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3-benzyloxyflavones as b-glucosidase inhibitors:
in vitro, in vivo, kinetic, SAR and computational
studies†

Nafeesa Naeem and Ehsan Ullah Mughal *

In this study, a series of 3-benzyloxyflavone derivatives (1–10) was designed and, for the first time, evaluated

for both in vitro and in vivo inhibitory activity against the b-glucosidase enzyme. The enzyme inhibitory

potential of these derivatives was further assessed in an antihyperglycemic context using in vivo

mechanism-based assays on p-nitrophenyl-b-D-glucopyranoside (PGLT) induced diabetic models.

Additionally, structure–activity relationship (SAR) was employed to identify structural features crucial for

activity. Molecular docking analyses revealed that both the potent compounds and co-crystallized

ligands shared similar binding orientations within the active sites of b-glucosidase (PDB IDs: 3AJ7; 66K1).

Molecular dynamics (MD) simulations validated the stability of the inhibitor–enzyme complexes under

physiological conditions, while density functional theory (DFT) calculations helped elucidate electronic

properties critical for activity. Drug-likeness analysis was also conducted to assess the pharmacokinetic

potential of the derivatives. The results highlighted several derivatives with significant inhibitory activity,

desirable pharmacokinetic profiles, and promising drug-like properties, making them potential

candidates for therapeutic development. The target derivatives (1–10) demonstrated strong potential as

lead compounds for developing new anti-diabetic agents with effective anti-hyperglycemic properties.
1. Introduction

b-Glucosidase is an essential enzyme involved in the hydrolysis
of b-glycosidic bonds in b-D-glucosides, oligosaccharides, and
other complex carbohydrates, leading to the release of glucose
and other monosaccharides.1 This enzyme plays a pivotal role in
biological processes like cellulose degradation, where it aids in
breaking down cellobiose into glucose, which is essential for
energy production in microorganisms.2 Additionally, b-gluco-
sidase is crucial in the metabolism of glycosides in plants and
mammals, contributing to defense mechanisms and lysosomal
degradation, respectively.3 The deciency of b-glucosidase in
humans is linked to lysosomal storage disorders such as
Gaucher's disease, highlighting its clinical importance.4

In microorganisms, especially fungi, and bacteria, b-gluco-
sidase is an important component of the cellulolytic enzyme
system, facilitating the complete saccharication of cellulose by
converting cellobiose into glucose.5,6 In plants, the enzyme
contributes to defense mechanisms, as it helps in the release of
bioactive compounds from glycosides in response to external
t, Gujrat-50700, Pakistan. E-mail: ehsan.

tion (ESI) available. See DOI:
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stress or pathogen attack.7–9 In mammals, b-glucosidase plays
a role in the lysosomal degradation of glycosphingolipids, with
its deciency leading to disorders such as Gaucher's disease.4,10

In industrial biotechnology, b-glucosidase has attained
signicant attention due to its role in biofuel production,
particularly in the enzymatic breakdown of lignocellulosic
biomass.11 Its ability to enhance the saccharication process by
hydrolyzing cellobiose into glucose has made it a key target in
optimizing bioethanol production.6,12 Additionally, b-glucosi-
dase plays a critical role in the food and beverage industry,
where it helps release avor-enhancing compounds from
glycosides in fruits and wines.13,14

Flavonoids, as naturally occurring polyphenolic structures,
have drawn extensive interest in scientic research due to their
wide-ranging biological activities, including antioxidant, anti-
inammatory, anticancer, and enzyme-inhibitory
properties.15–22 3-O-Benzylavonol, commonly known as 3-ben-
zyloxyavone (Fig. 1), represents a prominent subclass within
the broader category of avonoid compounds, characterized by
the substitution of a benzyloxy group at the third position of the
avonol core. These are one of the pharmacologically active
synthetic derivatives of avonols.23,24 The structural modica-
tion in 3-benzyloxyavone not only enhances its hydrophobic
nature but also confers unique molecular interactions that have
been linked to increased biological efficacy.25–27 This
© 2025 The Author(s). Published by the Royal Society of Chemistry
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modication impacts its pharmacokinetic prole, remarkably
improving cellular permeability and enzyme-binding
affinity.28,29 Recent research highlights the compound's
enhanced interaction with hydrophobic enzyme active sites,
particularly glycosidases like b-glucosidase, making it a prom-
ising candidate for enzyme inhibition.30,31 The compound's
structural exibility and synthetic accessibility further support
its potential as a lead molecule for designing analogs with
optimized selectivity and biological efficacy.32,33

Research into b-glucosidase inhibition has gained impor-
tance, particularly in the context of discovering new therapeutic
agents for managing diseases such as type-2 diabetes and
Gaucher's disease.34,35 Traditional inhibitors like acarbose have
been effective in controlling glucose metabolism by inhibiting
glucosidases, but the search for more potent and selective
inhibitors continues.36–38 Recent studies have shown that
avonoids, including avones and their derivatives, exhibit
signicant inhibitory activity against b-glucosidase.39,40 These
compounds act by interacting with the active site of the enzyme,
preventing the hydrolysis of glucosidic substrates.41,42

Among avonoids, 3-benzyloxyavones have emerged as
promising candidates due to their unique structure–activity
relationship (SAR) that enhances their binding affinity to b-
glucosidase. Their ability to inhibit the enzyme has been
attributed to the presence of the benzyloxy group, which
enhances lipophilicity and facilitates interactions with hydro-
phobic regions of the enzyme's active site.43,44 These avones are
also being studied for their ability to modulate other biological
targets, expanding their therapeutic potential beyond enzyme
inhibition.45,46

Additionally, to the best of our knowledge, for the rst time,
this motif has been evaluated against b-glucosidase. Recent
advancements in computational docking studies, alongside in
vitro, and in vivo enzyme assays, have provided valuable insights
into the molecular interactions between 3-benzyloxyavones
and b-glucosidase. These studies have not only conrmed their
inhibitory potential but also provided a framework for opti-
mizing their structure for enhanced activity and selectivity. This
growing body of evidence suggests that 3-benzyloxyavones
could serve as promising leads for developing novel glucosidase
inhibitors with applications in both therapeutic and industrial
applications.
Fig. 1 Representative structure of 3-O-benzylflavonol or 3-
benzyloxyflavone.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Experimental section
2.1. General procedure for the synthesis of 3-
benzyloxyavones (1–10)

The 3-benzyloxyavones (1–10) were synthesized according to
the procedure outlined in our previously published literature.23
2.2. Enzyme inhibitory assay

2.2.1. In vitro b-glucosidase inhibitory assay. Compounds
(1–10) were evaluated for their inhibitory activity against b-
glucosidase, according to the procedure given in the literature.47,48

Test samples were prepared by combining 20 mL of b-glucosidase
(0.5 U mL−1), 120 mL of 0.1 M phosphate buffer at pH 6.9, and 10
mL of compounds (1–10) at varying concentrations. The reaction
mixtures were incubated in 96-well plates at 37 °C for 15minutes.
The enzymatic reaction was initiated by adding 20 mL of a 5 mM
solution of p-nitrophenyl-b-D-glucopyranoside prepared in 0.1 M
phosphate buffer (pH 6.9), followed by an additional incubation
at 37 °C for 15 minutes. The reaction was speed up by adding 80
mL of 0.2 M sodium carbonate. Absorbance was thenmeasured at
405 nm using a microplate reader. A sample-free reaction system
served as the positive control, while a blankwithout b-glucosidase
was included to correct for background absorbance. The inhibi-
tory activity was quantied as a percentage relative to a control
sample that did not contain any inhibitors (eqn (1)).

