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Abstract: Recent research on dipeptidyl peptidase-IV (DPP-IV) inhibitors has made it feasible to treat
type 2 diabetes mellitus (T2DM) with minimal side effects. Therefore, in the present investigation, we
aimed to discover and develop some coumarin-based sulphonamides as potential DPP-IV inhibitors
in light of the fact that molecular hybridization of many bioactive pharmacophores frequently
results in synergistic activity. Each of the proposed derivatives was subjected to an in silico virtual
screening, and those that met all of the criteria and had a higher binding affinity with the DPP-IV
enzyme were then subjected to wet lab synthesis, followed by an in vitro biological evaluation. The
results of the pre-ADME and pre-tox predictions indicated that compounds 6e, 6f, 6h, and 6m to
6q were inferior and violated the most drug-like criteria. It was observed that 6a, 6b, 6¢, 6d, 6i, 6],
6r, 6s, and 6t displayed less binding free energy (PDB ID: 5Y7H) than the reference inhibitor and
demonstrated drug-likeness properties, hence being selected for wet lab synthesis and the structures
being confirmed by spectral analysis. In the in vitro enzyme assay, the standard drug Sitagliptin
had an ICs5p of 0.018 uM in the experiment which is the most potent. All the tested compounds
also displayed significant inhibition of the DPP-IV enzyme, but 6i and 6j demonstrated 10.98 and
10.14 uM ICsq values, respectively, i.e., the most potent among the synthesized compounds. Based on
our findings, we concluded that coumarin-based sulphonamide derivatives have significant DPP-IV
binding ability and exhibit optimal enzyme inhibition in an in vitro enzyme assay.
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1. Introduction

In type 2 diabetes mellitus (T2DM), either the body does not produce sufficient insulin
or it becomes resistant to insulin. The current oral care therapeutics for T2DM attempt to
reduce the amount of glucose that is synthesized in the liver, raise the amount of glucose
that is secreted, decrease the amount of glucose that is consumed, and maximize the use
of glucose that is left over [1-3]. T2DM is treated with sulfonylureas, thiazolidinediones,
biguanides, alpha-glucosidase inhibitors, and other drugs that have been linked to a wide
range of side effects, such as low blood sugar and weight gain [4—6].

Several new anti-diabetic medications, such as 11b-hydroxysteroid dehydrogenase
1 blockers, sodium-glucose co-transporter 2 blockers, insulin analogues, glucagon antago-
nists, and dipeptidyl peptidase-IV (DPP-IV) inhibitors, have been discovered to address
these undesirable effects [7]. Glucokinase activators and insulin-releasing enhancers are
two examples of these novel therapies [8,9]. As a consequence of this, DPP-IV inhibitors
have been found to be risk-free and successful in the treatment of T2DM, leading to their
widespread usage [1,10,11]. In addition to increasing insulin production, improving 3-cell
proliferation, and reducing cell death, GLP-1 (glucagon-like peptide-1) is a hypoglycemic
incretin that also reduces glucagon and gluconeogenesis when the DPP-IV enzyme is
controlled [12-18].

Until October 2006, sitagliptin (Januvia, Merck; Figure 1) was the only FDA-approved
DPP-1V inhibitor medication in the United States [16,18]. It has been shown that they
are effective in treating T2DM without causing weight gain or harmful hypoglycemia
symptoms [19-24]. Research is ongoing to find DPP-IV antagonists that may be used once
a week to improve the effectiveness of T2DM treatment [3,25-32]. There were two such
medications (Figure 1), Trelagliptin [33] and Omarigliptin [34], available in Japan between
March and September of 2015, that obtained recent regulatory clearance.
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Figure 1. Structures of some approved drugs and coumarin derivatives reported by different re-
searchers as DPP-1V inhibitors.
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Coumarins are a type of oxygen heterocyclic molecule that is extremely common. In
the development of several high-activity medications, the coumarins” varied biological
actions are taken into consideration [35]. Coumarin derivatives have a broad variety of
biological actions, including anticoagulant characteristics and cytotoxic effects on bacteria
and other pathogens [36]. These include anti-inflammatory properties, neuroprotection,
antioxidant, and anti-hyperglycemic properties, as well as anti-adipogenic and neuropro-
tective properties [36]. The natural coumarins are stereo-specific and serve as the basis
for different alkaloids, macrolides, terpenoids, and pheromones. Designing fluorescent
chemosensors, labeling polymers, solar cells, and cell imaging tools are just some of the
many applications for coumarin groups [37-40].

Recently, many researchers in the field have reported that coumarins as potential
DPP-1V inhibitors. Rina Soni and Shubhangi S. Soman synthesized and evaluated some
3-aminocoumarin and 7-amino-4-methylcoumarin derivatives for DPP-IV inhibition. At
a concentration of 100 uM, three of these compounds exhibited moderate DPP-IV in-
hibition [41]. In another study, Radhika Sharma and Shubhangi S. Soman synthesized
3-aminocoumarin derivatives as potential DPP-IV inhibitors and reported one potent com-
pound with a 3.16 & 1.28 uM of ICsq value [42]. Rina Soni et al. designed and synthesized
some chromen-2-one derivatives and evaluated them as potential DPP-IV inhibitors; out
of these two compounds, quite good inhibition was observed at 10 uM concentration [43].
Anand-Krishna Singh et al. performed a DPP-IV enzyme assay of coumarin, and it dis-
played 54.83 nmol/mL of IC5y value [44]. The structures of coumarin derivatives reported
as potential DPP-IV inhibitors by different researchers are illustrated in Figure 1.

The sulphonamide moiety (-SO,NH;) is a powerful pharmacophore in medicinal
chemistry and drug discovery due to its broad range of biological activity [45]. In addition
to creating hydrogen bonds with the residues of amino acids in the active pocket of
biological targets, the sulfonyl functionality also joins with the structural core ring and
constricts the side chains, enabling them to take on the particular conformations required
for a snug fit. Omarigliptin is also a DPP-4 inhibitor with a sulfonamide portion, as depicted
in Figure 1. Omarigliptin is distinct from other antidiabetic drugs since it has a long half-life,
may be taken orally, and only needs to be dosed once every seven days [46].

To better comprehend the drug-receptor interaction, the current drug development in-
dustry often uses the molecular docking approach. Small therapeutic compounds’ binding
affinities and orientations at the target site have been predicted using this method. Docking
research has two primary goals: building precise models of structures and making reliable
predictions of their activities. The development of a novel rational method to drug design
based on macromolecular docking studies, in which drug structures are generated based on
their fit to the 3D structures of a receptor site, has provided the most in-depth picture yet of
the interaction between drugs and their targets [47]. Recent research on DPP-1V inhibitors
has made it feasible to treat T2DM with minimal side effects. Therefore, in the present
investigation, we aimed to discover and develop some coumarin-based sulphonamides
as potential DPP-IV inhibitors in light of the fact that molecular hybridization of many
bioactive pharmacophores frequently results in synergistic activity. The design approach
for the derivatives is depicted in Figure 2. Each of the proposed derivatives was subjected
to an in silico virtual screening, and those that passed all of the criteria and demonstrated
higher binding affinity with the DPP-IV enzyme were then synthesized and tested in vitro.
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substitutions
3-chloro-2-oxo-2H-1-benzopyran-6-sulfonamide derivatives (6a-6t)

6a = -phenyl;

6b = -pyridin-2-yl;
6c = -pyridin-3yl;
6d = -pyridin-4-yl;
6e = -thiazol-2-yl;

Different substitution:
6f = -4-acetylthiazol-2-yl; 6k = -methyl; 6p = -3-hydroxyphenyl;
6g = -thiophen-2-yl; 6l = -ethyl; 6q = -4-hydroxyphenyl;
6h = -1H-imidazol-2-yl; 6m = -propyl; 6r = -4-methylphenyl;
6i = -1H-benzo[d]imidazol-2-yl; 6n = -isopropyl; 6s = -2-methylphenyl;
6j = -1H-benzo[d]imidazol-5-yl; 60 = -2-hydroxyphenyl; 6t = -benzyl

Figure 2. Designing an approach to develop some Coumarin-based sulphonamide derivatives as
DPP-1V inhibitors.

