 4, reinforcing the extract's bulk inhibitory 
capacity, quercetin was found to align closely with the 
acarbose baseline. This indicates that while quercetin 
contributes to the standard inhibitory profile, the ex-
tract's superior medicinal value is specifically driven 
by the more efficient leads identified in Quadrant 2. 

Overall, the results of the quadrant analysis estab-
lish that the extract contains leads that are atomically 
more efficient than acarbose, and that hibiscone-B and 
stigmasterol are the candidate primary drivers of en-
zymatic inhibition. 

Molecular dynamics (MD) simulation of A. manihot 
leaf compounds - α-glucosidase 

To evaluate the dynamic stability and interaction 
patterns of the α-glucosidase–ligand complex, a 100 ns 
molecular dynamics (MD) simulation was performed. 
MD simulation was performed on acarbose as the ref-
erence standard, stigmasterol as the power binder 
lead, hibiscone-B as the precision lead, and vanillic 
acid as the comparator lead. The parameters analyzed 
included the root-mean-square deviation (RMSD) to 
assess the stability of the complex relative to the pro-
tein backbone, and the number of hydrogen bonds (H-
bonds) to assess the contribution of non-covalent inter-
actions to the complex's stability during the simula-
tion. The RMSF was calculated to evaluate the local 
flexibility of individual amino acid residues. This en-
sures that the ligand-binding event effectively stabi-
lizes the catalytic domain, reducing the vibrational 
noise that would otherwise interfere with enzymatic 
inhibition. Complete results for MD of hibiscone-B and 
vanillic acid complex with α-glucosidase were up-
loaded (https://doi.org/10.5281/zenodo.18124023). 

The RMSD profiles (Fig. 3A) highlight that the α-
glucosidase— acarbose complex (reference ligand) ex-
hibits a stable RMSD throughout 100 ns, with minor 
fluctuations in the range of 10–11 Å. This stability indi-
cates that acarbose maintains a strong and consistent 
binding orientation at the enzyme’s active site, con-
sistent with its experimentally proven role as an α-glu-
cosidase inhibitor. The α-glucosidase—hibiscone-B 
complex exhibited a multi-phase stabilization profile. 
Following initial fluctuations (0–12 ns), the complex 
reached a steady plateau between 12 and 45 ns, with an 
average RMSD of 8–9 Å. A transient conformational 
shift was observed between 45 and 60 ns (6–15 Å), after 
which the system re-stabilized and maintained a con-
sistent plateau of 8–9 Å from 60 to 95 ns. This pattern 
illustrates a phase in which the ligand undergoes con-
formational adjustments, exploring different sub-
pockets within the large MGAM active site before re-

locking into a stable pose at the enzyme’s active site. In 
contrast, the α-glucosidase–vanillic acid complex expe-
riences greater fluctuations (5–15 Å) in the early stages 
(0–40 ns), but these gradually decrease and achieve sta-
bility during the latter stages, with RMSD values of ap-
proximately 6 Å (Fig. 3A). Vanillic acid follows a set-
tling pattern. The high initial fluctuations suggest it 
takes time to find its optimal orientation, but its low 
final RMSD suggests a very tight, compact fit once set-
tled. Vanillic acid, small in size, is able to maintain a 
stable binding position relative to the enzyme back-
bone, indicating a favorable binding orientation within 
the active pocket. 

The flexibility of protein residues during molecular 
dynamics simulations was analyzed using RMSF cal-
culations. In general, most protein residues showed 
low RMSF values, confirming the stability of the pro-
tein structure throughout the simulation (Fig 3B). In-
creased fluctuations were generally observed in the 
loop regions and terminal ends of the protein, which 
inherently exhibit higher mobility. showed relatively 
low RMSF values. The catalytic pocket residues main-
tained RMSF values below 0.15 nm, significantly lower 
than the global protein average of ~0.25–0.30 nm. Res-
idues directly involved in ligand interactions, includ-
ing ARG526, ASP542, TYR299, and TRP406, exhibited 
high structural rigidity (< 0.1 nm) upon binding, indi-
cating that the binding pocket region remained stable 
and maintained crucial interactions with the ligand 
throughout the simulation.  

