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ARTICLE INFO ABSTRACT
Keywords: Herein, a novel set of imidazo-isoxazole derivatives containing thiourea and urea scaffolds were
Diabetes mellitus synthesized, characterized Qs NMR, 13¢ NMR, and elemental analysis). These compounds were

Imidazo-isoxazole derivatives
a-amylase and a-glucosidase inhibition
Enzymatic kinetics

biologically evaluated for their a-amylase and a-glucosidase inhibitory activity, identifying 5f as
the most active (ICsg 26.67 + 1.25 uM and 39.12 + 1.83 pM against a-amylase a-glucosidase,
respectively), better than the standard, acarbose. Enzymatic kinetic results showed that 5f and

SAR analysis
ADMET acarbose complete competitive type inhibitors. The structure-activity relationship (SAR)
Molecular docking and MD simulations demonstrated that undergoing substitutions on R1 and R2 groups attached to the thiourea/urea

moiety chains controlled the activity. Besides, in-silico ADMET study showed that almost title
compounds exhibited satisfactory pharmacokinetic properties. In molecular docking study, the
top performing compound (5f) exhibited higher binding energies (—5.501 and —6.414 kcal/mol,
respectively) showing crucial interactions and that snuggly fit in their active site. To shed light on
their mechanism of action, molecular dynamic (MD) simulations approach executed at 100 ns
duration authenticated the high stability of 5f-1B2Y and 5f-3A4A complexes. The results of this
investigation disclosed that compound 5f may serve as a potential lead, accomplished with in vivo
studies, for the management of diabetes.

1. Introduction

Diabetes mellitus (DM), is a polygenic multifactorial metabolic disorder and an autoimmune and endocrine disease, characterized
by high hepatic glucose production or glucose intolerance [1-4]. It has become a critical epidemic with very alarming deaths and
morbidity causing the destruction of human safety and health [5,6]. DM can be divided into four main types: Type-1 diabetes (T1DM),
type-2 diabetes (T2DM), gestational diabetes mellitus (GDM) and secondary diabetes (SD) as the smallest one [7]. According to the
International Diabetes Federation (IDF), 541 million adults (75-79 years) have Impaired Glucose Tolerance (IGT), which is high risk of
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type 2 diabetes, and approximately 643 million people could be living with diabetes by 2030 and increase to 783 million by 2045 [8].
The kingdom of Saudi Arabia was ranked as the third country with a prevalence of 21.4 % and arise in the top 10 countries with the
highest reported T2DM diagnosis worldwide [9,10]. a-Glucosidase and a-amylase are two key enzymes playing a pivotal role in the
digestion and metabolism of carbohydrates in human body. Their inhibition can control postprandial hyperglycemia and remains as
the main therapeutic approach for regulating blood glucose levels via enabling control of postprandial hyperglycemia [11-21].
Commercially and clinically approved inhibitors of these enzymes such as acarbose, miglitol, and voglibose were very associated with
unwanted and deleterious side effects including abdominal distension, meteorism, flatulence and diarrhea [22,23]. Thus, searching for
novel enzyme inhibitors with potentially less negative side effects becomes a pragmatic inspiration for the management of DM [24].

Nitrogen-based heterocycles are one of the well-known promising scaffolds in drug discovery [25-34]. Compounds containing the
(thio)urea function are privileged substructures in medicinal and synthetic chemistry endowed with excellent “druggability” and wide
range of various pharmaceutically potencies [2,35-38]. The linearity of this motif and its property as both H-bond acceptor/donor
contribute to its bioavailability and hydrophilicity [39,40]. In recent years, chemicals containing the (thio)urea scaffold have been
approved as marketable drugs (Fig. 1). Cariprazine, an antipsychotic was approved by US-FDA in 2015 for the treatment of bipolar
disorder [41], DPTU (5-dihydroxyboryl-6-propyl-2-thiouracil), an allosteric antagonist, was used as modulator of P2Y1 receptors and a
candidate compound for boron neutron capture therapy [42,43], Sorafenib (Nexavar™), an anticancer drug, was marketed by Bayer
and Onyx Pharmaceuticals and approved by US-FDA, Thioacetazone was used as antitubercular agent for the treatment Mycobacte-
rium tuberculosis infections [44], Enzalutamide (Xtandi, Astellas Pharma US, Inc.) as a nonsteroidal androgen receptor inhibitor
served primary to treat prostate cancer and was approved by on 2023 for non-metastatic castration-sensitive prostate cancer (nmCSPC)
[45,46], and Tenovin-1, an inhibitor of the NAD + -dependent protein deacetylases [47].

