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Abstract

This study aims to synthesize and evaluate the inhibitory activity of thymol derivatives targeting a-glucosidase using in vitro and in
silico studies. Ten thymol derivatives (2-11) including five new thymol-fused chalcones (7-11) were successfully synthesized. Among them,
four compounds (4, 8, 9, 11) showed the best inhibitory activity with ICso values of 18.45, 13.75, 8.86, and 10.67uM compared with acarbose
(ICso = 832.82 uM), respectively. The kinetic study of three new thymol-fused chalcones (8, 9, 11) exhibited a competitive inhibition.
Molecular docking demonstrated the predicted interactions between ligand (8, 9, 11) and a-glucosidase, which are responsible for inhibiting
the enzyme's catalytic abilities. Furthermore, molecular dynamics simulation of the enzyme-ligand 9 complex indicated that this complex was

stable in aqueous condition. This research contributes significantly to the understanding of thymol-fused chalcones that may have therapeutic
potential and their possible application in the treatment of type 2 diabetes mellitus (T2DM) for further study.
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1. Introduction

Diabetes mellitus refers to a condition that can be caused by
either insufficient use of insulin produced naturally in the
body or a lack of insulin secretion due to the destruction of
beta cells [1]. International Diabetes Federation (IDF)
revealed that in 2019, there were 463 million cases of diabetes
mellitus. This number is predicted to increase to 578 million
by 2030 and 700 million by 2045 [2]. This suggests the
prevalence of this disease, which is particularly high in low-
and middle-income countries [3,4]. A diet rich in
carbohydrates is contributing to the rise of diabetes in Asian
countries, leading them to be a significant contributor to the
global diabetes pandemic [5]. Elevated blood glucose levels in
diabetes mellitus can lead to serious health complications,
such as kidney, heart, and nervous system disorders, leg
amputation, and retinopathy. These conditions not only can
have a significant impact on a person’s quality of life but also
can result in the high levels of morbidity and mortality [6-8].
Diabetes mellitus is categorized into three types: Type I, Type
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I, and gestational diabetes. Type I diabetes is typically
managed with insulin, while Type II and gestational diabetes
are commonly managed with oral glucose-lowering drugs that
work to lower blood sugar levels [9]. These drugs work
through various mechanisms and are classified accordingly
[10]. The main strategies involve decreasing sugar absorption
by preventing the hydrolysis of carbohydrates in the
gastrointestinal tract using acarbose, miglitol, and voglibose
[11,12], altering the body's and cellular energy metabolism
with metformin [13], elevating glucosuria via sodium-glucose
co-transporter 2 (SGLT2) inhibition in the kidney with
dapagliflozin, empagliflozin, and canagliflozin [14-16],
reducing insulin resistance through PPARy stimulation with
rosiglitazone and pioglitazone [17,18], and stimulating insulin
released from pancreatic [-cells using sulfonylureas,
tolbutamide, chlorpropamide, glibenclamide, glimepiride,
glipizide, gliclazide, and gliquidone [19,20].

In individuals with type 2 diabetes mellitus (T2DM), the
first phase of insulin response to nutrient intake is severely
impaired or absent, leading to postprandial glucose excursions
most of the time [21]. Postprandial hyperglycemia is a
significant risk factor for both micro- and macrovascular
complications associated with diabetes mellitus [22].
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Moreover, acute blood glucose fluctuations during the
postprandial period cause more oxidative stress than chronic
sustained hyperglycemia, resulting in more detrimental
outcomes [23]. Managing both hemoglobin Alc and mean
glucose concentration during acute glucose fluctuations,
therefore, is deemed crucial for effective diabetes
management. This can be achieved by delaying intestinal
glucose absorption by interfering with the digestion of
polysaccharides by carbohydrate digestive enzymes,
particularly a-glucosidase [24]. a-Glucosidase, located at the
brush border of the intestine, catalyzes the digestion of
polysaccharides into absorbable glucose and is a promising
target for managing postprandial hyperglycemia with
insignificant side effects [25]. Currently, three a-glucosidase
inhibitors, those are acarbose, voglibose, and miglitol, are
available in clinical practice; they are carbohydrate mimics or
iminosugar derivatives [26]. However, these carbohydrate
mimics suffer from various side effects, such as bloating,
nausea, diarrhea, skin allergies, and liver dysfunction, later on
limiting their use in clinical practice [27, 28]. For this, the
development of novel o-glucosidase inhibitors with reduced
side effects and improved efficacy remains a significant focus
for medicinal chemists worldwide.
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Fig. 1. Thymol and its derivatives