2. Results and Discussion
2.1. Pre-ADME Analysis and Toxicity Profile

The process of developing novel medications takes a lot of time and resources because
of how intricate it is. However, there is a significant attrition rate in medication development
when investigators discard promising compounds because they either do not work as
expected or present unacceptable hazards to humans. Potential pharmaceutical molecules
are characterized using ADMET (absorption, distribution, metabolism, elimination, and
toxicity) testing, which identifies both promising compounds and those with substantial
limitations [48-50]. Each and every one of the proposed derivatives was put through
an in silico ADMET analysis, and those found inferior were eliminated from the further
screening process.

According to the principle put forward by Lipinski and Veber (Table S1 in the Supple-
mentary Information), none of the molecules violated the Lipinski rule of five, but only one
molecule violated Veber’s rule. The log p values of all of the compounds discovered ranged
from 1.64 to 3.29, which indicates that they have excellent lipophilicity. Lipophilicity is
an important property of the molecule that plays a role in determining how it functions
inside the body [51]. It is defined by the log p value of the chemical, which evaluates the
permeability of the medicine in the body in order for it to reach the target tissue [52,53]. All
of the compounds had a molecular weight that was less than 500 Da, which suggests that
they can move more easily across biological membranes. It was a fortunate coincidence
that the Lipinski rule of 5 had not been broken by any of the compounds, including the
native ligand [54,55]. It has been shown that the total polar surface area (TPSA), in addition
to the number of rotatable bonds, is a stronger indicator of whether a molecule is orally
active or not. Molecule 6f was found to be in violation of Veber’s rule, since it had a TPSA
that was more than 140 A2, or 142.96, which indicates that it has a low oral bioavailability.

The pharmacokinetics and drug-likeness features of each molecule were analyzed and
estimated so that additional improvements might be made to the compounds (see Table S2
in the Supplementary Information). There was no evidence that any of the compounds,
with the exception of the native ligand, could cross the blood-brain barrier (BBB). The
values of all of the compounds’ log Kp (skin penetration, cm/s) and bioavailability were
well within the range of permissible ranges. There are very few molecules that do not
fit all three of Ghose, Egan, and Muegge’s conditions, or at least two of them (Table S2).
As more compounds are discovered to be inhibitors of cytochrome enzymes, thisraises
concerns that they may also affect the metabolism of other medications. Due to its poor
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GI absorption, molecule 6e was not subjected to molecular docking experiments and was
therefore excluded from the screening process.

In acute toxicity predictions (see Table S3 in Supplementary Information), molecules 6h,
6m-6q, and native ligand fall in toxicity class III (toxic if swallowed (50 < LDs5y < 300)). 6i, and
6l displayed toxicity class IV (harmful if swallowed (300 < LDsy < 2000)). Molecules 6a—6g,
6k, 6r, and 6s showed toxicity class V (may be harmful if swallowed (2000 < LDsq < 5000)). 6
and 6t displayed toxicity class VI (non-toxic (LDsy > 5000)) [56].

In the physicochemical radar images (Figure 3), all the molecules violated just one
criterion, i.e., instauration (0.25 < Fraction Csp3 < 1) except molecules 6m, 6n, and native
ligand. The BOILED-EGG model provides a quick, simple, easily repeatable, but statistically
unparalleled robust strategy for forecasting the passive gastrointestinal absorption and
brain access of tiny compounds relevant for drug discovery and development. The physical
and chemical space of molecules with the greatest chance of being absorbed by the digestive
system is represented by the white area, and the physical and chemical space of molecules
with the greatest chance of penetrating to the brain is represented by the yellow area (the
yolk) [57]. None of the designed molecules, including native ligands, displayed permeation
through the blood-brain barrier, whereas all were predicted to be passively absorbed by the
gastrointestinal tract. All the designed molecules were predicted not to be effluxed from
the central nervous system by the P-glycoprotein, whereas, the native ligand predicted
to be effluxed from the central nervous system by the P-glycoprotein (Figure 4). Based
on the results of this virtual screening, it was determined that 6a—6d, 6g, 6i—61, and 6r-6t
possess drug-like characteristics; as a result, these compounds were investigated further
using molecular docking.

LIPO LIPO LIPO
FLEX SIZE FLEX SIZE FLEX SIZE
[NSATU POLAR INSATU POLAR INSATU POLAR

INSOLU INSOLU INSOLU
6a 6b 6c
LIPO LIPO LIPO
FLEX SIZE FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR INSATU POLAR
INSOLU INSOLU INSOLU
6d 6e 6f

Figure 3. Cont.
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bonds <9.
Figure 3. Physicochemical radar images of developed molecules where the colored zone is suitable
for oral bioavailability obtained from the SwissADME online server.
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for molecules

Figure 4. The BOILED-Egg plot of designed molecules obtained from the SwissADME online server,
presented with modifications. (Note: BOILED-Egg plot of each molecule is given in Table 54 in the
Supplementary Information).

2.2. Computational Analysis

The results of the pre-ADME and pre-tox predictions indicated that compounds 6e,
6f, 6h, and 6m to 6q were inferior and violated the most drug-likeness criteria. Molecu-
lar docking experiments, however, were not performed on these compounds. All of the
docked derivatives’ binding affinities have been compared to the binding mode of the
reference inhibitor [4-[(3R)-3-amino-4-(2,4,5-trifluorophenyl)butanoyl]piperazin-2-one] re-
ported from the DPP-IV enzyme crystal structure (PDB ID: 5Y7H). The binding cavity of the
enzyme was identified (grid box size (size_x = 27.9873862131 A, size_y = 26.1213349882 A,
size_z = 33.0219279569 A)) where the reference inhibitor was bound in the crystal structure,
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and the same cavity was selected to understand the binding affinity and binding interac-
tions of designed molecules. There are many DPP-1V crystal structures available on the
PDB site, but this one was chosen because it was the most recently reported. Compared to
the reference inhibitor, several of the docked compounds showed more robust interactions
and binding energy. Below, we explain and illustrate in Figures 5 and 6, the docking
interactions of the most effective compounds.

Figure 5. Molecular surface view of DPP-IV enzyme with ligands in active binding pocket showing

similar conformational mode.

Reference inhibitor 6a

Figure 6. Cont.
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Figure 6. The molecular interactions of reference inhibitor and docked compounds which displayed
less binding free energy than reference inhibitor.

This time, the reference inhibitor was docked with the enzyme, and its results were
used to judge the new docking results of the suggested compounds. The reference inhibitor
had a binding free energy of —7.6 Kcal-mol~! and formed an electrostatic salt bridge with
Glu205 and Glu206. It has formed two conventional hydrogen bonds with Ser209 and
Glu205. It displayed four conventional hydrogen bonds through fluorine with Argl25,
Tyr666, and Asn710, and one carbon-hydrogen bond with Arg358. It also showed two
halogen-fluorine bonds with Asn710 and His740. It has developed hydrophobic interactions
(77 stacked, 7-7t T-shaped, and amide-7t stacked) with Tyr662, Tyr666, Ser630, and Tyr631.
6a displayed a —8 Kcal-mol~! binding affinity and formed one conventional hydrogen
bond with Arg356 and one carbon-hydrogen bond with Arg358. It also developed some
hydrophobic interactions (-7t stacked, 7t-7t T-shaped, and 7-alkyl) with Phe357 and Arg356.

