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Exploring the anti-diabetic potential of bis-Schiff
bases of ibuprofen: insights into the in vitro,
molecular docking and density functional theory
analyses

Muhammad Ayaz,? Aftab Alam,? Zainab,® Ahmed A. Elhenawy, 29 Imtiaz Ahmad,’
Sajjad Ur Rahman,? Liagat Ali,% Abdul Latif,* Mumtaz Ali** and Manzoor Ahmad = *@

Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycaemia resulting from defects in
insulin action or secretion. The synthesized bis-Schiff base derivatives of ibuprofen were evaluated for their
in vitro a.-amylase and a.-glucosidase inhibitory activities using acarbose as a standard. Six compounds (13,
12, 14, 10, 9, and 11) exhibited superior dual inhibitory potency compared to acarbose, with I1Csq values
ranging from 3.85 &+ 0.05 pM to 14.47 + 0.14 uM (a-amylase) and 4.36 + 0.12 uM to 16.18 + 0.12 uM (a-
glucosidase), representing 1.1- to 4.2-fold enhanced activity. Compound 13 (3,4,5-trimethoxyphenyl) was
the most potent, showing 4.2-fold (a-amylase) and 3.8-fold (e-glucosidase) improvement compared to
acarbose. Molecular docking and DFT analyses revealed that compound 13's superior binding affinity
(AG = —7.033 kcal mol™ vs. —5.868 kcal mol™ (acarbose)) arose from optimized - stacking with
Trp59 and hydrogen bonding with Gln63/Ser108, facilitated by electron-donating methoxy groups.
The FMO analysis showed a low HOMO-LUMO gap (¢ = 1.840 eV) and a high electrophilicity index
(w = 2.094), correlating with enhanced charge-transfer interactions. Cytotoxicity assessments suggested
no toxicity up to 1000 pg mL™Y These findings position ibuprofen-based bis-Schiff bases as promising
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Introduction

Diabetes mellitus (DM), a chronic metabolic, life-threatening
and non-communicable disease mainly caused by reduced
insulin secretion, which makes it a worldwide health problem.*
Controlling blood glucose using pharmacological interventions
is the main clinical approach for the management of DM, which
is rapidly increasing in prevalence and has become a main
reason for death worldwide.>* DM is also recognized to be
a daily life-associated disease that can result in stroke,
neuropathy, retinopathy, atherosclerosis, and nephropathy.*
The International Diabetes Federation (IDF)'s approximations
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leads with enhanced potency and potentially improved drug-like properties compared to acarbose.

show that 529 million individuals received a diabetes diagnosis
in 2021,° while in 2022, the number had increased up to 828
million,® and by 2030, this number is predicted to increase up to
555 million.” Type-II DM (T2D) is more common in advanced
countries and can be competently treated with a-amylase and a-
glucosidase inhibitors that diminish and delay the blood
glucose rise occurring after meals.® a-Amylase and a-glucosi-
dase are the main digestive enzymes used for the metabolism of
carbohydrates.® a-Amylase breaks down complex carbohydrates
and starch into disaccharides, which are further hydrolyzed by
isomaltase into free glucose, which can then be absorbed. The
key digestive isomaltase in human beings is a-p-glucoside
glucohydrolase or o-glucosidase, a membrane-bound enzyme
present in the epithelial mucosa of the small intestine." It is
involved in controlling the release of glucose from poly-
saccharides in the gut and inhibiting its activity. Moderate o-
amylase inhibition combined with strong a-glucosidase inhi-
bition has been recommended as an efficient strategy to reduce
polysaccharide breakdown and limit glucose release in gastro-
intestinal tract."* Several a-amylase and a-glucosidase inhibi-
tors have been made, and their pharmacological properties
have been examined.” Marketed available anti-diabetic drugs
like acarbose, miglitol and voglibose block these enzymes in the
brush borders of the small intestine, deferring the breakdown
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of carbohydrates and helping to control post-prandial
hyperglycaemia.”*** However, the long-term usage of these
drugs can have some adverse effects, including abdominal pain
and diarrhoea.'® Consequently, there is a noteworthy need to
develop new and safe a-glucosidase and o-amylase inhibitors
having better effectiveness and reduced side effects."”*®

In recent decades, azines, also known as bis-Schiff bases or
di-imines, have attracted noteworthy attention because of their
extensive biological and pharmacological uses.” These
compounds are distinguished by the existence of two carbon-
nitrogen (-CH=N-) double bonds having the general formula
RCH=N-N=HCR and are usually synthesized by the conden-
sation of aliphatic and aromatic aldehydes with primary amines
in acidic media, enabling the formation of imine bonds.** Based
on the types of substituents attached to the imine group, azines
can exist in asymmetric and symmetric forms, which can have
a considerable effect on their biological activity and structural
characteristics.>® In addition, azines have been identified as
coordination ligands and metal chelators, increasing their
potential for enzyme inhibitory activities.”*** The structural
flexibility of azine derivatives allows their further alteration,
making them potential candidates for therapeutic interventions
and drug development.**

In recent times, our group has reported the synthesis of bis-
Schiff base compounds with diverse biological activities.
Notably, bis-Schiff base compounds based on 4-
nitroacetophenone are recognized as potent a-glucosidase
inhibitors and bis-Schiff bases based on 4-hydroxyacetophen-
one are reported for their in vitro phosphodiesterase-1 (PDE-1),
phosphodiesterase (PDE-3) and anti-diabetic activities.>?>?>2
Bis-Schiff base compounds derived from ethyl phenyl ketone
have shown significant anti-oxidant and anti-urease inhibitory
activities,”*” while flurbiprofen-based bis-Schiff bases have
been reported as promising analgesic and anti-inflammatory
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agents.”® Additionally, ibuprofen-based bis-Schiff bases have
been reported to be potential anti-cancer agents.*® Due to the
promising biological activities of bis-Schiff base compounds,
this research focuses on their in vitro a-amylase and o-glucosi-
dase inhibition activities, and their molecular docking and
density functional theory (DFT) analyses are used to provide
a systematic understanding.

Results and discussion
Chemistry

In search of potential pharmacologically/biologically active
compounds, we, in this study, report the anti-diabetic activities
of the synthetic ibuprofen-based bis-Schiff base derivatives 4-
15. These compounds were recently synthesized by refluxing
ibuprofen with carbonyl diimidazole (CDI) in the tetrahydro-
furan (THF) solvent. Then, hydrazine hydrate was added to the
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Fig.1 a-Amylase inhibitory potential of compounds 4-15.
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Scheme 1 Synthesis of ibuprofen-based bis-Schiff base compounds.
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Table 1 (Contd.)
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mixture and refluxed for 4-5 hours to get the hydrazide (1) of
ibuprofen, which was further refluxed with the esterified alde-
hyde in ethanol to get the Schiff base compound 2. The desired
Schiff base compound (2) was further refluxed with hydrazine
hydrate in ethanol to get the hydrazide (3) of the Schiff base
compound. Finally, a number of aromatic aldehydes were
refluxed with the hydrazide Schiff base compound in the
ethanol solvent containing a catalytic quantity of acetic acid to
get the bis-Schiff base compounds 4-15 (Scheme 1). These
compounds were structurally deduced by means of '"H-NMR,
3C-NMR and HR-ESI-MS, and the data of the compounds are
available in the reported literature.>

In vitro a-amylase inhibitory activity. These compounds’
inhibitory activity against the a-amylase enzyme was
assessed, and the dose-response curve is presented in Fig. 1.
In the synthetic library, most of the compounds had
excellent to good inhibitory activity. Six compounds, namely,
13 (ICs, = 3.85 £ 0.05 pM), 12 (ICs, = 5.51 + 0.04 pM),
14 (IC5o = 6.20 + 0.18 pM), 10 (IC5, = 8.66 &+ 0.01 puM), 9
(ICso =12.17 £ 0.14 pM), and 11 (IC5o = 14.47 £ 0.14 uM), were
found to be the most powerful inhibitors of the a-amylase
enzyme. Similarly, compound 15 (IC5, = 32.69 + 0.16 puM)
showed significant activity, while compounds 6, 7, 4, 5 and 8
displayed lower inhibition, with ICs, values of 78.45 £ 0.02,
85.29 £ 2.32, 89.29 £ 1.44, 92.19 £+ 1.18 and 98.05 + 0.43 uM,
respectively (Table 1).