Natural products have so long been considered as a valuable
resource for medicinal chemists, offering a diverse array of
potential lead compounds for the development of drugs to
treat a variety of diseases and conditions [29]. Thymol is a
monoterpene (essential oil) found in Thymus vulgaris (30-
40%) and Origanum vulgarus (1-30%) [30]. Thymol has been
reported to show antibacterial, antifungal, larvicidal,
acaricidal, and PDK3 (pyruvate dehydrogenase kinase 3)
inhibitors [31-35]. Although thymol has various bioactivities,
monoterpene is unstable in the formulation step in view of its
volatile and strong smell [36]. Currently, many reported
derivatives of thymol have shown biological properties such
as thymol ester [36], thymol carbamate [37], thymol-
hydrazone hybrids [38], and thymol-heterocyclic hybrids [39].
Singh et al. (2019) reported that thymol-fused chalcones and
pyrazolines with thymol on the B ring exhibited a potency as
antimalarial [40]. Salazar et al. (2020) reported that
benzensulfonylthymol ester exhibited potent inhibitory
activity against a-glucosidase with mixed-type inhibition [41].
Moreover, Singh et al. (2024) revealed that triazole-tethered
thymol/carvacrol-coumarin ~ hybrids showed promising
antidiabetic without toxicity with mixed-type inhibition [42].
This study, in turn, aims to synthesize several derivatives of
acetylthymol (Fig. 1) including thymol-fused chalcones with
thymol on the A ring and evaluate their inhibitory activity and
inhibition mechanism against a-glucosidase. Molecular
docking and molecular dynamics were performed to study
their binding interaction and stability of inhibitor-enzyme
complexes in aqueous conditions.

2. Materials and Methods
2.1. General

Chemicals were purchased from TCI (Japan), Sigma
Aldrich (Germany), and Merck (Germany). Silica gel for
column chromatography (CC) with a particle size range of
0.063-0.200 mm was sourced from Merck Company. o-
Glucosidase from Saccharomyces cerevisiae (EC.3.2.1.2.0), p-
NPG (p-nitrophenyl-a-D-glucopyranoside), and acarbose
(positive control) were obtained from Sigma Aldrich and TCI.
a-Glucosidase inhibition assays were conducted using the
ALLSHENG AMR-100 microplate reader. Thin-layer
chromatography (TLC) was performed on Merck TLC plates
with a thickness of 0.23 mm. Compounds were visualized
using UV light by applying vanillin sulfate in ethanol, and by
heating on a hot plate. The structure elucidation of the
compounds was determined using NMR spectroscopy with a
JEOL JNM-ECS500R instrument operating at S00MHz. The
Waters LCT Premier XE mass spectrometer was provided to
obtain the data of high-resolution electrospray ionization mass
spectrometry (ESI-TOF).

2.2. General procedures
2.2.1. Synthesis of 4-acetylthymol (3)

Compound 3 was synthesized using a previous method
[39]. Thymol (6.0 g, 40 mmol) and pyridine (3 mL) in
dichloromethane (50 mL) were mixed at 0°C. Acetyl chloride
(15 mL, 210 mmol) was added to the mixture at 0°C and
stirred at room temperature for 6 hours. Cold water, after the
reaction completion, was added to the reaction mixture, and
then 50% HCI till pH = 1-2 and no pyridine in the organic
phase. The organic phase was collected and saturated
NaHCO; was added until pH = 7. Subsequently, the organic
phase was separated and evaporated by means of a rotary
evaporator to obtain thymol acetate (2) as yellow oil without
further purification.

In 20 mL nitrobenzene, thymol acetate (2) (7.7 g, 40
mmol) and acetyl chloride (2.8 mL, 40 mmol) were mixed at
0°C. Anhydrous AICI; (8 g, 60 mmol) in 30 mL nitrobenzene
was added to the reaction mixture at 0°C and stirred at room
temperature for 4 hours. Cold water and 10% HCI were then
added to the reaction mixture and extracted using
dichloromethane. The organic phase was collected and stirred
with 10% NaOH for 15 minutes. The organic layer was
separated, and the polar phase was added with 10% HCI till
pH = 2. The precipitate was formed, filtered, and washed with
water to obtain pure 4-acetyltyhmol with yield 68.8%. The
pure product was dried and characterized using NMR
spectroscopy.