The anti-diabetic drugs tethered (thio)urea moiety have been also reported as potent a-amylase and a-glucosidase inhibitors [48,
49] (Fig. 2).

Since the etiology of DM is multifaceted [50-53], and based on our previous efforts to find dual a-amylase and a-glucosidase
inhibitors [1,54-56], the strategy of the conducted work is to incorporate the (thio)urea moiety side chain into imidazo-isoxazole
derivatives bearing imino methyl phenol moiety was adopted.

Therefore, the aim of the current contribution was the synthesis of novel imidazo-isoxazole derivatives containing imino methyl
phenol and (thio)urea moieties and the study of their a-amylase and a-glucosidase inhibitory activity followed by a kinetic study.
Finally, an in silico study including ADMET, molecular docking and dynamic simulation was performed by exploring the plausible
interactions.

2. Results and discussion
2.1. Chemistry

The reaction sequence illustrated in Scheme 1 is composed of two steps, a 1,3-dipolar cycloaddition (1,3-DC) followed by a
condensation. Indeed, the synthesis begins with a 1,3-DC of nitrone 1 with 3-allyl-2-hydroxybenzaldehyde 2 (commercially available

from Aldrich) to give the cycloadduct 3. The synthesized isoxazolidine 3 was engaged in a condensation reaction with (thio)

~

N X
\NJ\N\\ [ ] N._~ NJKN O
[ H H
S

N
>
N (0]
o] Cl
o4 C% T8 X
N"N CF,
cl H H
Cariprazine BPTU Sorafinib

NC
0
y O . :
\'(N\()V s F1C N N o )NH
NH
0] /N\ )k O)\% F

Thioacetazone Enzalutamide Tenovin-1
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Scheme 1. Synthesis of compounds 5a-g.

semicarbazide derivatives 4a-g to access the desired products 5a-g with good yield.

In 1H NMR spectra of compounds 5a-g, indicate the presence of H-3, H-4a, H-4b, H-5 and H-6 protons at 3.99, 2.26, 2.64, 4.01 and
2.93 ppm, respectively. 13C NMR spectra of compounds 5a-g show three signals at 40.3, 66.3 and 89.9 ppm, related to C-4, C-3 and C-5
carbons, respectively. The NMR study of the NOESY 2D spectrum for isoxazolidine 5g (Fig. 3) showed strong correlations between the
H3-H4a, H3-H13 and H4b-H5 protons and no correlation between the H3-H4b protons. These observations indicate that the H3 proton
is in the same direction as the H4a and H13 protons and in the opposite direction as the H4b and H5 protons (Fig. 3). These obser-
vations are corroborated by the comparison of the coupling constants with data from the literature [57]. Indeed, the coupling constant
J3.44 (cis) = 8.4 Hz which is in good agreement with the literature data (J3.45 (cis) > 7.0 Hz) [42]).

2.1.1. Invitro a-amylase and a-glucosidase inhibitory activities and SAR investigation

The synthesized imidazo-isoxazole analogues were subjected to their in vitro anti-a-amylase and anti-a-glucosidase activities.
Acarbose was used as standard drug and the results were depicted in Table 1. Enzymatic inhibition results of all newly afforded an-
alogues demonstrated a satisfyingly bifunctional potential inhibition effect, in which 5f as the unsubstituted urea scaffold (Fig. 4) was
found to be the most active analog (IC59 = 26.67 + 1.25 pM and 39.12 + 1.83 pM) with about 11-and 12-fold improvement than
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Fig. 3. NOESY 2D NMR of compound 5g.

