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Abstract: Diabetes mellitus remains a global health chal-
lenge, necessitating novel therapeutic strategies to manage
postprandial hyperglycemia. Inhibition of carbohydrate-
hydrolyzing enzymes represents a key approach. This study
investigates the inhibitory potential of phytochemicals from
Combretum fragrans, a Cameroonian medicinal plant
traditionally used for diabetes, against these enzymes. Five
triterpenoids fragransinic acid (1), betulin (2), betulinic acid
(3), bellericagenin B (4), and a mixture of S-sitosterol (5) and
stigmasterol (6) were evaluated via molecular docking using
HYBRID and FRED protocols. The crystal structures of
a-amylase (PDB ID: 1B2Y) and a-glucosidase (PDB ID: 2QM])
were prepared, and acarbose served as a reference
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inhibitor. Docking validation confirmed the reliability of the
protocols (RMSD <2 A). Compounds 1and 4 exhibited notable
binding affinities, with HYBRID scores of —5.6 and —3.7 kcal/
mol for a-glucosidase, and —-8.1 and -7.3kcal/mol for
a-amylase, respectively. Key interactions included hydrogen
bonds with catalytic residues (ASP443, THR205) and exten-
sive Pi-alkyl interactions with aromatic residues (TYR299,
TRP539, PHE575). All the compounds demonstrated selective
binding modes, suggesting competitive inhibition. This study
highlights the potential of C. fragrans triterpenoids as
a-amylase and a-glucosidase inhibitors, providing a struc-
tural basis for further phytochemical optimization in anti-
diabetic drug discovery.

Keywords: diabetes; hyperglycemia; triterpenoids; enzy-
matic inhibition

1 Introduction

Nowadays, diabetes mellitus (DM) remains among the most
debatable public health issues in the whole world. It is a
metabolic disorder caused by lower secretion of insulin by
pancreatic S-cells, or poor responses of organs to insulin [1,
2] leading to hyperglycemia, glycosuria, and sometimes
ketonemia [3]. At long term, complications of DM include
retinopathy, neuropathy, and microangiopathy [4]. Control
of hyperglycemic condition through the inhibition of
a-amylase and a-glucosidase, two carbohydrate hydrolyzing
enzymes, remains one of the best strategies for the treat-
ment of DM. Indeed, the inhibition of those enzymes leads to
the decrease of the starch hydrolysis rate and, therefore,
prevents a sudden surge in glucose, thereby lowering post-
prandial hyperglycemia [4, 5]. Medicinal plants are an
alternative to oral hypoglycemic medication such as acar-
bose, metformin, sulfonylureas, thiazolidinediones, bigua-
nides, meglitinides, and dipeptidyl peptidase-IV inhibitors,
due to their low toxicity, specificity, target affinity, and
abundance [6, 7].
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Combretum fragrans F. Hoffm is among one of the
antidiabetic herbs used by traditional healers in the Far
North Region of Cameroon. It belongs to Combretum genus, a
genus of about 250 plant species and considered as the
richest genus of the Combretaceae family. A number of
Combretum species are used for the treatment of several
types of diseases, among which mental problems, microbial
infections, snake and scorpion bites, fever, heart problems,
and worm remedies [8]. Apart from diabetes mellitus,
C. fragrans is also used to treat hypertension, inflammation,
syphilis, leprosy, diarrhea, incurable wound, malaria, septic
wounds, coughs, fungal infection of the scalp, gonorrhea,
and snake bite [9-12]. To the best of our knowledge, till date,
there are no reports on scientific validation of the traditional
claim of this plant against diabetes mellitus. Recently, our
previous study on the crude methanolic extract of the stem
bark of this plant led to the isolation of fragransinic acid (1),
betulin (2), betulinic acid (3), bellericagenin B (4), and a
mixture of S-sitosterol (5) and stigmasterol (6). The present
study aims to establish a structure-activity of those previous
isolated compounds against a-glucosidase and a-amylase
activity compared to acarbose, a known inhibitor of these
enzymes. Molecular docking was then performed to predict
the binding model of these compounds to the 3D structure of
both enzymes, a-glucosidase and a-amylase.

2 Materials and methods

2.1 Plant material collection, extraction, and
compound isolation

The stem barks of C. fragrans F. Hoffm collected in May 2017
in the North Region of Cameroon, precisely at Padarmé in
the Bibémi subdivision, were identified at the National
Herbarium of Cameroon (39753/HNC).