Compound 2. '"H NMR (500 MHz, DMSO-d;) éu (ppm) 7.23
(d, T =8.0 Hz, 1H), 7.03 (dd, ] = 8.0, 2.5 Hz, 1H), 6.83 (d, J =
2.0 Hz, 1H), 2.91 (Sept, J = 7.0 Hz, 1H), 2.28 (s, 3H), 2.26 (s,
3H), 1.11 (d, J = 7.0 Hz, 6H). '*C NMR (125 MHz, DMSO-
ds) 8¢ (ppm) 169.4, 147.7, 136.7, 136.1, 126.9, 126.3, 122.8,
26.5,22.9,20.6, 20.3.
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Compound 3. 'H NMR (500 MHz, CDCl;) 8y (ppm) 7.66 (s,
1H), 6.68 (s, 1H), 3.25 (sept, J = 7.5 Hz, 1H), 2.60 (s, 3H),
2.50 (s, 3H), 1.27 (d, J = 7.0 Hz, 6H). 3C NMR (125 MHz,
CDCl3) dc (ppm) 201.2, 156.9, 139.7, 131.9, 129.9, 129.4,
119.0, 29.2, 26.9, 22.6, 22.2.

2. 2. 2. o-Bromination of 4-acetyl thymol (4)

Compound 4 was synthesized using a previous work [43].
4-Acetyl thymol (1.5 g, 7.8 mmol) was dissolved in 20 mL
AcOH, added with 1 mL Br; in 10 mL AcOH and stirred at
room temperature for 24 hours. Afterward, 3 mL Br; in AcOH
10 mL was added to the reaction mixture and stirred for 24
hours. Following the reaction completion, N»S>03; was added
to the reaction mixture and NaHCOj3 until pH=6. The reaction
mixture was extracted using ethyl acetate and purified using
column chromatography with eluent system hexane:EtOAc =
9:1. The pure product was obtained with the yield of 48.5%.

Compound 4. '"H NMR (500 MHz, CDCls) 8y (ppm) 7.51 (s,
1H), 6.60 (s, 1H), 6.24 (brs, 1H), 3.32 (sept, J = 7.0 Hz, 1H),
2.54 (s, 3H), 1.27 (d, J = 4.5 Hz, 6H). '3C NMR (125 MHz,
CDCly) 8¢ (ppm) 187.7, 153.2, 138.5, 133.0, 126.2, 117.0,
42.4,28.2,22.3,21.2. HR-ESI-TOF-MS [M+H]" m/z calc. for
C12H14Bl‘302+: 426.8538, Found: 426.8524.

2. 2. 3. Synthesis of 6-bromo-4-acetyl thymol (5)

Compound 5 was synthesized using a previous method [44].
4-Acetyl thymol (0.192 g, 1.0 mmol) was dissolved in 10 mL
of dichloromethane and added with NBS (0.178 g, 1.0 mmol)
at room temperature for 1 hour. Cold water was then added
and the organic phase was separated and evaporated. The pure
compound was obtained using column chromatography with
hexane: EtOAc = 9:1. Here, the pure product was obtained
with the yield of 80.1%.

Compound 5. '"H NMR (500 MHz, DMSO-ds) 8u (ppm) 9.43
(s, 1H), 7.54 (s, 1H), 3.28 (sept, J = 7.0 Hz, 1H), 2.52 (s, 3H),
2.43 (s, 3H), 1.52 (d, J = 6.5 Hz, 6H). 3C NMR (125 MHz,
DMSO-ds) 6c (ppm) 200.6, 153.2, 135.3, 133.6, 131.9, 126.3,
116.8, 29.9, 27.0, 22.4, 20.6. HR-ESI-TOF-MS [M+H]" m/z
calc. for C;pH;6BrO>": 271.0328, Found: 271.0330

2. 2. 4. Synthesis of 1-O-ethoxymethoxy-4-acetyl thymol ether
(6)

4-Acetylthymol (0.75 g, 3.9 mmol) was mixed with K>CO3
(0.81 g, 5.85 mmol) in acetone 20 mL followed by adding
chloromethyl ethyl ether (0.41 g, 4.29 mmol) at room
temperature. The mixture was refluxed for 24 hours. The
reaction mixture was then filtered, evaporated, and purified by
means of column chromatography with eluent system hexane:
EtOAc = 9:1. The pure compound was obtained with the yield
of 81% (0.788 g).