Table 1
ICs0 (pM) of 5a-g. The means of the same column with a different letter are significantly different (P < 0.05). The means of the same column with the
same letter are not significantly different (P > 0.05).

Entry X R Ro a-Amylase ICso (UM) a-Glucosidase ICso (M)
5a o Ph H 151.22 + 7.4° 262.5 + 12.23f

5b S Ph H 197.95 + 9.5 286.2 + 13.5°

5¢ S CoHs H 73.08 + 3.31° 202.6 + 10.02°

5d S CH3 CH3 58.76 + 2.22° 98.61 + 4.35°

Se S H H 33.88 + 1.09° 49.31 + 2.19°

5f o) H H 26.67 + 1.25° 39.12 + 1.83°

5g S CHs H 64.17 + 3.15° 157.8 + 7.09¢
Acarbose - 296.6 + 0.825 780.4 + 0.346

acarbose, respectively. Urea derivatives (5a and 5f) were found to be more potent than the corresponding thiourea one (5b and 5e).
The replacement of a hydrogen attached to the proximal NH of the thiourea moiety by an alkyl group loses the inhibitory effect. This
reduction was more pronounced upon changing the methyl group in 5g (ICso = 64.17 & 3.15 pM and 157.8 + 7.09 pM) by an ethyl one
in 5¢ (IC50 = 73.08 + 3.31 pM and 202.6 + 10.02 pM) suggesting that increased the long chain alkyl group abolishes the activity.
Conversely, upon replacing the second hydrogen atom in -NH; (58), by another methyl group (5d), enhances tremendously the
enzymatic inhibition activity (ICs9 = 58.76 + 2.22 pM and 98.61 + 4.35 pM). A drop in the inhibitory effect was dramatically observed
when the hydrogen atom attached to the proximal NH of the thiourea/urea core was substituted by a hydrophobic group such as
phenyl (5a and 5b).

2.2. Engzymatic kinetic studies

2.2.1. Mode of a-amylase inhibition by 5f and acarbose

To gain further insight into the inhibition mechanism of 5f and acarbose on a-amylase. Both Lineweaver-Burk plots and secondary
re-plot of Lineweaver-Burk plots were used to determine the inhibition mode and the value of the inhibition constant, Ki. Our results
(Fig. 5, A and C) indicate that the maximum rate Vp,x was unchanged however the Michaelis constant, Ky, gradually increased
meaning that 5f displayed a competitive inhibition against a-amylase and acarbose. Ki values (Fig. 5, B and D) of compound 5f and
acarbose were 24.88 pM and 293.63 pM, respectively. Thus, our finding revealed that 5f competes with the substrate for better binding
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Fig. 4. SAR of the synthesized compounds.
to the active site of a-amylase.

2.2.2. Mode of a-glucosidase inhibition by 5f and acarbose

An inhibition kinetics study was explored to understand the inhibition mechanism of 5f and acarbose on a-glucosidase. Graphs of
various concentrations of inhibitor, were drawn via the Lineweaver-Burk plot (Fig. 6, A and C), indicated that Vmax values remained
unaffected, however the Km values increased to overcome the inhibitory effect of the competitor. The observed inhibition type
revealed that 5f and acarbose bind to the active site on the enzyme and compete with the substrate for binding to the active site. The
slope of each line in the Lineweaver-Burk plots was plotted towards into various concentrations of 5f (Fig. 6, B) and acarbose (Fig. 6, D)
to elucidate the inhibition constant Ki, which were found to be 36.98 pM and 750.96 pM, respectively.