In vitro a-glucosidase inhibitory activity. The synthesized
bis-Schiff base derivatives were also assessed for their in vitro o-
glucosidase inhibitory activity, and the dose-response curve

RSC Adv, 2026, 16, 11005-11022 | 11007
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Fig. 2 a-Glucosidase inhibitory potential of compounds 4-15.

is presented in Fig. 2. In the library, six compounds, namely,
13 (ICs5, = 4.36 £ 0.12 pM), 12 (IC5, = 6.11 + 0.01 puM),
14 (IC5, = 8.12 + 0.14 uM), 10 (IC5, = 9.51 + 0.09 uM), 9
(IC50 = 16.60 £ 0.12 uM), and 11 (IC5, = 16.18 £ 0.12 uM) di-
splayed excellent inhibitory activity against o-glucosidase
enzyme. Similarly, compound 15 (ICs, = 34.22 + 0.33 pM)
showed significant activity, while compounds 6, 7, 4, 5 and 8
displayed lower inhibition, with ICs, values of 82.07 £ 0.79,
87.42 £+ 0.56, 91.52 £+ 1.45, 96.71 £+ 1.92 and 101.00 £ 0.63 uM,
respectively.

Structure-activity relationship (SAR)

To improve understanding, the structure-activity relationship
(SAR) was precisely examined by thoroughly assessing the
influence of differences in the nature and position of the
attached substituents (R) on the benzene ring. These investi-
gations aimed to recognize the main molecular features
responsible for biological activities, providing valuable insights
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into the way precise structural alterations affect the contact of
the synthetic compounds with their biological targets. By
associating these alterations with the inhibitory potential, the
study provides a deeper understanding of the molecular factors
crucial for enhancing bioactivity and managing upcoming drug
design determinations.

The synthesized bis-Schiff base compounds of ibuprofen
were screened for their in vitro a-amylase and a-glucosidase
inhibitory activities. Amongst the series, compound 13
(ICso = 3.85 + 0.05 uM for a-amylase and 4.36 + 0.12 uM for
a-glucosidase) shows powerful inhibitory activity, and the
highest activity of this compound could be due to the presence
of three electron-donating methoxy groups at meta and para
positions. The presence of three methoxy groups on the
benzene ring at meta and para positions significantly enhances
the electron density of the aromatic ring, enabling powerful
hydrogen bonding and m-m interactions with the binding
pockets of amino acid residues in the enzymes. According to
the comparison of compound 12 (IC5, = 5.51 + 0.04 puM
for a-amylase and 6.11 + 0.01 pM for a-glucosidase) with 14
(ICs0 = 6.20 £ 0.18 uM for a-amylase and 8.12 + 0.14 uM for o-
glucosidase), both derivatives have methoxy groups, but the
attachment positions are different. Compared to that of
compound 14, the slightly high activity of compound 12 might
be attributed to the location of the methoxy substituents at the
para and meta positions, instead of the para and ortho positions
in compound 14. The positional alteration affects the steric
interactions and electronic distributions with the para and meta
configurations in compound 12, likely forming superior
arrangements and powerful interactions with the active site of
enzymes. The condensed steric hindrance and electronic effects
in this configuration might ease optimal binding interfaces,
leading to the greater activity detected for compound 12.
According to the comparison of compound 10 (IC5, = 8.66 +
0.01 uM for a-amylase and 9.51 + 0.09 uM for a-glucosidase)

Fig. 3 The most active a-amylase and a-glucosidase inhibitors in the series.
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with compound 9 (IC5, = 12.17 £ 0.14 pM for a-amylase and
16.60 £ 0.12 puM for a-glucosidase) and compound 11 (IC5, =
14.47 + 0.14 pM for a-amylase and 16.18 + 0.12 pM for o-
glucosidase), the differences observed in the activities of the
compounds might be ascribed to the variations in the potential
arrangement of methoxy and hydroxyl groups on the benzene
ring. The enhanced inhibitory activity of compound 10 is likely
due to the presence of a hydroxyl substituent at ortho and
methoxy at para position that increases the steric as well as
electronic interfaces with the active site of the enzymes. By
shifting the methoxy group from the para to meta position in
compound 9, a slight decrease in the activity is observed, and
this might be due to weaker hydrogen bonding and less
promising electronic effects. However, by changing the position
of the hydroxyl substituent from the ortho to meta position in
compound 11, a greater decline in the activity is observed. This
might be because the hydroxyl group at the ortho position in
compound 10 allows powerful intramolecular interfaces and
excellent alignment with the binding pockets of the enzyme that
are disturbed by changing the position of the hydroxyl group to
the meta position in compound 11. These results highlight the
crucial role of the attached groups and their positions in
controlling the inhibitory activities (Fig. 3). In the case of
compounds having electron-withdrawing groups, the activity
against a-glucosidase and a-amylase seems to be influenced by
the attachment positions of the substituents on the benzene
ring. According to the comparison of compound 4 (IC5, = 89.29
=+ 1.44 pM for a-amylase and 91.52 + 1.45 uM for a-glucosidase)
with 5 (ICso = 92.43 + 0.69 uM for a-amylase and 96.71 £ 1.92
uM for a-glucosidase), both display comparatively lower inhi-
bition. However, the somewhat high activity of compound 4
might be due to the nitro group attached to the benzene ring at
the para position. The para position enables improved electron
withdrawal by means of resonance, which can increase the
interaction of compounds with the active site of the enzymes. In
contrast, the nitro group at the meta position of the benzene
ring in compound 5 restricts its capability to contribute to
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resonance, which results in reduced inhibition and weaker
electron-withdrawing effects. This shows the significance of the
positions of attached substituents in enhancing the binding
interactions and electronic environment in compounds having
similar structural frameworks.

Cytotoxicity of compounds 13 and 12

The cytotoxic effects of the most active compounds (13 and 12)
were evaluated on 3T3 cells by means of the MTT assay. As
shown in Fig. 4A and B, neither compound displayed cytotoxic
effects within the established concentration range from 0 to
1000 pg mL™'. Cell viability reliably surpassed 90% at all
concentrations for both compounds, emphasizing their prom-
ising safety profile. These results indicate that the compounds
are well-tolerated by 3T3 cells and do not have harmful effects
on cellular viability, implying their potential for more biological
and therapeutic investigations.

Molecular docking studies of the compounds against o-
amylase

The molecular docking interactions of the most active
ibuprofen-based bis-Schiff base derivatives (9-14) with human
pancreatic a-amylase (PDB ID: 3BAJ*), a key enzyme in carbo-
hydrate metabolism and a target for anti-diabetic drugs, have
been studied. Utilizing docking scores (AG), electrostatic (Eeje)
and solvation (Es.) energies, and solvent-accessible surface
areas (SASAs), the binding modes of these active compounds are
elucidated and compared with the reference inhibitor, acar-
bose. Then, we correlate these computational parameters with
inhibitory activities in vitro, thereby validating the docking
protocol and providing insights into the structure-activity
relationships (SARs). Specific interactions, including H-
bonding, hydrophobic contacts, and w-m stacking, are exam-
ined to understand how substituent variations on the terminal
phenyl ring influence binding affinity and biological efficacy
(Table 2). In addition, acarbose docks into a-amylase (3BA]J)
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Fig. 4 Cytotoxicity of the most active compounds against the 3T3 cell line: (A) compound 13. (B) Compound 12.
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Table 2 Docking parameters of the most active compounds against a.-amylase (3BAJ) and a.-glucosidase (SNN8)

AG

AG

(kcal mol™") RMSD (A) Eg (kcal mol™) Egq (kcal mol™) SASA (%) (kcal mol™) RMSD (A) Eej. (keal mol™?) Ey (keal mol™*) SASA (A%)

C. no. 3BAJ 5NN8

13 —7.033 1.415 60.106 —49.617 10.489 —6.964 1.056 —46.724 —39.265 —7.459
12 —6.643 1.751 63.389 —32.880 30.509 —5.922 1.586 —7.550 —36.240 28.690
14 —7.186 7.307 39.420 —33.145 6.275 —6.337 1.050 —1.337 —26.789 25.452
10 —7.187 1.766 53.123 —44.610 8.512 —6.520 1.353 —92.104 —32.797 —59.307
9 —6.529 1.027 42.668 —22.744 19.923 —6.113 1.532 100.256 —34.112 134.368
10 —6.140 1.264 48.495 —30.503 17.992 —6.475 1.808 —38.313 —44.533 6.219
11 —6.197 1.528 240.521 —170.571 69.950  —5.892 1.647 —29.733 —53.146 42.207
Acarbose —5.868 1.323 240.521 —39.822 15.520  —5.525 1.097 —55.490 —59.914 4.424

with AG = —5.868 kcal mol™* and RMSD = 1.323 A (relative to
the crystallographic pose), validating our methodology.

