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Abstract

In this study, the antidiabetic properties of various mono- and bis-ester derivatives of 2,3-dimethylnaphthazarin were investigated.
The inhibitory effects of these compounds on key enzymes involved in diabetes, particularly a-amylase and a-glucosidase, were eval-
uated. Furthermore, the binding potentials of these derivatives were analysed using molecular docking. Compounds 10, 13, and 14
exhibited better specific activity against a-glucosidase relative to standard Acarbose but were found to be non-active in inhibiting
a-amylase. This disparity indicates a degree of selectivity toward a-glucosidase over a-amylase, suggesting that these compounds may
offer a more targeted modulation of postprandial glucose levels while potentially minimizing adverse effects associated with strong
a-amylase inhibition. Structural analysis of potent a-glucosidase inhibitors revealed that the presence of nitro and methyl groups as
substitutions on the benzene ring were crucial for potency. This outcome was also favoured by data obtained from computational study
with the strong hydrogen bonding desirable hydrophobic contacts due to the interactions with the nitro group and Arg400 as well
as the methyl substitution and Pro230 residues. Consequently, compounds 10 and 14 emerged as the most promising and selective
inhibitors of a-glucosidase, exhibiting IC, values of 217.6 and 245.4 pM, respectively, exhibiting significantly better activity com-
pared to standard Acarbose.
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Oz

Bu¢alismada,2,3-dimetilnaftazarin bilegiklerinin ¢esitli tek- ve ¢ift- ester tiirevlerinin antidiyabetik 6zellikleri aragtirilmistir. Bilesiklerin
diyabette rol oynayan anahtar enzimler tizerindeki, ozellikle a-amilaz ve a-glukozidaz inhibitor etkileri degerlendirilmigtir. Ayrica,
bu tiirevlerin baglanma potansiyelleri molekiiler yerlestirme kullanilarak analiz edilmistir. 10, 13 ve 14 numarali bilesikler, standart
Akarboza kiyasla a-glukozidaza karsi daha iyi spesifik aktivite sergilerken, a-amilaz: inhibe etmede aktif olmadiklar: bulunmustur.
Bu farklilik, s6z konusu bilesiklerin a-amilaza kiyasla a-glukozidaza kars: belirgin bir segicilik gosterdigini ortaya koymakta olup,
gliclii a-amilaz inhibisyonuyla iligkili olumsuz etkileri en aza indirirken, yemek sonrasi glikoz seviyelerinin daha hedefli bir sekilde
diizenlenmesine katk: saglayabilecegini distindiirmektedir. Gligli a-glukozidaz inhibitorlerinin yapisal analizi, benzen halkasinda
nitro ve metil gruplarinin stbstitient olarak bulunmasinin etkinlik i¢in ¢ok 6nemli oldugunu ortaya koymustur. Bu sonug, nitro grubu
ve Arg400 ile etkilesimler ve metil ikamesi ve Pro230 kalintilar: nedeniyle arzu edilen glili hidrojen baglar: iceren hidrofobik temaslar
ile elde edilen hesaplamali ¢alisma verileriyle de desteklenmistir. Sonug olarak, 10 ve 14 numarali bilegikler, sirastyla 217.6 ve 245.4
pM’lik IC, | degerleri sergileyerek, standart Akarboz’a kiyasla 6nemli 6lgiide daha iyi aktivite gosteren, a-glukozidaz i¢in en umut
vadeden ve segici inhibitérler olarak saptanmugtur.

Anahtar Kelimeler: ADME, 2 3-dimetilnaftazarin, diyabet, molekiler modelleme.
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1. Introduction

Diabetic mellitus (DM) is a widespread, well-known and
growing chronic metabolic disorder corresponding with
prolonged glucose elevation due to attenuated insulin re-
lease, impaired insulin action, or both (Chen et al., 2021;
Hameed et al., 2024). Hyperglycemia in DM causes devel-
opment of diabetic retinopathy, neuropathy, nephropathy,
malignancy, cardiovascular and peripheral vascular disease
resulting in significantly higher rates of morbidity and death
(Patnam et al., 2024; Yu et al., 2024). Prevalence of diabetes
is rising at an alarming rate globally; International Diabetes
Federation (IDF) estimated that 589 million people over
the age of 20 were living with diabetes in 2024 while also
projecting that 853 million people will be affected by DM
by the year 2050 (Duncan et al., 2025). DM primarily man-
ifests three types: type I Diabetes Mellitus (T1DM), type 11
Diabetes Mellitus (T2DM), and gestational DM. T2DM is
the non-insulin-dependent form and represents most cases
globally (Gani et al., 2021; Dhameja et al., 2022). Targeting
distinct pathophysiological mechanisms including attenua-
tion of hepatic gluconeogenesis, potentiation of insulin se-
cretion by pancreatic B-cells, reduction of peripheral insulin
demand, and inhibition of carbohydrate-digestive enzymes
are treatment regimens for T2DM (Gamal et al., 2024).