2.2.2.1. Acute oral toxicity. The most active compound 5f was subjected for its acute oral toxicity analysis towards three female mice
[54]. Obtained in vivo data indicated that 5f present no toxicity up to 1000 mg/kg b.w., without any significant adverse effects or
mortality, however, at a dose of 1600 mg/kg b.w., only one mouse was survived, suggesting that this concentration provoke mortality.
Thus, 50 mg/kg.b.w. was selected as the dose for the further studies.

2.3. Molecular modeling

2.3.1. ADMET profiling results

The pharmacokinetic profile of the newly synthesized analogues was performed using pkCSM and Swiss ADME descriptor algo-
rithm procedures to get insights into their specific effectiveness in the body [58-61]. Druglikness based on how a lead molecule is well
absorbed, distributed, broken down, and eliminated remains a crucial step in drug design and lead optimization for high bioactivity
and low toxicity [62-65]. As summarized in Table 2, based on pkCSM analysis, we can assume that all examined analogues are
P-glycoprotein inhibitor, exhibiting good absorption properties with acceptable water solubility values, Caco2 permeability level
higher than 0.9 and very potent gastrointestinal absorption in human (75.14 %-94.437 %) meaning their easier behavior to cross
different biological membranes. Our prepared compounds can reach skin permeability (log Kp) values ranging from —3.148 to —2.739.
Regarding their distribution properties, the predicted data showed good volume of distribution at steady state expressed by VDss,
acceptable unbound fraction, and moderate blood-brain barrier (BBB) and central nervous system (CNS) permeability. The parameters
related to metabolism mode showed that the investigated compounds could not inhibit all tested cytochrome P450 enzymes, that
catalyze metabolism, mainly those of CYP2D6 and CYP3A4 enzymes implicated in the process of more than 60 % of drugs, and
therefore suggest that they are lacking of any toxic effect. Excretion parameters including total clearance (hepatic and renal) and renal
OCT2 substrate were also predicted. The prediction of the toxicity profile via different parameters such as AMES (Mutagenicity), hERG
I and II inhibitor, and skin sensitization demonstrated that all compounds did not present any particular toxicity and could be safe for
further investigation.

The in-silico analysis of the subsequent compounds was also carried out using Swisss ADME software. To be a successful oral
candidate drug, the bioavailability radar (Fig. 7) of the title compounds was assessed. All analogues fall entirely the pink area sug-
gesting that they are suitable for better bioavailability.

The prediction of brain permeability and gastrointestinal absorption is an essential step in drug development stage to elucidate the
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Fig. 5. Lineweaver-Burk plots for the inhibition of a-amylase by 5f (A) and acarbose (C), respectively. (B) and (D) are respectively the secondary
plot between the slopes of each line on Lineweaver-Burk plot and different concentrations of compound 5f and acarbose.

pharmacology and bioavailability of a candidate molecule. As shown in Fig. 8, all the synthesized compounds exhibit gastrointestinal
absorption but none of them able to passively across the blood-brain barrier.

2.3.2. Molecular docking results

The molecular docking study was performed to evaluate the binding affinity of the synthesized compounds 5a-g towards human
pancreatic a-amylase (PDB ID: 1B2Y) and a-glucosidase (PDB ID: 3A4A), with the goal of assessing their antidiabetic potential
(Table 3).

The docking scores, expressed in kcal/mol, provide a measure of the binding energy between each compound and the target en-
zymes. A more negative docking score indicates a stronger binding interaction between the compound and the enzyme. For a-amylase,
the docking scores ranged from —4.209 kcal/mol (58) to —6.724 kcal/mol (5b). The top three compounds with the most favorable
docking scores were 5b (—6.724 kcal/mol), 5f (—5.501 kcal/mol), and 5¢ (—4.932 kcal/mol). These compounds may have a higher
potential to inhibit a-amylase activity, leading to reduced carbohydrate digestion and glucose absorption. For a-glucosidase, the
docking scores ranged from —4.232 kcal/mol (5a) to —6.487 kcal/mol (5e) (Table 3). The top three compounds with the most
favorable docking scores were 5e (—6.487 kcal/mol), 5f (—6.414 kcal/mol), and 5d (—5.54 kcal/mol).