Generally, a good correlation is observed between the dock-
ing scores (AG) and the in vitro a-amylase inhibitory activities
(ICso values). Compound 13 (ICs, = 3.85 pM) exhibits a strong
docking score of —7.033 keal mol~". Compounds 14 (IC5, = 6.20
uM) and 10 (IC5o = 8.66 uM) show the most favourable
docking scores (—7.186 and —7.187 kcal mol ', respectively),
suggesting potent binding, which is largely consistent with
their excellent in vitro activities. Compounds 12 (IC5, = 5.51 uM,
AG = —6.643 kcal mol™) and 9 (ICs, = 12.17 uM,
AG = —6.529 kcal mol™ ") also show good scores, reflective of
their activity. In the series, compound 11 (IC5, = 14.47 uM) has
the least favourable score among this active set (AG =
—6.197 kecal mol™") but still shows better in vitro activity than
acarbose. The favourable (more negative) solvation energies
(Eso1) for most compounds, particularly 13 (—49.617 keal mol ™)
and 10 (—44.610 kcal mol '), suggest favourable interactions
with the solvent-exposed regions of the binding pocket or good
desolvation upon binding. Compound 11 presents anomalous
Eeie (240.522 keal mol ™) and Eq, (—170.571 keal mol ™) values,
alongside a high SASA (69.950 A%). This might indicate a unique
binding mode with substantial electrostatic contributions and
significant desolvation penalties or solvent interactions, or
potentially an artifact of the scoring. The high SASA implies
greater solvent exposure. Fig. 5 reveals key residues within the
3BAJ active site.

The most active compound, 13 (3,4,5-trimethoxyphenyl) with
ICso = 3.85 M, is stabilized by H-bonds, likely involving its
terminal 3,4,5-trimethoxyphenyl ring with Ser108. The phenyl
rings of the ibuprofen scaffold is oriented toward the solvent-
exposed region, providing lipophilic bulk and facilitating
potential hydrophobic interactions with Tyr62, while the central
hydrazone linker properly positions the scaffold to interact with
the GIn63 backbone. Furthermore, the central phenyl ring
extends toward Trp59, forming the primary anchor. The pres-
ence of three electron-donating methoxy groups at meta and
para positions enhances electron density, favouring polar and
van der Waals interactions. Its relatively low SASA (10.489 A%)
suggests that it is well-accommodated within the pocket.
Compound 12 (3,4-dimethoxyphenyl), with good activity (ICs, =
5.51 uM), forms H-bonds, likely via its methoxy groups and

1010 | RSC Adv, 2026, 16, 1005-11022

hydrazide (nitrogens/oxygens), with Glu240 and Lys200. The
core structure and terminal ibuprofen phenyl ring are involved
in hydrophobic interactions between Trp58 and Trp59 and
potentially hydrophobic interactions between His201 and
Ile235. The para and meta methoxy groups contribute favour-
ably. Its SASA (30.509 A?) is higher than that of compound
13, suggesting slightly more solvent exposure. Compound
14 (2,4-dimethoxyphenyl) displays a very good docking score
(AG = —7.186 kcal mol ') and activity (ICs, = 6.20 uM). The
aromatic systems can engage in 7w-7 stacking with Tyr151 and
hydrophobic interactions with Glu149 and Tyr62. The ortho and
para methoxy substituents facilitate these interactions. Its low
SASA (6.275 A% implies a buried pose. Our SAR analysis
suggests that the para/meta position is slightly better than the
para/ortho position, which aligns with the result that the ICs,
value of 12 is slightly better than that of 14, even though 14
has a better docking score. Also, compound 10 (2-hydroxy-4-
methoxyphenyl), exhibiting a strong docking score
(AG = —7.187 kecal mol ") and activity (IC5, = 8.66 uM), likely
forms H-bonds through the oxygen of amide with Lys200,
Ala198 and His201. The hydroxyl group at the ortho position and
the methoxy at the para position are crucial. w—m stacking with
Trp59 and hydrophobic interactions with GIn63 further stabi-
lize its binding. Its low SASA (8.512 A%) indicates good burial.
Compound 9 (2-hydroxy-5-methoxyphenyl) with moderate
activity (ICso = 12.17 pM) interacts with Tyr151, His201, and
Lys200 through hydrogen bonds, likely involving its -OH and -
OCHj; groups. A potential H-bond with Glu238 is also observed.
The shift of the methoxy group from the para (as in compound
10) to meta (relative to the attachment point; here, position 5)
position might slightly alter the optimal interaction geometry,
as reflected in its higher ICs, value. Compound 11 (3-hydroxy-4-
methoxyphenyl) (ICs, = 14.47 uM) forms hydrogen bonds with
His201, Lys200, and Glu240 utilizing its amide functionalities.
Hydrophobic interactions with Leul65, Leul62, and Trp59
contribute to binding. Acarbose typically binds deep within the
a-amylase active site, forming an extensive network of hydrogen
bonds with key catalytic residues (Asp197, Glu233, and Asp300)
and other polar residues like Gln63, His101, Lys200, His201,
His305, and Tyrl51. Its inhibitory mechanism involves
mimicking the substrate and interacting strongly with the
catalytic triad.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Binding mode of the most active compounds onto the active site of 3BAJ.

Compared to acarbose, the synthesized bis-Schiff bases are
structurally distinct and likely adopt the same binding orien-
tations that share interactions with some common residues.
Compounds 12, 10, 9, and 11 interact with Lys200 and His201,
which are also crucial for acarbose binding, and GIné3 (inter-
acts with 13, 14, and 10) and Trp59 (interacts with 13, 12, 10,
and 11) are also implicated in substrate (acarbose) recognition.
Glu240 (interacts with 12 and 11) is near the catalytic Glu233.
The ibuprofen derivatives primarily rely on a combination of
hydrophobic interactions (driven by the isobutylphenyl and
other phenyl rings) and specific H-bonds from their hydrazide
linkers and terminal substituents. Acarbose, with its multiple -
OH groups, forms in a far more extensive H-bond network. The
investigated compounds are generally more hydrophobic than
acarbose. Generally, the nature and regiochemistry of substit-
uents on the terminal phenyl ring play a pivotal role in modu-
lating inhibitory potency. Generally, electron-donating methoxy
and hydroxyl groups enhance activity, with trimethoxy (13) and
specific hydroxy-methoxy patterns (2-OH and 4-OCHj; in 10)
proving particularly effective. These active compounds demon-
strate superior in vitro potency to acarbose, suggesting that they
achieve strong enzyme inhibition through a distinct, yet effec-
tive, binding mode. The comprehensive framework established
by correlating computational binding energies and interaction
patterns with biological efficacy offers a robust platform for the

© 2026 The Author(s). Published by the Royal Society of Chemistry

rational design and optimization of this class of compounds as
novel anti-diabetic agents targeting o-amylase.

Molecular docking of the compounds against a-glucosidase

Molecular docking studies were performed for compounds 9-14
against human lysosomal acid a-glucosidase (PDB ID: 5NN§*'),
a critical enzyme in glycogen metabolism and a target for
Pompe disease, with homologous enzymes targeted in diabetes.
We aim to elucidate the structural basis of their inhibitory
activity by dissecting binding modes, interaction energies (AG,
Eele, Esol, SASA), and comparing them with the established
inhibitor acarbose with AG = —5.525 kcal mol " (Table 2). Fig. 6
reveals key residues within the 5NN8 active site. Compound 13
(3,4,5-trimethoxyphenyl derivative; AG = —6.964 kcal mol™?)
forms network -7 stacking interactions with Trp618 and tri-
methoxyphenyl. Similarly, the terminal phenyl of ibuprofen
engages the right-arm aromatic system of compound 13
through m-m stacking or m-alkyl interactions with Trp481 and
Met519, respectively. The multiple methoxy groups provide
several H-bond acceptor sites. Its highest AG score is supported
by these multiple interactions. The negative Ee
(—46.724 kcal mol ') suggests favourable electrostatic contri-
butions. For compound 10 (2-hydroxy-4-methoxyphenyl; AG =
—6.475 kecal mol™'), key H-bonds are observed with Asp518,

RSC Adv, 2026, 16, 1005-11022 | 11011
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Fig. 6 Binding mode of the most active compounds onto the active site of SNN8.