6b had a binding affinity of —8.5 Kcal-mol~! and formed one conventional and one
carbon-hydrogen bond with Arg125 and Arg358. It formed hydrophobic 7-7t stacked inter-
actions with Phe357 and Tyr666. 6¢ developed only hydrophobic (7-sigma, -7t stacked, and
rt-alkyl) interactions with Tyr666, Phe357, Tyr631, and Tyr662 with —8.5 Kcal-mol ~! binding
free energy. Despite failing to create a hydrogen bond with the enzyme, a stable complex
was formed with good binding free energy. 6d had a docking score of —8.3 Kcal-mol ! and
formed one carbon-hydrogen bond with Arg358 and one m-sulfur bond with Tyr547. It has
developed some hydrophobic 7-7 stacked, 7-t T-shaped interactions with Phe357, Tyr662,
and Tyr666. 6i developed three conventional hydrogen bonds with Val207, Arg356, and
Arg358 with a binding affinity of —9.1 Kcal-mol~!. It showed one electrostatic m-cation
bond with Arg358 as well as three hydrophobic m-n-stacked m-alkyl bonds with Phe357
and Arg356.

6j had a binding free energy of —9.3 kcal moll and displayed the same interactions
as 6i. Both of these molecules showed the same binding mode in the active pocket of the
target enzyme. With —8.3 Kcal-mol~! binding free energy, 6r formed one conventional
and one carbon-hydrogen bond with Arg356 and Arg358, respectively. Many hydrophobic
mi-7t stacked, 7-alkyl bonds have formed with Phe357, Arg356, Arg358, and Tyr666. 6s
released —8.1 Kcal-mol ! of binding free energy and formed one carbon-hydrogen bond
with Arg358. It has developed many hydrophobic 7t-7 stacked, 7r-7t T-shaped, and m-alkyl
bonds with Phe357 and Arg356. 6t formed one carbon-hydrogen bond with Arg358 and
displayed a —8.7 Kcal-mol~! binding affinity. It has also formed one m-sulfur bond with
Tyr547. It has developed many hydrophobic 7-7t stacked, 7-7t T-shaped, and amide-7t
stacked with Phe357, Tyr662, Tyr666, Ser630, and Tyr631. Although the reference inhibitor
and the developed compounds revealed slightly different binding behaviors due to the
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structural variations between them, it was intriguing to note that they both bound in
the same binding pocket, as shown in Figure 5. The reference inhibitor and the docked
compounds revealed one interaction in common with Arg358, however, the majority of the
created molecules had the majority of the same interactions and shared the same amino
acids. Each and every one of them developed stacking -7 interactions with Phe357. The
findings presented above provide conclusive evidence that all of the ligands exhibited
binding in the same cavity. From the above investigation, it was observed that, 6a, 6b, 6¢c,
6d, 6i, 6j, 61, 6s, and 6t displayed more binding affinity than the reference inhibitor and were
hence selected for wet lab synthesis, and the structures were confirmed by spectral analysis.

2.3. In Vitro Enzyme Assay

Table 1 shows the % inhibition of standard (Sitagliptin at 100 uM) and synthesized
compounds (at 250 uM) along with ICsp (uM) values. Sitagliptin displayed a 0.018 pM
ICsg value, which is the most potent. Also, all the tested compounds displayed significant
inhibition of the DPP-IV enzyme, but 6i and 6j demonstrated 10.98 and 10.14 uM ICsg
values, respectively, i.e., most potent among the synthesized compounds. It was observed
that in computational analysis, 6i and 6j developed potent conventional hydrogen bonds
with critical amino acids and also displayed an optimum binding affinity with the target.
Fortunately, the results obtained here are completely consistent with those obtained from
in silico screening.

Table 1. % inhibition of standard and synthesized compounds along with ICsy (M) values (n =3,
mean =+ SD).

Molecules Code % Inhibition (at Conc.) ICs0 (UM)
Sitagliptin 102.6 &+ 1.1 (100 uM) 0.018 £ 0.002
6a 93.52 £ 2.02 (250 uM) 1452 £ 1.2
6b 91.15 £ 0.9 (250 pM) 15.72 £ 0.98
6¢ 90.34 £ 2.04 (250 uM) 16.28 4+ 2.04
6d 92.40 £ 1.11 (250 uM) 15.19 £ 1.02
6i 95.77 £+ 1.08 (250 uM) 1098 +1
6j 96.59 £+ 0.2 (250 uM) 10.14 £+ 0.02
6r 95.44 £ 1.1 (250 uM) 1292 £ 0.11
6s 89.33 + 0.9 (250 uM) 18.29 + 0.1
6t 88.29 £ 2.06 (250 uM) 17.73 £ 0.02

The conclusion regarding the structural-activity relationship (SAR) can be effectively
drawn from in silico screening and in vitro enzyme assays. It was observed in compu-
tational analysis that increasing carbon length beyond two carbon atoms decreases the
activity (61). A molecule with an unsubstituted phenyl ring (6a) increases the activity, while
substitution at any position in the ring results in decreased activity. Substitution at the
—Ar position with the benzimidazole group increases the activity (6i and 6j). Molecules
with pyridyl substitution (6b—6d) increase binding affinity with the target enzyme and
also display significant inhibition of DPP-IV. There is much scope to design more novel
derivatives using the same nucleus by considering the above-discussed SAR. The SAR is
illustrated in Figure 7.
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Figure 7. Structural-activity relationship of developed compounds.

3. Material and Methods
3.1. Pre-ADME Analysis, Toxicity Profile, and Computational Analysis

The Lipinski rule of five as well as the pharmacokinetic properties of the designed
molecules were calculated with the help of the molinspiration and SwissADME servers [58,59].
ProTox-II is a web server that is freely accessible to the public and has been used in order
to carry out an in silico toxicity prediction of proposed derivatives (http://tox.charite.de/
protox_II, accessed on 20 October 2022) [56].

The molecular docking studies were performed using PyRx Virtual Screening Tool
0.8 (Source Forge Headquarters, 225 Broadway Suite 1600, San Diego, CA 92101) using
the Autodock Vina 1.1.2 from Vina Wizard tool [60] and the Biovia Discovery studio was
used to analyze the binding interactions between ligands and target enzyme [61]. The
structures of ligands were drawn using ChemDraw Ultra 12.0 version (PerkinElmer, Inc.,
USA). The structures were imported in PyRx software 0.8 (Source Forge Headquarters, 225
Broadway Suite 1600, San Diego, CA 92101) with the help of an open bable toolbar and the
energy minimization was executed by Universal Force Field (UFF) [62]. The RCSB Protein
Data Bank was searched in order to obtain the crystal structure of the human DPP-IV
in association with inhibitor-3 (PDB ID: 5Y7H) (https:/ /www.rcsb.org/structure/5Y7H,
accessed on 6 November 2022). The obtained enzyme structure was purified by deleting all
the heteroatoms and water molecules with the help of Biovia Discovery studio. The purified
structure was saved again in pdb file format for further use. The three-dimensional view
of the DPP-IV enzyme with reference inhibitor in the active binding pocket is illustrated
in Figure 8. The reference inhibitor present in the enzyme cavity was re-docked and its
binding mode and binding energy were used to validate the docking results of screened
compounds. Chain A was selected and the active cavity was identified using Biovia
Discovery studio and the same cavity with the exact grid box (size_x = 27.9873862131 A,
size_y = 26.1213349882 A, size_z = 33.0219279569 A) was selected for docking with an
exhaustiveness value of 8. After molecular docking was performed, the raw pdbqt files
were used to study how the ligand and target interact [45,51,63—66].

3.2. Chemistry

Throughout this study, we used chemicals and reagents acquired from Lab Trading
Laboratories in Aurangabad, Maharashtra, India. Spots were viewed using UV light
and iodine vapors in a technique called thin-layer chromatography (TLC) to track the
reaction’s progress. The open capillary method was used to determine the melting points
(uncorrected) of the compounds. Using a JEOL 500 MHz spectrometer, DMSO was used
as the solvent, and tetramethyl silane (TMS) was used as the internal standard, yielding
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'H and '3C NMR spectra. Singlet (s), doublet (d), triplet (¢), and multiplet (m) coupling
frequencies; 'H-'H coupling constants in Hertz; chemical shifts stated in units or ppm.
The synthesized compounds’ mass (m/z) spectra were collected using a Shimadzu LC-
MS instrument and the spectrum is given in the supplementary information file. Using
a Microlab IR Spectrophotometer from Agilent Technologies (5301 Stevens Creek Blvd.,
Santa Clara, CA 95051, USA), we were able to capture the infrared spectra of the produced
molecules.