The enzymes o-glucosidase and a-amylase, classified un-
der EC 3.2.1.20 and EC 3.2.1.1 respectively, are crucial
enzymes functioning as central catalysts in gastrointestinal
carbohydrate hydrolysis (Hasaninezhad et al., 2020; Wali
et al., 2022). Salivary a-amylase triggers the enzymatic di-
gestion of dietary carbohydrates from complex polysaccha-
rides into oligosaccharides within the oral cavity. Pancre-
atic a-amylase progresses the digestion in the duodenum.
a-Glucosidase, expressed in intestinal epithelial cells, fur-
ther catalyzes the conversion of these oligosaccharides to
absorbable monosaccharides (e.g., glucose) that diffuse into
the blood stream and cause hyperglycemia — a pathophys-
iological hallmark of diabetes mellitus (Trinh et al., 2016;
Wali et al., 2022). Selective inhibition of a-glucosidase is
pharmacologically desirable since it acts as the final step of
carbohydrate digestion, thereby allowing a controlled re-
duction in postprandial glucose absorption without com-
pletely blocking the breakdown of polysaccharides. In con-
trast, excessive inhibition of a-amylase leads to the accumu-
lation of undigested carbohydrates in the intestine, which
is commonly associated with adverse gastrointestinal effects
such as bloating, flatulence, and diarrhea, limiting clinical
tolerability. Given this function, a-glucosidase inhibitors
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serve as a potent class of antidiabetic agents in mitigating
postprandial hyperglycemia when administered alone or in
combination regimens. Acarbose, miglitol, and voglibose
are clinically established inhibitors in T2DM management
(Ali et al., 2017; Akmal & Sasongko, 2023); however, these
clinically approved drugs lead to adverse eftects on the gas-
trointestinal tract causing flatulence, diarrhea, and abdomi-
nal pain. Hepatotoxicity has also been linked to the chronic
use of these drugs due to excessive inhibition of a-amylase

(Apostolidis & Lee, 2010; Trinh et al., 2016).

These significant limitations indicate a compelling require-
ment for the development of novel and more efficacious
inhibitors of a-glucosidase and a-amylase enzymes (Etx-
eberria et al., 2012; Ye et al., 2019). In this regard, studies
on the design of new drug candidate compounds and de-
termination of their biological activities will allow for their
potential use in the treatment of diabetes.

Naphthoquinone and its various analogues are naturally oc-
curring compounds and have a broad spectrum of bioactiv-
ities. For example, one of the naphthoquinones analogues,
shikonin and its derivatives exhibit anti-inflammatory, an-
ticancer, antibacterial, antioxidant and antifungal effects
(Wang et al., 2012; Guo et al., 2019; Valipour, 2022). An-
other biologically active naphthoquinone analogue naph-
thazarin (5,8-dihydroxy-1,4-naphthoquinone) (compound
A) and its molecular frameworks are commonly observed
in many natural products are and reported to show a com-
prehensive pharmacological profile (Segura-Aguilar et al.,
1992; Kyong-Up et al., 1997). Due to exhibiting significant
biological activity, interest of scientists in the design and
synthesis of new naphthazarin derivatives has increased.
For example, studies on breast cancer cells showed that the
synthetic imidazole ester derivative of acetyl shikonin (com-
pound B) exerted significantly stronger anti-proliferative
effects within the first 24 h compared to parent acetyl shi-
konin, which possesses naphthazarin core structure (Tepe
et al., 2023). In another study, various acetyl and benzoyl
ester derivatives of naphthazarin were synthesized employ-
ing different acyl chlorides (Abadan et al., 2023). In that
work, studies on diabetes were conducted using naphthaza-
rin derivatives, and it was reported that the imidazole naph-
thazarin ester (compound C) shown in Figure 1, exhibited
an IC, value of 7.4 M and demonstrated approximately
150-fold better activity than the standard inhibitor Acar-
bose (Abadan et al., 2023). The synthesis of esterification
products of 2,3-dimethylnaphthazarin derivatives has also
been reported in the literature (Saglam, 2022). However,
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Figure 1. Naphthazarin and representative synthetic bioactive
compounds bearing the naphthazarin core structure.

based on current literature, no studies have reported the
antidiabetic activities of ester derivatives of 2,3-dimethyl-
naphthazarin.

2. Material and Methods
2.1. Chemicals

All assay materials, including reagents and standards em-
ployed in the bioassays were obtained from Sigma-Aldrich
and utilized without further processing. Type VI-B a-am-
ylase from porcine pancreas (EC 3.2.1.1), in lyophilized
powder form, 2-chloro-4-nitrophenyl-a-D-maltotrioside
(CNP-G3), sodium azide, sodium chloride, DMSO and
Acarbose were supplied by Sigma-Aldrich (St. Louis, MO).
All remaining reagents were of certified high-purity suitable
for analytical applications. p- Nitrophenol, a-D-glycopyra-
noside (PNPG) and lyophilized form of a-glucosidase type
I derived from Saccharomyces cerevisiae (EC 3.2.20) were ob-

tained from Sigma-Aldrich (St. Louis, MO).
2.2. Biological Studies
2.2.1. The a-Glucosidase Inhibition Assay

The inhibitory activity of a-glucosidase was assessed ac-
cording to the protocol outlined by Schmidt et al. (2012).
Succincetly, a 90 pL of phosphate buffer (0.1 M, pH 7.5)
containing 0.02% NaNj, a 10 pL test sample solubilized in
DMSO, and 80 pL of enzyme solution (0.05 U/mL well
concentration) were applied to each well. The reaction mix-
ture was maintained at 28 °C for 10 min prior to PNPG
addition, adjusting the final volume to 200 pL (final well
concentration of 1.0 mM). A control blank consisting of
the enzyme, substrate, and test solvent instead of the sample
was used. Absorbance readings were recorded at 405 nm ev-
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ery 40 s for a total duration of 35 min. Microplate photome-
ter (BioT'ek Power Wave XS) featuring a built-in incubator
and operated via the program GENS5 9ver.2.05.20050 was
used for the incubation and absorbance measurements. The
inhibitory activity of a-glucosidase was assessed by calculat-
ing percent inhibition using the following equation:

Inhibition % = (Slope blank- Slope sample) /

Slope blank * 100 D

Acarbose served as the positive control in the assay with all
experiments carried out in triplicate to ensure reproducibil-
ity. Statistical significance was determined using Student’s

t-test (p < 0.05).
2.2.2. The a-Amylase Inhibition Assay

'The inhibitory activity of a-amylase was assessed according
to the protocol outlined by Okutan et al. (2014) with slight
modifications. Succinctly, an 80 pL of phosphate buffer (0.1
M, pH 6.0) containing 0.02% NaNj, a 20 pL test sample
solubilized in DMSO, and 80 pL of enzyme solution (0.05
U/mL well concentration) were applied to each well. Fol-
lowing a 10 min incubation at 37°C, CNP-G3 was added
to commence the reaction, bringing the total volume to 200
pL (final well concentration of 1.0 mM). A control blank
consisting of the enzyme, substrate, and test solvent instead
of the sample was used. Absorbance readings were recorded
at 405 nm for 35 min. A background control containing en-
zyme, sample, and buffer — excluding the substrate — was
used for each compound to eliminate interference from ana-
lytes exhibiting absorbance at 405 nm. Microplate photom-
eter (BioTek Power Wave XS) featuring a built-in incubator
and operated via the program GENS5 9ver. 2.05.20050 was
used for the incubation and absorbance measurements. The
inhibitory activity of a-amylase was expressed as percentage
inhibition + SD and calculated using the following equa-
tion:

Inhibition % = (A blank - A sample) /

A blank * 100 )

Acarbose served as the positive control, and with all assays
conducted in triplicate and statistical significance deter-
mined by Student’s t-test (p < 0.05).
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2.3. Computational Methods
2.3.1. In Silico Molecular Docking
2.3.1.1. Ligand Preparation

Before docking the compounds, we performed intrin-
sic affinity of reference ligands for commonly crystallized
proteins to validate the effectiveness of the docking pro-
cedure. X-ray crystallographic coordinates of the a-glyco-
sidase-PRU complex (PDB ID: 3WY1), along with their
respective binding sites were utilized for analysis. The 3D
structures of the compounds were generated using Chem-
BioDraw Ultra 14 software and saved in the Protein Data
Bank (PDB) file format.

2.3.1.2. Macromolecule Preparation

'The docking procedure implemented herein adheres to es-
tablished methodologies in molecular docking and free en-
ergy analysis (Akkus et al., 2022; Kocak & Yildiz, 2022;
Akkus et al., 2023; Tasci et al., 2023). Protein models in
complex with reference ligands were sourced from the Pro-
tein Data Bank (PDB). The a-glucosidase structure used in
this study corresponds to PDB entry 3WY1 (Shen et al.,
2015). SwissProt was employed to model missing residues
within the protein structures (Waterhouse et al., 2018), and
non-protein constituents were excluded from the structures
via Hermes (Jones et al., 1997).

2.3.1.3. Molecular Docking

Molecular docking is a powerful computational technique
that provides detailed insights into binding interactions, of-
ten revealing mechanistic information that is difficult to ob-
tain through experimental methods. It offers valuable per-

spectives into the complex field of molecular recognition. In
this study, we explore the potential binding mechanisms of
the synthesized compounds with various protein families.

'The docking outcomes are shown in parallel with the corre-
sponding experimental IC, values. However, it is import-
ant to note that while docking scores are presented, their
predictive accuracy remains limited.

The accuracy of PRU self-docking with a-glycosidase was
determined by calculating the root mean square deviation
(RMSD) between the docked conformation and its crystal-
lographic counterpart. The optimal docking pose of PRU
with a-glucosidase yielded an RMSD of 3.25 A, demon-
strating a reasonable alignment with the X-ray crystallo-
graphic data.

Propka 3.1 was employed to determine the protonation
states at pH 7.0. In this analysis, acidic amino acids were
modeled with a negative charge, while basic amino acids
were modelled with a positive charge. The center of docking
grid sphere was defined using the coordinates of the native

ligands.
3. Results and Discussion
3.1. Chemistry

3.1.1. Synthesis of the 2,3-Dimethylnaphthazarin Ester
Derivatives 9-16

Ester substituted dimethylnaphthazarin derivatives (9-16)
were successfully synthesized in two steps which involve
double Friedel-Craft acylation followed by an esterifica-
tion reaction with variety of acyl chlorides. In the first step,
treatment of 1,4-dimethoxybenzene 1 and 2,3-dimethyl-
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16 Scheme 1. Synthesis of

2,3-dimethylnaphthazarin and its

mono- and bis- ester derivatives.
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maleic anhydride 2 with molten aluminum chloride-sodium
chloride gave 2,3-dimethylnaphthazarin 3 (Dessolin et al.,
2001). Following treatment of 2,3-dimethylnaphthazarin 3
with different acyl chlorides (4-8) (acetyl, p-nitro-, p-meth-
yl-, p-methoxy-, and p-bromo-benzoyl chlorides) in the
presence of trimethylamine resulted in mono- and bis-ester
derivatives of 2,3-dimethylnaphthazarines (9-16) (Scheme
1). The final compound structures were verified by 'H
NMR, FTIR, BC NMR, HRMS techniques and already
discussed in detail in our previous study (Saglam, 2022).

3.2. Biological Studies

3.2.1. Evaluation of a-amylase and a-glucosidase
Enzyme Inhibitory Activities

The anti-diabetic potential of targeted compounds (9-16)
were assessed by evaluating their inhibitory activities against
a-amylase and a-glucosidase. Enzyme inhibitory activity
tests were conducted to determine the IC, values of the
test compounds, indicating their anti-diabetic potential and
were compared to Acarbose as the reference standard. IC,|
concentrations derived from enzyme inhibition experiments
are listed in Table 1. Low IC, concentrations indicated po-
tent inhibitory potential of the evaluated compounds and
were identified as promising candidates targeting o-glu-
cosidase and a-amylase. Consistent with expectations, the
positive control Acarbose exhibited potent inhibition, yield-
ing IC, values of 1033.8 puM for a-glucosidase and 0.05
pM for a-amylase. a-Glucosidase inhibition was assessed
through an assay designed to calculate IC,  values by testing
eight concentration points spanning from 6.75 to 800 plM.
Compounds with lower inhibition concentrations than the
positive control Acarbose were identified as active and could
be potential targets for this enzyme. Among the tested com-
pounds, 9, 11 and 12, as well as 15-16 exhibited inhibition
levels below 50% at elevated concentrations, and their IC,|
inhibition values were higher than 800 pM.