Compound 6. '"H NMR (500 MHz, CDCls) &y (ppm) 7.61 (s,
1H), 6.92 (s, 1H), 5.30 (s, 2H), 3.73 (q, J = 7.5 Hz, 2H), 3.29
(sept, J=7.0 Hz, 1H), 2.56 (s, 3H), 2.53 (s, 3H), 1.25 (s, 3H),
1.24 (t, J = 7.0 Hz, 3H), 1.24 (d, J = 7.0 Hz, 6H). '3C NMR

(125 MHz, CDCl3) &c (ppm) 200.3, 157.0, 139.1, 134.4,
130.8, 128.7, 116.8, 92.8, 64.7, 29.4, 26.9, 22.7, 22.3, 15.2.
HR-ESI-TOF-MS [M+H]" m/z calc. for CisH305": 251.1642,
Found: 251.1639.

2. 2. 5. Synthesis of thymol fused chalcones (7-11)

Compounds 7-11 were synthesized using a previous work
[45]. 4-Acetylthymol (0.192 g, 1 mmol) in 10 mL of methanol
was mixed with 1 mL of NaOH 5 M at room temperature.
Substituted benzaldehydes (0.25 g, 1.5 mmol) were added to
the reaction mixtures and stirred at room temperature for 1-2
days. Cold water subsequently was added to the mixtures
followed by the addition of 10% of HCI until pH 2-3. The
organic compound was extracted using ethylacetate and then
evaporated. The compound in its purest form was isolated
through column chromatography with hexane and EtOAc
(9:1) as the mobile phase. The pure product was obtained with
the yield of 21% (7), 47% (8), 45% (9), 38% (10), and 13%
(11).

Compound 7. '"H NMR (500 MHz, DMSO-ds) &u (ppm) 9.92
(brs, 1H), 7.45 (s, 1H), 7.42 (d, J=15.5 Hz, 1H), 7.38 (d, J =
2.0 Hz, 1H), 7.36 (d, J= 15.5 Hz, 1H), 7.29 (dd, J = 8.0, 2.0
Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.69 (s, 1H), 3.82 (s, 3H),
3.80 (s, 3H), 3.18 (m, 1H), 2.33 (s, 3H), 1.19 (d, J = 6.5 Hz,
6H). 3C NMR (125 MHz, DMSO-d;) 8¢ (ppm) 193.0, 156.9,
150.9, 149.0, 143.6, 136.7, 131.3, 129.9, 127.8, 127.6, 124.2,
122.9, 117.8, 111.7, 110.9, 55.6, 26.42, 22.3, 20.5. HR-ESI-
TOF-MS [M+H]" m/z calc. for C2;H504™: 341.1747, Found:
341.1744.

Compound 8. '"H NMR (500 MHz, CDCI3) &y (ppm) 7.47 (d, J
=15.5 Hz, 1H), 7.46 (s, 1H), 7.17 (d, J = 16.0 Hz, 1H), 6.71
(d, J=2.0 Hz, 2H), 6.66 (s, 1H), 6.51 (t, J=2.5 Hz, 1H), 3.82
(s, 6H), 3.24 (m, 1H), 2.40 (s, 3H), 1.25 (d, J = 7.0 Hz, 6H).
B3C NMR (125 MHz, CDCl3) ¢ (ppm) 195.4, 161.1, 155.9,
144.9, 137.9, 136.9, 131.8, 131.2, 128.8, 127.1, 118.5, 106.4,
102.7, 55.5, 26.9, 22.6, 20.6. HR-ESI-TOF-MS [M+H]" m/z
calc. for Co1Hos04: 341.1747, Found: 341.1744.

Compound 9. '"H NMR (500 MHz, CDCl3) &y (ppm) 7.43 (d, J
=16.0 Hz, 1H), 7.42 (s, 1H), 7.08 (d, J = 16.0 Hz, 1H), 6.79
(s, 2H), 6.67 (s, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.24 (m, 1H),
2.39 (s, 3H), 1.25 (d, J = 6.5 Hz, 6H). '*C NMR (125 MHz,
CDCl3) éc (ppm) 195.6, 155.8, 153.5, 145.2, 140.3, 137.5,
131.8, 131.3, 130.6, 128.1, 126.3, 118.4, 105.6, 61.1, 56.3,
26.9, 22.6, 20.5. HR-ESI-TOF-MS [M+H]" m/z calc. for
C22H27O4+2 371.1853, Found: 371.1856.