Acarbose and stigmasterol consistently showed the 
greatest reductions in peak intensities. While acarbose 
effectively stabilized the central region, stigmasterol 
excels at minimizing fluctuations in the hydrophobic 
regions. This characteristic accounts for the notably 
high van der Waals energy observed in the MM-PBSA 
analysis, as stigmasterol occupied the binding pocket 
like a plug. Hibiscone-B was very stable in the active 
site, whereas it exhibited greater fluctuations in flexi-
ble loop regions (the sharp peak near residues 380 and 
800 in Fig. 3B). This indicates that hibiscone-B is a pre-
cision inhibitor; it locks the active site while allowing 
the rest of the protein to remain dynamic. Vanillic acid 
exhibited the greatest overall fluctuations across the 
protein backbone. It was bound to the enzyme but did 
not lock it, suggesting a role as an auxiliary stabilizer 
rather than a primary inhibitor. 

Analysis of the number of hydrogen bonds (Fig. 3C) 
supports the RMSD results, as the stability of a com-
plex generally correlates positively with the presence 
of consistent hydrogen bonds. The acarbose complex 
formed a high and stable number of hydrogen bonds 
throughout the simulation, likely involving key cata-
lytic residues such as ASP542, ASP443, and ASP203.  
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Figure 3. Structural stability and flexibility of selected lead complexes. 

(A) Dynamic stability as root mean square deviation (RMSD) profile of candidate ligand–α-glucosidase complexes over a 100 ns trajectory. This 

illustrates the structural equilibration of hibiscone B and stigmasterol relative to acarbose. (B) Root mean square fluctuation (RMSF) profile 
candidate complexes on α-glucosidase backbone residues. (C) The number of bonds formed at the active site of α-glucosidase, highlighting the 

electrostatic network maintained by the lead molecules compared to acarbose during the simulation. (D) Comparison of Gtotal that reflects 

the true affinity of the lead compounds in a biological system. 

 
 

Table 4. Deconvolution of MM-PBSA binding free energy components. 

Compound ΔEvdw (kcal/mol) ΔEelec (kcal/mol) ΔGsolv (kcal/mol)* ΔGtotal (kcal/mol) Primary driving force 

Acarbose -12.45 -85.30 +65.67 -32.08 Electrostatic/polar 

Hibiscone B -18.24 -4.15 +14.47 -7.92 van der Waals (hydrophobic) 

Stigmasterol -21.10 -0.85 +16.48 -5.47 van der Waals (lipophilic) 

Vanillic acid -5.12 -3.45 +9.73 +1.16 Unfavorable (desolvation penalty) 

 
The persistence of these bonds indicates a signifi-

cant contribution of electrostatic interactions to the sta-
bility of the complex. Hibiscone-B forms a combination 
of π interactions and hydrogen bonds with residues 
such as TRP406 and PHE575, and several persistent hy-
drogen bonds mainly with the ASP203 and ASP542 
residues. The more flexible π-π stacking or π-alkyl in-
teraction allowed hibiscone-B to breathe in the pocket 
without dissociating. 

Although the number of H-bonds was slightly lower 
than that of acarbose, their consistency throughout the 
simulation, together with these π interactions, plays an 

important role in maintaining the stability of the com-
plex conformation once equilibration is achieved. va-
nillic acid, which has a smaller molecular size, forms 
two to three stable hydrogen bonds with the ASP327 
and ASP542 residues. The persistence of these bonds, 
particularly in the 60–100 ns timeframe, explains the 
better RMSD conformational stability in the later phase 
of the simulation. 

To provide a rigorous thermodynamic profile of the 
binding event, MM-PBSA was employed. Unlike grid-
based scoring, MM-PBSA accounts for the solvent ef-
fect and polar/non-polar contributions, providing a 
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quantitative binding free energy (G) that reflects the 
true affinity of the lead compounds in a biological sys-
tem. The calculated results show that acarbose, the 
positive control, has a total binding energy of −32.08 
kcal/mol, indicating a significant contribution from 
electrostatic interactions with the enzyme (Fig. 3D, Ta-
ble 4). Among the candidate compounds, hibiscone-B 
exhibited the most favorable binding free energy 
(ΔGtotal = −7.92 kcal/mol), followed by stigmasterol 
(−5.47 kcal/mol). Conversely, Vanillic acid showed a 
positive binding energy value (1.16 kcal/mol), indicat-
ing a less stable interaction. The energy component 
analysis revealed that the energy contributions in hi-
biscone-B and stigmasterol were dominated by van der 
Waals interactions, whereas the strong electrostatic in-
teractions observed in acarbose correlated with the 
high density of polar groups in its structure. 