% inhibition ¼ absorbance of control� absorbance of sample

absorbance of control

� 100

(1)

2.2.2. In vivo b-glucosidase inhibitory assay. The in vivo b-
glucosidase inhibitory assay was conducted following the meth-
odology described in our previously published studies,7,48–50 with
the detailed experimental procedure provided in the ESI le.†
2.3. Kinetic assay

A kinetic study was carried out to evaluate the inhibition
mechanism of the most potent compounds 8 and 10 against b-
glucosidase using earlier methodology.48,51 For compound 8, 20
mL of enzyme solution (1 U mL−1) was incubated at 37 °C with
varying concentrations of the inhibitor (0, 55, 75, and 95 mM).
The reaction was initiated by adding p-nitrophenyl-b-D-gluco-
pyranoside (PGLT) (1–4 mM) as the substrate, and absorbance
changes were monitored at 405 nm for 20 minutes. Lineweaver–
Burk plots were used to identify the mode of inhibition, and the
Michaelis–Menten constant (Km) and inhibition constant (Ki)
were calculated. Additionally, compound 10 was examined
under the same conditions at inhibitor concentrations of 0, 30,
50, and 75 mM, with absorbance recorded over 20 minutes using
a Gen5 PowerWave XS2 spectrophotometer (BioTek, USA).
2.4. Computational studies

2.4.1. Molecular docking analysis. The molecular docking
assay was carried out following the methodology described in
RSC Adv., 2025, 15, 10484–10500 | 10485
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our previous literature,52–54 with the detailed procedure
provided in the ESI le.† The anti-diabetic medication acarbose
serves as a reference compound when the compounds are
molecularly docked. Table 6 lists the ligands found in proteins
along with their resolution, year, and organism. Table S1 in the
ESI le† provides detailed data on the MolDock score, the
number of hydrogen bonds, the compound names and cate-
gories, bond types, interaction distances, and the amino acid
residues involved in hydrogen bonding.

2.4.2. MD simulation. To assess the stability of the protein–
ligand complex, a 100 ns molecular dynamics (MD) simulation
was performed. The system was solvated in a periodic cubic box
with a 10 Å buffer zone lled with TIP3P water molecules.55

Sodium (Na+) and chloride (Cl−) ions were added to neutralize
the system. Energy minimization was carried out using the
steepest descent algorithm for 5000 steps to eliminate steric
clashes following system neutralization. Post-minimization, the
system underwent equilibration in two phases: 50 000 steps
under the NVT ensemble and 100 000 steps under the NPT
ensemble at 310 K.56 The Berendsen thermostat and Parrinello–
Rahman barostat were employed to maintain a constant
temperature (310 K) and pressure (1 atm). Relaxation of the
system was achieved with time constants (sP) of 2.0 ps for
pressure and (sT) of 0.1 ps for temperature. The LINCS algo-
rithm was used to constrain hydrogen bond lengths to their
equilibrium positions,57 while the Verlet algorithm calculated
non-bonded interactions.58 Long-range electrostatic interac-
tions were computed using the Particle Mesh Ewald (PME)
method.59 Periodic boundary conditions were applied in all
three dimensions (x, y, z), and a production MD run was
executed. Trajectories were saved every 10 ps and analyzed
using the R BIO3D package and GROMACS commands60 The
CHARMM36 force eld and GROMACS simulation soware
were utilized to perform the MD simulation.61

2.4.3. DFT study. All hypothetical calculations on the
reference medication and lead docking compounds were
completed with the help of the designed Gauss View 6.0.16 and
Gaussian16 soware as well as the density functional theory
framework. Becke's three-parameter hybrid exchange–correla-
tion functional (B3LYP) and the 6-311G basis set were used to
study the frontier molecular orbitals, optimized geometry
parameters, and molecular electrostatic potential (MEP). The
DFT parameters display the dipole moment, electronegativity,
energy gap, chemical potential, and hardness and soness.62

The 6-311G basis set with the B3LYP functional is selected
because it offers a favorable trade-off between accuracy and
computing efficiency, especially for organic compounds. This
combination is appropriate for predicting structural, electrical,
and reactive properties since it accurately captures electron
correlation and polarization effects.

2.4.4. Drug-likeness assay. The drug-likeness of the
compounds (1–10) was evaluated based on their physicochem-
ical and pharmacokinetic properties, following a systematic
approach.47 Compounds were chosen according to their struc-
tural features and preliminary biological activity. Key proper-
ties, including molecular weight, log P, and the counts of
hydrogen bond donors and acceptors, were calculated using
10486 | RSC Adv., 2025, 15, 10484–10500
cheminformatics soware i.e., ChemAxon. The compounds
were then screened against Lipinski's rule of ve to ensure they
met the thresholds for molecular weight (<500 Da), log P (<5),
hydrogen bond donors (#5), and acceptors (#10). Furthermore,
compounds were assessed for synthetic accessibility and
a bioavailability score to predict their oral bioavailability.

3. Results and discussion
3.1. Chemistry

The synthesis of 3-O-benzylated avonols/3-benzyloxyavones
(1–10) (Scheme 1), was achieved using the established Algar–
Flynn–Oyamada (AFO) reaction. The spectroscopic data for all
synthesized 3-benzyloxyavones (1–10) can be found in our
previous publication.23

3.2. b-Glucosidase inhibitory activity

The 3-benzyloxyavone derivatives (1–10) were evaluated for
their in vitro inhibitory potential against the b-glucosidase
enzyme, with IC50 values measured to assess their activity
(Table 1). Among the derivatives, compound 8 demonstrated
the most potent inhibitory effect with an IC50 = 0.17 mM, indi-
cating a strong affinity for b-glucosidase. This was followed by
compound 3, which also showed signicant activity with an IC50

= 0.22 mM. In contrast, compound 1 displayed the lowest
inhibitory activity among the series, with an IC50 = 1.02 mM,
though still showing effectiveness.

Furthermore, other derivatives exhibited moderate inhibi-
tory activity, with IC50 values ranging from 0.25 mM (compound
10) to 0.51 mM (compound 2). All target compounds showed
greater potency compared to the standard reference, acarbose
(IC50 = 34.09 mM). These results indicate that the benzyloxy-
avone framework is effective in generating potent b-glucosi-
dase inhibitors, with certain structural features likely
enhancing binding affinity and enzyme interaction. The SAR for
these derivatives suggests that specic substitutions within the
benzyloxyavone core may contribute to variations in potency.
These ndings indicate that derivatives like 3, 5, 6, 7, 8, and 10
have potential as lead candidates for developing new b-gluco-
sidase inhibitors for antihyperglycemic therapy.

3.3. In vivo study

3.3.1. Acute toxicity. The compounds 3, 5, 6, 7, 8 and 10
exhibited no mortality in animals administered a maximum
oral dose of 2000 mg per kg (b.w.). The animals were observed
daily for a period of two weeks, during which no signs of
toxicity, such as diarrhea, convulsions, lethargy, sedation, sali-
vation, or tremors, were noted. Based on these toxicity ndings,
an effective dose of 200 mg kg−1 (1/10th of the maximum dose)
was established. Subsequently, lower doses of 5 and 7.5 mg kg−1

were chosen for behavioral studies following an initial phar-
macological evaluation conducted in our laboratory.

3.3.2. Estimation of blood glucose level. The blood glucose
levels of benzyloxyavone derivative-treated groups were
monitored over 28 days, with signicant reductions observed in
glucose concentrations across the tested doses (Table 2). The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 3-benzyloxyflavone derivatives (1–10).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

1:
21

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
diabetic control group displayed consistently elevated glucose
levels, beginning at 397.61 ± 5.04 mg dL−1 on day 1 and
remaining above 396mg dL−1 throughout the study, conrming
sustained hyperglycemia without intervention.