The SAR analysis revealed that urea derivatives, particularly 5a and 5f, exhibited stronger inhibitory effects against both a-amylase
and a-glucosidase compared to their thiourea counterparts, 5b and 5e. This was reflected in the docking scores, where the urea de-
rivatives consistently showed better binding affinities. Additionally, modifying the -NH, group by substituting one hydrogen atom
with a methyl group, as seen in compound 5d, significantly enhances activity, particularly against a-glucosidase, suggesting that small
alkyl groups can optimize enzyme binding. Conversely, replacing the methyl group with a longer ethyl chain, as in compound 5c,
decreases activity, likely due to steric hindrance affecting the binding interaction. Notably, compound containing nitrone moiety, 5f
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plot between the slopes of each line on Lineweaver-Burk plot and different concentrations of compound 5f and acarbose.

exhibited promising binding interactions with both a-amylase and a-glucosidase, suggesting that they may be potential leads for
antidiabetic therapy. The nitrone moiety, which features a C=N"-O~ bond, introduces a unique electronic environment that could
modulate the interaction with the active sites of a-amylase and a-glucosidase. This group might contribute to the stabilization of the
enzyme-inhibitor complex through either direct hydrogen bonding or by influencing the conformation of adjacent functional groups,
such as the terminal urea group. Additionally, the electron-withdrawing nature of the nitrone group could potentially increase the
electrophilicity of nearby carbon atoms, facilitating more robust interactions with nucleophilic residues in the enzyme active sites [66,
67]. In compound 5f, the nitrone group could be enhancing the binding interactions by positioning the terminal urea group favorably
within the active sites of a-amylase and a-glucosidase. The nitrone group’s influence might also extend to improving the overall
molecular rigidity, leading to a better fit within the enzyme’s binding pocket, which is consistent with the observed ICsq values of 26.6
pM and 39.12 pM for a-amylase and a-glucosidase, respectively.

Notably, compound 5f, which contains a terminal urea group, exhibited promising binding interactions with both a-amylase and
a-glucosidase, suggesting its potential as a lead compound for antidiabetic therapy. The docking studies revealed that in the a-amylase
protein, 5f forms three hydrogen bonds: one from the terminal urea amino group with Asp300 and Asp197, and another from the polar
hydroxyl group with His305 (Fig. 8). These interactions are comparable to those observed with the standard inhibitor Acarbose,
indicating 5f's potential to inhibit this enzyme effectively [68].

Similarly, in the a-glucosidase protein, 5f establishes two hydrogen bonds: the amino group interacts with Asp215, and the hy-
droxyl group interacts with Glu411. The comparable binding approach and docking scores of 5f suggest that it can potentially inhibit
a-glucosidase, contributing to its dual inhibitory effect on carbohydrate digestion and glucose absorption.

2.3.3. Molecular dynamic simulation results
Molecular dynamics simulations were employed to assess the stability of ligand-enzyme complexes. This approach provided