Notably, compound 13 exhibited an ICso value of 452.8
pM, which was markedly lower than that of the positive
control Acarbose (ICso = 1033.8 pM), indicating a superior
inhibitory potency against a-glucosidase. Structure—activity
relationship (SAR) analysis revealed that p-nitrobenzene
substitutions at the 50- and 8O-positions of the 2,3-di-
methylnaphthazarin scaffold play a decisive role in modu-
lating inhibitory activity. Interestingly, the mono-p-nitro-
benzene—substituted derivative at the 50-position (com-
pound 10) demonstrated even more pronounced inhibition,

164

suggesting that reduced steric bulk and optimal orientation
within the enzyme active site may enhance binding efficien-
cy.

In addition, the bis-substituted derivative bearing p-meth-
ylbenzene moieties (compound 14) displayed comparable
inhibitory activity, with an ICso value of 245.4 pM, further
underscoring the importance of aromatic substitutions in
enzyme recognition. These findings suggest that both elec-
tronic effects and hydrophobic character introduced by the
substituents significantly contribute to enzyme inhibition.
It is proposed that these functional groups facilitate the for-
mation of essential hydrogen bonding interactions as well
as favorable hydrophobic contacts with key amino acid res-
idues within the catalytic pocket of a-glucosidase, thereby
stabilizing the ligand—enzyme complex. Collectively, these
results highlight the critical influence of substitution pat-
terns on inhibitory performance and provide valuable in-
sights into the rational design of more potent and selective
a-glucosidase inhibitors based on the 2,3-dimethylnaphth-

azarin framework.

The compounds identified as effective a-glucosidase in-
hibitors were further evaluated for their inhibitory activi-
ty against a-amylase using the same concentration ranges
and the reference inhibitor Acarbose for comparison. For
all tested derivatives (compounds 9-16), the ICso values
against a-amylase were determined to be greater than 800
pM, indicating very weak or negligible inhibitory activity
toward this enzyme. In contrast, Acarbose exhibited potent
a-amylase inhibition with an ICso value of 0.05 pM. These
results clearly demonstrate that the synthesized compounds
possess substantially lower a-amylase inhibitory potency
compared to the standard drug.

Importantly, the observed activity profile highlights a pro-
nounced selectivity of these derivatives toward a-glucosi-
dase over a-amylase. For compounds 10-11 and 13-14,
ICso values could not be achieved for a-amylase inhibition
even at the highest tested concentrations, whereas these
compounds displayed measurable and significantly stronger
inhibition of a-glucosidase, being approximately 2.5-5-fold
more potent against it. This selective inhibition pattern is
pharmacologically advantageous, as preferential targeting of
a-glucosidase may effectively regulate postprandial glucose
absorption while minimizing adverse gastrointestinal effects
associated with excessive a-amylase inhibition. Overall,
these findings further support the potential of the identified
compounds as selective a-glucosidase inhibitor candidates.
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Table 1. Enzyme inhibition profiles of compounds 9-16 targeting a-amylase and a-glucosidase.

a-Glycosidase

Compound IC,, pM*
9 >800 NT
10 217.6 14.9 >800
11 >800 >800
12 >800 NT
13 452.8 15.0 >800
14 245.4 24.5 >800
15 >800 NT
16 >800 NT
Acarbose® 1033.8 3.4 0.050275 0.000134

*Values are presented as mean * standard deviation (SD) from three independent measurements (p < 0.05). *Indicates the positive control. IC, pM NT:

Not Tested.

3.3. Computational Analysis
3.3.1. In Silico ADME

'The comparison of docking studies and the biological assays
were also made by evaluation of PLP. Chemscore values
and the inhibition concentrations (Table 2). Biological po-
tential and computational scores were consistent apart from
compounds 15 and 16, which, despite high docking scores
(64.75 and 62.70, respectively), failed to translate into mea-
surable in vitro efficacy. The PLP. Chemscore values and
biological activity in the case of compounds 13 and 14, were
in correlation where higher scores corresponded with en-
hanced inhibition, indicating the predictive reliability of
docking scores for certain structural scaffolds.

3.3.2. Molecular Interaction Analysis of the Ligand
Within the Active Site

Molecular docking studies elucidated the potential non-co-
valent interactions between the ligand and key amino acid
residues within the enzyme active site (Figure 2). For com-
pound 10, Arg400 was identified as a critical residue in-
volved in the formation of a conventional hydrogen bond
with the nitro substituent, significantly contributing to li-
gand stabilization. Additionally, the free hydroxyl group of
the naphthazarin core established a strong polar interaction
in the form of a conventional hydrogen bond with Glu231,
which is likely to play an important role in enhancing both
ligand affinity and selectivity toward the enzyme’s catalytic
site. Furthermore, Met302 participated in a n—sulfur inter-

Table 2. a-Glucosidase enzyme inhibitory activities of compounds 9-16.

a-Glycosidase

Compound IC,, pM* SE PLP. Chemscore
PRU 55.69
9 >800 42.53
10 217.6 14.9 51.22
11 >800 51,42
12 >800 30.19
13 452.8 15.0 58.15
14 245 .4 24.5 62.54
15 >800 64.75
16 >800 62.70
Acarbose® 1033.8 3.4

“Values are presented as mean * standard deviation (SD) from three independent measurements (p < 0.05). "Indicates the positive control.
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action between its sulfur atom and the naphthalene moi-
ety of the ligand, suggesting a contribution to electronic
stabilization within the binding pocket. The same residue,
along with Val335, was also involved in hydrophobic alkyl
and m—alkyl interactions with the methyl substituents on the
naphthazarin backbone, thereby supporting the favorable
accommodation of the ligand within a predominantly hy-
drophobic sub-pocket of the enzyme.