Among the benzyloxyavone derivatives, compound 8
exhibited notable antidiabetic effects. At 5 mg kg−1, glucose
levels decreased from 401.69 ± 5.31 mg dL−1 on day 1 to 126.13
± 4.91 mg dL−1 on day 28, representing the most substantial
reduction across the derivatives tested. At 7.5 mg kg−1,
compound 8 showed a similar trend, reducing glucose levels
from 395.48 ± 4.24 mg dL−1 on day 1 to 139.28 ± 5.61 mg dL−1

by day 28. Other derivatives, such as compounds 3, 6, 7, and 5,
also demonstrated dose-dependent decreases in blood glucose,
although to a lesser degree than compound 8.

Compound 3, administered at 5 mg kg−1, decreased glucose
levels from 398.51 ± 4.91 mg dL−1 initially to 142.84 ± 4.90 mg
dL−1 by day 28. At 7.5 mg kg−1, it further reduced levels to
149.62 ± 3.89 mg dL−1. Compound 6 also showed progressive
reductions, with glucose levels at 153.19± 4.73 mg dL−1 at 5 mg
kg−1 and 148.25± 3.98 mg dL−1 at 7.5 mg kg−1 by the end of the
study period. Compounds 7, 5, and 10 demonstrated a similar
gradual decline, with compound 5 at 5 mg kg−1 reducing
glucose from 398.40 ± 4.68 mg dL−1 to 135.81 ± 4.51 mg dL−1

by day 28, marking it as one of the more effective derivatives in
the lower dose range.

For comparison, the positive control, p-nitrophenyl-b-D-glu-
copyranoside (PGLT), at 10 mg kg−1, signicantly lowered
glucose levels from 402.22 ± 4.97 mg dL−1 on day 1 to near-
normal levels of 102.27 ± 4.31 mg dL−1 on day 28. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
outcome underscores the potency of PGLT as a standard anti-
diabetic agent.

Overall, these results indicate that benzyloxyavone deriva-
tives possess signicant antihyperglycemic potential, with
compound 8 emerging as the most promising candidate due to
its substantial impact on glucose reduction. The lower dose
(5 mg kg−1) demonstrated effective glucose control across
several derivatives, suggesting that further exploration of ben-
zyloxyavone structures may yield potent candidates for anti-
diabetic therapy.

3.3.3. Effects on body weights. The changes in body weight
for control and experimental rats treated with the compounds
and PGLT are shown in Table 3. Diabetic rats induced with
PGLT experienced a signicant weight loss (**P < 0.01, n = 8)
compared to normal rats. The diabetic control group showed
the highest weight loss at 28.81%, while the treated groups
generally exhibited a lower weight loss percentage, with the
PGLT group showing only 2.48%, indicating a reduction in
weight loss potentially due to the intervention. The normal
control group maintained a consistent body weight throughout
the study, indicating stable health. In contrast, the diabetic
control group exhibited a signicant weight reduction from day
1 to day 28, reecting the typical weight loss observed in dia-
betic conditions.

Treatment with the test compounds at both 5 mg kg−1 and
7.5 mg kg−1 doses led to a moderation in weight loss compared
to the diabetic control. For example, compound 3 at 7.5 mg kg−1

prevented signicant weight loss, maintaining a relatively
stable weight prole, similar to the control. Other compounds,
including 5, 6, and 8 at both doses, also demonstrated
RSC Adv., 2025, 15, 10484–10500 | 10487
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Table 1 b-Glucosidase inhibitory activity of 3-benzyloxyflavones (1–10)

Compound no. Chemical structure b-Glucosidase IC50 � SEMa (mM)

1 1.02 � 0.02

2 0.51 � 0.26

3 0.28 � 0.05

4 0.42 � 0.08

5 0.36 � 0.19

6 0.30 � 0.11

10488 | RSC Adv., 2025, 15, 10484–10500 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Compound no. Chemical structure b-Glucosidase IC50 � SEMa (mM)

7 0.37 � 0.13

8 0.17 � 0.05

9 0.39 � 0.14

10 0.25 � 0.12

Acarbose (standard) — 34.09 � 1.07

a IC50 values (mean ± standard error of the mean).
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protective effects on body weight, although to varying extents.
The PGLT (10 mg) treated group exhibited weight maintenance
comparable to that of the normal control, validating its
protective efficacy. However, treatment with the selected
compounds at doses of 5 and 7.5 mg per kg b.w. effectively
reversed the PGLT-induced weight loss. Remarkably, these
ndings suggest that several benzyloxyavone derivatives at
appropriate dosages can positively inuence body weight
maintenance in diabetic models, potentially reecting broader
antidiabetic properties.

3.3.4. Antihyperlipidemic effects. Lipid prole analysis was
conducted for each test animal to evaluate potential side effects
© 2025 The Author(s). Published by the Royal Society of Chemistry
associated with the administered compounds, as presented in
Table 4. In the diabetic group, signicant increases in total
cholesterol (CH), triglycerides (TGs), and LDL levels were
observed (*P < 0.05, **P < 0.01, ***P < 0.001, n= 8) compared to
the normal control group. Furthermore, diabetic rats exhibited
a notable reduction in HDL levels (*P < 0.05, n = 8). Treatment
with the test compounds at doses of 5 mg kg−1 and 7.5 mg kg−1

over 28 days resulted in a signicant decrease in TGs, total
cholesterol, and LDL levels (*P < 0.05, **P < 0.01, ***P < 0.001,
n = 8), with outcomes comparable to those achieved by stan-
dard therapeutic agents.
RSC Adv., 2025, 15, 10484–10500 | 10489
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Table 2 Effect on blood glucose in PGLT-induced diabetesa

Blood glucose level in mg per dL per day

Groups 1st 7th 14th 21st 28th

Normal control 107.81 � 5.12 110.32 � 4.81 106.70 � 4.91 108.51 � 4.59 103.21 � 4.41
Diabetic control 397.61 � 5.04!!! 412.37 � 4.88!!! 409.57 � 4.98!!! 401.45 � 5.03!!! 396.21 � 4.79!!!

3 5 mg 398.51 � 4.91 332.97 � 4.89 218.68 � 4.90* 172.59 � 4.80** 142.84 � 4.90**
7.5 mg 400.63 � 5.12 329.73 � 3.96 278.39 � 4.98* 189.47 � 5.00** 149.62 � 3.89**

5 5 mg 398.40 � 4.68 334.91 � 4.81** 209.93 � 4.77** 175.86 � 4.79** 135.81 � 4.51***
7.5 mg 440.70 � 4.97 340.47 � 4.25** 235.85 � 4.97** 190.56 � 5.32** 139.86 � 4.64***

6 5 mg 393.37 � 4.71 341.56 � 4.71* 235.71 � 4.68** 185.67 � 4.91** 153.19 � 4.73**
7.5 mg 400.52 � 4.89 335.72 � 4.48* 240.93 � 4.90** 182.58 � 4.63** 148.25 � 3.98**

7 5 mg 401.06 � 5.02 339.11 � 4.90* 243.12 � 4.79* 188.70 � 4.65* 165.39 � 4.88*
7.5 mg 407.17 � 4.99 328.42 � 4.54* 287.53 � 5.38* 198.87 � 4.80* 161.16 � 4.41*

8 5 mg 401.69 � 5.31 306.17 � 4.58** 194.85 � 4.97*** 148.70 � 4.83*** 126.13 � 4.91***
7.5 mg 395.48 � 4.24 310.19 � 5.10** 192.77 � 4.46*** 158.92 � 4.14*** 139.28 � 5.61***

10 5 mg 407.17 � 4.12 331.39 � 4.73* 208.09 � 4.88* 169.60 � 4.63** 137.70 � 4.89**
7.5 mg 467.53 � 5.48 325.44 � 4.89* 210.16 � 4.56* 164.57 � 4.42** 140.81 � 4.90**

p-Nitrophenyl-b-D-glucopyranoside
(PGLT)

10 mg 402.22 � 4.97 229.56 � 4.80*** 154.06 � 4.59*** 119.70 � 4.87*** 102.27 � 4.31***

a All values are presented as mean ± SEM, with n = 8. Statistical signicance was evaluated using one-way ANOVA followed by Dunnett's post hoc
multiple comparison test. Signicance levels were denoted as follows: !!!P < 0.001 for diabetic control versus normal control; *P < 0.05, **P < 0.01, and
***P < 0.001 for comparisons between diabetic control and both test samples and p-nitrophenyl-b-D-glucopyranoside-treated groups.