Extraction and compounds isolation were done ac-
cording to our previous report study [9]. Indeed 1kg of
powdered stem bark of C. fragrans was macerated in MeOH
(3L) for 48 H. The macerate was further filtrated and evap-
orated under reduced pressure on rotary evaporator to
afford a brown dark crude extract. The operation has been
repeated three times, leading 40 g of crude MeOH extract.
About 30 g of this extract was separated by successive col-
umn chromatography on silica gel using hexane—EtOAc (1:0-
0:1) and EtOAc-MeOH (1:0-0:1) as eluent. This led to the
isolation of fragransinic acid (1), betulin (2), betulinic acid
(3), bellericagenin B (4), and a mixture of S-sitosterol (5) and
stigmasterol (6) (Figure 1) [9].
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2.2 Selection and preparation of target
protein structures

The crystal structures of a-amylase (PDB ID: 1B2Y) and
a-glucosidase (PDB ID: 2QM]) were retrieved from the RCSB
Protein Data Bank. The structures were then prepared for
molecular modeling studies using Discovery Studio Client
software. Prior to molecular docking, water molecules and
nonprotein residues were removed from the protein struc-
tures to improve computational efficiency and focus on the
protein core. The electrostatic potential of the protein
structures was improved by assigning appropriate partial
charges to each atom. This was done using a force field—
based approach that considers the atomic types, bond
lengths, and angles. Hydrogen atoms were added to the
protein structures to complete their chemical structures.
This was necessary for accurate protein-ligand interactions
and to ensure that the structures were consistent with the
atomic coordinates provided in the crystal structure files.
Acarbose, a cocrystal ligand of both selected protein
a-amylase and a-glucosidase, was utilized. Acarbose is a
potent inhibitor of a-amylases and is, therefore, considered a
good candidate for validating and defining the active site
residues. The active sites were delineated based on the
interaction regions with acarbose, focusing on residues
within a 10 A radius of the ligand. This was done using the
Make Receptor tool in OpenEye Scientific Software, which
automatically identifies and selects residues based on their
proximity to the ligand.

2.3 Selection and preparation of compounds
from Combretum fragrans for molecular
docking

A total of five compounds were selected from C. fragrans for
molecular docking as potential inhibitors against alpha
amylase and alpha glucosidase. These compounds under-
went prerequisite ligand preparation prior to molecular
docking. FRED and HYBRD require a set of input conformers
for each compound. Prerequisite multiconformer genera-
tion of the compound library was performed using the
OMEGA tool in OpenEye Scientific Software. OMEGA gen-
erates energy-minimized molecular structures, including
their tautomers, ionization states, ring conformations, and
stereoisomers, to produce a broad range of chemical and
structural diversity from a single input structure. Therefore,
we utilized all of OMEGA’s functionalities to prepare our
dataset for subsequent molecular docking simulations.
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2.4 Validation of molecular docking protocol

Prior to docking of all compounds within the active site of
a-amylase and a-glucosidase, the molecular docking protocol
was optimized using the cocrystallized ligand acarbose. To
validate the docking protein, the bound acarbose was
extracted and redocked within the a-amylase and
a-glucosidase targets. Two different molecular docking ap-
proaches, FRED and HYBRID, implemented in OpenEye Sci-
entific Software, were used to optimize subsequent virtual
screening conditions.

2.5 Molecular docking protocol

After generating prerequisite compound structures from
C. fragrans and preparing the target enzyme structures (a-
amylase and a-glucosidase), virtual screening was per-
formed to determine the putative binding interactions of
the compounds with each target enzyme. Based on the
validation of the molecule docking protocol in the previous
step, HYBRID v 3.2.0.2 from OpenEye Scientific Software
was used to perform the virtual screening of the com-
pounds with a-amylase and a-glucosidase. HYBRID’s
default parameters were used for the docking calculation of
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Figure 1: Structures of triterpenoids identified
in C. fragrans.

all compounds within the active sites of a-amylase and
a-glucosidase. HYBRID generated 10 poses for each com-
pound, and the pose with the lowest HYBRID chemguass4
score was selected for further analysis. Binding in-
teractions of the best-docked poses were visualized using
Discovery Studio v16.0.

2.6 In silico pharmacokinetic and toxicity
prediction

Pharmacokinetic and toxicity properties of the compounds
(1-4, and 6) were predicted using DataWarrior software.
The in silico analysis focused on key molecular descriptors
and prediction models inherent to the DataWarrior plat-
form. The properties calculated include molecular weight
(g/mol), theoretical partition coefficient (cLogP), theoretical
aqueous solubility (cLogS), counts of hydrogen bond ac-
ceptors (H-Acceptors) and donors (H-Donors), polar surface
area (PSA in A%, and drug-likeness score. Additionally, po-
tential toxicity profiles, including mutagenicity, tumorige-
nicity, and reproductive effectiveness, were assessed
through predictive models within DataWarrior. It is
important to note that these predictions serve as pre-
liminary indicators.
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3 Results
3.1 Compounds isolation

Compounds isolation from the stem barks methanol crude
extract of C. fragrans F. Hoffm led to the isolation of four
pure compounds belonging to the family of triterpenoids
and a mixture of steroids. Structural elucidation of those
compounds was done using extensive NMR 1 & 2D data and
MS data analysis coupled with the comparison of these
spectroscopic data with those reported in the literature.
Thus, among triterpenoids, fragransinic acid (1) [9], betulin
(2) [13], betulinic acid (3) [14], and bellericagenin B (4) [15]
have been identified. At the same time, the mixture has been
identified as p-sitosterol (5) and stigmasterol (6) [16]. The
structures of these compounds are presented in Figure 1.