Figure 8. The 3D view of the target enzyme, Chain A displayed in red-sky blue color and Chain B
exemplified in yellow color along with reference inhibitor present in the active binding pocket of
both the chains denoted by yellow and red circle respectively.

In a previously published paper, the step-by-step procedure for the synthesis of
compounds 2, 3, 4, and 5 has already been explained [67]. The following section includes
an explanation for the synthesis of 6a, 6b, 6¢, 6d, 6i, 6j, 61, 6s, and 6t:

In 20 mL ethanol and 5 mL DMF, a combination of compound 5 (3 mmol), suitable
aryl chloride (3 mmol), and K,COs (3 mmol) were refluxed. TLC was used to monitor
the reaction’s completion. The surplus solvent was dumped onto the ice and the pH was
corrected to pH 7.0. (6 to 8). Vacuum filtration was used to collect the produced solid.
Column chromatography was used to purify the crude solid, using EtAc/Pet. ether as
the eluent (40:60). Physical characterization and recrystallization of the obtained products
were carried out [68]. The step-by-step reaction route that followed in order to produce
coumarin-based sulphonamide derivatives is shown in Figure 9.

In the next part, along with their IUPAC nomenclature, the spectral data and physical
characterization of the compounds are given.

3.2.1. 6a. [3-Chloro-2-oxo-2H-1-benzopyran-6-(N-phenyl)sulfonamide]

Off-white solid, yield: 61%, molecular formula: C15H;9CINO,S, melting point: 158-160 °C.
Elemental analysis (cal.): C, 53.66; H, 3.00; CI, 10.56; N, 4.17; O, 19.06; S, 9.55. FT-IR (neat,
em ™) Vinax: 3480 (NH stretch), 3115 (NH bend w), 2956 (Ar stretch), 1765 (C=0 stretch),
760 (C=0 bend). 'H NMR (300 MHz, DMSO-d;, chemical shift (ppm)); 6 4.012 (s, NH of
sulfonamide), 6.689, 6.712,7.171, 7.281, 7.389, 7.478, 7.603, 7.732,7.891 (m, | = 7.67, Ar-H).
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13C NMR (400 MHz, DMSO-dg, chemical shift (ppm)): § 116.92, 117.82, 118.23, 119.53,
120.22, 120.73, 121.87, 128.67, 129.80, 130.02, 138.92, 139.23, 142.64, 153.67, 159.02, 163.12.
MS m/z: 336.18,337.90 (m + 1), 340.23 (m + 2), 341.98 (m + 3).

0. _0 0. _0
o L e o T
0 — \
a” s > ql s Z ¢
0

OH HNTR
2-hydroxybenzaldehyde (1) 3-chloro-2-o0x0-2H-1-benzopyran-6- B
- 3-chloro-2-0x0-2H-1-benzopyran-6-
Ifonyl chloride (4
sulfonyl chloride (4) sulfonamide (5)
Chloroacetyl chloride,
Triethylamine Chloroaryl/alkyl
Base | /\ KoCO;/DMF Reflux 12hrs

(0) @) N
@I Chlorosulphonic /@i)IOH @/\O;/[O
= acid > o P o
Cl Cl IR S+ Cl R/Ar\ /\\S _

Cl
3-chloro-2H-chromen-2-one (2) 3) E \\O

3-chloro-2-oxo0-2H-1-benzopyran-6-
sulfonamide derivatives (6a-6t)

Figure 9. The detailed reaction pathway for the synthesis of coumarin-based sulphonamide derivatives.

3.2.2. 6b. [3-Chloro-2-oxo-N-(pyridin-2-yl)-2H-chromene-6-sulfonamide]

Pale yellow, yield: 60%, molecular formula: C14HgCIN,O4S, melting point: 169-171 °C.
Elemental analysis (cal.): C,49.93; H, 2.69; Cl, 10.53; N, 8.32; O, 19.00; S, 9.52. FT-IR (neat,
em 1) Viax: 3440 (NH stretch), 3124 (NH bend w), 2928 (Ar stretch), 1710 (C=O stretch),
778 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); 6 4.0 (s, NH of
sulfonamide), 6.70 (s, NH of benzimidazole), 7.55, 7.70, 7.98, 8.07, 8.12, 8.30 (m, | = 7.51,
Ar-H). 13C NMR (400 MHz, DMSO-dg, chemical shift (ppm)): § 109.9, 117.9, 119.6, 120.8,
121.8, 122.5, 124.7, 136.4, 138.3, 140.7, 148.1, 152.9, 156.2, 156.5. MS m/z: 337.45, 338.76
(m + 1), 339.03 (m + 2).

3.2.3. 6¢. [3-Chloro-2-oxo-N-(pyridin-3-yl)-2H-chromene-6-sulfonamide]

Yellow, yield: 55%, molecular formula: C14HyCIN,O4S, melting point: 163-169 °C.
Elemental analysis (cal.): C,49.93; H, 2.69; Cl, 10.53; N, 8.32; O, 19.00; S, 9.52. FT-IR (neat,
em ™) Vinax: 3445 (NH stretch), 3100 (NH bend w), 2916 (Ar-stretch), 1740 (C=O stretch),
698 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); 6 4.0 (s, NH of
sulfonamide), 5.089 (s, NH of benzimidazole), 7.27, 7.36, 7.70, 7.98, 8.04, 8.09, 8.12, 8.30 (m,
] =7.61, Ar-H). 13C NMR (400 MHz, DMSO-dg, chemical shift (ppm)):119.6, 120.8, 121.8,
122.5,124.7,136.4, 137.5, 138.8, 140.7, 156.2, 156.5. MS m/z: 336.23 (m + 1), 337.67 (m + 2),
338.43 (m + 3).

3.2.4. 6d. [3-Chloro-2-oxo-N-(pyridin-4-yl)-2H-chromene-6-sulfonamide]

Yellow, yield: 67%, molecular formula: C14HyCIN,O4S, melting point: 168-169 °C.
Elemental analysis (cal.): C,49.93; H, 2.69; Cl, 10.53; N, 8.32; O, 19.00; S, 9.52. FT-IR (neat,
em ™) Vinax: 3446 (NH stretch), 3110 (NH bend w), 2912 (Ar-stretch), 1710 (C=O stretch),
699 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); & 4.0 (s, NH of
sulfonamide), 5.089 (s, NH of benzimidazole), 6.99, 7.70,7.98, 8.12, 8.46 (m, | = 7.53, Ar-H).
13C NMR (400 MHz, DMSO-dg;, chemical shift (ppm)):109.0, 119.6, 120.8, 121.8, 122.5, 124.7,
136.4, 140.7, 150.2, 156.2, 156.5. MS m/z: 337.75 (m + 1), 339.12 (m + 2), 340.15 (m + 3).

3.2.5. 6i. [3-Chloro-2-ox0-2H-1-benzopyran-6-(N-benzimidazole)sulfonamide]

White crystalline solid, yield: 58%, molecular formula: C15H19CIN30O4S, melting point:
168-170 °C. Elemental analysis (cal.): C, 51.14; H, 2.68; C1, 9.43; N, 11.18; O, 17.03; S, 8.53.
FT-IR (neat, cm ™) viax: 3468 (NH stretch), 3130 (NH bend w), 2945 (Ar stretch), 1742 (C=O



Molecules 2023, 28, 1004

15 0f 19

stretch), 778 (C=0 bend). 'H NMR (300 MHz, DMSO-d, chemical shift (ppm)); 6 4.122 (s,
NH of sulfonamide), 5.089 (s, NH of benzimidazole), 7.127, 7.234, 7.367, 7.452, 7.509, 7.639,
7.790, 7.821, 7.876,7.920 (m, | = 7.48, Ar-H). 13C NMR (400 MHz, DMSO-dg, chemical shift
(ppm)): 624.89,115.72, 120.34, 121.67, 122.21, 123.45, 124.78, 125.89, 126.29, 128.45, 138.90,
139.87,140.23, 141.56, 150.62, 153.76, 159.56. MS m/z: 375.19, 376.94 (m + 1), 377.67 (m + 2),
379.43 (m + 3).