E. AlRashidi et al.

Heliyon 10 (2024) e38376

Table 2
ADMET properties of the synthesized compounds using pkCSM.
Entry 5a 5b 5c 5d 5e 5f 5g Reference
Absorption
Water solubility —4.219 —4.23 -4.712 —4.76 —4.481 —4.12 —4.622 -
Caco2 permeability 1.481 1.061 0.974 0.982 1.116 1.062 0.983 >0.9
Intestinal absorption (human) 85.545 91.678 94.018 94.228 75.14 78.637 94.437 <30 % is poorly
Skin Permeability (log Kp) —2.739 —2.739 —-3.052 —3.083 -3.121 —3.148 -3.107 >-2.5 is low
P-glycoprotein inhibitor Yes Yes Yes Yes Yes Yes Yes No
Distribution
VDss (human) 0.227 0.353 —0.003 —0.003 -0.1 —0.208 —0.046 Low is < -0.15, High is > 0.45
Fraction unbound (human) 0.043 0.038 0.113 0.108 0.144 0.154 0.128 -
BBB permeability -1.13 -1.013 —1.004 —0.954 —0.972 —1.088 —0.953 Poorly is < -1, Highis > 0.3
CNS permeability —2.168 —2.062 —2.56 —2.463 —2.629 —-2.74 —2.552 Penetrate is > -2, Unable is < -3
Metabolism
CYP1A2 inhibitior - - - - - - - -
CYP2C19 inhibitior - - - - - - - -
CYP2C9 inhibitior - - - - - - - -
CYP2D6 inhibitior - - - - - - - -
CYP3A4 inhibitior - + - - - - - -
Excretion
Total Clearance 0.355 —0.01 0.09 0.313 0.028 0.646 0.135 -
Renal OCT2 substrate No No No No No No No -
Toxicity
AMES toxicity No No No No No No No No
Max. tolerated dose (human) -0.611 —0.571 —1.02 —1.063 —0.968 —0.935 —-1.019 Low is < 0.477, High is > 0.477
hERG I inhibitor No No No No No No No No
hERG II inhibitor Yes Yes Yes Yes Yes Yes Yes No
Oral Rat Acute Toxicity (LD50) 3.229 3.212 3.243 3.245 3.118 3.132 3.188 -
Oral Rat Chronic Toxicity (LOAEL) 0.522 0.551 0.484 0.504 0.723 0.756 0.622 -
Hepatotoxicity/Skin Sensitization Yes Yes Yes Yes Yes Yes Yes No
T.Pyriformis toxicity No No No No No No No
Minnow toxicity 0.304 0.308 0.388 0.392 0.392 0.361 0.394
LIPO LIPO LIPO LIPO
FLEX size FLEX SIZE FLEX /\\ SIZE FLEX /\ aize
MSATY \// PN satu \.7 J POLAR INSATU POLAR \/
N INSATU POLAR
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Fig. 7. Radar plot and Boiled-Egg graph of the synthesized analogues 5a-g.

valuable insights into the dynamic behavior of the compound under investigation, considering long trajectories in a solvated medium
and physiological salt concentrations. Following a 200 ns simulation cycle for each complex, analysis was performed on parameters
such as RMSD, RMSF, and H-bonds.
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Table 3

Docking score of synthesized compounds against a-amylase and a-glucosidase enzyme.
Compounds Docking score in Kcal/mol

a-Amylase (PDB ID: 1B2Y) a-Glucosidase (PDB ID: 3A4A)

5a —4.33 —4.232
5b —6.724 —4.321
5¢ —4.932 —4.325
5d —4.857 —5.54
5e —4.853 —6.487
5f —5.501 —6.414
5g —4.209 —4.833
Acarbose —9.020 —8.215

e Root mean square deviation (RMSD)

The RMSD trajectories of 5f-protein complexes over a 200 ns simulation were illustrated in Fig. 9, providing valuable insights into
their dynamic behavior. Both complexes exhibit acceptable stability, with RMSD values within the 1-3A range. The 5f-1B2Y Complex
starts with a higher RMSD, around 1.5 A, and experiences a peak reaching close to 2.0 A before stabilizing slightly below 1.5 A toward
the end of the simulation. In contrast, the 5f-3A4A Complex starts from a lower RMSD, close to 1.0 10\, remains more consistent with
fewer fluctuations, and ends with an RMSD around 1.3 A. Although both complexes can adopt similar conformations at certain points
during the simulation, as indicated by their minimum RMSD values of 0.94 A and 0.82 A, respectively, the 5f-3A4A complex appears
more stable and less prone to large conformational changes compared to the 5f -1B2Y complex, given its lower average RMSD value
and smaller range of RMSD fluctuations (Fig. 9A).

e Root mean square fluctuation (RMSF)
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Fig. 9. A. Time-dependent RMSD of Ca atoms of 5f-1B2Y and 5f-3A4A Complexes; B. RMSF of individual amino acids of Ca atoms of 5f-1B2Y
complex; C. RMSF of individual amino acids of Ca atoms of 5f-3A4A complex; D. Time-dependent Hydrogen bond analysis of 5f-1B2Y and 5f-
3A4A complexes.