In summary, the integration of molecular docking 
results, molecular dynamics simulations, and MM-
PBSA analysis indicated that hibiscone-B and stigmas-
terol showed greater potential as α-glucosidase inhibi-
tors than vanillic acid. Hibiscone-B shows an optimal 
balance between polar and hydrophobic interactions, 
resulting in good complex stability during simulations 
and a relatively stable binding energy. Stigmasterol, in 
contrast, exhibits strong binding affinity, primarily 
mediated by hydrophobic interactions. Vanillic acid, 
however, displays lower interaction stability, possibly 
due to its limited molecular size and smaller contact 
surface area with the enzyme's active site. Despite the 

slightly positive global G calculated over the total tra-
jectory, the stabilization of H-bonds with ASP542 in the 
latter 40 ns suggests a transient or concentration-de-
pendent inhibitory potential for vanillic acid. 

DISCUSSION 

In this study, the observed disparity in the required 
concentration between the ethanolic extract of A. mani-
hot leaves and acarbose was anticipated. Acarbose is a 
singular active pharmaceutical ingredient, whereas the 
extract comprises a mixture of compounds. Conse-
quently, this difference in IC50 between acarbose and 
the extract can be attributed to differences in the po-
tency of the active compounds and the proportion of 
each potent α-glucosidase inhibitor in the extract. 
Within the extract, different phytochemicals may com-
pete for the same binding site or interact with one an-
other (forming complexes) before reaching the en-
zyme, thereby reducing their effective concentrations. 
Furthermore, the dilution of the extract, particularly 
for high-potency ligands (such as α-spinasterol or cis-
p-coumaric acid), which may constitute only 1% to 5% 
of the total mass, resulted in elevated IC50 values. 
While stigmasterol blocks one side and vanillic acid 
hits the center, they may interfere with each other 

(competitive inhibition) or may not be present at suffi-
ciently high concentrations to saturate all enzyme mol-
ecules. In an in vitro assay, the enzyme and inhibitors 
are in constant contact. Smaller plant compounds are 
more slippery and may bind more slowly, resulting in 
a higher measured IC50 in the crude extract. The RMSD 
data indicated that hibiscone-B and vanillic acid re-
quire 30–40 ns to achieve stable poses. In contrast, pure 
acarbose, being a substantial molecule, binds to the en-
zyme almost immediately.  

Interestingly, although acarbose demonstrated a 
lower IC50, the ethanolic extract of A. manihot exhibited 
superior maximum efficacy. At a concentration of 
10,000 µg/mL, the extract achieved 92.0% inhibition, 
whereas acarbose was extrapolated to reach only 
43.1%. Thus, the crude A. manihot extract was 2.13 
times more effective than acarbose at this dose. This 
suggests that while acarbose is potent at microdoses, 
the phytochemical complex within the extract provides 
a more complete enzymatic blockade at higher concen-
trations. In pharmacology, this is known as potency 
(IC50) versus efficacy (Emax). The regression models 
support the notion that the flat acarbose response 
curve (slope = 10.45) suggests that, at a certain level, 
adding more acarbose does not increase inhibition. 

In contrast, the steep curve of the extract (slope = 
46.60) indicates that the inhibitory power increases 
rapidly with increasing dose. In a clinical setting, this 
suggests that for patients with very high postprandial 
glucose spikes, the extract might provide a stronger 
ceiling of protection than acarbose. The high Emax of the 
extract is likely attributed to the synergistic effect of 
bulky hydrophobic binders, such as stigmasterol, 
which was identified in the docking study as having 
superior affinity compared to acarbose. 

The docking and quadrant analyses identified hi-
biscone-B as a precision lead due to its superior ligand 
efficiency (LE = −0.43) and stable binding mode. Ac-
cording to Ndarawit et al. (2024), the stability of a com-
plex is determined by whether the ligand remains in 
the active site and if the RMSD reaches a plateau (a 
steady state). Molecular dynamics simulations of 
leads, vanillic acid, and hibiscone-B, revealed distinct 
binding behaviors. The acarbose standard demon-
strated the most consistent stability across the 100 ns 
trajectory, with a mean RMSD of 11 Å. The relatively 
higher absolute RMSD of acarbose compared to vanil-
lic acid and hibiscone-B is consistent with observations 
by Ndarawit et al. (2024), who reported that larger, 
flexible molecules often exhibit higher displacement 
values while maintaining a stable binding envelope 
within the protein matrix. 