Trp481, and potentially Ala284 and Asp404. The ortho-hydroxyl
and para-methoxy groups are critical for -7 stacking with
Trp481. The strong AG is well-supported. Favourable Eg
(—44.533 keal mol ') and E. (—38.313 kcal mol ™) contribute
to its good binding. Compound 14 (2,4-dimethoxyphenyl; AG =
—6.337 kcal mol™') forms H-bonds, likely via the carbonyl of
amide, with Thr286, and its methoxy groups are involved in
hydrophobic interactions with the aromatic residue Trp618,
while the phenyl of ibuprofen forms m-m stacking interactions
with Trp481. The favorable AG together with E..
(—1.337 keal mol ') is close to neutral, suggesting hydrophobic
and van der Waals interactions are dominant for this pose.
Compound 9  (2-hydroxy-5-methoxyphenyl; AG =
—6.113 kecal mol ') engages in important H-bond interactions
with His674, Asp616, Thr286, Trp376 and Ala284. Hydrophobic
interactions with Leu650 contribute. The moderate AG together
with a high E.. (100.256 kcal mol ") suggests significant elec-
trostatic repulsion or an unfavourable charge state in this pose,
which might explain its weaker activity despite a seemingly
extensive H-bond network. Its very large SASA (134.368 A?)
indicates that it is not well-buried. Compound 12 (3,4-di-
methoxyphenyl; AG = —5.922 kcal mol ") forms H-bonds with
Met519, Trp481, Asn652, Gly651 and Leu650. Hydrophobic
interactions with Leu678 are also present. Its AG is less
favourable than that of compound 9, even though compound 12
is more active. This could be due to the highly unfavourable E.
of compound 9, whereas compound 12 has a more neutral E..
(-7.550 kcal mol™'). The 3-hydroxy-4-methoxyphenyl

1012 | RSC Adv,, 2026, 16, N1005-11022

substituents in compound 11 (AG = —5.525 kcal mol ") estab-
lishes H-bonds with Asp518, Asp282, and Arg527 (common in
glucosidase active sites). Hydrophobic interactions with Phe649
are noted. The least favourable AG, consistent with its weaker
activity.  However, it has very favourable Eg,
(—59.914 kecal mol ") and E.j (—55.490 kcal mol ™), suggesting
strong polar and solvent-mediated interactions, which might
partially compensate for a less-optimal van der Waals fit.
Acarbose, a well known inhibitor of a-glucosidases. It typically
binds in the active site cleft, forming numerous H-bonds with
key catalytic residues (Asp and Glu residues acting as nucleo-
philes and acid/base catalysts) and other polar residues that
recognize sugar moieties. It mimics the natural substrate.

Chemical reactivity indices of ibuprofen-based bis-Schiff
bases

The chemical reactivity of the most active ibuprofen-based bis-
Schiff base derivatives (9, 10, 11, 12, 13, and 14) has been
studied using time-dependent density functional theory (TD-
DFT) calculations (WB97X-D/6-311G**). Key electronic proper-
ties, including HOMO and LUMO energies, are used to derive
global reactivity indices such as energy gap (¢), hardness (n),
softness (S), electronegativity (x), and electrophilicity index (w).
These quantum chemical descriptors are correlated with their
in vitro inhibitory activities against a-glucosidase and a-
amylase, as well as with molecular docking results. The study
aims to elucidate how the electronic characteristics of these
compounds influence their biological efficacy and interaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 TD-DFT calculated reactivity indices of compounds 9-14

C. no. HOMO LUMO ¢ n S X w

11 —7.820 —0.070 2.232 3.875 0.258 3.945 2.008
9 —7.891 —0.048 1.672 3.922 0.255 3.970 2.009
10 —7.872 0.101 1.430 3.986 0.251 3.885 1.894
14 —7.880 0.113 2.152 3.996 0.250 3.883 1.887
12 —7.741  —0.023 1.627 3.859 0.259 3.882 1.953
13 —-7.976 —0.130 1.840 3.923 0.255 4.053 2.094
Acarbose  —4.942 —0.934 4.008 2.004 0.499 2.938 2.153

with the target enzymes, providing a comprehensive under-
standing of their structure-activity relationships from both
structural and electronic perspectives. The TD-DFT-calculated
reactivity indices for compounds 9-14 are presented in Table 3.

Compound 13, being the most active, exhibits the lowest
HOMO and LUMO energies, the highest electronegativity (x),
and the highest electrophilicity index (). This suggests that its
ability to participate in charge transfer interactions, particularly
acting as an electron acceptor (good electrophile), might be
a key factor in its superior activity. Compound 12, while having
the highest HOMO (less likely to donate electrons), has the
lowest hardness () and the highest softness (S), indicating that
it might be more polarizable and reactive. A smaller energy gap,
¢, generally implies higher reactivity. The very active compound
10 has the smallest ¢ (¢ = 1.430). Compound 13 (¢ = 1.840, most
active) has a moderate ¢. Compound 11 (¢ = 2.232, less active)
has the highest ¢. This suggests that lower ¢ values (indicating
easier electronic excitation and higher reactivity) might be
beneficial. Hardness is a measure of resistance to deformation
or change in electron distribution, while softness is the recip-
rocal. Softer molecules are generally more reactive. The softest
compound, 12 (n = 3.859, S = 0.259), shows good activity.
However, the hardest compound, 14 (n = 3.996, S = 0.250), is
also quite active. The trend in hardness/softness is not perfectly
linear with activity across the whole set but might explain
differences between closely related compounds. A higher elec-
tronegativity (x) indicates a greater power to attract electrons.
Compound 13 (x = 4.053, most active) has the highest electro-
negativity. Compound 9 (x = 3.970, less active for a-glucosidase)
also has high electronegativity. This suggests that high elec-
tronegativity is a favourable trait. The electrophilicity index (w)
measures the tendency of a species to accept electrons. A higher
w indicates a better electrophile. The most active compound, 13,
for both enzymes has the highest electrophilicity (w = 2.094).
Compounds 11 (w = 2.008) and 9 (w = 2.009) also have high w
but are less active. Compounds 10 (w = 1.894) and 14 (v =
1.887) have the lowest w in the series but are very active. The
trend in o is not perfectly linear. While the most active
compound (13) has the highest w, other highly active
compounds (10 and 14) have lower w values. This suggests that
while electrophilicity is important, it is not the sole determi-
nant, and an optimal range or interplay with other factors might
exist. The ibuprofen derivatives likely rely more on a balance of
specific polar interactions (via R-groups and linkers) and
broader hydrophobic/m—7 interactions, with their electrophilic/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nucleophilic character (as described by w and HOMO/LUMO)
playing a role in forming covalent or strong non-covalent
charge-transfer interactions if the opportunity arises. The
docking studies show that active compounds form hydrogen
bonds (polar interactions) and hydrophobic/m-m interactions.
The high w of compound 13 or a low LUMO energy suggests that
the compound can readily accept electron density. This could be
crucial for interacting with electron-rich (nucleophilic) residues
at the enzyme active site (carboxylate side chains of Asp/Glu or
lone pairs on His, Ser, or Tyr). If the docking pose places the
ligand near such residues, a favourable electrophile-nucleo-
phile interaction could significantly contribute to the binding
affinity (AG) and, thus, the activity (ICs,). The low HOMO energy
of compound 13 indicates that while it can donate electrons, it
holds them relatively tightly. However, interactions with an
electron-deficient (electrophilic) site in the enzyme could still
occur. The ¢ relates to polarizability. Molecules with smaller ¢
are generally more polarizable and can adapt their electron
clouds more easily to interact favourably with the receptor site,
potentially leading to stronger induced-fit interactions and
better docking scores. Compounds 10 and 13 have relatively
smaller ¢ values and are highly active.