3.2.6. 6j. [3-Chloro-2-oxo-2H-1-benzopyran-6-(N-(5-methyl)benzimidazole)sulfonamide]

White crystalline solid, yield: 54%, molecular formula: C17H;1,CIN30O4S, melting point:
174-176 °C. Elemental analysis (cal.): C, 52.38; H, 3.10; Cl, 9.09; N, 10.78; O, 16.42; S, 8.23.
FT-IR (neat, cm ™) Viax: 3462 (NH stretch), 3132 (NH bend w), 2942 (Ar stretch), 1734 (C=O
stretch), 780 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); b 2.456 (s,
methyl proton), 4.142 (s, NH of sulfonamide), 5.183 (s, NH of benzimidazole), 7.137, 7.244,
7.377,7.552,7.539, 7.669, 7.780, 7.841, 7.879, 7.972 (m, | = 7.56, Ar-H). 13C NMR (400 MHz,
DMSO-dg, chemical shift (ppm)): 6 116.02, 120.44, 121.87, 122.29, 123.40, 124.98, 125.09,
125.67,128.75,139.92, 139.97, 140.12, 141.50, 149.66, 152.77, 153.51, 159.92, 160.39. MS m/z:
389.76,390.96 (m + 1), 392.69 (m + 2), 394.44 (m + 3).

3.2.7. ér. [3-Chloro-2-oxo-N-(p-tolyl)-2H-chromene-6-sulfonamide]

Yellowish brown puffy solid, yield: 49%, molecular formula: C14H;2CINO4S, melting
point: 115-120 °C. Elemental analysis (cal.): C, 54.94; H, 3.46; Cl, 10.14; N, 4.00; O, 18.30; S,
9.17. FT-IR (neat, cm 1) Vmax: 3366 (NH stretch), 3240 (NH bend w), 2940 (Ar stretch), 1730
(C=0 stretch), 678 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); &
2.34 (t, methyl proton), 4.0 (s, NH of sulfonamide), 5.183 (s, NH of benzimidazole), 6.98,
7.02,7.70,7.98,8.12,8.30 (m, ] = 7.45, Ar-H). 13C NMR (400 MHz, DMSO-dg, chemical shift
(ppm)): 6 21.3, 119.5, 119.6, 120.8, 121.8, 122.5, 129.8, 131.2, 134.7, 140.2, 156.5. MS m/z:
349.79, 350.67 (m + 1), 351.53 (m + 2).

3.2.8. 6s. [3-Chloro-2-oxo-N-(o-tolyl)-2H-chromene-6-sulfonamide]

Yellowish brown solid, yield: 59%, molecular formula: C;4H1,CINO4S, melting point:
117-125 °C. Elemental analysis (cal.): C, 54.94; H, 3.46; Cl, 10.14; N, 4.00; O, 18.30; S, 9.17.
FT-IR (neat, cm™!) Vax: 3332 (NH stretch), 3245 (NH bend w), 2959 (Ar stretch), 1710
(C=0 stretch), 678 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); &
2.12 (t, methyl proton), 4.0 (s, NH of sulfonamide), 5.183 (s, NH of benzimidazole), 66.51,
6.69,7.01,7.15,7.70,7.98, 8.30 (m, | = 7.57, Ar-H). 13C NMR (400 MHz, DMSO-dg, chemical
shift (ppm)): 6 17.3, 119.6, 120.8, 121.8, 122.5,123.7, 124.7, 126.5, 131.3, 136.1, 136.4, 140.7,
156.2. MS m/z: 350.79, 351.67 (m + 1), 352.53 (m + 2).

3.2.9. 6t. [N-benzyl-3-chloro-2-oxo-2H-chromene-6-sulfonamide]

Off-white solid, yield: 65%, molecular formula: C15H1,CINO,S, melting point: 120-126 °C.
Elemental analysis (cal.): C, 54.94; H, 3.46; Cl, 10.14; N, 4.00; O, 18.30; S, 9.17. FT-IR (neat,
em ™) Vinax: 3390 (NH stretch), 3240 (NH bend w), 2950 (Ar stretch), 1730 (C=O stretch),
680 (C=0 bend). 'H NMR (300 MHz, DMSO-dg, chemical shift (ppm)); & 3.48 (t, methyl
proton), 4.82 (s, NH of sulfonamide), 5.183 (s, NH of benzimidazole), 6.00, 6.12, 6.49, 7.13,
7.23,7.26,7.33 (m, ] =7.43, Ar-H). 13C NMR (400 MHz, DMSO-dg, chemical shift (ppm)): &
46.2,119.6,120.8, 121.8, 122.5, 124.7, 126.7, 126.9, 128.5, 136.4, 140.7.156.2, 156.5. MS m/z:
351.67,352.23 (m + 1), 353.78 (m + 2).

3.3. In Vitro Enzyme Assay

In vitro assays were used to test the potential inhibitory effects of the synthetic com-
pounds on the DPP-IV enzyme. The DPP-1V inhibition experiment was carried out with
the help of an enzyme assay kit (Cayman Chemical kit, item number: 700210). The detailed
procedure to perform an in vitro enzyme assay is depicted in our recently published pa-
per [67]. As a reference, sitagliptin was utilized as a DPP-IV inhibitor. For every compound
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examined, we calculated both its IC5y value in pM and its percentage of inhibition at
50 uM. In triplicate, the derivatives were examined, and the calculations were performed
in GraphPad Prism (2365 Northside Dr. Suite 560, San Diego, CA 92108) [69].

4. Conclusions

DPP-1V inhibitors are the medications that have attracted widespread attention in the
treatment of T2DM due to their proven effectiveness over the long term and their ability
to better manage glucose levels. Coumarin derivatives have a broad variety of biological
actions, including anticoagulant characteristics and cytotoxic effects on bacteria and other
pathogens. These include anti-inflammatory properties, neuroprotection, antioxidant, and
anti-hyperglycemic properties, as well as anti-adipogenic and neuroprotective properties.
Recently, few researchers have reported some coumarin derivatives as potential DPP-IV
inhibitors. In the present investigation, we aimed to discover and develop some coumarin-
based sulphonamides as potential DPP-IV inhibitors in light of the fact that molecular
hybridization of many bioactive pharmacophores frequently results in synergistic activity.
All the tested compounds displayed significant inhibition of the DPP-IV enzyme, but 6i and
6j demonstrated 10.98 and 10.14 uM ICs values, respectively, i.e., most potent amongst the
synthesized compounds. Fortunately, the results obtained here are completely consistent
with those obtained from in silico screening. There is huge scope to design more novel
derivatives using the same nucleus by considering the SAR discussed in the article. In the
near future, we are aiming to report the inhibitory potential of these derivatives on another
enzyme that plays an important role in the regulation of blood glucose, which will give us
better insight regarding the antidiabetic potential of developed molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules28031004/s1: courmain supplementary file. Table S1.
Calculations of oral bioavailability parameters of the designed derivatives. Table S2. Pre-ADME
characteristics of generated compounds. Table S3. Pre-Tox profile of designed molecules. Table 54.
The BOILED-Egg plots of designed molecules. Table S5. 3D-docking poses of molecules with active
amino acid residues. Figure S1. In vitro enzyme assay of synthesized compounds. Figures S2-S5.
Mass spectra of compound 6a—6d. Figure S6. Mass spectra of compound 6i. Figure S7. Mass spectra
of compound 6j. Figure S8. Mass spectra of compound 6r. Figure S9. Mass spectra of compound 6s.
Figure S10. Mass spectra of compound 6t.