In contrast, the vanillic acid complex displayed sig-
nificantly higher early-stage mobility (0–40 ns, 5–15 Å); 
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it eventually achieved a highly compact and stable 
state from 60 to 100 ns with a mean RMSD of 6 Å. The 
high initial fluctuation is typical for smaller phenolic 
structures exploring the active site. Its small molecular 
size may not adequately occupy the catalytic pocket, 
which aligns with its lower experimental inhibition po-
tency (PR = 0.10). Derivatives of vanillic acid synthe-
sized by others have consistently demonstrated lower 
inhibition rates than acarbose (Wang et al., 2025). Com-
pared with vanillic acid, hibiscone-B has been identi-
fied as a superior lead compound. Hibiscone-B demon-
strated a dynamic stability profile and periodic fluctu-
ations that re-stabilized at 8–9 Å after a brief conforma-
tional shift at 45–60 ns. Such re-stabilization events 
suggest that the ligand undergoes a conformational 
adjustment to optimize its fit within the expansive cat-
alytic cleft of MGAM (Ndarawit et al., 2024). Hi-
biscone-B maintained a robust binding conformation 
characterized by a low RMSD, indicating that its inhib-
itory activity is supported by a stable and biologically 
pertinent interaction with critical catalytic residues. 
The ability of hibiscone-B to maintain a stable plateau 
for the majority of the simulation—with a final RMSD 
lower than that of the acarbose standard (11 Å)—cor-
roborates its superior in vitro potency (PR = 1.51). The 
bivariate quadrant analysis prioritized stigmasterol as 
a high-affinity lead, as it exhibits a hydrophobic pro-
file, high ligand efficiency (LE), and a favorable geo-
metric fit within the enzyme's entrance channel. In the 
quadrant analysis, stigmasterol mapped closely to the 
potency threshold of acarbose but showed a more fa-
vorable binding energy-to-atom ratio. This suggests 
that its inhibition is not due to nonspecific aggregation 
but rather to a highly optimized van der Waals inter-
action with the hydrophobic subpockets of α-glucosi-

dase. In terms of G, when lipophilic molecules enter 
the enzyme pocket, they push out trapped water mol-

ecules. This increase in the entropy of the water (+S) 

makes the overall binding energy (G) much more fa-
vorably negative.  

To further discuss the inhibitory potential of the 
identified phytochemicals, a comparative analysis was 
performed using a secondary literature dataset. A com-
parative analysis, using potency ratios normalized to 
their respective acarbose standards, was conducted to 
benchmark the A. manihot ethanolic extract against its 
pure metabolites. An in vitro inhibition assay (Hajra et 
al., 2024) reported that pure stigmasterol is 2.1 times 
more potent than acarbose. This is in accordance with 
our docking results, in which stigmaterol (-9.17 
kcal/mol) was stronger than acarbose (-7.17 kcal/mol). 
Thus, reinforces the conclusion that the presence of 
these potent phytosterols significantly drives the high 
maximal inhibition (92.0%) observed in this study. The 
inhibition assay of hibiscone B isolated from A. moscha-
tus subsp. Tuberosus exhibits a PR of 1.51 (Dung et al., 

2021). This also aligns with the multi-parametric in sil-
ico profile. Specifically, hibiscone-B RMSD stability (8–
9 Å) indicates a more rigid occupancy of the catalytic 
cleft than the acarbose standard (11 Å). This structural 
stability is driven by precision atomic interactions with 
the catalytic residues Asp442 and Asp571, resulting in 
a favorable LE (LE = -0.43). The ability of hibiscone-B 
to maintain a stable plateau for the majority of the sim-
ulation—with a final RMSD lower than the acarbose 
standard (11 Å)—corroborates its superior in vitro po-
tency PR = 1.51. Other in vitro assays revealed PR of 
phenolic phytochemicals ferulic acid (0.355), p-couma-
ric acid (0.157), vanillic acid (0.113), and syringic acid 
(0.098) (Aleixandre et al., 2022). The ranking of potency 
ratios (ferulic > vanillic > syringic acid) showed a per-
fect correlation with the in silico docking affinities ( -
5.90 > -5.40 > -5.00 kcal/mol). This correlation empiri-
cally validates the predictive accuracy of the docking 
model. These results also suggest that the high maxi-
mum inhibition (92%) of the extract is a cumulative ef-
fect of highly potent compounds, such as stigmasterol, 
hibiscone-B, working alongside efficient phenolic scaf-
folds.  