3.3.3. Binding Interaction Profile of the Ligand in the
Active Site

The 2D interaction map (Figure 3) revealed favorable
non-covalent interactions governing ligand binding with-
in the active site. Notably, Arg400 participated in a con-
ventional hydrogen bond with the terminal oxygen atom of
the nitro substituent, an interaction that is likely to enhance
binding stability and overall affinity of the ligand toward the
receptor. A charged residue located on Glu231 amino-ac-
id built the m-anion interaction via aromatic ring system.
This electrostatic attraction increased the binding stability
of the ligand. A m-donor hydrogen bond with Pro230 and
a carbon hydrogen bond was also present, further anchor-
ing the ligand within the binding cavity. Phe397, Lys225,
and Ala229 were determined as the sources of hydropho-
bic attractions due to the formation of n-alkyl interactions.
The aromatic fragments of the ligand help to form further
stability in the hydrophobic pocket. This interaction played

a key role in stabilizing the ligand orientation within the
binding pocket, thereby facilitating optimal van der Waals
interactions with neighboring amino acid residues.

3.3.4. Molecular Interaction Analysis of the Ligand—
Protein Complex

As shown in Figure 4, the key m-anion interaction was de-
tected between the aromatic ring of the ligand and anionic
part of the Glu231 residue. Additionally, hydrophobic in-
teractions were also present, including m-alkyl interactions
with Lys225, Ala229, Tyr389, and Arg400, as well as alkyl
contacts with Pro230 residues. Above mentioned interac-
tions reinforced the ligand’s orientation in the nonpolar
environment of the protein. However, the presence of an
unfavorable bump with Asn301 resulted due to the closer
contact with the H atom on the ligand than their allowed
van der Waals radii may cause a reduction of affinity due to
the possible steric clash or repulsion.

3.3.5. In Silico ADMET Properties

The classification of compounds as substrates or non-sub-
strates of permeability glycoprotein (P-gp) plays a pivotal
role in shaping their ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) profiles. P-gp is es-
sential for protecting the central nervous system (CNS)

against harmful foreign substances (Montanari & Ecker,
2015). According to the in silico ADMET predictions sum-
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marized in Table 3, none of the investigated compounds
were predicted to be P-gp substrates, suggesting a lower
risk of efflux-mediated limitations on oral bioavailability
and multidrug resistance. Consistent with this prediction,
none of the compounds were predicted to permeate the
blood-brain barrier (BBB), indicating a reduced likelihood
of CNS-related side effects.

Cytochrome P450 (CYP) enzymes are key players in the
detoxification of numerous pharmaceutical compounds
(Testa & Krimer, 2007). Enzymes inhibition can result in
clinically relevant drug-drug interactions and toxicity due to
buildup of the parent drug or its metabolites (Hollenberg,
2002; Huang et al., 2008). All compounds under investiga-
tion are forecasted to be non-inhibitors across the five major
CYP isoforms which are CYP1A2, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4.

3.3.5.1. ADME Profiling and Pharmacokinetic
Implications of Compounds 9-16

The predicted ADME properties of compounds 9-16 as

shown Table 3 revealed moderate pharmacokinetic behav-

Karaelmas Fen Miih. Derg., 2026; 16(1):160-171

ior in terms of absorption and inhibitions of key enzymes
for the metabolism of drugs. The compounds presented
high human intestinal absorption (HIA), indicating good
oral bioavailability potential. None of the compounds were
found to be permeable for BBB suggesting that lower
CNS-related side effects would be detected. Some of the
cytochrome P450 enzymes, particularly CYP1A2 and CY-
P3A4, were in target of the compounds. Compounds 10,
11, 14, and 15 inhibit both CYP1A2 and CYP3A4, indi-
cating a potential for drug—drug interactions that should be
further evaluated during lead optimization. Additionally,
compounds 11, 13, 14, and 15 inhibit CYP2C19 and CY-
P2C9, which could further complicate co-administration
with drugs metabolized by these isoforms. All compounds
show no interaction with P-gp substrate, possibly resulting
in lower risk of efflux-related bioavailability limitations and
multidrug resistance interactions. Skin permeability values
were detected within the acceptable limits and the Log Kp
values ranged from -6.94 to -5.35 cm/s.
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LYS
A:225

Figure 4. 2D
Interactions representations of
Bl Unfovorable Bump B A compound 14 interacting
[ Fivavion B P with binding site residues
[ Pi-Donor Hydrogen Bond of the a-glucosidase
enzyme.

Table 3. Computationally derived ADME profiles of compounds 9-16.

Compod 1z I Pp OV CWc Omcs Cvade CVA (i
Permeate Substrate inhibitor inhibitor inhibitor inhibitor inhibitor permeation

cm/s)

9 High No No Yes No No No No -6.36
10 High No No Yes No Yes No Yes -5.96
11 High No No Yes Yes Yes No Yes -5.39
12 High No No Yes No No No No -6.94
13 Low No No No Yes Yes No Yes -6.49
14 High No No Yes Yes Yes No Yes -5.35
15 High No No Yes Yes Yes No Yes -5.75
16 High No No Yes Yes Yes No No -5.68

HIA: Human gastrointestinal absorption, BBB permeant: blood-brain barrier permeability, P-gp substrate: permeability glycoprotein substrate.
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4. Conclusion

In the present study, a series of mono- and bis-ester de-
rivatives of 2,3-dimethylnaphthazarin were synthesized and
in vitro enzyme inhibition assays were carried out for the
systematic evaluation of their antidiabetic potential. The
complementary molecular docking analyses were added to
support and compare the findings obtained from biological
assays. The biological evaluation demonstrated that several
derivatives, particularly compounds 10, 13, and 14, exhib-
ited pronounced inhibitory activity against a-glucosidase,
surpassing the reference drug Acarbose in terms of specific
activity. Among the evaluated compounds, derivatives 10
and 14 emerged as the most promising and selective a-glu-
cosidase inhibitors, with ICso values of 217.6 and 245.4 uM,
respectively, demonstrating significantly improved activity
compared to Acarbose. In contrast, none of the tested com-
pounds showed meaningful inhibitory effects against o-am-
ylase, indicating a clear selectivity toward a-glucosidase.