Compound 10. {H NMR (500 MHz, CDCls) 61 (ppm) 7.85 (d,
J=16.0 Hz, 1H), 7.49 (s, 1H), 7.25 (d, J= 16.0 Hz, 1H), 7.11
(d, J=3.0 Hz, 1H), 6.93 (dd, J = 9.0, 3.0 Hz, 1H), 6.86 (d, J =
9.0 Hz, 1H), 6.66 (s, 1H), 3.81 (s, 3H), 3.80 (s, 3H), 3.25
(sept, J = 7.0 Hz, 1H) 2.40 (s, 3H), 1.25 (d, J = 7.0 Hz, 6H).
3C NMR (125 MHz, CDCls) 8¢ (ppm) 196.1, 155.7, 153.6,
153.2, 140.5, 137.9, 131.7, 131.3, 128.6, 127.6, 124.6, 118.5,
117.3, 113.5, 112.5, 55.9, 26.8, 22.6, 20.6.

Compound 11. '"H NMR (500 MHz, DMSO-ds) &1 (ppm) 9.95
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brs, 1H), 7.63 (s, 1H), 7.62 (d, J = 15.5 Hz, 1H), 7.48 (s, 1H),
7.34 (d, J = 16.5 Hz, 1H), 6.89 (d, J = 9.0 Hz, 1H), 6.70 (s,
1H), 3.85 (s, 3H), 3.82 (s, 3H), 3.76 (s, 3H), 3.19 (sept, J =
7.0 Hz,1H), 2.33 (s, 3H), 1.19 (d, J = 7.0 Hz, 6H). 3C NMR
(125 MHz, DMSO-ds) dc (ppm) 192.8, 157.0, 155.5, 152.8,
141.8, 137.6, 136.9, 131.3, 129.7, 127.8, 124.9, 123.4, 121.0,
117.9, 108.5, 61.4, 60.5, 56.0, 26.3, 22.3, 20.6. HR-ESI-TOF-
MS [M+H]" m/z cale. for CyH»;04": 371.1853, Found:
371.1855.

2.3. Biological assay

The assay for a-glucosidase activity was performed using a
method previously described [45]. In this assay, a-glucosidase
(0.1 U/mL) and p-nitrophenyl-a-D-glucopyranoside substrate
(1 mM) were dissolved in 0.1 M of phosphate buffer (pH 6.9).
A 10puL sample was incubated with 40uL of a-glucosidase at
37°C for 10 min. Afterward, 50uL of the substrate solution
was added to the reaction mixture, which was then incubated
at 37°C for an additional 20 min before stopping by adding
100ul of Na;COs (1 M). The o-glucosidase activity was
measured at 405 nm using an ALLSHENG AMR-100
microplate reader. The percentage inhibition of activity was
calculated using the following formula: % inhibition = [(Ay -
A1)/A¢] * 100, where Ao represents the absorbance in the
absence of the sample and A, refers to the absorbance in the
presence of the sample. The ICsy value was determined by
plotting the % inhibition versus concentration. Here, acarbose
was used as standard control, and the experiments were
performed in triplicate. To determine a-glucosidase inhibition,
a kinetic study was conducted by assessing the type of a-
glucosidase inhibition at various concentrations of p-NPG
substrate in the absence or presence of different
concentrations of the test compounds. Km and Vmax values
were calculated based on the Lineweaver-Burk plots of 1/V
versus 1/[S].

2.3. Molecular modeling

The drawing and refinement of the compound's molecular
structures were carried out using the molecular mechanics
energy minimization method with the Merck molecular force
field (MMFF94) in ChemOffice Professional 15.0. Due to the
absence of the crystallographic structure of Saccharomyces
cerevisiae lysosomal a-glucosidase (UniProt ID: P53341) in
the protein data bank, the protein's structure and binding site
were predicted and created using AlphaFold from
https://prankweb.cz/ [46,47]. The AutoDock Vina tool in
PyRx V.1.1 software was used to perform molecular docking
[48, 49] with an exhaustiveness of 32 and a mode value of 9
poses for each docked ligand. The binding site of a-
glucosidase was defined as a box with the dimensions of 20 A
x 20 A x 20 A, located at x= 11.1297, y= 3.5054, and z= -
0.7673. The final step was performed by conducting binding
interaction analysis and visualizing the docking results in 3D
using BIOVIA Discovery Studio Visualizer.