Table 3 Effect of the target compounds on the body weights of ratsa

Groups/dose mg kg−1 1st day 7th day 14th day 21st day 28th day

Normal control 20.34 � 2.18 21.71 � 2.01 21.41 � 1.89 20.61 � 2.18 20.98 � 1.94
Diabetic control 21.31 � 1.52 20.56 � 1.90 18.41 � 1.48 17.30 � 1.70 15.17 � 1.39
3 5 mg 22.07 � 1.81 22.11 � 1.67 20.50 � 1.69 20.11 � 1.81 19.41 � 1.61

7.5 mg 22.51 � 1.73 21.98 � 1.74 20.87 � 1.66 20.24 � 1.78 19.75 � 1.68
5 5 mg 20.70 � 1.73 20.66 � 1.90 19.48 � 1.53 19.34 � 1.71 18.96 � 1.81

7.5 mg 21.04 � 1.79 20.83 � 1.69 19.92 � 1.60 19.58 � 1.74 19.03 � 1.77
6 5 mg 19.97 � 1.81 18.91 � 1.58 18.65 � 1.79 18.03 � 1.48 18.16 � 1.77

7.5 mg 20.28 � 1.80 19.32 � 1.54 18.79 � 1.64 18.27 � 1.56 18.34 � 1.65
7 5 mg 21.41 � 1.73 21.16 � 1.81 20.64 � 1.87 19.80 � 1.70 17.91 � 1.80

7.5 mg 21.92 � 1.76 21.37 � 1.68 20.82 � 1.75 19.93 � 1.77 18.21 � 1.75
8 5 mg 22.61 � 1.98 21.12 � 1.91 20.77 � 1.88 20.69 � 1.69 19.66 � 1.72

7.5 mg 22.88 � 1.91 21.36 � 1.76 21.03 � 1.71 20.81 � 1.74 20.13 � 1.63
10 5 mg 19.84 � 1.70 19.67 � 1.66 19.34 � 1.48 18.90 � 1.60 18.75 � 1.58

7.5 mg 20.11 � 1.72 19.85 � 1.69 19.56 � 1.51 19.12 � 1.54 18.89 � 1.60
PGLT 10 mg 20.16 � 1.71 19.88 � 1.81 20.01 � 1.61 19.70 � 1.69 19.66 � 1.51

a All values are presented as means± SEM, with n= 8. Statistical analysis was conducted using one-way ANOVA followed by Dunnett's post hoc test.
Signicant differences are indicated as follows: !!!P < 0.001 for comparisons between diabetic and normal control groups, and *P < 0.05, **P < 0.01,
***P < 0.001 for comparisons between diabetic control and test groups or PGLT groups.
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Triglycerides (TG): compounds 8 and 10 at both 5mg kg−1 and
7.5 mg kg−1 showed substantial reductions in TG levels,
approaching those of the standard PGLT-treated group. Remark-
ably, compound 5 at 7.5 mg kg−1 brought TG levels close to
baseline values, demonstrating a remarkable lipid-lowering effect.

Total cholesterol (CH): treatment with compounds 8 and 10,
especially at the higher dose, resulted in signicant reductions
in total cholesterol. Compound 8 at 7.5 mg kg−1 showed
a reduction close to that of the PGLT standard group, high-
lighting its potency in cholesterol management.

Low-density lipoprotein (LDL): most compounds effectively
lowered LDL levels, with compounds 8 and 10 at 7.5 mg kg−1

producing the most pronounced effects. These results
10490 | RSC Adv., 2025, 15, 10484–10500
emphasize their ability to reduce atherogenic lipids, thus
contributing to cardiovascular protection.

High-density lipoprotein (HDL): increased HDL levels were
observed in animals treated with the derivatives, with
compound 8 at 7.5 mg kg−1 showing the highest increase.
Elevated HDL levels are benecial, as they play a crucial role in
reverse cholesterol transport.

Henceforth, these ndings suggest that benzyloxyavone
derivatives, particularly compounds 8 and 10, hold promising
lead candidates for antihyperlipidemic treatment. Their lipid-
regulating effects are comparable to standard treatments, and
further investigations into their mechanisms could elucidate
their potential therapeutic roles.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Antihyperlipidemic effects on PGLT-induced diabetesa

Groups/dose mg kg−1 TG (mg dL−1) Total CH (mg dL−1) LDL (mg dL−1) HDL (mg dL−1)

Normal control 91.72 � 3.72 102.44 � 4.87 85.61 � 2.02 57.91 � 2.03
Diabetic control 176.80 � 3.13!!! 197.81 � 5.03!!! 189.70 � 3.81!!! 26.37 � 1.80!!!

3 5 mg 129.55 � 3.76** 149.11 � 4.80* 128.77 � 3.41** 42.81 � 1.90**
7.5 mg 120.30 � 3.59** 138.30 � 4.72* 117.44 � 3.29** 44.10 � 1.84**

5 5 mg 136.30 � 3.61** 145.33 � 4.79** 124.79 � 3.91** 45.34 � 2.14*
7.5 mg 130.00 � 3.58** 140.20 � 4.76** 118.44 � 3.85** 46.10 � 2.11*

6 5 mg 147.12 � 4.03* 152.30 � 4.80* 127.64 � 3.39** 43.66 � 1.98*
7.5 mg 142.40 � 4.01* 148.50 � 4.77* 122.21 � 3.31** 45.00 � 1.94*

7 5 mg 145.34 � 4.40* 160.04 � 4.91* 140.39 � 4.14** 39.90 � 1.92**
7.5 mg 138.20 � 4.35* 153.80 � 4.85* 135.02 � 4.09** 41.02 � 1.89**

8 5 mg 113.09 � 4.41*** 125.17 � 4.92*** 102.49 � 3.19*** 51.11 � 2.01***
7.5 mg 108.01 � 4.28*** 119.80 � 4.89*** 97.90 � 3.10*** 52.70 � 2.08***

10 5 mg 130.09 � 4.29** 135.56 � 4.70** 113.60 � 3.40*** 46.89 � 1.97*
7.5 mg 125.20 � 4.24** 130.21 � 4.66** 110.08 � 3.31*** 48.02 � 1.99*

PGLT 10 mg 96.36 � 4.51*** 104.73 � 4.83*** 87.58 � 2.96*** 55.72 � 2.01***

a All values are presented asmean± SEM, with n= 8 per group. Statistical signicance was determined using one-way ANOVA followed by Dunnett's
post hoc test. Signicance levels are indicated as follows: !!!P < 0.001 for diabetic control versus normal control, and *P < 0.05, **P < 0.01, ***P < 0.001
for diabetic control compared with test samples and the PGLT-treated group.

Table 5 Impact of compounds on serum biochemical parametersa

Groups/
dose mg kg−1 (SGOT) IU (SGPT) IU (ALP) IU

Normal
control

21.15 � 1.98 19.34 � 1.67 169.83 � 4.10

Diabetic
control

47.53 � 2.12!!! 60.21 � 2.44!!! 288.67 � 4.56!!!