RMSF analysis quantifies the atomic deviations from their average positions over time, providing insights into residue-level
flexibility and mobility within biomolecular systems. Higher RMSF values signify increased flexibility or mobility, while lower
values indicate relatively rigid or stable regions. The resulting flexibility profile is typically visualized through plots of RMSF values
against residue number or atom index, offering a graphical representation of the molecule’s dynamic behavior. The minimum RMSF
values for both complexes are relatively close, with 5f -1B2Y at 0.36 A and 5f -3A4A at 0.37 A, indicating that both complexes have
similarly rigid regions (Table 4). The average RMSF values also indicate a slightly higher flexibility in 5f -1B2Y, with an average value
of 0.83 A compared to 0.78 A in 5f-3A4A. In the 5f -1B2Y complex, the RMSF analysis reveals that residues Asp353, Phe348, GIn349,
Asn352, Asn350, and Gly351

Exhibit high flexibility with RMSF values of 3.34 10\, 3.48 10\, 5.55 ;\, 6.19 A, 8.00 A, and 8.15 f\, respectively, indicating increased
mobility and potential conformational changes, although these residues are not involved in ligand binding. In this complex, 20 amino
acids interact with the ligand, with the top interacting residues being Arg195, Arg337, Glu233, Thr254, GIln63, His101, Tyr62, Asp197,
Trp58, Trp59, Val234, Asn301, Leul 65, His299, Asp300, Asn298, Phe256, Leul62, Thr163, and Ile235, which exhibited RMSF values

Table 4
The Minimum, maximum and average values of different parameters, RMSD, RMSF,
RGyr, and Hydrogen Bonding of studied complex and control complex.

5f -1B2Y 5f -3A4A
Complex Complex
Root-mean-square deviation A (RMSD)
Minimum 0.94 0.82
Maximum 1.94 2.10
Average 1.55 1.39
Root-mean-square fluctuation A (RMSF)
Minimum 0.36 0.37
Maximum 8.16 5.59
Average 0.83 0.78
Hydrogen Bonding
Minimum 1.0 1.0
Maximum 7.0 5.0
Average 3.9 2.5
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ranging from 0.4 to 1.0 A (Fig. 9B). In the 5f -3A4A complex, 27 amino acids including Asp69, Tyr72, His112, Tyr158, Phel59,
Phel78, GIn182, Asp215, Val216, Leu246, GIn279, His280, Phe303, Ser304, Asp307, Thr310, Ser311, Pro312, Leu313, Phe314,
Arg315, Tyr316, Asp352, Glu411, Asn415, Arg442, and Arg446 have RMSF values ranging from 0.4 to 1.44 A, with higher values
observed in the C-terminal residues (Fig. 9C). The observed low RMSF values of the binding site residues demonstrate the stability of
compound 5f binding to the 1B2Y and 3A4A proteins, underscoring their potential as effective inhibitors.