Meanwhile, the molecular dynamics (MD) simulations
were performed using YASARA software version 21.16.17
and the AMBER14 forcefield [50-52]. In these simulations,
the md_run.mecr macros were utilized. The integration time, or

timestep used was 2 x 1.25 fs, and the simulation duration was
set to 100 ns. The MD simulations were designed to include a
temperature of 298 K, a pressure of 1 bar, Coulomb
electrostatics with a 7.86 cutoff, a solvent density of 0.997, a
pH of 7.0, and periodic boundaries within a single simulation
box containing 0.9% NaCl. Throughout the simulations, data
and trajectories were recorded at the regular intervals of
100ps, allowing for the monitoring and analysis of the system
behavior.

3. Results and Discussion
3.1. Synthesis

Ten thymol derivatives were synthesized including thymol
ethanoate (2), 4-acetyltyhmol (3), and its derivatives (4-6) as
well as five new thymol-fused chalcones (7-11). As shown in
Fig. 2, all thymol derivatives were synthesized. Moreover, the
synthesized thymol derivatives were characterized using
various analytical techniques, such as 'H and '3C Nuclear
Magnetic Resonance (NMR), and for new compounds using
high-resolution mass spectrometry (HR-MS) as an additional
technique. The use of these techniques aimed to evaluate the
properties of the synthesized compounds. The experimental
section outlines the procedure used to synthesize thymol
derivatives and provides spectral information for these
compounds, which align with their designated structures.

In this study, as presented in Fig. 3 and 4, thymol-fused
chalcone of compound 9 was chosen for addressing the
structural elucidation. The 'H NMR presented two new
signals of doublets at 7.08 and 7.43 ppm related to two
protons of sp? with the trans configuration of chalcone with
coupling constant at 16.0 Hz. The '3C NMR showed one
signal at 195.6 ppm related to conjugated carbonyl, twelve
signals at 105.6-155.8 ppm related to carbon of sp?, and five
signals at 20.5-61.1 ppm related to carbon of sp°.
Furthermore, high resolution mass spectrometry (HRMS) was
conducted to obtain m/z 371.1856 [M+H]" (calc. for
C22H2704+5 371.1853).
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Fig. 2. Reagent and conditions: A) AcCl, DMF, pyridine, rt; B) nitrobenzene,
AcCl, AlCls, 10°C-rt; C) Br, excess, AcOH, rt; D) NBS, DCM, tt, 2 hrs.; E)
acetone, K,COs, reflux, 24 hrs.; F) NaOH 5 M, MeOH, rt, 48 hrs
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3.2. Biological evaluation

Thymol (1) and its derivatives (2-11) were evaluated for
inhibitory activity against a-glucosidase enzyme. First, all
compounds were screened at 50 pM against a-glucosidase
enzyme. Among thymol (1) and five derivatives (2-6), five
compounds (1, 2, 5, 6) did not inhibit the enzyme, except
compounds 3 and 4 from low to strong inhibition as presented
in Table 1. This study showed that the modification of 4-
acetyl thymol (3) on a-carbon exhibited good inhibitory
activity against a-glucosidase enzyme. This study, therefore,
synthesized thymol-fused chalcones considering that
chalcones are simple structures possessing unsaturated ketone
as a linker between two aromatic rings providing wide
biological spectrum [45]. Moreover, thymol-fused chalcones
were performed for further evaluation. Compounds (7-11)
were screened at 50 uM with the result showing that three
compounds (8, 9, and 11) exhibited a strong inhibitory activity
more than 70%, and two compounds (7, and 10) showed low
inhibition less than 60% as shown in Table 1. Compounds
with inhibition more than 70% were further evaluated to
obtain ICsg. The result of four selected compounds (4, 8, 9,
and 11) showed strong inhibition against a-glucosidase with
1Cso values approximately 18.45, 13.75, 8.86, and 10.67 uM,

respectively, compared to acarbose as presented in Table 1.
This study suggested that the presence of unsaturated ketone
and the methoxy group could be crucial to maintain the
inhibitory activity against a-glucosidase in the active site [45].