3 5 mg 26.96 � 2.34** 38.21 � 2.61** 198.77 � 4.11*
7.5 mg 24.55 � 2.02** 33.78 � 2.43* 192.11 � 4.05**

5 5 mg 24.61 � 2.06*** 31.70 � 2.11*** 184.32 � 4.09***
7.5 mg 22.40 � 2.10*** 29.32 � 2.21*** 181.73 � 4.08***

6 5 mg 31.41 � 2.12** 44.56 � 2.98* 210.70 � 4.82**
7.5 mg 28.69 � 2.08** 40.91 � 2.96* 205.56 � 4.72**

7 5 mg 33.09 � 2.31* 45.98 � 3.04* 217.89 � 4.90**
7.5 mg 29.98 � 2.15* 42.83 � 3.00* 212.49 � 4.80**

8 5 mg 32.44 � 2.65** 38.69 � 2.61** 197.65 � 4.71*
7.5 mg 28.62 � 2.55** 33.40 � 2.50** 193.43 � 4.69*

10 5 mg 29.75 � 2.40** 36.29 � 2.40*** 196.70 � 4.11**
7.5 mg 26.51 � 2.31** 31.12 � 2.35*** 192.53 � 4.03**

PGLT 10 mg 21.39 � 1.79*** 21.17 � 1.88*** 171.04 � 3.91***

a Data are presented as mean ± SEM, with n = 8 per group. Statistical
analysis was performed using one-way ANOVA followed by Dunnett's
post hoc test. Signicance levels are indicated as !!!P < 0.001 for
comparisons between the diabetic and normal control groups, and *P
< 0.05, **P < 0.01, ***P < 0.001 for comparisons between the diabetic
control and test groups, as well as the PGLT-treated group.
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3.3.5. Effects on liver. The levels of hepatic marker
enzymes, including serum glutamate oxaloacetate trans-
aminase (SGOT), serum glutamate pyruvate transaminase
(SGPT), and alkaline phosphatase (ALP) were elevated in the
PGLT-induced diabetic group, as shown in Table 5 and
Fig. 2A–C. Treatment with the tested compounds at doses of 5
and 7.5 mg kg−1 signicantly reduced these serum biomarkers.
Additionally, a notable decrease in creatinine levels was
observed compared to the standard PGLT.

The liver enzyme prole of diabetic rats treated with benzy-
loxyavone derivatives (compounds 3, 5, 6, 7, 8, and 10) showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
a signicant improvement in serum levels of SGOT, SGPT, and
ALP compared to the untreated diabetic control group. Diabetic
control rats displayed notably elevated levels of SGOT (47.53 ±

2.12 IU), SGPT (60.21 ± 2.44 IU), and ALP (288.67 ± 4.56 IU),
indicatingmarked liver stress and potential hepatic dysfunction
induced by the diabetic condition.

Among the tested compounds, compound 5 (7.5 mg)
produced the most pronounced effects, reducing SGOT to 22.40
± 2.10 IU, SGPT to 29.32 ± 2.21 IU, and ALP to 181.73 ± 4.08 IU,
comparable to the levels observed in the PGLT-treated group,
which is a standard for comparison. This suggests that
compound 5 may have a protective effect on liver function,
effectively lowering liver enzyme levels to near-normal values.
Additionally, compounds 8 and 10 at 7.5 mg doses also
exhibited substantial improvements, reducing SGOT, SGPT,
and ALP levels signicantly (P < 0.05 to P < 0.001) when
compared to the diabetic control, demonstrating their potential
for liver protection in diabetic states.
3.4. Kinetic study

Kinetic analysis of compound 8, the most potent b-glucosidase
inhibitor among the synthesized derivatives, revealed its
competitive inhibition mode. This was determined through
Lineweaver–Burk plotting, showing no change in Vmax and an
increase in Km, with a Ki value of 90 mM (Fig. S1 in ESI le†).
Additionally, the kinetic study of compound 10 also indicated
competitive inhibition, as evidenced by the Lineweaver–Burk plot
showing a constant Vmax and an increased Km. The Ki value for
compound 10 was found to be 75 mM, based on the secondary
replot derived from the Lineweaver–Burk plot (Fig. S2 in ESI le†).
3.5. Structure–activity relationship (SAR) based on the IC50

values against b-glucosidase

The SAR analysis of the synthesized 3-(benzyloxy)-2-aryl-4H-
chromen-4-one derivatives reveals the inuence of various
RSC Adv., 2025, 15, 10484–10500 | 10491
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Fig. 2 Effects of compounds on serum profiles: (A) serum glutamic-
oxaloacetic transaminase (SGOT), (B) serum glutamic pyruvic trans-
aminase (SGPT), and (C) alkaline phosphatase (ALP). All values are
presented asmeans± SEM (n= 8). Statistical significancewas assessed
using one-way ANOVA followed by Dunnett's post hoc test. A
comparison between the diabetic control group and the normal
control group revealed significant differences (!!!P < 0.001). Compar-
isons of the diabetic control groupwith test samples and PGLT-treated
groups showed *P < 0.05, **P < 0.01, and ***P < 0.001.
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substituents on b-glucosidase inhibitory activity (Fig. 3). Each
compound's IC50 value indicates the effect of different aryl
substitutions at the 2-position on the chromenone ring, high-
lighting both electron-donating and electron-withdrawing
effects.
10492 | RSC Adv., 2025, 15, 10484–10500
Compounds with electron-donating groups exhibit
enhanced inhibitory activity. For example, compound 8, con-
taining a 4-methoxyphenyl group, shows the lowest IC50 value
(0.17 mM), suggesting that electron-donating substituents
contribute to increased activity by stabilizing interactions
within the enzyme's active site. Similarly, compound 3, with a p-
tolyl group (an electron-donating methyl group on the phenyl
ring), also demonstrates potent inhibition (IC50 = 0.22 mM),
reinforcing the role of electron-donating effects in enzyme
binding affinity.

On the other hand, the presence of electron-withdrawing
groups generally results in moderate b-glucosidase inhibition.
For instance, compound 7, featuring a 4-nitrophenyl group,
shows an IC50 of 0.37 mM, while compound 6, with a 3-nitro-
phenyl group, yields an IC50 of 0.30 mM. The nitro group, known
for its electron-withdrawing character, likely decreases the
electron density on the aryl ring, leading to slightly lower
binding efficacy in the enzyme's active site.

Furthermore, compound 5, substituted with a 4-chlorophenyl
group (electron-withdrawing chlorine), demonstrates moderate
inhibition with an IC50 of 0.36 mM. Interestingly, heterocyclic
substitutions like those in compounds 4 (thiophen-2-yl) and 9
(furan-2-yl) result in IC50 values of 0.42 mM and 0.39 mM,
respectively. These heterocycles likely provide different steric and
electronic properties, subtly inuencing their inhibitory proles.

Additionally, the diphenylamino substitution in compound
2 (IC50 = 0.51 mM) and the dimethylamino substitution in
compound 10 (IC50 = 0.25 mM) highlight that more extensive p-
conjugation and electron-donating nitrogen substituents can
variably enhance binding, with smaller amino groups demon-
strating stronger activity. Remarkably, all synthesized
compounds show substantially higher activity compared to the
standard, acarbose (IC50 = 34.09 mM), indicating a promising
scaffold for b-glucosidase inhibition.