Author Contributions: Conceptualization, PK.V,, S.B.J., M.M.R.S. and . A.A I; methodology, PK.V.,
S.K,K.CP, EL; M\M.R.S. and I.A.A.L; software, PK.V., C.N., EL; validation, C.N., HU.,S.LK,, A.E,,
A.R.A. and M.EN.A ; formal analysis, PK.V. and S.B.J.; investigation, PK.V,, S.B.]J., S.K., K.C.P. and
C.N,; resources, PK.V.,, M\M.R.S. and I.A.A.I; data curation, H.U., S.L K. and FA.S., and M.EN.A;
writing—original draft preparation, PK.V,, S.B.J., S.L.K. and FI.; writing—review and editing, S.K.,
K.CP,CN,HU.,SLK,FAS,FI, AE.,, ARA., MEN.A.,, MM.R.S. and I.A.A.L; visualization,
PK.V, S.LK. and EIL; supervision, PK.V,, MMM.R.S. and L.A.A.L; project administration, PK.V.,
M.M.RS. and I.A.A I; funding acquisition, M.M.R.S. and I.A.A 1. All authors have read and agreed
to the published version of the manuscript.

Funding: Deanship of Scientific Research at UmmAI-QuraUniversity [Grant Code: 22UQU4331277DSR08].
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the Deanship of Scientific Research at Umm
Al-Qura University for supporting this work [Grant Code: 22UQU4331277DSR08].

Conflicts of Interest: The authors declare that they don’t have any conflict of interest for this
publication.

Sample Availability: Samples of the compounds are not available from the authors.


https://www.mdpi.com/article/10.3390/molecules28031004/s1
https://www.mdpi.com/article/10.3390/molecules28031004/s1

Molecules 2023, 28, 1004 17 of 19

References

1.  Gallwitz, B. Clinical Use of DPP-4 Inhibitors. Front. Endocrinol. 2019, 10, 389. [CrossRef] [PubMed]

2. Olokoba, A.B.; Obateru, O.A.; Olokoba, L.B. Type 2 Diabetes Mellitus: A Review of Current Trends. Oman Med. ]. 2012, 27,
269-273. [CrossRef] [PubMed]

3. Tsai, T.Y,; Hsu, T.; Chen, C.T.; Cheng, ].H.; Chiou, M.C.; Huang, C.H.; Tseng, Y.J.; Yeh, TK.; Huang, C.Y.; Yeh, K.C.; et al. Rational
Design and Synthesis of Potent and Long-Lasting Glutamic Acid-Based Dipeptidyl Peptidase IV Inhibitors. Bioorg. Med. Chem.
Lett. 2009, 19, 1908-1912. [CrossRef] [PubMed]

4. Narsimha, S.; Battula, K.S.; Ravinder, M.; Reddy, Y.N.; Nagavelli, V.R. Design, Synthesis and Biological Evaluation of Novel
1,2,3-Triazole-Based Xanthine Derivatives as DPP-4 Inhibitors. J. Chem. Sci. 2020, 132, 59. [CrossRef]

5. Abd El-Karim, S.S.; Anwar, M.M.; Syam, Y.M.; Nael, M.A.; Ali, HE; Motaleb, M.A. Rational Design and Synthesis of New
Tetralin-Sulfonamide Derivatives as Potent Anti-Diabetics and DPP-4 Inhibitors: 2D & 3D QSAR, in Vivo Radiolabeling and Bio
Distribution Studies. Bioorg. Chem. 2018, 81, 481-493. [CrossRef]

6. Han, B,; Liu, J.L.; Huan, Y.; Li, P; Wu, Q.; Lin, Z.Y.; Shen, Z.F,; Yin, D.L.; Huang, H.H. Design, Synthesis and Primary Activity of
Thiomorpholine Derivatives as DPP-IV Inhibitors. Chinese Chem. Lett. 2012, 23, 297-300. [CrossRef]

7. Mohammad, B.D.; Baig, M.S.; Bhandari, N.; Siddiqui, F.A.; Khan, S.L.; Ahmad, Z.; Khan, ES.; Tagde, P; Jeandet, P. Heterocyclic
Compounds as Dipeptidyl Peptidase-IV Inhibitors with Special Emphasis on Oxadiazoles as Potent Anti-Diabetic Agents.
Molecules 2022, 27, 6001. [CrossRef]

8.  Pereira, A.L.E,; dos Santos, G.B.; Franco, M.S.E,; Federico, L.B.; da Silva, CH.T.P; Santos, C.B.R. Molecular Modeling and
Statistical Analysis in the Design of Derivatives of Human Dipeptidyl Peptidase IV. J. Biomol. Struct. Dyn. 2018, 36, 318-334.
[CrossRef]

9.  Patel, B.D.; Bhadada, S.V.; Ghate, M.D. Design, Synthesis and Anti-Diabetic Activity of Triazolotriazine Derivatives as Dipeptidyl
Peptidase-4 (DPP-4) Inhibitors. Bioorg. Chem. 2017, 72, 345-358. [CrossRef]

10. Scheen, A.]. Safety of Dipeptidyl Peptidase-4 Inhibitors for Treating Type 2 Diabetes. Expert Opin. Drug Saf. 2015, 14, 505-524.
[CrossRef]

11. Tella, S.H.; Rendell, M.S. DPP-4 Inhibitors: Focus on Safety. Expert Opin. Drug Saf. 2015, 14, 127-140. [CrossRef]

12.  Gupta, R.; Walunj, S.; Tokala, R.; Parsa, K.; Singh, S.; Pal, M. Emerging Drug Candidates of Dipeptidyl Peptidase IV (DPP IV)
Inhibitor Class for the Treatment of Type 2 Diabetes. Curr. Drug Targets 2009, 10, 71-87. [CrossRef]

13. Lacroix, LM.E.; Li-Chan, E.C.Y. Food-Derived Dipeptidyl-Peptidase IV Inhibitors as a Potential Approach for Glycemic
Regulation—Current Knowledge and Future Research Considerations. Trends Food Sci. Technol. 2016, 54, 1-16. [CrossRef]

14. Smelcerovic, A.; Miljkovic, F.; Kolarevic, A.; Lazarevic, J.; Djordjevic, A.; Kocic, G.; Anderluh, M. An Overview of Recent
Dipeptidyl Peptidase-IV Inhibitors: Linking Their Structure and Physico-Chemical Properties with SAR, Pharmacokinetics and
Toxicity. Curr. Top. Med. Chem. 2015, 15, 2342-2372. [CrossRef]

15. Salvatore, T.; Carbonara, O.; Cozzolino, D.; Torella, R.; Carlo Sasso, F. Adapting the GLP-1-Signaling System to the Treatment of
Type 2 Diabetes. Curr. Diabetes Rev. 2007, 3, 15-23. [CrossRef]

16. Kushwaha, R.N.; Haq, W.; Katti, S.B. Sixteen-Years of Clinically Relevant Dipeptidyl Peptidase-IV (DPP-IV) Inhibitors for
Treatment of Type-2 Diabetes: A Perspective. Curr. Med. Chem. 2014, 21, 4013—-4045. [CrossRef]

17.  Liu, Y;; Hu, Y; Liu, T. Recent Advances in Non-Peptidomimetic Dipeptidyl Peptidase 4 Inhibitors: Medicinal Chemistry and
Preclinical Aspects. Curr. Med. Chem. 2012, 19, 3982-3999. [CrossRef]

18. Salvo, E; Moore, N.; Arnaudl, M.; Robinson, P.; Raschi, E.; De Ponti, F.; Bégaud, B.; Pariente, A. Addition of Dipeptidyl Peptidase-4
Inhibitors to Sulphonylureas and Risk of Hypoglycaemia: Systematic Review and Meta-Analysis. BM] 2016, 353,12231. [CrossRef]

19. Liu, M,; Sun, X,; Zhao, X. Investigating the Contributions of Residues to Dipeptidyl Peptidase-IV Inhibitor Binding by Molecular
Dynamics Simulation. Lett. Drug Des. Discov. 2014, 11, 886-893. [CrossRef]