3.2 Docking study

The molecular docking protocol was validated by redocking
the cocrystallized ligand acarbose into the active sites of
a-amylase and a-glucosidase. The validation results showed
that both FRED and HYBRID docking approaches are capable
of accurately docking acarbose into the active sites of these
enzymes as shown in Figure 2. The docking protocols were
then used to screen five compounds from C. fragrans as
potential inhibitors of a-amylase and a-glucosidase. The
docking scores for each compound were ranked, and the top-
scoring compounds were selected for further investigation
as shown in Table 1. The top-scoring compound from the
FRED and HYBRID docking simulation revealed very crucial
interaction within active site of a-amylase and a-glucosidase.
These results demonstrate that molecular docking can be a
valuable tool for identifying potential inhibitors of
a-amylase and a-glucosidase. The docking results also
revealed some insights into the binding modes of the com-
pounds with the target enzymes. These findings suggest that
the five compounds from C. fragrans have the potential to be
developed into novel inhibitors of a-amylase and
a-glucosidase.

The results of this study (Figure 3) demonstrate that the
interaction of fragransinic acid (1) with the protein involves
a variety of noncovalent interactions, including carbon
hydrogen bonds, conventional hydrogen bonds, Pi-alkyl
interactions, and alkyl interactions (Table 2). These in-
teractions contribute to the stability and specificity of the
protein—-compound complex. The carbon hydrogen bonds
are likely important for stabilizing the interaction between
the protein and the compound. These bonds are formed
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Figure 2: Illustrates a comparison of the cocrystallized ligand binding
mode with the poses obtained using two different docking protocols,
HYBRID and FRED. The cocrystallized ligand, shown in cyan, occupies a
well-defined binding pocket within the active site of a-glucosidase. The
HYBRID docking pose, depicted in olive, closely resembles the cocrystal-
lized structure, while the FRED docking pose, depicted in golden, displays
some deviations.

Table 1: HYBRID and FRED docking scores of compounds 1-4, 6 and the
reference with the human pancreatic a-amylase (PDB ID: 1B2Y) and
a-glucosidase (PDB ID: 2QM)).

a-Glucosidase a-Amylase
Compound HYBRID FRED HYBRID FRED
code (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Fragransinic -5.6 -6.1 -8.1 -9.9
acid (1)
Betulin (2) -4.1 -4.9 -7.7 -9.0
Betulinic acid -5.2 -5.8 -85 -9.1
3)
Bellericagenin B -37 -4.7 -7.3 -83
(4)
Stigmasterol (6) -4.4 -6.6 -9.8 -11.4
Acarbose -11.21 -11.04
Resveratrol -8.8 -9.0 -8.4 -10.5
Quercetin -7.7 -8.6 -11.0 -11.5

between the carbonyl oxygen atom of the Asp443 residue
and the hydrogen atom of the Histidine58 residue of the
compound. Conventional hydrogen bonds are also likely
important for stabilizing the interaction between the protein
and the compound. These bonds are formed between the
oxygen atoms of the Thr205 and Asp443 residues and the
hydrogen atoms of the Aspartate443 and Histidine58 resi-
dues of the compound, respectively. The Pi-alkyl in-
teractions are likely important for increasing the specificity
of the interaction between the protein and the compound.
These interactions are formed between the aromatic rings of
the tyrosine residues (A:TYR299, A:TRP539, A:TRP441,
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A:TRP406, A:PHE575, A:HIS600) and the carbon atoms of the
alkyl groups of the compound (compound 1:C25 and com-
pound 1:C28). The alkyl interaction is likely important for
further stabilizing the interaction between the protein and
the compound. This interaction is formed between the
carbonyl carbon atom of the Ala576 residue and the methyl
carbon atom of the compound.

Table 3 reveals a diverse range of interactions between
a-amylase and bellericagenin B (4), encompassing Pi-alkyl
interactions, alkyl interactions, and conventional hydrogen
bonds. Pi-alkyl interactions emerge as the predominant
type, potentially playing a pivotal role in compound 4’s
binding to alpha amylase. While conventional hydrogen
bonds are less prevalent, they may still contribute to stabi-
lizing the complex.