Fig. 7 provides visual representations of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) for a series of active ibuprofen-based bis-Schiff
base derivatives (9-14) and the standard inhibitor acarbose.
These frontier molecular orbitals (FMOs) are critical in deter-
mining a molecule’s chemical reactivity, participation in
charge-transfer interactions, and, ultimately, biological activity.
By examining the spatial distribution of HOMO and LUMO
electron densities, we aim to identify regions susceptible to
electrophilic and nucleophilic attack, respectively. These
insights are correlated with previously discussed DFT-derived
reactivity indices, in vitro inhibitory activities against a-gluco-
sidase and a-amylase, and molecular docking results to provide
a comprehensive understanding of how electronic delocaliza-
tion and specific atomic contributions to FMOs influence
enzyme-ligand interactions and inhibitory potency. Visualizing
the spatial distribution of these FMOs provides invaluable
qualitative information on which parts of a molecule are most
involved in these electronic processes (Fig. 7). This analysis
examines the HOMO and LUMO electron density plots of
compounds 9-14 and acarbose, aiming to identify the primary
sites of electron donation and acceptance, correlate these
distributions with the calculated global reactivity indices (e, 7,
w, etc.), link these electronic features to the specific interactions
observed in molecular docking studies with a-glucosidase and
a-amylase, and understand how these FMO characteristics
contribute to the observed inhibitory activities.

The HOMO electron density appears to be largely delocalized
across the m-conjugated systems of the molecules, particularly
involving the central phenoxy acetyl-hydrazone linker and the
terminal substituted phenyl ring (the R-group). The ibuprofen's
isobutylphenyl moiety also contributes, but often to a lesser
extent than the more electron-rich and conjugated central/
terminal parts. This suggests that the primary sites for elec-
tron donation or electrophilic attack are spread across these

RSC Adv, 2026, 16, 11005-11022 | 11013
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Fig. 7 Visualization of the HOMO and LUMO distributions for ibuprofen-based bis-Schiff bases 9-14.

conjugated segments. The LUMO density also tends to be
delocalized over similar m-conjugated regions, often with
significant contributions from the imine bonds (-N=CH-) of
the hydrazone moieties and the aromatic rings. This indicates
that these are the region's are most likely to accept electrons or
undergo nucleophilic attack. On the most active compounds, 12
and 13, significant HOMO density is observed on the terminal
3,4,5-/2,4-methoxyphenyl rings and the adjacent hydrazone
linker. The methoxy groups, being electron-donating, likely
contribute to the high electron density in this region, making
them a good electron donor. While the LUMO is strongly
localized on the terminal methoxyphenyl rings and the imine
bonds. This supports its high electrophilicity index (w) and its
role as a good electron acceptor. The extensive delocalization
across this highly substituted ring likely stabilizes the accepted
electron. In compound 14 (2,4-dimethoxyphenyl), both FMOs
appear delocalized over the entire conjugated system, with
significant density on the terminal 2,4-dimethoxyphenyl ring
and the imine bonds. The ortho and para methoxy groups
influence this distribution. In the HOMO of compound 9 (2-
hydroxy-4-methoxyphenyl), significant density is observed on
the terminal 2-hydroxy-4-methoxyphenyl ring, with contribu-
tions from both the hydroxyl and methoxy groups and extend-
ing into the hydrazone linker. The LUMO is also concentrated
on the terminal ring system and imine bonds. The presence of
the phenolic -OH and methoxy influences the electron distri-
bution. The HOMO and LUMO of compound 9 are similar to
those of 10, and FMOs are primarily localized on the terminal
substituted phenyl ring and the conjugated linker. The different
positions of the methoxy group (5-position vs. 4-position in 10)
could subtly alter the precise regions of the highest density and
orbital energies. The HOMO and LUMO of compound 11 are

1014 | RSC Adv, 2026, 16, 11005-11022

delocalized across the terminal ring and conjugated system.
The 3-OH and 4-OCHj; patterns dictate the specific regions of
electron density. The HOMO density in acarbose appears to be
primarily localized on the oxygen atoms of the hydroxyl groups
and the glycosidic linkages, as well as on the nitrogen atom of
the valienamine-like ring. These are the most electron-rich and
nucleophilic sites. The LUMO density is also distributed across
the molecule, likely with contributions from regions around the
—-C=N- character of the imine-like moiety, which can stabilize
an incoming electron, potentially near the anomeric carbons or
the nitrogen atom. Its LUMO is likely higher in energy than that
of the more conjugated ibuprofen derivatives. Generally, the
LUMO of ligands 9-14 (on the terminal phenyl ring or imine
bonds of compounds) overlaps spatially with the HOMO of an
electron-rich (nucleophilic) residue in the enzyme's active site
(Asp, Glu, His, Ser, or Tyr), and a favourable charge-transfer
interaction from the enzyme to the ligand can occur, strength-
ening binding. This is consistent with the high electrophilicity
(w) of compounds like 13. The docking poses show interactions
with such residues. Conversely, if the HOMO of the ligand (on
the electron-rich terminal rings) overlaps with the LUMO of an
electron-deficient (electrophilic) residue or region in the active
site, charge transfer from the ligand to the enzyme can occur.
The localization of HOMO density on oxygen and nitrogen
atoms (in methoxy, hydroxyl, and hydrazide groups) identifies
these as potential H-bond acceptor sites. Similarly, regions of
LUMO density near acidic protons could indicate H-bond donor
interactions. The FMOs help identify the most electronically
active H-bonding atoms. In addition, the delocalization of the
HOMO and LUMO across the aromatic rings in compounds 9-
14 is fundamental to their ability to engage in m-m stacking

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions with aromatic residues (Trp, Tyr, Phe, and His) in
the enzyme active sites, as observed in the docking studies.

Insights into molecular electrostatic potential (MEP) maps

The molecular electrostatic potential (MEP) is a fundamental
property that describes the electrostatic interaction energy
between a molecule and a positive point charge (a proton) at
various points in space around the molecule. It provides a three-
dimensional map of the charge distribution, visually identifying
regions with high electron density (negative MEP, typically
coloured red/orange/yellow) and low electron density (positive
MEP, typically coloured blue/purple). Regions with negative
MEPs are indicative of lone pairs on heteroatoms or m-electron
clouds and are favourable sites for electrophilic attack or
hydrogen bond acceptance. Regions with positive MEPs are
usually found around hydrogen atoms bonded to electronega-
tive atoms (e.g., O-H and N-H) and are favourable sites for
nucleophilic attack or hydrogen bond donation. Understanding
the MEP is crucial in drug design as it directly relates to how
a ligand interacts with the electrostatic field of a biological
receptor, guiding the formation of hydrogen bonds, salt
bridges, and other electrostatic interactions that are vital for
molecular recognition and binding affinity.* Negative MEPs
(red/orange/yellow regions) are consistently observed around
the oxygen atoms of the carbonyl groups (C=O) in the
ibuprofen moiety and the ester/amide linkages, the oxygen
atoms of the -OCH; and —OH substituents on the terminal
phenyl rings, and the nitrogen atoms of the imine (-N=CH-)
and hydrazide (-NH-N=) linkages, particularly if they possess
lone pairs not involved in extensive conjugation. These regions
are prime candidates for acting as hydrogen bond acceptors or
interacting with positively charged/electrophilic sites in the
enzyme.

Positive MEPs (blue/purple regions) are typically located
around the hydrogen atoms of hydroxyl (-OH) groups on the
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terminal phenyl rings and the H-atoms of the N-H groups in the
hydrazide linkages. These regions can act as H-bond donors or
interact with negatively charged/nucleophilic sites in the
enzyme. Neutral MEPs (green regions) are predominantly seen
over the carbon skeletons of the aromatic rings (phenyl and
isobutylphenyl) and aliphatic chains, indicating relatively non-
polar, hydrophobic regions. Compounds 12 and 13 show
intense negative MEPs around the oxygen atoms of the methoxy
groups on the terminal phenyl ring and the carbonyl oxygen of
ibuprofen. This highlights their strong hydrogen bond accept-
ing capabilities in these regions. The -NH hydrogens of the
hydrazide linkers likely exhibit positive MEPs. The overall
molecule has a complex electrostatic landscape, with distinct
polar ends (terminal ring and ibuprofen carbonyl) and a more
neutral central linker. Compound 14 displays negative MEPs
localized on the ortho and para methoxy oxygens. The spatial
arrangement of these negative potentials will differ from that in
the 3,4-disubstituted 12, potentially influencing the direction-
ality of H-bonds (Fig. 8).