The efficiency of the botanical matrix can be seen 
from dual benchmarking, i.e., the potency of the A. 
manihot extract was compared to two distinct tiers of 
phytochemical leads, precision fragment leads (hi-
biscone-B), and power binder/high-affinity leads (stig-
masterol) using normalized potency ratios (PR) from 
this study (extract) and literature (pure form of leads). 
Firstly, the crude extract's PR (0.43) was compared to 
hibiscone-B PR (1.51), resulting in a 3.5-fold difference 
in efficacy, which is remarkably narrow for a non-frac-
tionated extract. Comparison of the crude extract and 
stigmasterol (PR = 2.1) revealed a 5-fold potency gap, 
indicating an exceptionally high concentration of po-
tent metabolites in the plant matrix. Usually, a crude 
extract is 100× to 1000× weaker than a pure compound. 
In line with the logic of synergistic phytochemistry, 
this suggests that the extract's inhibitory power derives 
from a high concentration of active metabolites or from 
synergistic interactions among its diverse chemical 
constituents, effectively bridging the gap between 
crude mixtures and pure pharmaceutical standards. 
Secondly, the extract demonstrated a higher relative 
potency than several pure precision fragments, leading 
specifically outperforming ferulic acid (0.355), p-cou-
maric acid (0.157), vanillic acid (0.113), and syringic 
acid (0.098). Following the principles of ethnopharma-
cology, this crude-over-pure superiority provides em-
pirical evidence of synergistic interactions in which mi-
nor phenolic constituents enhance the overall enzy-
matic blockade. This dual benchmarking validation— 
alignment with high-affinity binders and superiority 
over precision fragments—solidifies the extract as a ro-
bust candidate for standardized anti-diabetic therapy.  
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The functional synergy phenomenon is when a bo-
tanical matrix achieves high-efficacy enzymatic inhibi-
tion through the simultaneous interaction of structur-
ally diverse ligands with multiple sub-sites within a 
single catalytic domain, resulting in a persistent block-
ade that exceeds the calculated additive effect of iso-
lated components. Such synergy is likely characterized 
by (1) kinetic cooperativity, (2) physicochemical syn-
ergy (solubility and bioavailability), and (3) structural 
economy (atomic efficiency). In kinetic cooperativity, 
the synergy of the A. manihot leaf extract is structurally 
underpinned by a dual-site blockade of the α-glucosi-
dase pocket. The MD simulations reveal that while the 
reference standard, acarbose, relies on a high-density 
electrostatic network with ASP443 and ASP203, the 
prioritized phytochemical leads utilize distinct, non-
overlapping residues. Hibiscone-B achieves stability 
through persistent π-interactions with TRP406 and 
PHE575, coupled with targeted hydrogen bonding at 
ASP542. Simultaneously, the larger stigmasterol mole-
cule provides a hydrophobic anchoring effect, stabi-
lized by van der Waals interactions within the periph-
eral regions. The relative immobilization of ARG526 
and TYR299 (low RMSF) further suggests that these 
leads effectively lock the flexible loop regions, prevent-
ing the conformational changes necessary for substrate 
processing. This tag-team occupancy ensures that the 
active site remains obstructed across a broader range 
of conformational states than a single purified inhibi-
tor could achieve. Such multi-residue engagement also 
explains how the phytochemical matrix maintains high 
inhibitory efficacy (92%) by obstructing both the cata-
lytic dyad and the auxiliary substrate-binding sub-
sites. Consequently, the extract bridges the potency 
gap relative to acarbose not through a single lead mol-
ecule, but through a multi-scaffold synergistic pres-
sure that maximizes enzymatic blockade while mini-
mizing the concentration required for any individual 
constituent. 

The physicochemical synergy relates to the solubil-
ity and availability of the compounds. In an in vitro as-
say, pure compounds often struggle with solubility. In 
a crude extract, the presence of various matrix com-
pounds can act as natural surfactants, keeping hydro-
phobic leads like stigmasterol more available to inter-
act with the enzyme than they would be in a purified, 
isolated state. Our LC-ESI-MS profiling of A. manihot 
extract (Tangka et al, 2021) and other data (Winata et 
al., 2024) reveal a significant steroid-to-flavonoid ratio 
(approximately 4:1). While steroids represent the larg-
est chemical fraction (93.992 mg/g), their high lipo-
philicity typically presents a thermodynamic barrier to 
enzymatic binding, as reflected in the positive desolv-

ation energies (Gsolv) observed in MM-PBSA mod-
els. The substantial flavonoid glycosides (e.g., 
kaempferitrin, quercetin-3-O-rutinoside, myricetin-3-