Analysis of binding interaction between bellericagenin
B (4) and amino acid residue of a-amylase indicates that
three conventional hydrogen bonds between bellericagenin
B (4) and a-amylase. The interacting residues, ASP327 and
THR205, engage with compound 4’s atoms H38 and H39
moieties. Distances between interacting residues and moi-
eties fall within the expected range for hydrogen bonds.
Further analysis reveals that there are 13 Pi-alkyl in-
teractions between compound 4 and a-amylase. HIS600,
PHE450, PHE575, TRP406, and TYR299 serve as interacting
residues, while C32, C34, C29, and C32 constitute compound
4’s interacting moieties. The short distances between inter-
acting residues and moieties suggest strong interactions. The
average distance of approximately 4.9 A closely aligns with
the average distance for Pi—alkyl interactions. These Pi—alkyl
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interactions are likely to be crucial for compound 4’s binding
to a-amylase.

3.3 Results predicted pharmacokinetic and
toxicity properties

The predicted pharmacokinetic and toxicity properties for
the specified compound IDs are presented in Table 4.

The in silico analysis reveals several key insights into the
properties of these compounds. All five compounds (1-4, and
6) were predicted to have no mutagenic, tumorigenic, or
reproductive effective properties, indicating a favorable
preliminary toxicity profile in silico.

Molecular Weight and Lipophilicity: The molecular
weights of the compounds range from 414.715 g/mol (2, 6) to
520.704 g/mol (3). Most compounds, notably compounds 1, 2,
4, and 6, exhibit high cLogP values (ranging from 6.3706 to
7.8552). This suggests a high degree of lipophilicity, which
could impact their absorption and distribution within bio-
logical systems. Conversely, 3 displays a comparatively
lower cLogP (2.5067).

Aqueous Solubility and Drug-likeness: Consistent
with their high cLogP values, 1, 2, 4, and 6 show very low
predicted aqueous solubility (cLogS values ranging
from -6.278 to —6.669). Compound 3 demonstrates a slightly
higher, though still low, cLogS value of -4.316. The drug-
likeness scores vary among the compounds, with com-
pounds 1 and 4 having significantly negative scores (-21.49
and -23.933, respectively), while compounds 2, 3, and 6 have

Figure 3: Binding orientation and interactions of fragransinic acid (1) (left) and bellericagenin B (4) (right) within the active site of a-glucosidase.
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Table 2: Interaction ranges between a-glucosidase and fragransinic
acid (1).
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Table 3: Interaction ranges between a-amylase and bellericagenin B (4).

Types Distance Interacting Interacting moiety
Types Distance Interacting amino Interacting moi- amino acid of compound
acid residue ety of compound residue
Carbon hydrogen 2.37 A:ASP443:0D2 Fragransinic acid Conventional 1.66881 A: ASP327: OD1 Bellericagenin B (4):
bond (1): H58 hydrogen bond H38
Conventional 2.02 A:THR205:0G1 Fragransinic acid Conventional 1.66881 A: ASP327: OD1 Bellericagenin B (4):
hydrogen bond (1): HA1 hydrogen bond H38
Conventional 2.98 A:ASP443:0D1 Fragransinic acid Conventional 2.56928 A: THR205: OG1 Bellericagenin B (4):
hydrogen bond (1): H39 hydrogen bond H39
Conventional 2.64 A:ARG526:NH1 Fragransinic acid Conventional 2.56928 A: THR205: OG1 Bellericagenin B (4):
hydrogen bond (1): 024 hydrogen bond H39
Pi-alkyl 3.37 ATYR299 Fragransinicacid (1)  Conventional 2.56928 A: THR205: OG1 Bellericagenin B (4):
Pi-alky! 4.80 A:TYR299 Fragransinicacid (1)  hydrogen bond H39
Pi-alkyl 4.45 A:TRP539 Fragransinic acid Pi-alkyl 5.11725 A: PHE575 Bellericagenin B (4):
(1):C25 32
Pi-alkyl 4.66 A:TRP539 Fragransinic acid Pi-alkyl 4.97831 A: TRP406 Bellericagenin B (4)
(1): C25 Pi-alkyl 4.39044 A: TRP406 Bellericagenin B (4)
Pi-alkyl 5.27 A:TRP539 Fragransinic acid Pi-alkyl 5.43519 A: TRP406 Bellericagenin B (4)
(1): C28 Pi-alkyl 5.05513 A: TRP406 Bellericagenin B (4):
Pi-alkyl 4.35 A:TRP441 Fragransinic acid 24
(1): C25 Pi-alkyl 4.99893 A: TYR299 Bellericagenin B (4)
Pi-alkyl 5.12 ATRP441 Fragransinic acid Pi-alkyl 5.1208 A: TYR299 Bellericagenin B (4)
(1): C25 Pi-alkyl 4.57287 A: TYR299 Bellericagenin B
Pi-alkyl 4.20 A:TRP406 Fragransinic acid (4):C32
(1): C29 Alkyl 5.39377 A: MET444 Bellericagenin B (4)
Pi-alkyl 5.12 A:TRP406 Fragransinicacid (1)  Alkyl 4.1478 A: LYS480 Bellericagenin B
Pi-alkyl 3.50 A:PHE575 Fragransinic acid (4):C35
(1): C28
Pi-alkyl 4.26 A:PHE575 Fragransinic acid (1)
Pi-alkyl 5.01 A:PHE575 Fragransinic acid (1)
Pi-alky! 549 A:PHES75 Fragransinicacid (1) - potential cardiotoxicity via the hERG potassium channel
Pi-alkyl 4.28 AHIS600 (F;;gcr:gs'nlc acid (Pred-hERG) revealed that the majority of tested com-
Pi-alkyl 456 AHIS600 Fragransinic acid (1) pounds - fragransinic acid (1), betulin (2), bellericagenin B
Pi-alkyl 5.07 A'HIS600 Fragransinic acid (4), stigmasterol (6), and the reference acarbose were pre-
(1): C28 dicted to be nonblockers. Notably, betulin (2) was predicted
Alkyl 3.50 A:ALAS76 Fragransinic acid as a nonblocker with very high confidence (99.65 %), and this
(n: €22 specific prediction fell inside the applicability domain (AD).
The only compound predicted to be a blocker was betulinic
acid (3), although this prediction had lower confidence
(60.8 %) and was outside the AD. These predictive toxicity
scores closer to zero (-4.475, -3.4819, and -4.475, results complement the docking study by addressing critical