Henceforth, electron-donating substituents such as methoxy
and methyl enhance b-glucosidase inhibition in the chrome-
none derivatives, while electron-withdrawing groups like nitro
and chloro result in moderate activity, with slight differences
arising from the distinct electronic and steric demands of each
substituent. This SAR study provides insight into the optimized
design of chromenone-based b-glucosidase inhibitors.
3.6. Computational studies

3.6.1. Molecular docking study. To conrm the potential of
the synthesized compounds depending on their antidiabetic
properties in vitro and in vivo, molecular docking was carried
out as an ex silico investigation.63 Using Molegro Virtual Docker
(MVD), docking studies were performed to assess the binding
affinities and interaction patterns of ten synthetic compounds
against the antidiabetic protein targets 3AJ7 and 6KK1. The
reference ligand was the well-known antidiabetic drug acar-
bose. 1, 2, 8, 9, and 10 showed good docking results among the
compounds examined, suggesting they may be effective anti-
diabetic medicines (Tables 6 and S1 in the ESI le†).

3.6.2. Binding affinities. The degree of interaction between
the compounds and the target proteins was conrmed by the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SAR for b-glucosidase enzyme activity of 3-benzyloxyflavones (1–10).

Table 6 Proteins for anti-diabetic activity

Sr. no. PDB ID Resolution Year Ligand Organism Reference

1 3AJ7 1.30 Å 2010 Calcium ion Saccharomyces cerevisiae 64
2 6KK1 2.80 Å 2019 N-{4-[(R)-(3,3-dimethylcyclobutyl)({6-[4-

(triuoromethyl)-1H-imidazol-1-yl]
pyridin-3-yl}amino)methyl]benzene-1-
carbonyl}-beta-alanine, C26H28F3N5O3,
MYZIDYJMNWEJMC-QHCPKHFHSA-N

Homo sapiens 65
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Moldock scores. 1's Moldock score for 3AJ7 was −137.111,
similar to that of acarbose (−146.731). 8 had a Moldock score of
−117.927, indicating strong interactions, while 2 likewise
demonstrated a favorable binding affinity with a value of
−123.86. 10 outperformed acarbose (−82.2585) with a score of
102.675 against 6KK1, while 9 showed a good score of−94.5894,
conrming their potential as powerful inhibitors. The
compounds' biological activity and their binding affinities are
in good agreement, indicating that they are effective antidia-
betic medicines.66

3.6.3. Hydrogen bonding interactions. The stability of the
protein–ligand complexes was primarily attributed to hydrogen
bonding, with bond lengths ranging from 2.1 Å to 3.0 Å.
Compounds 1 and 2 formed multiple hydrogen bonds with key
© 2025 The Author(s). Published by the Royal Society of Chemistry
residues in 3AJ7, including ARG315, GLN279, and ASP307.
Compound 10 interacted with residues SER240, TYR158, and
GLU411 in 6KK1, with bond lengths as short as 2.4 Å, while
compound 8 established strong hydrogen bonds with ARG442,
GLU277, and ASP352. These interactions conrm the
compounds' ability to efficiently bind to the active sites of the
target proteins, mimicking the bonding pattern of acarbose.67

3.6.4. Hydrophobic interactions. The binding stability of
the selected compounds was further reinforced by hydrophobic
interactions. Compound 9 formed strong hydrophobic contacts
with residues PRO312 and LYS156, while compound 1 inter-
acted with hydrophobic residues such as TYR158 and PHE314
in 3AJ7. Compound 10 demonstrated substantial binding
within the hydrophobic pockets of 6KK1 through interactions
RSC Adv., 2025, 15, 10484–10500 | 10493
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with VAL232, LEU313, and ARG315. These hydrophobic inter-
actions contributed to the overall stability and enhanced
binding affinity of the protein–ligand complexes.68

3.6.5. Comparison with acarbose. Acarbose exhibited
strong binding affinities and interactions; however, the docking
data for compounds 1, 2, 8, 9, and 10 demonstrated comparable
or superior results (Table S1 in the ESI le†). For example, 10
showed a greater binding affinity towards 6KK1 with the highest
Moldock score. The compounds' hydrogen bonding and
hydrophobic interactions with key residues highlight their
potential as effective inhibitors of the target proteins.69

Compounds 8 and 10, identied as lead candidates in both
in vitro and in vivo studies, display robust interactions with their
respective target proteins, as shown in Fig. S3 and S4 in the ESI
le,† outperforming the reference ligand, acarbose. The
protein–ligand interaction diagrams illustrate that both
compounds form hydrophobic contacts and stable hydrogen
bonds with active site residues. The 2D interaction diagrams
emphasize key hydrogen bond donors and acceptors that
enhance binding efficiency, while the hydrophobic maps high-
light the non-polar regions that contribute to ligand stability.
Compound 8 demonstrates signicant stability with 3AJ7 in
Fig. S3 in the ESI le,† whereas compound 10 exhibits superior
hydrophobic compatibility and binding energy with 6KK1 in
Fig. S4 in the ESI le.† These results indicate that compounds 8
and 10 are potent inhibitors of both targets, with their strong
hydrophobic interactions, high binding affinities, and
substantial hydrogen bonding reinforcing their potential as
effective antidiabetic agents.
Fig. 4 MD trajectory analysis highlighting various stability parameters. (a)
depicting the flexibility of protein residues in the presence of the ligand
Hydrogen bonding profile showing the number of hydrogen bonds form

10494 | RSC Adv., 2025, 15, 10484–10500
3.6.6. Molecular dynamic simulation. The Root Mean
Square Deviation (RMSD) of the Ca atoms of the protein was
evaluated to assess the stability of the protein–ligand complex
(compound 8) (Fig. 4a). Initially, the RMSD of the protein
increased steadily, reaching approximately 0.3 nm, followed by
a slight deviation to 0.6 nm at 30 ns. Subsequently, the RMSD
decreased to 0.13 nm. Between 30 and 50 ns, the RMSD uc-
tuated within a range of 0.13 to 0.2 nm, demonstrating stability
aer 50 ns, with an average RMSD value stabilizing around 0.17
to 0.2 nm.

To further investigate protein exibility, the Root Mean
Square Fluctuation (RMSF) was calculated and represented in
a plot (Fig. 4b). High RMSF values correspond to exible resi-
dues, while lower values indicate rigid regions. Signicant
uctuations were observed in residues 75–95, 245–255, and
325–345, which correspond to loop regions. The remaining
residues exhibited minimal uctuations, suggesting that the
protein retained its rigidity and did not undergo notable exi-
bility during the simulation.

The compactness of the protein structure was examined by
calculating the radius of gyration (Rg) over the simulation
period (Fig. 4c). Elevated Rg values indicate protein unfolding
events. The Rg plot revealed that the protein maintained struc-
tural stability throughout the simulation, with values starting
around∼2.05 nm and remaining consistent between∼2.06 and
∼2.07 nm.

Additionally, hydrogen bonding between the protein and
ligand was analyzed to evaluate the stability of the complex
(Fig. 4d). A greater number of hydrogen bonds generally
RMSD of the protein backbone atoms over the simulation. (b) RMSF plot
. (c) Rg analysis reflects the structural compactness of the protein. (d)
ed between the protein and the ligand during the simulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlates with enhanced stability. At the beginning of the
simulation, up to four hydrogen bonds were observed, which
gradually decreased to three towards the end. The average
number of hydrogen bonds throughout the simulation was 2.5,
indicating strong binding and a stable protein–ligand complex.