e Hydrogen bonds Analysis

Hydrogen bond analysis is a crucial aspect of molecular dynamics simulations, providing valuable insights into the structural
integrity and interactions of biomolecules. In the context of protein-ligand interactions, hydrogen bonds play a vital role in deter-
mining the specificity and strength of these interactions. The hydrogen bond analysis of the 5f -protein complexes revealed interesting
trends. In both complexes, the minimum number of hydrogen bonds formed in both complexes is 1.0, indicating that at least one
hydrogen bond is consistently present throughout the simulation. However, the maximum number of hydrogen bonds differs signif-
icantly between the two complexes (Fig. 9D). The 5f -1B2Y complex forms up to 7.0 hydrogen bonds, whereas the 5f -3A4A complex
forms up to 5.0 hydrogen bonds. This suggests that the 5f -1B2Y complex has a greater potential for forming multiple hydrogen bonds
with the ligand, which could contribute to its increased binding affinity. The average number of hydrogen bonds formed in each
complex also provides valuable information. The 5f -1B2Y complex maintains an average of 3.9 hydrogen bonds, while the 5f -3A4A
complex maintains an average of 2.5 hydrogen bonds. This indicates that the 5f -1B2Y complex exhibits a more consistent and stable
pattern of hydrogen bonding with the ligand, which could be essential for its biological activity. Overall, the hydrogen bond analysis
suggests that the 5f -1B2Y complex has a more extensive and stable network of hydrogen bonds with the ligand, potentially
contributing to its increased binding affinity and biological activity compared to the 5f -3A4A complex.

3. Materials and methods
3.1. a-Amylase and a-glucosidase inhibition Assays

The enzymatic inhibition activity of the synthesized hits towards human pancreatic a-amylase and human lysosomal acid-
a-glucosidase enzymes was carried out referring to our previously methods with minor modifications [69,70]. Acarbose was used as
standard. All experiments were performed in triplicates.

3.2. Enzymatic kinetic Assays

The inhibition mode of the most potent inhibitor 5f as identified with its lowest ICsq value and the standard drug acarbose was
selected for kinetic analysis against a-amylase and a-glucosidase enzymes. A 20 pL of enzyme solution was incubated for 15 min at
30 °C using different concentrations of the inhibitor 5d against a-amylase (0, 5, 15 and 35 pM) and a-glucosidase (0, 10, 30, and 40
pM). The kinetics was started by adding concentrations of each substrate (starch) in the range 0.25-5 mM, and (p-nitrophenyl-a-D-
glucopyranoside, P-NPg) in the range 0.1-1.3 mM, respectively. according to some previously methods, with minor modification [1,
54].

3.3. Molecular docking and molecular dynamic simulation (MD) studies

A molecular docking study was conducted to better understand the molecular basis of the interaction of newly synthesized de-
rivative with anti-diabetic protein receptors. The crystalline structures of the a-amylase enzyme (PDB: 2QV4) and a-glucosidase
enzyme (PDB: 3W37) were obtained from PDB (Protein Data Bank). Molecular docking was performed using Schrodinger glide, and
MD simulation was performed using Schrodinger’s Desmond program [57].

3.4. ADMET property predictions

ADMET profile was determined using both online servers, http://www.swissadme.ch/and https://biosig.lab.uq.edu.au/pkesm/
accessed on April 22, 2024.

4. Conclusions

In summary, seven new imidazo-isoxazole-based compounds were designed and successfully synthesized and characterized
through various spectroscopic techniques. The obtained structures 5a-g, were tested for their inhibitory activity against a-amylase and
a-glucosidase enzymes. The most potent inhibitory activity towards both enzymes was found by 5f which is about 11 and 20-folds
higher than the standard drug, acarbose. Also, oral acute toxicity experiments revealed that 5f was found to be non-toxic and safe
at the level concentration. Enzyme inhibition kinetics showed that 5f competitively inhibit the enzyme and acarbose to form an
enzyme inhibitor complex. Conducted SAR study proved the implication of the thio(urea) moiety as a molecular hybrid and the
substituents at -R1 and -R2 groups to direct the activity. In addition, ADMET prediction revealed that all synthesized compounds were
well drug-likeness with good range of pharmacokinetic properties and are safe. Additionally, molecular docking and MD simulation
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analysis demonstrate the high binding and stability of 5f inside the active site of 1B2Y and 3A4A proteins, confirming the experimental
findings. The in vitro results are well correlated with the in-silico studies. To validate the cheminformatic studies, further in vivo ex-
periments will be performed.
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