respectively).

Hydrogen Bonding and Polar Surface Area: Com-
pounds 2 and 6 are characterized by a single hydrogen bond
acceptor and donor, and a very low polar surface area (PSA)
0f20.23 A2 In contrast, 3 has the highest number of hydrogen
bond acceptors (7) and donors (6), alongside the largest PSA
(138.45 A%, suggesting a more polar character.

To address the selectivity and possible off-target effects
for therapeutic development, we performed a comprehen-
sive computational assessment of the general toxicity profile
and cardiotoxicity risk associated with the isolated com-
pounds. This analysis, summarized in Table 5, assessing

safety considerations, highlighting that most C. fragrans
compounds possess a potentially acceptable initial safety
window for further investigation.

4 Discussion

This section aims to interpret the molecular docking results,
elucidate the underlying binding mechanisms, evaluate the
predicted pharmacokinetic and toxicity profiles, and
contextualize these findings within existing literature and
the traditional medicinal uses of C. fragrans. It also
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Table 4: Predicted pharmacokinetic and toxicity properties of compounds.
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Compounds MW cLogP clLogS H-acceptors H-donors PSA Drug- Mutagenic Tumorigenic Reproductive
id (g/mol) (A2 likeness effective

1 456.708 6.3706 -6.278 3 2 57.53 —-21.49 None None None

2 414.715 7.8552 -6.669 1 1 20.23 -4.475 None None None

3 520.704 2.5067 -4.316 7 6 13845 -3.4819 None None None

4 442725 6.7202 -6.296 2 2 40.46 —-23.933 None None None

6 412.715 7.8552 -6.669 1 1 20.23 —-4.475 None None None

Table 5: Summary of in silico toxicity and Pred-hERG prediction assessment.

Compounds Fragransinic acid (1) Betulin (2) Betulinic acid (3) Bellericagenin B (4) Stigmasterol (6)
MW (g/mol) 456.708 442.725 520.704 456.708 414.715
Pred-hERG prediction Nonblocker Nonblocker Blocker Nonblocker Nonblocker
Prediction confidence (%) 98.78 99.65 60.8 93.61 92.55
Applicability domain (AD) status Outside Inside Outside Outside Outside
Categorical potency Weak blocker Weak blocker Moderate blocker Weak blocker Nonblocker
Mutagenic None None None None None
Tumorigenic None None None None None
Reproductive effective None None None None None

addresses the limitations inherent to a purely in silico study
and outlines crucial avenues for future research.

4.1 Interpretation of molecular docking
results and binding affinities

The molecular docking simulations provide valuable pre-
liminary insights into the potential inhibitory mechanisms
of the isolated C. fragrans compounds against a-amylase and
a-glucosidase. The rigorous validation of both FRED and
HYBRID docking protocols, indicated by a Root Mean Square
Deviation (RMSD) value of less than 2A for acarbose
redocking, confirms the reliability of these methods for
accurately predicting ligand binding poses within the
enzyme active sites. This suggests that the predicted binding
modes for the C. fragrans compounds are likely to be
representative of their actual interactions.

While the isolated triterpenoids and sterol mixture
(fragransinic acid (1), betulin (2), betulinic acid (3), beller-
icagenin B (4), and stigmasterol (6)) generally exhibited
higher (less favorable) docking scores compared to the
reference inhibitor acarbose against both a-glucosidase and
a-amylase, their observed binding affinities still warrant
investigation. Acarbose, a well-established potent inhibitor
of these carbohydrate-hydrolyzing enzymes, consistently
showed significantly lower (more favorable) docking scores

(e.g., —11.21kcal/mol with HYBRID for a-glucosidase and
a-amylase). This disparity highlights acarbose’s stronger
predicted binding, likely attributable to its optimized struc-
tural characteristics for potent enzyme inhibition.