This selective inhibition profile is highly desirable, as prefer-
ential targeting of a-glucosidase over a-amylase may enable
effective modulation of postprandial hyperglycemia while
reducing gastrointestinal side effects commonly associated
with strong a-amylase inhibition. Structure—activity rela-
tionship analysis was created with the data from biological
assays and the presence of nitro and methyl substitutions
on the benzene was found to be crucial in enhancing a-glu-
cosidase inhibitory potency. Molecular docking studies also
supported that substitutional derivatives resulted in better
inhibitory activities with the strong hydrogen bonding in-
teractions between the nitro group and Arg400, as well as
tavorable hydrophobic contacts involving methyl substitu-
ents and Pro230. Overall, the combined experimental and
computational results suggest that 2,3-dimethylnaphthaza-
rin ester derivatives represent a valuable scaffold for the de-
velopment of selective a-glucosidase inhibitors and warrant
turther optimization as potential antidiabetic agents.

Acknowledgment: 'This work was supported by Research
Fund of the Zonguldak Bulent Ecevit University (Project
Number: 2025-74509460-01). The author thanks to Assoc.
Prof. Hasan Sahin for the valuable contribution on biolog-
ical studies.

Author contribution: Leyla KAYA: Investigation, method-
ology, supervision, visualization, writing — review and edit-
ing original draft, Murat BINGUL: Investigation, writing —
review and editing original draft, Sadik Metin CEYHAN:
Software, visualization and writing — original draft, Meh-
met F. SAGLAM: Investigation, methodology, supervision

and writing — review and editing original draft.

Karaelmas Fen Miih. Derg., 2026; 16(1):160-171

References

Abadan, S., Saglam, M. F., Koca, M. S., Bingul, M., Sahin, H.,
Zorlu, Y., & Sengul, I. F. (2023). Synthesis and molecular
modeling studies of naphthazarin derivatives as novel selective
inhibitors of a-glucosidase and a-amylase. Journal of Molecu-
lar Structure, 1278, 134954. https://doi.org/10.1016/].MOL-
STRUC.2023.134954

Akkus, E., Tayfuroglu, O., Yildiz, M., & Kocak, A. (2022).
Accurate Binding Free Energy Method from End-State MD
Simulations. Journal of Chemical Information and Modeling,
62(17), 4095-4106. https://doi.org/10.1021/acs.jcim.2c00601

Akkus, E., Tayfuroglu, O., Yildiz, M., & Kocak, A. (2023). Re-
visiting MMPBSA by Adoption of MC-Based Surface Area/
Volume, ANI-ML Potentials, and Two-Valued Interior Di-
electric Constant. Journal of Physical Chemistry B, 127(20),
4415-4429. https://doi.org/10.1021/acs.jpcb.3c00834

Akmal, T., & Sasongko, L. (2023). Influence of Momordica cha-
rantia (L.) on the pharmacokinetics and pharmacodynamics of
gliclazide in alloxan-induced in diabetics rats model. In Medi-
cal Sains: Jurnal Ilmiah Kefarmasian, 8(3),1079-1088. https://
doi.org/ 10.37874/ms.v8i3.854

Ali, F., Khan, K. M., Salar, U., Taha, M., Ismail, N. H., Wa-
dood, A., Riaz, M., & Perveen, S. (2017). Hydrazinyl ar-
ylthiazole based pyridine scaffolds: Synthesis, structural char-
acterization, in vitro a-glucosidase inhibitory activity, and in
silico studies. European Journal of Medicinal Chemistry, 138,
255-272. https://doi.org/10.1016/]. EJ]MECH.2017.06.041

Apostolidis, E., & Lee, C. M. (2010). In vitro potential of asco-
phyllum nodosum phenolic antioxidant-mediated a-glucosi-
dase and a-amylase inhibition. Journal of Food Science, 75(3),
97-102. https://doi.org/10.1111/.1750-3841.2010.01544 x

Chen, X, Xie, Q., Zhang, X., Lv, Q., Liu, X., & Rao, H. (2021).
Nomogram Prediction Model for Diabetic Retinopathy De-
velopment in Type 2 Diabetes Mellitus Patients: A Retro-
spective Cohort Study. Journal of Diabetes Research, 2021(1),
3825155. https://doi.org/10.1155/2021/3825155

Dessolin, J., Biot, C., & Davioud-Charvet, E. (2001). Bromi-
nation studies of the 2,3-dimethylnaphthazarin core allowing
easy access to naphthazarin derivatives. Journal of Organ-
ic Chemistry, 66(16), 5616-5619. https://doi.org/10.1021/
jo010137n

Dhameja, M., Kumar, H., Kurella, S., Uma, A., & Gupta, P.
(2022). Flavone-1,2,3-triazole derivatives as potential a-glu-
cosidase inhibitors: Synthesis, enzyme inhibition, kinetic anal-
ysis and molecular docking study. Bioorganic Chemistry, 127,
106028. https://doi.org/10.1016/].BIOORG.2022.106028

Duncan, B. B., Magliano, D. J., & Boyko, E. J. (2025). IDF Di-
abetes Atlas 11th Edition 2025: Global prevalence and projec-
tions for 2050. Nephrology Dialysis Transplantation, 1-130.
https://doi.org/10.1093/ndt/gfaf177/8242620

169



Kaya, Bingul, Ceyhan, Saglam / Biological Evaluation of 2,3-Dimethylnaphthazarin Derivatives as a-Amylase and a-Glucosidase Inhibitors.