For compounds 9 and 10, there is a strong negative MEP
around the phenolic oxygen of the -OH group (2-hydroxy-4-
methoxyphenyl) and the methoxy oxygen. Significant positive
MEPs are observed around the hydrogen of the phenolic -OH
group, making it an excellent H-bond donor. This combination
of strong H-bond acceptor (oxygens) and donor (hydroxyl H)
sites in proximity on the terminal ring is a key feature.
Compound 11 shows negative MEPs on the hydroxyl and
methoxy oxygens and positive MEPs on the hydroxyl hydrogen.
The 3-hydroxy position will present its donor/acceptor capabil-
ities differently than the 2-hydroxy position in 9 and 10. The
MEP map of acarbose is dominated by negative MEPs around
the numerous oxygen atoms of its multiple hydroxyl groups and
glycosidic linkages. This makes acarbose an exceptionally
strong hydrogen bond acceptor at many points. The MEP maps
directly visualize the H-bond donor (positive MEP) and acceptor
(negative MEP) capabilities.

Fig. 8 The MEP for ibuprofen-based bis-Schiff bases 9-14.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The presence of strongly negative MEP regions on the oxygen
atoms of R-group substituents (methoxy and hydroxyl) and
linker carbonyls aligns perfectly with the hydrogen bonds
observed in docking studies, where these groups act as accep-
tors with enzyme residues (e.g., Gln, Ser, Tyr, Lys, His, Asp, and
Glu). Similarly, positive MEPs on the hydrogens of -OH and -
NH match their role as H-bond donors during docking. The
overall electrostatic field of the ligand, as depicted by the MEP,
can “steer” it into the correct orientation within the enzyme's
binding pocket, which itself has a characteristic electrostatic
landscape. The overall magnitude and distribution of the MEP
are influenced by electronegativity (x) and electrophilicity (w).
For instance, compound 13, with high x and w, shows an
intense negative potential around its electronegative oxygen
atoms, reflecting its ability to attract and stabilize electron
density.

Analytical insights into molecular dynamics (MD) of o-
amylase (3BAJ) and o-glucosidase (5NN8)

The intrinsic dynamics have been investigated for a-amylase
(PDB ID: 3BAJ) and a-glucosidase (PDB ID: 5NN8) using normal
mode analysis (NMA). NMA elucidates the collective motions
accessible to these enzymes, providing insights into their flex-
ibility, conformational transitions, and regions susceptible to
deformation. Key NMA outputs, including molecular motion
visualizations, deformability profiles, (-factor correlations,
eigenvalue spectra, variance plots, and covariance matrices, are
examined (Fig. 9). These dynamic properties are discussed in
the context of ligand binding mechanisms for ibuprofen
derivative 13, active site accessibility, and the overall enzyme
function. Understanding the inherent flexibility of these
enzymes can aid in rationalizing inhibitor binding, identifying
allosteric sites, and guiding the design of modulators that
leverage protein dynamics. The MD analysis focuses on the
NMA results for two key metabolic enzymes: human pancreatic
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o-amylase (3BAJ) and human lysosomal acid o-glucosidase
(5NN8). By examining their dynamic profiles, we identify the
flexible and rigid regions within each enzyme, compare their
overall dynamic characteristics, relate these dynamics to active
site accessibility and potential mechanisms for ligand binding,
and understand how intrinsic protein motions influence their
catalytic activity and inhibition.

The ribbon diagrams for 13-3BAJ and 13-5NNS8, often col-
oured based on mobility (red/orange for high mobility and blue
for low mobility), depict the collective motion described by the
lowest-frequency (largest-amplitude) normal modes. The
arrows indicate the direction and extent of these global move-
ments (Fig. 9a). These visualizations highlight large-scale
conformational changes the enzyme can readily undergo. For
instance, they show domain movements, opening/closing of
active site clefts, or hinge-bending motions. These are crucial
for substrate access, ligand binding, and product release.
Observing the nature of this motion provides direct insights
into the enzyme's functional dynamics. The motion involves the
opening of the active site, and it suggests a mechanism for
ligand entry. The global motions (Fig. 9a) reveal how the overall
shape of the binding pocket changes, which could affect the
binding of elongated ligands like the ibuprofen derivative 13.

The deformability profile (Fig. 9b) shows the normalized
displacement (deformability or mobility) of each atom/residue
when all modes are considered (or a subset of low-frequency
modes). Peaks indicate highly flexible regions, while valleys
represent more rigid parts of the protein. The flexible regions
correspond to loops; these can be involved in induced-fit
mechanisms upon compound 13 binding, which play roles in
protein-protein interactions. Rigid regions usually form the
structural core or parts of the active site essential for main-
taining catalytic geometry. High deformability near the active
site (Gln, Ser, Tyr, Lys, His, Asp, and Glu) facilitates ligand entry
or conformational changes upon binding. For instance, loops
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around the active site often show high deformability. The
inherent flexibility of MD supports an induced-fit binding
mechanism. If they are rigid, the ligand must conform to a pre-
existing pocket. The docked ligand fits well into one of the low-
energy conformations predicted by NMA, which suggests
a conformational selection mechanism, where the ligand binds
to a pre-existing favourable state. The significant conforma-
tional changes required for binding are represented by higher-
energy modes or involve large deformations of specific flexible
loops, which points towards an induced-fit mechanism.

The B-factor correlation (Fig. 9c) compares the theoretical 8-
factors (atomic displacement parameters) calculated from NMA
(pink/red) with the experimental g-factors obtained from the
PDB crystal structure (gray/black). A good correlation between
NMA-derived (-factors and experimental 3-factors validates the
NMA model, indicating that the calculated collective motions
are consistent with the observed atomic fluctuations in the
crystal. Peaks in both plots represent regions of high flexibility.
Discrepancies can arise from crystal packing effects in the
experimental data or limitations of the NMA model (harmonic
approximation or absence of a solvent).

The eigenvalue spectra of 13-3BAJ and 13-5NN8 complexes
show the eigenvalues of the normal modes (Fig. 9d), typically for
the first 20 or so low-frequency modes, often normalized to the
first non-trivial mode. Eigenvalues are proportional to the
square of the mode frequency; lower eigenvalues correspond to
a lower frequency, a larger amplitude, and more collective
motions. The distribution of eigenvalues indicates the stiffness
of the proteins. A steep rise in eigenvalues suggests that only
a few low-frequency modes dominate the large-scale dynamics,
while higher-frequency modes contribute to more localized
fluctuations. The specific eigenvalue for mode 1 (often the
lowest non-trivial) quantifies the ease of the largest collective
motion.

The variance plot (cumulative contribution of modes) bar
chart in Fig. 9e shows the individual contribution of each of the
first ~20 normal modes to the total variance (mean-square
fluctuation) of the protein (purple bars) and the cumulative
variance (green bars). This plot demonstrates how many modes
are needed to capture a significant portion of the protein's
overall dynamics. Typically, a small number of low-frequency
modes (the first 10-20) accounts for a large percentage (70-
90%) of the total atomic fluctuations. This reinforces the idea
that functionally important large-scale motions are often
described by just a few collective modes.

The covariance matrix (dynamical cross-correlations) heat-
map in Fig. 9f shows the correlation of motion between pairs of
residues. Red indicates a positively correlated motion (residues
moving in the same direction), blue indicates a negatively
correlated (anti-correlated) motion (residues moving in oppo-
site directions), and white indicates an uncorrelated motion.
This matrix reveals how motions are coupled across the protein
structure. Positive correlations (red blocks/regions) indicate
domains or segments that move together as rigid bodies or in
a concerted fashion. Negative correlations (blue blocks/regions)
suggest hinge regions or parts of the protein that move in the
opposite direction, such as the opening/closing of a cleft, where
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one side moves away as the other moves towards it. This is
particularly relevant for active site dynamics. This information
identifies the allosteric pathways, where motion in one part of
the protein influences another distant part.

The distance fluctuation matrix (Fig. 9g) represents either
the connections in an elastic network model (where gray points
show residues within a certain cutoff distance) used to
a distance fluctuation matrix (where darker gray indicates pairs
of atoms whose distance fluctuates more significantly). The
diagonal line represents self-correlation.

By comparing the deformability profiles (Fig. 9b), -factor
plots (Fig. 9¢), and eigenvalue spectra (Fig. 9d), one can infer the
relative overall flexibility. A protein with generally higher
deformability peaks, higher §-factors, and lower initial eigen-
values might be considered more flexible. The specific motions,
particularly those involving catalytic residues, are essential for
the chemical steps of catalysis, including substrate positioning,
transition state stabilization, and product release. NMA can
help identify modes that contribute to these catalytic events.