However, specific C. fragrans compounds demonstrated
noteworthy predicted binding affinities. Fragransinic acid
(1) consistently showed the most favorable docking scores
among the isolated compounds against a-glucosidase
(-5.6 kcal/mol HYBRID, -6.1kcal/mol FRED), suggesting its
particular inhibitory potential for this enzyme. For
a-amylase, stigmasterol (6) exhibited the strongest predicted
binding (-9.8 kcal/mol HYBRID, -11.4kcal/mol FRED),
closely followed by betulinic acid (3). These findings imply
varying degrees of inhibitory potential and selectivity to-
ward one enzyme over the other among the tested com-
pounds. The observation that these compounds
demonstrated selective binding modes, despite having
weaker affinities than acarbose, suggests their potential for
competitive inhibition.

It is crucial to acknowledge that this study is entirely
computational (in silico) and lacks experimental validation,
such as in vitro enzyme inhibition assays or cytotoxicity
tests, which would be essential to fully confirm the biological
efficacy of the compounds and validate these predicted
binding affinities. Furthermore, while docking scores offer
an indication of binding strength, the statistical significance
of these values was not quantitatively analyzed in this study,
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representing a limitation. Future research could signifi-
cantly benefit from including comparisons with other
known natural inhibitors (e.g., flavonoids, polyphenols) to
provide a broader context for the relative efficacy of the
compounds from C. fragrans.

4.2 Detailed analysis of binding interactions

The detailed analysis of the best-docked poses provides a
molecular-level understanding of how C. fragrans com-
pounds interact with the active sites of a-glucosidase and
a-amylase, which is fundamental to their predicted inhibi-
tory mechanisms.

Fragransinic acid (1) with a-glucosidase: The bind-
ing of fragransinic acid (1) to a-glucosidase involves a com-
plex and diverse array of noncovalent interactions,
including conventional hydrogen bonds, carbon hydrogen
bonds, Pi-alkyl interactions, and alkyl interactions. Con-
ventional hydrogen bonds were observed with key active
site residues, notably A:THR205 (2.02A) and A:ASP443
(2.98 &), which are critical for stabilizing the protein—com-
pound complex. The interaction with A:ARG526 (2.64 A) also
contributed to hydrogen bonding. The involvement of
A:ASP443 is particularly significant, as it is a conserved cat-
alytic residue in a-glucosidase, implying a direct interfer-
ence with enzyme function. A carbon hydrogen bond was
identified at 2.37 A between the carbonyl oxygen of A:ASP443
and a hydrogen atom of fragransinic acid (1) (H58), further
stabilizing the interaction. Extensive Pi-alkyl interactions
were a prominent feature, involving the aromatic rings of
residues such as A:TYR299, A:TRP539, A:TRP441, A:TRP406,
A:PHE575, and A:HIS600. These interactions, involving the
alkyl groups of fragransinic acid (1) (C25, C28, C29), are
crucial for increasing binding specificity and underscore the
prominence of hydrophobic interactions within the binding
pocket. An alkyl interaction at 3.50 A between the carbonyl
carbon of A:ALA576 and the methyl carbon (C22) of fra-
gransinic acid (1) also contributed to stability. These multi-
modal interactions collectively contribute to the stability
and specificity of the fragransinic acid (1)-a-glucosidase
complex. The visual representation of these intricate bind-
ing orientations and interactions is provided in Figure 3.

Bellericagenin B (4) with a-amylase: Bellericagenin B
(4) interacted with a-amylase through a combination of Pi—
alkyl interactions, alkyl interactions, and conventional
hydrogen bonds. Conventional hydrogen bonds were
observed with A:ASP327 (1.668814) and A:THR205
(2.56928 A). The interaction with THR205 is noteworthy, as it
is a conserved residue in a-amylase, further supporting the
potential for competitive inhibition. Pi-alkyl interactions
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emerged as the predominant type and appear to be crucial
for binding. These involved residues such as A:PHE575,
A:TRP406, A:TYR299, A:HIS600, and A:PHE450. With an
average distance of approximately 4.9 A, these interactions
emphasize the significant role of hydrophobic contacts for
bellericagenin B (4)’s binding to a-amylase. Alkyl in-
teractions were identified with A:MET444 and A:LYS480
(involving C35 of compound 4).

The prevalence of hydrophobic interactions, particu-
larly Pi—alkyl interactions with aromatic residues, for both
fragransinic acid (1) and bellericagenin B (4), underscores
the significant role of the triterpenoid lipophilicity in facil-
itating enzyme binding. These specific binding modes,
characterized by hydrogen bonds with catalytic/conserved
residues and extensive hydrophobic contacts, suggest that
these compounds may act as competitive inhibitors by
directly interfering with substrate binding within the
enzyme active site.