20. Kumar Verma, S.; Kant Sharma, S.; Thareja, S. Docking Study of Novel Pyrrolidine Derivatives as Potential Dipeptidyl Peptidase-
IV (DPP-1V) Inhibitors. Lett. Drug Des. Discov. 2015, 12, 284-291. [CrossRef]

21. Amuthalakshmi, S.; Anton Smith, A.; Manavalan, R. Modeling Assisted In Silico Design of Ligand Molecule for DPP IV in Type II
Diabetes Mellitus. Lett. Drug Des. Discov. 2012, 9, 764-766. [CrossRef]

22.  Gupta, S.; Chaudhary, K.; Raj, U.; Mishra, N. Computational Identification of Inhibitors Against DPP-IV for Checking Type-2
Diabetes. Lett. Drug Des. Discov. 2016, 14, 66-73. [CrossRef]

23. Mattei, P; Boehringer, M.; Di Giorgio, P; Fischer, H; Hennig, M.; Huwyler, J.; Koger, B.; Kuhn, B.; Loeffler, B.M.;
MacDonald, A.; etal. Discovery of Carmegliptin: A Potent and Long-Acting Dipeptidyl Peptidase IV Inhibitor for the
Treatment of Type 2 Diabetes. Bioorganic Med. Chem. Lett. 2010, 20, 1109-1113. [CrossRef] [PubMed]

24. Said, S.; Nwosu, A.; Mukherjee, D.; Hernandez, G. Alogliptin; A Review of a New Dipeptidyl Peptidase-4 (DPP-4) Inhibitor for
the Treatment of Type 2 Diabetes Mellitus. Cardiovasc. Hematol. Disord. Targets 2014, 14, 64-70. [CrossRef] [PubMed]

25. Hildebrandt, M.; Reutter, W.; Arck, P.; Rose, M.; Klapp, B.F. A Guardian Angel: The Involvement of Dipeptidyl Peptidase IV in
Psychoneuroendocrine Function, Nutrition and Immune Defence. Clin. Sci. 2000, 99, 93-104. [CrossRef]

26. Kirby, M,; Yu, D.M.T.; O’Connor, S.P.; Gorrell, M.D. Inhibitor Selectivity in the Clinical Application of Dipeptidyl Peptidase-4
Inhibition. Clin. Sci. 2010, 118, 31-41. [CrossRef]

27. Pratley, R.E.; Salsali, A. Inhibition of DPP-4: A New Therapeutic Approach for the Treatment of Type 2 Diabetes. Curr. Med. Res.

Opin. 2007, 23, 919-931. [CrossRef]


http://doi.org/10.3389/fendo.2019.00389
http://www.ncbi.nlm.nih.gov/pubmed/31275246
http://doi.org/10.5001/omj.2012.68
http://www.ncbi.nlm.nih.gov/pubmed/23071876
http://doi.org/10.1016/j.bmcl.2009.02.061
http://www.ncbi.nlm.nih.gov/pubmed/19269819
http://doi.org/10.1007/s12039-020-1760-0
http://doi.org/10.1016/j.bioorg.2018.09.021
http://doi.org/10.1016/j.cclet.2011.12.007
http://doi.org/10.3390/molecules27186001
http://doi.org/10.1080/07391102.2016.1277163
http://doi.org/10.1016/j.bioorg.2017.03.004
http://doi.org/10.1517/14740338.2015.1006625
http://doi.org/10.1517/14740338.2015.977863
http://doi.org/10.2174/138945009787122860
http://doi.org/10.1016/j.tifs.2016.05.008
http://doi.org/10.2174/1568026615666150619142731
http://doi.org/10.2174/157339907779802076
http://doi.org/10.2174/0929867321666140915143309
http://doi.org/10.2174/092986712802002491
http://doi.org/10.1136/bmj.i2231
http://doi.org/10.2174/1570180811666140226235522
http://doi.org/10.2174/1570180811666141016000752
http://doi.org/10.2174/157018012802652930
http://doi.org/10.2174/1570180813666160720121718
http://doi.org/10.1016/j.bmcl.2009.12.024
http://www.ncbi.nlm.nih.gov/pubmed/20031405
http://doi.org/10.2174/1871529X14666140701095849
http://www.ncbi.nlm.nih.gov/pubmed/24993124
http://doi.org/10.1042/CS19990368
http://doi.org/10.1042/CS20090047
http://doi.org/10.1185/030079906X162746

Molecules 2023, 28, 1004 18 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

El-Kaissi, S.; Sherbeeni, S. Pharmacological Management of Type 2 Diabetes Mellitus: An Update. Curr. Diabetes Rev. 2011, 7,
392-405. [CrossRef]

Liang, G.B.; Qian, X,; Biftu, T.; Singh, S.; Gao, Y.D.; Scapin, G.; Patel, S.; Leiting, B.; Patel, R.; Wu, J.; et al. Discovery of New
Binding Elements in DPP-4 Inhibition and Their Applications in Novel DPP-4 Inhibitor Design. Bioorganic Med. Chem. Lett. 2008,
18, 3706-3710. [CrossRef]

Wallace, M.B.; Feng, J.; Zhang, Z.; Skene, R.J.; Shi, L.; Caster, C.L.; Kassel, D.B.; Xu, R.; Gwaltney, S.L. Structure-Based Design and
Synthesis of Benzimidazole Derivatives as Dipeptidyl Peptidase IV Inhibitors. Bioorganic Med. Chem. Lett. 2008, 18, 2362-2367.
[CrossRef]

Wu, W.L.; Hao, J.; Domalski, M.; Burnett, D.A.; Pissarnitski, D.; Zhao, Z.; Stamford, A.; Scapin, G.; Gao, Y.D.; Soriano, A.; et al.
Discovery of Novel Tricyclic Heterocycles as Potent and Selective DPP-4 Inhibitors for the Treatment of Type 2 Diabetes. ACS
Med. Chem. Lett. 2016, 7, 498-501. [CrossRef]

Kaur, J.; Singla, R.; Jaitak, V. In Silico Study of Flavonoids as DPP-4 and «-Glucosidase Inhibitors. Lett. Drug Des. Discov. 2018, 15,
634-642. [CrossRef]

McKeage, K. Trelagliptin: First Global Approval. Drugs 2015, 75, 1161-1164. [CrossRef]

Burness, C.B. Omarigliptin: First Global Approval. Drugs 2015, 75, 1947-1952. [CrossRef]

Sashidhara, K.V.; Rao, K.B.; Singh, S.; Modukuri, R.K.; Aruna Teja, G.; Chandasana, H.; Shukla, S.; Bhatta, R.S. Synthesis and
Evaluation of New 3-Phenylcoumarin Derivatives as Potential Antidepressant Agents. Bioorganic Med. Chem. Lett. 2014, 24,
4876-4880. [CrossRef]

Husain, A.A.; Husain, A.S.; Gawhale, N.D.; Khan, S.L.; Murlidhar, D.V. An Overview of Natural and Synthetic Coumarin
Derivatives as Potential Antidiabetic Agents. J. Pharm. Negat. Results 2022, 13, 739-744. [CrossRef]

Tamene, D.; Endale, M. Antibacterial Activity of Coumarins and Carbazole Alkaloid from Roots of Clausena Anisata. Adv.
Pharmacol. Sci. 2019, 2019, 5419854. [CrossRef]

De Souza, S.M.; Delle Monache, F.; Smania, A. Antibacterial Activity of Coumarins. Zeitschrift Fur Naturforsch. Sect. C ]. Biosci.
2005, 60, 693-700. [CrossRef]

Teoh, S.L.; Das, S. Phytochemicals and Their Effective Role in the Treatment of Diabetes Mellitus: A Short Review. Phytochem. Rev.
2018, 17,1111-1128. [CrossRef]

Galayev, O.; Garazd, Y.; Garazd, M.; Lesyk, R. Synthesis and Anticancer Activity of 6-Heteroarylcoumarins. Eur. ]. Med. Chem.
2015, 105, 171-181. [CrossRef]

Soni, R.; Soman, S.S. Design and Synthesis of Aminocoumarin Derivatives as DPP-IV Inhibitors and Anticancer Agents. Bioorg.
Chem. 2018, 79, 277-284. [CrossRef] [PubMed]

Sharma, R.; Soman, S.S. Design, Synthesis and Preliminary Evaluation of 3-Aminocoumarin Derivatives as DPP-IV Inhibitors.
Pharmanest 2015, 6, 2679-2684.