Comparative ADMET profiling and structure-activity rela-
tionship analysis of ibuprofen-based bis-Schiff bases. A
comprehensive in silico absorption, distribution, metabolism,
excretion, and toxicity (ADMET) profiling was conducted for the
most active ibuprofen-derived bis-Schiff base compounds (9, 10,
11, 12, 13, and 14) and the standard drug acarbose. This anal-
ysis, detailed in Table S1, provides critical insights into their
pharmacokinetic and safety profiles, revealing stark contrasts
between the synthetic scaffolds and the natural-product-derived
reference.

Absorption and permeability: hydrophobic vs. hydrophilic
paradigms. The most pronounced distinction lies in the
compounds’ solubility and permeability, governed by their lip-
ophilicity. The bis-Schiff bases are highly lipophilic, with pre-
dicted log P values ranging from 5.78 (compound 9) to 6.59
(compound 14). These values are in contrast to the highly
hydrophilic acarbose (log P = —2.88). Consequently, the pre-
dicted aqueous solubility (logsS) is poor for all derivatives
(=—5.49) but excellent for acarbose (—0.733). This aligns with
the well-established rule that successful oral drugs typically
require a balance, and excessive lipophilicity (log P > 5) is often
linked to poor solubility, promiscuous binding, and metabolic
instability.**

Intestinal absorption and P-glycoprotein (P-gp) interaction.
Despite poor solubility, all bis-Schiff bases are predicted to have
high gastrointestinal (GI) absorption due to their high passive
membrane permeability (Caco-2 permeability ~ —4.7).
However, they are also strong P-glycoprotein inhibitors (P-gp
inh. probability > 0.99 for most), a potential red flag. P-gp
inhibition can lead to drug-drug interactions by increasing
the systemic exposure of co-administered P-gp substrates.**
Acarbose, with its large, polar structure, is predicted to have low
GI absorption (HIA = 1, but refers to a non-absorbable profile)
and acts as a P-gp substrate, consistent with its localized action
in the gut.** The high lipophilicity of the active derivatives (13,
12, 14, and 10) directly contributes to their potent enzyme
inhibition by facilitating strong hydrophobic and -7 stacking
interactions within the amylase/glucosidase active sites.
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However, this comes at the cost of poor aqueous solubility,
which can be a major formulation challenge.

Distribution: plasma protein binding and brain exposure. In
terms of plasma protein binding (PPB) and volume of distri-
bution (VDss), the bis-Schiff bases exhibit extremely high pre-
dicted PPB (>102%), suggesting that they will be highly bound
to serum albumin in the bloodstream, leaving a low fraction
unbound (Fu: 0.45-1.60%). This will significantly limit their
free concentration available for pharmacological action and
renal filtration. Their moderate VDss values (0.461-0.970 L
kg ') suggest distribution into tissues. Acarbose shows very low
PPB (~24%) and a low VDss (0.159 L kg '), indicating
confinement to the plasma and extracellular fluid, which is
expected for a minimally absorbed drug. All compounds,
including the bis-Schiff bases, are predicted to be non-BBB
permeant (BBB probability < 0.04). This is a favorable attri-
bute for a peripherally acting anti-diabetic agent, minimizing
the risk of central nervous system (CNS)-related side effects.

Metabolism and drug-drug interaction (DDI) potential. The
metabolic profile reveals significant concerns regarding the bis-
Schiff bases. In terms of cytochrome P450 (CYP) inhibition, the
derivatives, particularly 13, 14, 10, and 9, show a high proba-
bility of inhibiting key CYP enzymes, especially CYP2C9 (prob-
ability up to 0.87) and CYP2C19 (up to 0.66). They are also
predicted to be substrates for these enzymes (e.g., CYP2C9-sub
probability up to 0.975). This dual role as an inhibitor and
a substrate for the same enzyme complicates the prediction of
DDIs but indicates a high likelihood of interactions with
commonly co-prescribed drugs metabolized by these pathways
(e.g., warfarin, phenytoin, and many NSAIDs).** Acarbose shows
a negligible CYP inhibition/substrate potential. In terms of
clearance (CL) and half-life (Ty),), the total clearance is pre-
dicted to be moderate to high for the lipophilic derivatives (CL:
2.01-6.18 mL min~" kg™') and very low for acarbose (0.68
mL min~" kg™'). Correspondingly, the predicted half-lives of
the bis-Schiff bases are short (0.10-0.56 hours), while acarbose's
half-life is longer (0.84 hours). This suggests that the bis-Schiff
bases would require frequent dosing unless structural modifi-
cations are made to reduce metabolic clearance.

Toxicity profile. In terms of cardiotoxicity (hERG) and
hepatotoxicity (DILI), the risk of blocking the hERG potassium
channel (linked to QT prolongation) is low for all bis-Schiff
bases (probability < 0.075). However, the predicted risk of
drug-induced liver injury (DILI) is very high (>0.968), similar to
acarbose. This is a serious concern requiring early experimental
validation. In terms of mutagenicity and carcinogenicity,
predictions for mutagenicity (Ames test) are variable but con-
cerning for some derivatives (e.g., 10: 0.867; 9: 0.851). Notably,
compounds with hydroxyl substituents (9 and 10) show
a significantly higher predicted probability for carcinogenicity
(0.789 and 0.805) compared to the methoxy-substituted analogs
(13, 12, 14, and 11: 0.103-0.416). This may be related to their
potential for forming quinone or other reactive metabolites
from the phenolic -OH group, a known toxophore.*®

Synthesis of activity-ADMET-substitution relationships.
The data reveal clear trends linking the substitution pattern on
the terminal phenyl ring to biological activity and ADMET
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outcomes. The most potent inhibitors (13, 12, and 14) feature
multiple methoxy groups. These electron-donating groups
enhance m-electron density, strengthening interactions with the
enzymes' aromatic-rich active sites (e.g., Trp59 and Trp481),
while maintaining high lipophilicity (logP ~ 6.0-6.6). Intro-
ducing a hydroxyl group (9, 10, and 11) generally reduces
enzyme inhibitory potency compared to their methoxy-only
counterparts but has a profound impact on ADMET. Hydroxy-
substituted compounds (9 and 10) show slightly lower log
P (~5.8) and log D (~3.6) and significantly lower predicted total
clearance (CL: ~2.0 vs. ~6.0) compared to the trimethoxy analog
13. This suggests that hydroxylation could be a metabolic
detoxification pathway. Crucially, the hydroxyl group is associ-
ated with a dramatic increase in predicted carcinogenicity and
the activation of stress response pathways (SR-HSE, SR-MMP,
and SR-p53), likely introducing reactive or metabolically acti-
vated species.

A comparison of positional isomers (12 vs. 14; 9 vs. 11) shows
that while activity differences are subtle, ADMET parameters
can vary. For example, 12 (3,4-dimethoxy) has a slightly higher
BBB permeant probability and a different CYP substrate profile
than 14 (2,4-dimethoxy).

Experimental
General

The chemicals used in the current research work were of
analytical grade and purchased from Sigma-Aldrich, TCI,
Merck, BDH and Alfa Aesar. The thin-layer chromatographic
(TLC) method was utilized on pre-coated aluminium silica gel
plates to find out the progress of reactions in the solvent system
of ethyl acetate and n-hexane. UV light (254 and 365 nm) was
used for visualization of the spots. High-resolution electrospray
ionization mass spectrometry (HR-ESI-MS) spectra were recor-
ded on a Waters Quattro Premier XE spectrometer (USA).
Moreover, the nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance spectrophotometer working at 150
MHz for "?C-NMR and 600 MHz for 'H-NMR.

Synthesis of ibuprofen hydrazide (1)*°

The acid of ibuprofen was primarily activated using the
coupling reagent 1,1-carbonyldiimidazole (CDI) in a catalytic
quantity of triethyl amine (Et;N) in tetrahydrofuran (THF).
Consequently, hydrazine hydrate was added to the mixture, and
it was refluxed for 3-4 hours while being constantly stirred. The
reaction progress was thoroughly confirmed by the TLC method
utilizing the solvent system of ethyl acetate and n-hexane (2 : 3).
After the formation of products, the mixture was decanted into
cold water; the appeared white precipitates were filtered,
washed with cold water, dried in air, recrystallized through
ethanol and collected.