Etxeberria, U., De La Garza, A. L., Campin, J., Martnez, J. A.,
& Milagro, F. 1. (2012). Antidiabetic effects of natural plant
extracts via inhibition of carbohydrate hydrolysis enzymes
with emphasis on pancreatic alpha amylase. In Expert Opin-
ion on Therapeutic Targets, 16(3), 269-297. https://doi.org/1
0.1517/14728222.2012.664134

Gamal, M. A., Fahim, S. H., Giovannuzzi, S., Fouad, M. A.,
Bonardi, A., Gratteri, P., Supuran, C. T., & Hassan, G. S.
(2024). Probing benzenesulfonamide—thiazolidinone hybrids
as multitarget directed ligands for efficient control of type 2
diabetes mellitus through targeting the enzymes: a-gluco-
sidase and carbonic anhydrase II. European Journal of Me-
dicinal Chemistry, 271, 116434. https://doi.org/10.1016/].
EJMECH.2024.116434

Gani, A., Kusumawaty, 1., Shobur, S., & Putri, M. K. (2021).
The Nursing Implementation of Monitoring Blood Glucose
in Increasing the Stability of Blood Glucose Level in Patients
with Diabetes Mellitus. In First International Conference on
Health, Social Sciences and Technology (ICOHSST 2020),
Atlantis Press, Palembang, Indonesia, 73-76.

Guo, C., He, J., Song, X., Tan, L., Wang, M., Jiang, P., Li, Y.,
Cao, Z., & Peng, C. (2019). Pharmacological properties and
derivatives of shikonin—A review in recent years. Pharma-
cological Research, 149, 104463. https://doi.org/10.1016/].
PHRS.2019.104463

Hameed, A., Ashraf, F., Anwar, M. J., Amjad, A., Hussain,
M., Imran, M., Mujtaba, A., Ahmad, 1., Aslam, M. S.,
El-Ghorab, A. H., Ghoneim, M. M., Shaker, M. E., Ab-
delgawad, M. A., & Jbawi, E. Al. (2024). a-Amylase enzyme
inhibition relevant to type II diabetes by using functional yo-
gurt with Cinnamomum verum and Stevia rebaudiana. Food
and Agricultural Immunology, 35(1). https://doi.org/10.1080
/09540105.2024.2389091

Hasaninezhad, F., Tavaf, Z., Panahi, F., Nourisefat, M.,
Khalafi-Nezhad, A., & Yousefi, R. (2020). The assessment of
antidiabetic properties of novel synthetic curcumin analogues:
a-amylase and a-glucosidase as the target enzymes. Journal of

Diabetes & Metabolic Disorders, 19(2), 1505-1515. https://
doi.org/10.1007/s40200-020-00685-z/Published

Hollenberg, P. F. (2002). Characteristics and common proper-
ties of inhibitors, inducers, and activators of CYP enzymes.
In Drug Metabolism Reviews, 34(1-2), 17-35. https://doi.
org/10.1081/DMR-120001387

Huang, S. M., Strong, J. M., Zhang, L., Reynolds, K. S., Nal-
lani, S., Temple, R., Abraham, S., Al Habet, S., Baweja, R.
K., Burckart, G. J., Chung, S., Colangelo, P., Frucht, D.,
Green, M. D., Hepp, P., Karnaukhova, E., Ko, H. S., Lee, J.
I., Marroum, P.J., ... Lesko, L. J. (2008). Drug interactions/
review: New era in drug interaction evaluation: US Food and
Drug Administration update on CYP enzymes, transporters,
and the guidance process. In Journal of Clinical Pharmacology,
48(6), 662-670. https://doi.org/10.1177/0091270007312153

170

Jones, G., Willett, P., Glen, R. C., Leach, A. R., & Taylor, R.

(1997). Development and validation of a genetic algorithm for
flexible docking. Journal of Molecular Biology, 267(3), 727-
748. https://doi.org/10.1006/jmbi.1996.0897

Kocak, A., & Yildiz, M. (2022). Molecular dynamics simula-
tions reveal the plausible agonism/antagonism mechanism by
steroids on androgen receptor mutations. Journal of Molec-
ular Graphics and Modelling, 111. https://doi.org/10.1016/].
jmgm.2021.108081

Kyong-Up, B, Yong, S. G., Yong, K., Dai-Eun, S., & Byung-
Zun, A. (1997). 2-Substituted naphthazarins; Synthesis and
antitumor activity. Archiv Der Pharmazie, 330(12), 377-382.
https://doi.org/10.1002/ardp.19973301204

Montanari, F., & Ecker, G. F. (2015). Prediction of
drug-ABC-transporter interaction - Recent advances and fu-

ture challenges. In Advanced Drug Delivery Reviews, 86,17—
26. https://doi.org/10.1016/j.addr.2015.03.001

Okutan, L., Kongstad, K. T., Jiger, A. K., & Staerk, D. (2014).
High-resolution a-amylase assay combined with high-perfor-
mance liquid chromatography-solid-phase extraction-nuclear
magnetic resonance spectroscopy for expedited identification
of a-amylase inhibitors: Proof of concept and a-amylase inhib-

itor in cinnamon. Journal of Agricultural and Food Chemistry,
62(47), 11465-11471. https://doi.org/10.1021/jt5047283