3.6.7. DFT studies. The docking lead compounds 1, 2, 8, 9,
and 10 were evaluated at the basic set of 6-311G/B3LYP level for
their molecular characteristics, such as dipole moment, elec-
tronic energy, HOMO, LUMO, energy gap, global quantum
reactivity descriptors, and MEP scale and structure and
compared to the reference compound acarbose (Table S2 in ESI
le†). The B3LYP/6-311G level is perfect for medium-sized
molecules because it strikes a compromise between precision
and computational efficiency. The 6-311G basis set offers
enough accuracy for reactivity and stability investigations,
whereas B3LYP predicts geometries and electrical properties
with reliability. For organic and biomolecular systems, this
combination has received extensive validation.70,71

3.6.7.1. Dipole moment. It is a measurement of molecule
polarity that affects solubility and reactivity.72 The dipole
moment of compound 1 (3.288292), compound 2 (4.502051),
compound 8 (2.893935), and compound 9 (3.785607) was
substantially lower than that of acarbose (9.201717 debye). But
out of all the derivatives, compound 10 had the largest dipole
moment (6.387456 debye), suggesting a polarity closest to acar-
bose. This implies compound 10 might resemble the reference
chemical regarding solubility and intermolecular interactions.

3.6.7.2. Frontier molecular orbitals (HOMO–LUMO) analysis.
In quantum chemistry, the Frontier Molecular Orbitals (FMOs),
Fig. 5 Optimized structure and HOMO–LUMO diagram of acarbose in

© 2025 The Author(s). Published by the Royal Society of Chemistry
which are the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO), along with their
energy gap, are highly helpful characteristics. One way to
interpret HOMO is as the outermost orbital with electrons,
signifying the ability to give an electron, and LUMO as the
innermost orbital with free spaces, signifying the ability to
accept an electron. Both intramolecular charge transfer (ICT)
within the molecule and reduced chemical reactivity, which
suggests stronger kinetic stability, are indicated by a lower
HOMO–LUMO energy gap value.73

Acarbose has an energy gap of 0.23029 eV since its HOMO
energy is −0.21573 eV and its LUMO energy is −0.01456 eV. Its
strong stability and mild reactivity are reected in this
comparatively large energy gap, which is in line with its bio-
logical function as an enzyme inhibitor. However, there are
signicant differences in the FMO energies of the compounds.

The HOMO values of molecules compounds 1, 2, 8, 9, and 10
ranged from −0.23222 eV (compound 1) to −0.19685 eV
(compound 8), suggesting that their electron-donating potential
differed little from that of acarbose. All of the derivatives had
negative LUMO values, but compound 10 had the lowest
−0.07028 eV, indicating a higher capacity to receive electrons
than acarbose. In comparison to acarbose, compound 1 has the
smallest energy gap (0.31547 eV), suggesting more chemical
reactivity and decreased stability.

As compounds 8 and 10 were the lead compounds in in vitro
and in vivo studies so they both have better electron-donating
and accepting capacities than acarbose, as seen by their lower
HOMO values (−0.22072 eV and −0.19694 eV, respectively) and
comparison with 8 and 10.

RSC Adv., 2025, 15, 10484–10500 | 10495
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negative LUMO energies (−0.07861 eV and −0.07028 eV,
respectively) as shown in Fig. 5.

With compound 8 at 0.29933 eV and compound 10 at
0.26722 eV, the derivatives' energy gaps are also noticeably
smaller, suggesting more chemical reactivity and less stability.
Because of their decreased stability, these compounds might be
more suited for particular uses that call for higher reactivity,
including enzyme inhibition or redox reactions. The variations
in HOMO–LUMO energies and energy gaps between acarbose
and its derivatives demonstrate how structural changes affect
their electrical characteristics and point to possible improve-
ments in their functional performance as a result of increased
reactivity.74

3.6.7.3. Optimized structures. The optimized structures of
compounds 1, 2, 8, 9, 10, and acarbose were determined using
DFT analysis at the basic set of 6-311G/B3LYP (Fig. 5). The
distribution of electrons and arrangement of atoms in space are
revealed by these optimized geometries, and this information
directly affects the compound's chemical and biological
behavior.75 The reference, acarbose, has a complicated, highly
branching structure with several functional groups that contain
hydroxyl and oxygen. These characteristics help it interact with
biological targets like proteins in the body to treat diabetes
because of its high polarity and notable dipole moment of
9.201717 debye. Compounds 8 and 10 have altered structures
with substitutions that change their electrical characteristics
and geometries. For example, the addition of heteroatoms, like
nitrogen in compound 10, alters the distribution of electron
densities and dipole moments. In comparison to acarbose,
these compounds are more reactive due to their enhanced
electronic delocalization caused by the higher conjugation.

3.6.7.4. Electron affinity (A) and ionization potential (I). The
electron affinity (A) shows the energy shi that occurs when an
electron is introduced, whereas the ionization potential (I)
shows the energy needed to remove an electron. Acarbose has
an electron affinity of 0.01456 eV and an ionization potential of
0.21573 eV.

Compound 1 has the highest ionization potential (0.23222
eV) of all the derivatives, indicating that it is more resilient to
electron removal than acarbose. The strongest electron affini-
ties are shown by compound 1 (0.08325 eV) and compound 9
(0.08672 eV), suggesting that they may be electron acceptors.

3.6.7.5. Global reactivity descriptors. The chemical reactivity
and stability of the molecules are shown by the global reactivity
descriptors, which include chemical potential (m), electronega-
tivity (c), chemical hardness (h), and soness (S):

Chemical potential (m): the chemical potential (m) of
compound 1 is the greatest at 0.157735 eV, suggesting that it is
more stable than acarbose (0.115145 eV).

Electronegativity (c): in comparison to compound 1
(−0.157735 eV) and the other derivatives, acarbose has a lower
electronegativity (−0.115145 eV), indicating a diminished
propensity to attract electrons.

Chemical hardness (h): acarbose is comparatively soer
(0.100585 eV), suggesting lesser stability and more reactivity,
while compound 1 is the hardest chemical (0.074485 eV), fol-
lowed by compound 10 (0.063405 eV).
10496 | RSC Adv., 2025, 15, 10484–10500
Chemical soness (S): in comparison to the derivatives,
where compound 2 (16.8535 eV) and compound 10 (15.7903 eV)
are less reactive, acarbose has the highest soness value
(9.941840 eV), indicating that it is more reactive.

3.6.7.6. Electrophilicity and nucleophilicity indices. Acarbose
(0.263625 eV) has a lower electrophilicity index (u) than its
derivatives, compound 1 (0.66806 eV) and compound 9 (0.7091
eV), which indicate a stronger propensity to take electrons.
Acarbose (7.165634) has a higher nucleophilicity index (N) than
its derivatives, suggesting a stronger capacity for electron
donation.

3.6.7.7. MEP scale and structure. A visual tool for compre-
hending positive, negative, and neutral electrostatic potential
regions in relation to color grading and a molecule's relative
polarity is the molecular electrostatic potential (MEP). These
surfaces also show the charge density, molecular size, molec-
ular structure, and chemically reactive sites of molecules. The
various hues on the molecule's MESP surface correspond to
different electrostatic potential regions, such as light blue,
slightly electron decient, yellow, slightly electron-rich, green
neutral, and red, electron-rich, partially negative charge. The
electron density distribution and reactivity patterns for acar-
bose (reference), compounds 8, and 10 are depicted in the
molecular electrostatic potential (MEP) maps.76

The MEP map for acarbose shows areas of electrophilic
activity (blue) and very electron-rich areas (red) near oxygen-
containing functional groups, which may indicate potential
sites for nucleophilic interactions.77 Compound 8 shows an
even distribution with slightly fewer electron density peaks due
to modications in the molecular structure which restrict
reactivity. However, compound 10 shows localized electron-rich
regions near oxygen atoms and electron-decient regions
surrounding specic structural features, suggesting the possi-
bility of selective interaction. The MEP scale illustrates the
gradual transition from electron-rich (red) to electron-decient
(blue), which aids in understanding molecular polarity and
chemical reactivity.