O-beta-D-glucopyranoside, hibiscetin-3-glucoside) 
content (23.337 mg/g) serves as a natural surfactant 
system. The amphiphilic molecules likely form a solv-
ation shell around the high-affinity but poorly water-
soluble leads such as stigmasterol and hibiscone B, ef-
fectively carrying them into the α-glucosidase active 
site. For instance (but not limited to), the synergistic 
surfactant-lead pairs of kaempferitrin—stigmasterol 
and hibiscetin-3-glucoside—hibiscone B. 
Kaempferitrin, a large, bulky glycoside, can readily 
shield the rigid sterol structure. The amphiphilic hibis-
cetin-3-glucoside helps hibiscone-B through its flat, ar-
omatic part aglycone (hibiscetin), which sticks to the 
flat rings of hibiscone-B via π-π stacking, and through 
its glucose moiety, which points outward toward the 
water, creating a hydration shell for hibiscone-B. Such 
matrix-mediated solubility prevents the aggregation of 
high-affinity lipophilic binders—a synergistic ad-
vantage often lost upon purification. This explains 
why the crude extract achieves a potent IC50 despite the 
hydrophobic nature of its primary constituents. Once 
delivered, the steroids capitalize on their high van der 

Waals complementarity (Evdw: -21.10 kcal/mol), 
providing a stable, low-entropy blockade that outper-
forms the clinical standard, acarbose, in terms of 
atomic efficiency.  

The concept of synergy through structural econ-
omy, also known as atomic efficiency, is also exempli-
fied by hibiscetin-3-glucoside, a single molecule capa-
ble of performing two distinct functions. Firstly, it low-
ers the desolvation penalty by interacting with water 
molecules, making it easier for the actual cargo (stig-
masterol or hibiscone-B) to enter the α-glucosidase 
pocket. Utilizing its extensive polyhydroxyl network, 
it anchors the entrance of the catalytic pocket via 

strong electrostatic interactions (Eelec). The high 

Eelec relative to their small size, meaning every atom 
is working to pull the molecule into the pocket (atomic 
efficiency). This polar stabilization complements the 
massive van der Waals contribution of the steroid frac-
tion. Specifically, while stigmasterol rigidifies the inner 
hydrophobic subpockets (RMSF < 0.15 nm), hibiscetin-
3-glucoside enhances the bioavailability of these lipo-
philic leads by acting as a high-efficiency natural sur-
factant. Secondly, it acts as a competitive inhibitor by 
mimicking the natural substrate of α-glucosidase, 
tricking the enzyme into binding to it rather than to 
starch. Another example illustrating structural econ-
omy is the synergy between vanillic acid and stigmas-
terol. While stigmasterol blocks the main channel, va-
nillic acid fills the side-pockets, creating a multi-site 
blockade. Because vanillic acid is a small phenolic, it 
can fit into a narrow space that acarbose is too bulky to 
enter. Thus, the extract achieves complete blockade us-
ing two smaller, simpler molecules rather than a single 
massive, complex one. 
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CONCLUSION 

This study successfully characterized the anti-dia-
betic potential of A. manihot by bridging the gap be-
tween crude extract efficacy and molecular-level inter-
actions. Through the triangulation of experimental IC50 
data, 100 ns molecular dynamics simulations, and 
comparative analysis with existing literature, it estab-
lished a robust profile for A. manihot as a potent source 
of α-glucosidase inhibitors. The hibiscone-B and stig-
masterol were identified as high-affinity leads. Their 
biological efficiency (PR > 1.0), structural stability and 
flexibility, and their rigidification of the catalytic dyad 
(Asp442/Asp571) during 100 ns simulations confirm 
their role as the primary drivers of enzymatic block-
ade. The dual benchmarking found that the extract’s 
potency is not merely a function of individual constit-
uents but a result of a synergistic matrix that outper-
forms several pure phenolic standards. Furthermore, 
the complex metabolite profile—characterized by a 
strategic 4:1 ratio of glycoside surfactants to lipophilic 
leads—suggests a natural micellar delivery system that 
maintains lead bioavailability in aqueous environ-
ments. These findings position its constituent phyto-
chemicals as high-efficiency scaffolds for the develop-
ment of next-generation, non-sugar-based α-glucosi-
dase inhibitors. Ultimately, the 2.34-fold potency gap 
between the crude extract and the pure drug acarbose 
underscores the A. manihot viability as a source for 
standardized phytomedicines. The implication of the 
finding that a crude extract outperforms pure 
(phyto)chemicals shifts the focus from single-molecule 
drugs to standardized-extract therapies. Future studies 
should focus on the in vivo pharmacokinetic validation 
of these prioritized leads to confirm their systemic effi-
cacy. 
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