4.3 Predicted pharmacokinetic (ADME)
properties and toxicity profiles

The in silico prediction of ADME (Absorption, Distribution,
Metabolism, and Excretion) properties and toxicity profiles
offers a preliminary, yet critical, assessment of the potential
drug-likeness and safety of the isolated compounds.

Molecular Weight (MW): The compounds range from
414.715 g/mol (betulin (2), stigmasterol (6)) to 520.704 g/mol
(betulinic acid (3)). While some compounds are within the
common range for orally active drugs (typically below 500 g/
mol), betulinic acid (3) is slightly above, which could poten-
tially impact oral bioavailability.

Lipophilicity (cLogP): Most compounds, including betu-
lin (2) and stigmasterol (6) (cLogP = 7.8552), fragransinic acid
(1) (cLogP = 6.3706), and bellericagenin B (4) (cLogP = 6.7202),
are predicted to be highly lipophilic. While this character-
istic can facilitate membrane permeability, excessive lip-
ophilicity might lead to issues such as poor aqueous
solubility and nonspecific binding, posing challenges for
pharmaceutical development. Betulinic acid (3) presents as
comparatively less lipophilic with a cLogP of 2.5067.

Aqueous Solubility (cLogS): Directly correlating with
their high lipophilicity, the compounds generally exhibited
low predicted aqueous solubility, with cLogS values ranging
from —-4.316 (betulinic acid (3)) to —6.669 (betulin (2), stig-
masterol (6)). Low solubility is a well-known major hurdle
for drug absorption and formulation.

Hydrogen Bonding Capabilities: The number of
hydrogen bond acceptors (1-7) and donors (1-6) varies
among the compounds. Betulinic acid (3) notably possesses
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the highest counts (7 H-Acceptors, 6 H-Donors), contributing
to its higher polar surface area.

Polar Surface Area (PSA): Values ranged from 20.23 A
(betulin (2), stigmasterol (6)) to 138.45 A? (betulinic acid (3)).
PSA is an important descriptor inversely correlated with
passive drug absorption across biological membranes.
Values typically below 140 A? are desirable for good oral
absorption, suggesting that most compounds might possess
reasonable permeability, though betulinic acid (3)’s higher
PSA could imply poorer permeability.

Drug-likeness Score: The drug-likeness scores varied
widely, from -3.4819 (betulinic acid (3)) to —23.933 (beller-
icagenin B (4)). These scores suggest that while betulinic acid
(3) is somewhat “drug-like,” others, particularly beller-
icagenin B (4) and fragransinic acid (1), might deviate
significantly from established drug-like properties, which
could present challenges in their development as conven-
tional oral drugs.

Crucially, the in silico toxicity predictions for all tested
compounds (fragransinic acid (1), betulin (2), betulinic
acid (3), bellericagenin B (4), and stigmasterol (6))
consistently indicated “none” for mutagenicity, tumori-
genicity, and reproductive effectiveness. This is a highly
positive preliminary indication regarding their safety
profile as potential therapeutic agents. However, it is
paramount to emphasize that these are purely computa-
tional predictions and necessitate extensive experimental
validation through rigorous in vitro and in vivo studies to
definitively confirm their safety and pharmacokinetic
behavior.

4.4 Comparison with existing literature and
future directions

This study represents a significant step in the scientific
validation of the traditional claim of C. fragrans as an anti-
diabetic agent, specifically through the in silico elucidation
of its phytochemicals’ inhibitory mechanisms against
a-amylase and a-glucosidase. C. fragrans has a well-
documented history of traditional uses in Cameroon for
various ailments, including diabetes, hypertension, inflam-
mation, and microbial infections. The isolation of fra-
gransinic acid (1), betulin (2), betulinic acid (3),
bellericagenin B (4), and a mixture of f-sitosterol (5) and
stigmasterol (6) from this plant has been previously reported
[9]. Apart from compounds 1 and 4, recent research had
explored the other four isolated compounds for their anti-
diabetic properties using not only in vitro models but also in
silico and in vivo models [17-22]. These studies have shown
that betulin (2), betulinic acid (3), B-sitosterol (5), and

J.N. Nyemb et al.: Antidiabetic activity of Combretum fragrans —— 9

stigmasterol (6) have shown potential as an a-amylase and
a-glucosidase inhibitor, suggesting their possible use in
managing type 2 diabetes. In silico studies indicate that those
compounds bind effectively to both enzymes, potentially
hindering their ability to break down carbohydrates and
raise blood glucose levels.