Synthesis of the ibuprofen-based Schiff base (2)*°

Ibuprofen hydrazide (1) was dissolved in ethanol in a 100 mL
round-bottom (RB) flask, and ethyl 2-(4-formylphenoxy)acetate
was added to the mixture containing a catalytic amount of acetic
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acid. The reaction mixture was refluxed for 4-5 hours, and the
progress of the reaction was monitored by the TLC method.
After completion, the mixture was poured into cold distilled
water; the precipitates were formed, filtered, washed and
collected. The compound (2) was further dissolved in ethanol,
and hydrazine hydrate was added to the reaction mixture. The
reaction was refluxed until the formation of Schiff base hydra-
zide (3). After the confirmation of product formation by TLC, the
mixture was transferred to a beaker containing cold water; the
appeared precipitates were filtered, washed, dried and
collected.

Synthesis of bis-Schiff bases (4-15)

The desired Schiff base hydrazide (3) was dissolved in ethanol
with a catalytic amount of acetic acid, and different aromatic
aldehydes were subsequently added to the mixture. The reac-
tion mixture was stirred and refluxed for 3-4 hours, and TLC
was utilized to determine the formation of the product
compounds. At the end of the reaction, the mixtures were
poured into cold distilled water in a beaker; the formed
precipitates were filtered, washed, dried overnight and
collected. These compounds were structurally confirmed using
'"H-NMR, *C-NMR and HR-ESI-MS techniques.>®

In vitro a-amylase and a-glucosidase inhibitory activities

a-Amylase inhibitory assay. The o-amylase assay was per-
formed using the modified standard method with minor
modification.*” For this assay, the porcine pancreatic a-amylase
enzyme was purchased from Sigma-Aldrich (Merck, St. Louis,
MO, USA). In all experiments, the final reaction volume was 220
pL in each well of the ELISA 96-well plate. Each well contained
220 pL of the reaction mixture (20 pL of DMSO + 20 uL of the
sample + 10 pL of the enzyme + 50 puL of phosphate buffer + 20
uL of starch + 100 pL of DNS). Starch was used as the substrate.
20 uL of DMSO was added to each well, and 20 pL of each
sample was diluted five times in DMSO. Then, 50 pL of phos-
phate buffer was added to each well, whose pH was 6.9. 20 pL of
starch was added to each well, and we incubated it for 20 min at
37 °C. After incubation, 10 pL of the enzyme was added to each
well. Finally, 100 pL of DNS was added to each well, and we
incubated it for 30 minutes at 37 °C. The absorbance was
determined at 540 nm using ELISA. The a-amylase inhibitory
activity was expressed as the ICs, value. The ICs, values were
determined from plots of percent inhibition versus log inhibitor
concentration and were calculated by non-regression analysis
from the mean inhibitory values. Acarbose was used as the
standard. All tests were performed in duplicate.

a-Glucosidase inhibitory assay. The a-glucosidase assay was
performed using a modified method.?” For this assay, the yeast
a-glucosidase enzyme was obtained from Sigma-Aldrich (Merck,
St. Louis, MO, USA). In all experiments, the final reaction
volume was 200 pL in each well of the ELISA 96-well plate.
Briefly, each well contained 200 pL of the reaction mixture (10
uL of the sample + 20 pL of the enzyme + 130 pL of phosphate
buffer + 40 uL of p-nitrophenyl-a-p-glucopyranoside). p-Nitro-
phenyl-a-p-glucopyranoside was used as the substrate. The
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control contained 10 pL of DMSO + 20 pL of the enzyme + 130 pL
of PBS + 40 pL of «-PNPG, while the blank control contained
only 200 pL of DMSO. 10 uL of DMSO was added to each well,
and 10 pL of each sample was diluted seven times in DMSO.
Then, 20 pL of the a-glucosidase enzyme was added to each
well. Then, 130 pL of phosphate buffer was added to each well,
whose pH was 6.8. 40 uL of p-nitrophenyl-a-p-glucopyranoside
was added to each well, and we incubated it for 15 min at 37 °C.
The absorbance was determined at 405 nm using ELISA. The a-
glucosidase inhibitory activity was expressed as the ICs, value.
The ICs, values were determined from plots of percent inhibi-
tion versus log inhibitor concentration and were calculated by
non-regression analysis from the mean inhibitory values.
Acarbose was used as the standard. All tests were performed in
duplicate.

Cytotoxicity assay. The cytotoxicity of the most active bis-
Schiff base compounds (13 and 12) was evaluated against the
3T3 cell line utilizing the MTT assay.*®*® The mouse fibroblast
3T3 cell line was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Specifically, 3T3 cells
were plated in a 96-well microplate at a density of 1 x 10* cells
per well and allowed by incubating them for 24 hours in a CO,
incubator. Then, the cells were exposed to numerous concen-
trations of the compounds, ranging from 0 to 1000 pg mL ™",
and incubated for another 24 hours. The MTT solution was then
added to each well, and the plate was incubated for 4 hours to
allow the formation of formazan crystals. These crystals were
dissolved in DMSO, and the absorbance was recorded at 492 nm
using a microplate reader to evaluate cell viability.

Molecular modelling

Molecular docking studies. Molecular docking into the
crystal structures of the human a-glucosidase (PDB: 5NN8) and
a-amylase (PDB: 3BAJ) was conducted using the Glide
module.*””** H,O and the inhibitor were removed once the
crystallized enzyme structure was obtained, and H atoms were
added. After the usual inhibitor was removed, the ligands were
redocked into the unoccupied active site. The scoring function
was developed to determine the affinity needed, and charges
were assigned to the CHARMM force field. The structure with
the lowest RMSD score was utilized to generate a variety of
ligand poses. The scoring function was developed to calculate
binding affinity, and the CHARMM force field was utilized to
assign charges. The structure with the lowest RMSD score was
chosen to create multiple ligands poses as reported. The
structure with the lowest RMSD score was chosen to create
multiple ligands poses as reported.

Molecular modelling profile. All electronic structure
computations were carried out using the Jaguar computational
package,”” which employs the time-dependent density func-
tional theory method. The PBE-D3 exchange-correlation func-
tional technique was used to optimize the ground-state
geometry using the 6-31** basis set. The calculated vibrational
frequencies confirmed the arrival of the minimum point on the
potential energy surface. Frontier molecular orbitals and other
global reactive parameters*® were investigated to gain insights
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into the characteristics of the molecules. Molecular electrostatic
potential (MEP) maps of the optimized structures revealed
several reactive sites.

Molecular dynamic simulation. Based on the docking data,
the enzymes with the best pose were selected for further
examination. This complex underwent molecular dynamic
analysis using the module, which provides an enhanced normal
mode analysis (NMA) approach in inner coordinates at
a constant temperature of 300 K and a constant pressure of 1
atm.** Finally, the target complex was simulated using molec-
ular dynamics for 100 ns.

Computational ADMET predictions. SwissADME (https://
www.swissadme.ch) was used to predict physicochemical
properties (clog P, TPSA, and solubility) and bioavailability
scores. pkCSM (https://biosig.unimelb.edu.au/pkesm) models
were employed to predict human intestinal absorption and
other PK parameters. Input structures were prepared as
SMILES strings from optimized DFT geometries.

Conclusion

This work reports the anti-diabetic (¢-amylase and a-glucosi-
dase) activity of the synthesized bis-Schiff bases based on the
ibuprofen scaffold. After structural confirmation, these
compounds have been tested for their in vitro a-amylase and o-
glucosidase inhibitory activities. In the series, six compounds
(13, 12, 14, 10, 9 and 11) showed excellent dual inhibitory
activities ranging from ICs, = 3.85 + 0.05 to 14.47 £ 0.14 pM for
a-amylase and 4.36 £ 0.12 to 16.18 &+ 0.12 pM for a-glucosidase.
Similarly, compound 15 showed a significant inhibitory effect,
while the remaining compounds were found to be less active.
Molecular docking and DFT investigations showed that the
most active compounds (9-14) exhibited powerful inhibitory
activity against the a-amylase enzyme, supported by a clear
correlation amongst the ICs, values and docking scores. Their
efficiency is due to the main hydrophobic, -7 interactions and
hydrogen bonding with the active site of the enzymes. A robust
association among docking scores and IC;, values confirmed
the reliability of the computational model. The FMO study
further confirmed that electron delocalization and reactive site
distribution knowingly affect the binding affinity. These
understandings deliver a solid foundation for the rational
design of more potent enzyme inhibitors.
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