Table 1. In vitro a-glucosidase inhibitory activity of compounds 1-11 and
acarbose

Compound %Inhibition (50 puM)* ICso (uM)*
1 NI -
2 NI -
3 31.69+2.72 -
4 77.21£3.52 18.45+2.52
5 1.58+0.17 -
6 NI -
7 57.3249.31 -
8 71.14+1.73 13.75+1.41
9 73.66+8.86 08.86+1.12
10 43.72+4.49 -
11 83.97+5.27 10.67+2.21
Acarbose - 832.82+46.35

*The data were calculated from triplicate as mean+SD. °NI = no inhibition.
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Fig. 5. The Lineweaver—Burk plots and inhibition constant determination for
compounds 8 (A), 9 (B), and 11 (C)

The kinetic study was performed on the best inhibitory
activity of thymol-fused chalcones to further evaluate the
mechanism of inhibition. Three compounds (8, 9, and 11)
were selected for kinetic study. Fig. 5 presents the summary
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of the kinetic study in which the result showed that three
selected compounds (8, 9, and 11) exhibited a competitive
inhibition by increasing both K,, and V. values dependent
upon the concentration of the compound against o-
glucosidase. Moreover, the inhibition constant (K;) values of
three compounds exhibited at 70.56, 79.50, and 63.29 puM,
respectively. Meanwhile, other reports showed that chalcones
and their hybrids showed competitive and mixed-type
inhibition against a-glucosidase [45, 53-56].

3.3. Molecular modeling
3.3.1. Molecular docking

Molecular docking studies were conducted purposely to
predict the binding interactions of the synthesized compounds
at the active site of the o-glucosidase enzyme from
Saccharomyces cerevisiae. Previous research involving
similar compounds indicated that the binding sites of acarbose
and the selected compounds were similar [57, 58]. This study
focused on the docking process at the catalytic site of a-
glucosidase, which included catalytic triads consisting of
Asp214, Glu276, and Asp349. Additionally, several amino
acid residues, such as Lysl155, Phel57, Phel58, Phel77,
Thr215, Leu218, Ala278, and Arg312, were identified as
flanking the catalytic triads, thereby facilitating non-covalent
interactions between the enzyme, substrate, and inhibitor at
the active site [57].

The binding mode of the screened compounds (4, 7-11)
with acarbose in complex with a-glucosidase was
investigated. As illustrated in Table 2, the interaction energy
of compounds 7 (-8.6 kcal/mol), 8 (-9.1 kcal/mol), 9 (-9.7
kcal/mol), 10 (-9.5 kcal/mol), and 11 (-9.1 kcal/mol) was
found lower than that of acarbose (-8.3 kcal/mol), except for
compound 4 (-7.3 kcal/mol).

Table 2 presents the analysis of the two-dimensional (2D)
interaction profile of each ligand in the active site of a-
glucosidase. The results indicated that five compounds (4, 8-
11) could interact with the catalytic site of a-glucosidase,
except for compound 7. Compound 4 formed hydrogen bonds
and m-anion interactions between the hydroxy and aromatic
rings of Asp214 and Asp349. Compound 7 with two methoxy
groups at the 3 and 4 positions on the B ring did not interact
with the catalytic site, but still formed a hydrogen bond with
Arg312, a m-m interaction with Phe300, and m-alkyl
interactions with Ala278 and Arg312 located in the active site
of a-glucosidase. Consequently, the inhibitory activity of
compound 7 was lower than that of compound 4, as
demonstrated by the in vitro test as presented in Table 1.
Additionally, compound 8, with two methoxy groups at the 3
and 5 positions on the B ring, showed two interactions in the
catalytic site, including m-anion and van der Waals (vdW)
forces between the B ring and the methoxy group with
Asp349 and Asp2l4, respectively. When compared to
compound 8, compound 9 that had three methoxy groups at
positions 3, 4, and 5 on the B ring exhibited hydrogen bond

and m-anion interactions between the hydroxy and A ring wiﬂ} 32

Asp214 and Asp349, respectively. Furthermore, compound 10
exhibited similar properties to compound 9 in forming
hydrogen bonds and m-anion interactions with Asp214 and
Asp349 in the catalytic site. However, the inhibitory activity
of compound 10 was found lower than that of compound 9 in

view of steric clash interaction with Glu276. Meanwhile,
compound 11 exhibited hydrogen bond and =n-anion
interactions with the hydroxy group and the A ring,
respectively with Asp214 and Asp349 in the catalytic site. As
shown in Table 1, vdW interactions were found to stabilize
the binding between ligands and a-glucosidase in the catalytic
site for compounds 8, 9, 11, and acarbose. The results, as
presented in Table 2, revealed that compounds 8, 9, and 11
exhibited greater o-glucosidase inhibitory activity than the
one in compounds 3 and 4. The structural findings provide
evidence for this increased activity.