B-Sitosterol improves glycemic control through activa-
tion of IR and GLUT4 in the adipose tissue of high fat and
sucrose-induced type-2 diabetic rats [17]. Rathinavelusamy
et al. [18] performed in silico studies between a-amylase
(HPA) and S-sitosterol. The study studies showed the potent
inhibition of B-sitosterol on human pancreatic amylase
(HPA) with an estimated inhibition constant (Ki) of
269.35nmol and two hydrogen bond interactions. The mo-
lecular modeling results undoubtedly revealed fS-sitosterol
as a potential inhibitor of HPA in comparison with acarbose.
Another molecular docking study using AutoDock Vina
(PyRx) and SeeSAR tools identified S-sitosterol as an effective
a-amylase inhibitory compound. Among the analyzed 15
phytochemicals, B-sitosterol demonstrated the most appre-
ciable binding energy (-9.0 kcal/mol) and is comparatively
higher than acarbose (-7.6 kcal/mol) (Ravi et al. 2024). In
vitro enzyme inhibition and kinetics studies along with
glucose uptake revealed potent antidiabetic property of
stigmasterol with a competitive inhibition against a-amylase
and a mixed inhibition against a-glucosidase [19]. In the
same study, in silico studies and the analysis of docking
scores of protein-ligand interaction binding studies
confirmed this reactivity of stigmasterol toward these two
enzymes. Moreover, ADME properties reveal suitability of
stigmasterol, indicating its potential as a drug candidate for
further investigation [19]. The study of Lolok and collabo-
rators [20] that aimed to study the complex stability of stig-
masterol and B-sitosterol toward a-amylase and
a-glucosidase by employing molecular dynamics simula-
tion showed that the affinity of S-sitosterol and stigmasterol
to both enzymes, in terms of the total binding energy, is
stronger than that of acarbose, the complexes of stigmas-
terol/a-amylase and stigmasterol/a-glucosidase being more
stable than the one made by acarbose [20]. Betulin and
betulinic acid also demonstrated in vitro and in silico
inhibitory effects on a-amylase and a-glucosidase [19, 23, 24].
The ability of betulinic acid to bind with the active cavity of
a-glucosidase and thereby prevent the access of the sub-
strate has been demonstrated by molecular docking studies
[21, 25].

This study builds upon that foundational work by
investigating the molecular interactions of these specific
compounds (with particular emphasis on fragransinic acid
(1) and bellericagenin B (4)) with key enzymatic targets
relevant to diabetes management.
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The findings, particularly the notable binding affinities
of fragransinic acid (1) and bellericagenin B (4) against
a-glucosidase and a-amylase, respectively, coupled with
their detailed interaction profiles, provide a strong struc-
tural basis for understanding their potential antidiabetic
activity. While the compounds exhibited lower docking
scores than the widely used antidiabetic drug acarbose, their
interactions with conserved catalytic and noncatalytic resi-
dues (e.g., ASP443 in a-glucosidase; THR205 in a-amylase)
strongly suggest their potential for competitive inhibition.
The observed prominence of hydrophobic interactions,
particularly Pi-alkyl interactions with aromatic residues,
further underscores the significant role of the inherent tri-
terpenoid lipophilicity in facilitating enzyme binding.

Despite these promising in silico results, the primary
limitation of this study is its reliance solely on computational
methods, without experimental validation. Given the limited
quantity of isolated compounds, this study should, therefore,
be considered as a preliminary computational investigation
aimed at identifying the most promising candidates and
guiding future in vitro validation. To advance these com-
pounds toward preclinical evaluation for diabetes therapy,
future work is essential and has been planned to perform the
in vitro validation by conducting enzyme inhibition assays
and cytotoxicity tests to experimentally confirm the pre-
dicted biological efficacy and safety profile of these
compounds.

The present study provides a solid foundational under-
standing and a structural basis for further phytochemical
optimization in antidiabetic drug discovery, particularly
from natural sources like C. fragrans.

5 Conclusions

This in silico study elucidates the inhibitory mechanisms of
C. fragrans triterpenocids against a-amylase and
a-glucosidase, enzymes critical in postprandial hyperglyce-
mia management. Molecular docking revealed that fra-
gransinic acid (1) and bellericagenin B (4) engage with
catalytic and noncatalytic residues through hydrogen bonds
and Pi-alkyl interactions, mimicking acarbose’s binding
mode but with distinct affinity profiles. While the com-
pounds exhibited lower docking scores than acarbose, their
interactions with conserved residues (e.g., ASP443 in
a-glucosidase; THR205 in a-amylase) suggest competitive
inhibition potential. The prominence of hydrophobic in-
teractions, particularly with aromatic residues, underscores
the role of triterpenoid lipophilicity in enzyme binding. It is
important to remind that this study represents a preliminary
computational investigation intended to identify promising
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candidates and guide future experimental validation. These
findings validate traditional claims of C. fragrans as an
antidiabetic agent and emphasize its phytochemicals
as promising scaffolds for developing natural enzyme
inhibitors. Future work should prioritize in vitro valida-
tion, pharmacokinetic studies, and structural derivatiza-
tion to enhance potency and selectivity, advancing these
compounds toward preclinical evaluation for diabetes
therapy.
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