Acarbose has the maximum electron density around
hydroxyl groups, compound 8 has a more balanced electrical
prole, and compound 10 has a more polarized distribution as
shown in Fig. 6. Overall, these compounds' MEP structures
show their reactive regions. These differences are essential for
comprehending their biological activity, ability to inhibit
enzymes, and general molecular behavior in certain
applications.78

In contrast to acarbose, the derivatives exhibit distinct elec-
trical and molecular properties that inuence their stability and
reactivity. Compound 10 has amoderate chemical potential and
a strong dipole moment, making it most similar to acarbose in
terms of polarity. While compound 1, which has the smallest
energy gap, has the most chemical reactivity, compound 2, with
its high hardness and ionization potential, has the best
stability. The compounds may be used in specic applications,
according to our conclusions about their stability and reactivity
proles.

3.6.8. Drug-likeness studies. The analysis highlights
a spectrum of molecular properties across the ten compounds
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 MEP structure and scale of acarbose, 8 and 10 and also the MEP scale illustration.

Table 7 Drug–likeness properties of target compounds (1–10)a

Compound
no.

Mol.
formula

Mol. wt
(g mol−1)

No.
HBAa

No.
HBDb M log Pc

Mol. log Sd

(mg L−1)
Mol.
vol A3

Drug-likeness
model score Violation

Lipinski's
RO5

1 C22H16O3 328.11 3 0 3.08 1.68 333.12 0.00 0 Yes
2 C34H25NO3 495.18 3 0 5.00 0.33 497.20 −0.07 1 Yes
3 C23H18O3 342.13 3 0 3.29 1.01 354.06 0.22 0 Yes
4 C20H14O3S 334.07 4 0 2.67 2.35 326.88 −0.05 0 Yes
5 C22H15ClO3 362.07 3 0 3.56 0.37 350.32 0.58 0 Yes
6 C22H15NO5 373.36 5 0 2.07 1.87 358.19 −0.35 0 Yes
7 C22H15NO5 373.36 5 0 2.07 2.08 358.11 −0.23 0 Yes
8 C23H18O4 358.12 4 0 2.71 2.25 364.97 0.44 0 Yes
9 C20H14O4 318.32 4 0 1.82 8.46 318.56 −0.11 0 Yes
10 C24H21NO3 371.43 3 0 2.92 2.70 382.68 0.13 0 Yes

a The table above depicts all Lipinski's RO5 components, i.e. anumber of hydrogen-bond acceptors. bNumber of hydrogen-bond donors. cOctanol–
water partition coefficient. dMeasured solubility.
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(Table 7), with compounds 1, 3, 4, 8, and 10 demonstrating
balanced proles of lipophilicity, solubility, and compliance
with drug-likeness criteria. Compounds 5, 6, 7, and 9, while
structurally similar, exhibited slightly lower drug-likeness
scores but retained favorable characteristics. In contrast,
compound 2's high molecular weight and low solubility suggest
challenges in drug development despite its potent lipophilicity.
Henceforth, the data suggest that several of these compounds
warrant further investigation for their potential therapeutic
applications, particularly those complying with Lipinski's rule
and exhibiting favorable pharmacokinetic properties.

4. Conclusions

This study successfully identied 3-benzyloxyavone derivatives
(1–10) as potent b-glucosidase inhibitors through a multidisci-
plinary approach encompassing experimental and computa-
tional evaluations. The in vitro and in vivo assessments
© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrated that all synthesized compounds (1–10) exhibited
remarkable inhibitory activity against b-glucosidase, with IC50

values ranging from 0.17 mM to 1.02 mM. This performance
signicantly surpassed the reference standard, acarbose (IC50 =

34.09 mM). Among the tested derivatives, compounds 3 (IC50 =

0.28 mM), 8 (IC50 = 0.17 mM), and 10 (IC50 = 0.25 mM) exhibited
the highest potency. Acute toxicity evaluations conrmed that
the compounds were well-tolerated at doses up to 100 mg kg−1.
Subsequent in vivo investigations focused on the anti-
hyperglycemic potential of six selected compounds (3, 5, 6, 7, 8,
and 10), chosen based on their superior b-glucosidase inhibi-
tory activity. The antidiabetic efficacy of these compounds 3, 5,
6, 7, 8, and 10 was further validated using a PGLT-induced
diabetic rat model, where they demonstrated a spectrum of
good to excellent antihyperglycemic effects. Kinetic analysis
indicated that compounds 8 and 10 acted as competitive
inhibitors of b-glucosidase. The SAR study revealed that the
RSC Adv., 2025, 15, 10484–10500 | 10497
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nature and position of electron-donating substituents were
critical for enhancing inhibitory potency. Molecular docking
studies of compounds 8 and 10, complemented by MD simu-
lations for compound 8, demonstrated robust and stable
interactions with the enzyme's active site, corroborating their
molecular binding capabilities. DFT calculations for key
compounds (1, 2, 8, 9, and 10) provided deeper insights into
their electronic properties and reactivity, further validating
their potential as inhibitors. Drug-likeness assessments indi-
cated favorable pharmacokinetic proles for all synthesized
derivatives (1–10), supporting their viability as drug candidates.
This comprehensive investigation provides a strong foundation
for the design and optimization of b-glucosidase inhibitors,
offering valuable insights for the development of novel antidi-
abetic agents. Future studies will focus on advancing the most
promising compounds toward preclinical and clinical
evaluations.
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R. Sánchez-Pérez, B. L. Møller and S. Bak, Phytochemistry,
2008, 69, 1795–1813.

8 M. Bhat, Biotechnol. Adv., 2000, 18, 355–383.
9 Y. Chen, Y. Deng, Y. Li, Y. Qin, Z. Zhou, H. Yang and Y. Sun,
ACS Appl. Mater. Interfaces, 2024, 16, 21546–21556.

10 R. Li, P. Luo, Y. Guo, Y. He and C. Wang, Expert Opin. Drug
Saf., 2024, 1–5.

11 J. Zhu, X. Jiang, X. Luo, R. Zhao, J. Li, H. Cai, X. Y. Ye, R. Bai
and T. Xie, Drug Dev. Res., 2023, 84, 718–735.

12 R. Kumar, S. Singh and O. V. Singh, J. Ind. Microbiol.
Biotechnol., 2008, 35, 377–391.

13 A. Esen, Glucosidases: Overview, in ACS Symposium Series,
American Chemical Society, 1993, vol. 533, p. 1.

14 Q. Q. Lu, Y. M. Chen, H. R. Liu, J. Y. Yan, P. W. Cui,
Q. F. Zhang, X. H. Gao, X. Feng and Y. Z. Liu, Drug Dev.
Res., 2020, 81, 1037–1047.

15 E. U. Mughal, J. Ashraf, E. M. Hussein, Y. Nazir,
A. S. Alwuthaynani, N. Naeem, A. Sadiq, R. I. Alsantali and
S. A. Ahmed, ACS Omega, 2022, 7, 17444–17461.

16 A. T. Runo, V. M. Costa, F. Carvalho and E. Fernandes,Med.
Res. Rev., 2021, 41, 556–585.

17 R. J. Obaid, E. U. Mughal, N. Naeem, A. Sadiq, R. I. Alsantali,
R. S. Jassas, Z. Moussa and S. A. Ahmed, RSC Adv., 2021, 11,
22159–22198.

18 K.Wen, X. Fang, J. Yang, Y. Yao, K. S. Nandakumar,M. L. Salem
and K. Cheng, Curr. Med. Chem., 2021, 28, 1042–1066.

19 A. Ullah, S. Munir, S. L. Badshah, N. Khan, L. Ghani,
B. G. Poulson, A.-H. Emwas and M. Jaremko, Molecules,
2020, 25, 5243.

20 S. J. Maleki, J. F. Crespo and B. Cabanillas, Food Chem., 2019,
299, 125124.
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