Patnam, N., Chevula, K., Chennamsetti, P., Aleti, B., Kotha,
A. K., & Manga, V. (2024). Synthesis, antidiabetic activity
and molecular docking studies of novel aryl benzylidenethi-
azolidine-2,4-dione based 1,2,3-triazoles. Molecular Diver-
sity, 28(3), 1551-1563. https://doi.org/10.1007/s11030-023-
10674-y

Saglam, M. F. (2022). Synthesis and structural elucidation of
2,3-dimethylnaphthazarin ester derivatives. Arkivoc, 2022(9),
199-211. https://doi.org/10.24820/ark.5550190.p011.961

Schmidt, J. S., Lauridsen, M. B., Dragsted, L. O., Nielsen,
J., & Staerk, D. (2012). Development of a bioassay-coupled
HPLC-SPE-ttNMR platform for identification of a-glucosi-
dase inhibitors in apple peel (Malus x domestica Borkh.). Food
Chemistry, 135(3), 1692-1699. https://doi.org/10.1016/j.
foodchem.2012.05.075

Segura-Aguilar, J., Jonsson, K., Tidefelt, U., & Paul, C. (1992).
The cytotoxic effects of 5-OH-1,4-naphthoquinone and
5,8-diOH-1,4-naphthoquinone on doxorubicin-resistant hu-
man leukemia cells (HL-60). Leukemia Research, 16(6-7),
631-637. https://doi.org/10.1016/0145-2126(92)90013-W

Shen, X., Saburi, W., Gai, Z., Kato, K., Ojima-Kato, T., Yu,
J., Komoda, K., Kido, Y., Matsui, H., Mori, H., & Yao,
M. (2015). Structural analysis of the a-glucosidase HaG
provides new insights into substrate specificity and catalyt-
ic mechanism. Acta Crystallographica Section D: Biological
Crystallography, 71(6), 1382-1391. https://doi.org/10.1107/
$139900471500721X

Karaelmas Fen Miih. Derg., 2026; 16(1):160-171



Kaya, Bingul, Ceyhan, Saglam / Biological Evaluation of 2,3-Dimethylnaphthazarin Derivatives as a-Amylase and a-Glucosidase Inhibitors.

Tasci, H. S., Akkus, E., Yildiz, M., & Kocak, A. (2023). Com-
putational analysis of substrate recognition of Sars-Cov-2
Mpro main protease. Computational Biology and Chemistry,
107. https://doi.org/10.1016/j.compbiolchem.2023.107960

Tepe, M., Abadan, $., Saglam, M. F., Siizerer, V., Er¢in, P. B.,
Atilla, D., Baykal, E. E., Seker, M. G., Yagci, T., & Ciftci,
Y. O. (2023). In vitro mass production, chemical modification,
and cytotoxicity of shikonin derivatives on breast cancer cells.
Industrial Crops and Products, 192. https://doi.org/10.1016/].
indcrop.2022.116087

Testa, B., & Kriimer, S. D. (2007). The biochemistry of drug me-
tabolism - An introduction part 2. Redox reactions and their
enzymes. Chemistry and Biodiversity, 4(3), 257-405. https://
doi.org/10.1002/cbdv.200790032

Trinh, B. T. D., Staerk, D., & Jiger, A. K. (2016). Screening for
potential a-glucosidase and a-amylase inhibitory constituents
from selected Vietnamese plants used to treat type 2 diabetes.
Journal of Ethnopharmacology, 186, 189-195. https://doi.
0rg/10.1016/].JEP.2016.03.060

Valipour, M. (2022). Recent advances of antitumor shikonin/
alkannin derivatives: A comprehensive overview focusing on
structural classification, synthetic approaches, and mechanisms
of action. European Journal of Medicinal Chemistry, 235,
114314. https://doi.org/10.1016/]. EJ]MECH.2022.114314

Wali, S., Atia-tul-Wahab, Ullah, S., Khan, M. A., Hussain, S.,
Shaikh, M., Atta-ur-Rahman, & Choudhary, M. 1. (2022).
Synthesis of new clioquinol derivatives as potent a-glucosidase
inhibitors; molecular docking, kinetic and structure—activi-
ty relationship studies. Bioorganic Chemistry, 119, 105506.
https://doi.org/10.1016/].BIOORG.2021.105506

Karaelmas Fen Miih. Derg., 2026; 16(1):160-171

Wang, R., Yin, R., Zhou, W., Xu, D., & Li, S. (2012). Shiko-
nin and its derivatives: A patent review. In Expert Opinion on
Therapeutic Patents, 22(9), 977-997. https://doi.org/10.1517
/13543776.2012.709237

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tau-
riello, G., Gumienny, R., Heer, F. T., De Beer, T. A. P.,
Rempfer, C., Bordoli, L., Lepore, R., & Schwede, T.
(2018). SWISS-MODEL: Homology modelling of protein
structures and complexes. Nucleic Acids Research, 46(W1),
W296-W303. https://doi.org/10.1093/nar/gky427

Ye, G.]J.,Lan, T., Huang, Z. X., Cheng, X. N., Cai, C.Y., Ding,
S. M., Xie, M. L., & Wang, B. (2019). Design and synthe-
sis of novel xanthone-triazole derivatives as potential antidi-
abetic agents: a-Glucosidase inhibition and glucose uptake

promotion. European Journal of Medicinal Chemistry, 177,
362-373. https://doi.org/10.1016/]. EIMECH.2019.05.045

Yu, M., Chen, H., Chen, C., Zhao, C., Zhou, Q., Xie, L., &
Wang, T. (2024). Hyperglycemia-depleted glutamine con-
tributes to the pathogenesis of diabetic corneal endotheli-
al dysfunction. Experimental Eye Research, 249, 110124.
https://doi.org/10.1016/]. EXER.2024.110124

171