The results of our study suggest that compounds 8, 9, and
11 can bind both the catalytic site (comprised of Asp214 and
Asp349) and amino residues located within the active site of
a-glucosidase. This indicates that these compounds are
competitive inhibitors, as demonstrated by our in vitro test, as
shown in Fig. 5.

Table 2. The docking result of the six synthesized compounds and acarbose in
the a-glucosidase active site

Binding Affinity

Compound Binding Interactions of Residues
(kcal/mol)
H-bond = Asp214, Arg314
4 <73 m-anion = Asp349; n-c = Tyr7; n-alkyl =
Phel77
; 86 H-bond = Arg312
n-1t = Phe300; n-alkyl = Ala278, Arg312
H-bond = Asn241, Arg439
. o1 m-anion = Asp349; n-n = Phel57; =n-
alkyl = Ala278, His111, Phel77, Tyr71,;
vdW = Asp408, Ser156, Phel57
H-bond = Arg312, Asp214
m-anion = Asp349; mn-c = Phel77,
9 -9.7 Tyr71; m-alkyl = His239, Phe311,
Arg312; vdW = Phel57, Pro309,
His279, Glu304
H-bond = Asp214; Sterich clash =
Glu279
10 -9.5 m-anion = Asp349; m-c = Phel77,
Tyr71; m-alkyl = Arg312, Tyr313,
Phe311, Phel57, His279, His239
H-bond = Asp214
m-anion = Asp349; n-c = Phel77,
H o Tyt71; n-n = Phel57; n-alkyl = Arg312;
vdW = Glu304, Phel58
H-bond = His279, Glu276, Glu 304,
Acarbose -8.3 Phel37
n-c = His239; vdW = Pro309, Arg312,
Glu304

Molecular dynamics

The Root Mean Square Deviation (RMSD) values evaluate
the divergence of the enzyme-ligand complex's structure from
its initial form, reflecting the extent of flexibility and
fluctuation within the complex. As depicted in Fig. 6, the
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typical RMSD for ligand 9 exhibited variability until
achieving stability at approximately 1.95 A. The RMSD value
for ligand 9 was found less than that of triazole-tethered
carvacrol-coumarin hybrids at roughly 4.8 A [42]. This
outcome indicated that ligand 9 demonstrated greater stability.
Moreover, the RMSD for the enzyme-ligand 9 complex and
the enzyme-acarbose complex were observed to progressively
rise until they stabilized at approximately 2.14 A and 1.83 A,
respectively. These findings were further supported by the
highest number of contacts and the Rg values (a measure of
compactness) of the enzyme-ligand 9 complex throughout the
simulation period, as depicted in Fig. 6. These outcomes
collectively illustrate that the molecular complexation
between compound 9 and a-glucosidase is remarkably stable
when submerged in an aqueous environment.
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Fig. 6. Evolution of RMSD, #contacts, and Rg of ligand 9 and acarbose in
complex with the a-glucosidase

4. Conclusion

In summary, ten thymol derivatives including thymol
ethanoate (2), 4-acetyltyhmol (3), and its derivatives (4-6) as
well as five new thymol-fused chalcones (7-11) were
successfully synthesized. Among them, four compounds (4, 8,
9, and 11) exhibited strong inhibitory activity against o-
glucosidase with ICso values at 18.45, 13.75, 8.86, and 10.67
uM, respectively, compared to acarbose (ICsp = 832.82 uM).
The kinetic study of three thymol-fused chalcones (8, 9, and
11) exhibited competitive inhibition against a-glucosidase.
Furthermore, the result of molecular docking demonstrated a
binding interaction of compound 8, 9, and 11 with residues in
the catalytic site via hydrogen bond and m-anion interactions
and stabilized by van der Walls interaction around the active
site of o-glucosidase. Moreover, the molecular dynamics
simulation of the enzyme-ligand 9 was highly stable in an
aqueous condition based on the RMSD, #contact, and Rg
values. Thus, thymol-fused chalcones have demonstrated

potential as o-glucosidase inhibitors for addressing
postprandial  hyperglycemia and warrant additional
investigation.
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