Soni, R.; Durgapal, S.D.; Soman, S.S.; Georrge, J.J. Design, Synthesis and Anti-Diabetic Activity of Chromen-2-One Derivatives.
Arab. ]. Chem. 2019, 12, 701-708. [CrossRef]

Singh, A.K,; Patel, PX.; Choudhary, K.; Joshi, J.; Yadav, D.; Jin, ].O. Quercetin and Coumarin Inhibit Dipeptidyl Peptidase-IV and
Exhibits Antioxidant Properties: In Silico, in Vitro, Ex Vivo. Biomolecules 2020, 10, 207. [CrossRef] [PubMed]

Siddiqui, F.A.; Khan, S.L.; Marathe, R.P.; Nema, N.V. Design, Synthesis, and In Silico Studies of Novel N-(2-Aminophenyl)-2,3-
Diphenylquinoxaline-6-Sulfonamide Derivatives Targeting Receptor- Binding Domain (RBD) of SARS-CoV-2 Spike Glycoprotein
and Their Evaluation as Antimicrobial and Antimalarial Agents. Lett. Drug Des. Discov. 2021, 18, 915-931. [CrossRef]

Syam, Y.M.; Anwar, M.M.; Abd El-Karim, S.S.; Elseginy, S.A.; Essa, B.M.; Sakr, TM. New Quinoxaline Compounds as DPP-4
Inhibitors and Hypoglycemics: Design, Synthesis, Computational and Bio-Distribution Studies. RSC Adv. 2021, 11, 36989-37010.
[CrossRef] [PubMed]

Kumar, S.; Lim, S.M.; Ramasamy, K.; Vasudevan, M.; Shah, S.A.A.; Selvaraj, M.; Narasimhan, B. Synthesis, Molecular Docking
and Biological Evaluation of Bis-Pyrimidine Schiff Base Derivatives. Chem. Cent. |. 2017, 11, 89. [CrossRef]

Akhtar, W.; Khan, M.E,; Verma, G.; Shaquiquzzaman, M.; Rizvi, M.A.; Mehdi, S.H.; Akhter, M.; Alam, M.M. Therapeutic Evolution
of Benzimidazole Derivatives in the Last Quinquennial Period. Eur. . Med. Chem. 2017, 126, 705-753. [CrossRef]

Kamal, A.; Shaik, A.B.; Jain, N.; Kishor, C.; Nagabhushana, A.; Supriya, B.; Bharath Kumar, G.; Chourasiya, S.S.; Suresh, Y,;
Mishra, R.K,; et al. Design and Synthesis of Pyrazole-Oxindole Conjugates Targeting Tubulin Polymerization as New Anticancer
Agents. Eur. J. Med. Chem. 2015, 92, 501-513. [CrossRef]

Barret, R. Lipinski’s Rule of Five. In Therapeutical Chemistry; Elsevier: Amsterdam, The Netherlands, 2018; pp. 97-100. [CrossRef]
Khan, S.; Kale, M.; Siddiqui, F.; Nema, N. Novel Pyrimidine-Benzimidazole Hybrids with Antibacterial and Antifungal Properties
and Potential Inhibition of SARS-CoV-2 Main Protease and Spike Glycoprotein. Digit. Chinese Med. 2021, 4, 102-119. [CrossRef]
Krzywinski, M.; Altman, N. Points of Significance: Significance, p Values and t-Tests. Nat. Methods 2013, 10, 1041-1042. [CrossRef]
Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, PJ. Experimental and Computational Approaches to Estimate Solubility and
Permeability in Drug Discovery and Development Settings. Adv. Drug Deliv. Rev. 2012, 64, 4-17. [CrossRef]

Khan, A.; Unnisa, A.; Sohel, M.; Date, M.; Panpaliya, N.; Saboo, 5.G.; Siddiqui, F,; Khan, S. Investigation of Phytoconstituents of
Enicostemma Littorale as Potential Glucokinase Activators through Molecular Docking for the Treatment of Type 2 Diabetes
Mellitus. Silico Pharmacol. 2022, 10, 1. [CrossRef]


http://doi.org/10.2174/157339911797579160
http://doi.org/10.1016/j.bmcl.2008.05.061
http://doi.org/10.1016/j.bmcl.2008.02.071
http://doi.org/10.1021/acsmedchemlett.6b00027
http://doi.org/10.2174/1570180814666170915162232
http://doi.org/10.1007/s40265-015-0431-9
http://doi.org/10.1007/s40265-015-0493-8
http://doi.org/10.1016/j.bmcl.2014.08.037
http://doi.org/10.47750/pnr.2022.13.S05.114
http://doi.org/10.1155/2019/5419854
http://doi.org/10.1515/znc-2005-9-1006
http://doi.org/10.1007/s11101-018-9575-z
http://doi.org/10.1016/j.ejmech.2015.10.021
http://doi.org/10.1016/j.bioorg.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29783098
http://doi.org/10.1016/j.arabjc.2016.11.011
http://doi.org/10.3390/biom10020207
http://www.ncbi.nlm.nih.gov/pubmed/32023875
http://doi.org/10.2174/1570180818666210427095203
http://doi.org/10.1039/D1RA06799K
http://www.ncbi.nlm.nih.gov/pubmed/35494381
http://doi.org/10.1186/s13065-017-0322-0
http://doi.org/10.1016/j.ejmech.2016.12.010
http://doi.org/10.1016/j.ejmech.2013.10.077
http://doi.org/10.1016/B978-1-78548-288-5.50006-8
http://doi.org/10.1016/j.dcmed.2021.06.004
http://doi.org/10.1038/nmeth.2698
http://doi.org/10.1016/j.addr.2012.09.019
http://doi.org/10.1007/s40203-021-00116-8

Molecules 2023, 28, 1004 19 of 19

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Shntaif, A.H.; Khan, S.; Tapadiya, G.; Chettupalli, A.; Saboo, S.; Shaikh, M.S.; Siddiqui, F.; Amara, R.R. Rational Drug Design,
Synthesis, and Biological Evaluation of Novel N-(2-Arylaminophenyl)-2,3-Diphenylquinoxaline-6-Sulfonamides as Potential
Antimalarial, Antifungal, and Antibacterial Agents. Digit. Chinese Med. 2021, 4, 290-304. [CrossRef]

Banerjee, P.; Eckert, A.O,; Schrey, A K.; Preissner, R. ProTox-II: A Webserver for the Prediction of Toxicity of Chemicals. Nucleic
Acids Res. 2018, 46, W257-W263. [CrossRef]

Daina, A.; Zoete, V. A BOILED-Egg To Predict Gastrointestinal Absorption and Brain Penetration of Small Molecules. ChemMed-
Chem 2016, 11, 1117-1121. [CrossRef]

Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem in 2021:
New Data Content and Improved Web Interfaces. Nucleic Acids Res. 2021, 49, D1388-D1395. [CrossRef]

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Dallakyan, S.; Olson, A.J. Small-Molecule Library Screening by Docking with PyRx. Methods Mol. Biol. 2015, 1263, 243-250.
[CrossRef]

Accelrys Software Inc. Discovery Studio Modeling Environment, Release 3.1; Accelrys Software Inc.: San Diego, CA, USA, 2012;
pp. 98-104.

Rappé, AK,; Casewit, CJ.; Colwell, K.S.; Goddard, W.A.; Skiff, WM. UFF, a Full Periodic Table Force Field for Molecular
Mechanics and Molecular Dynamics Simulations. J. Am. Chem. Soc. 1992, 114, 10024-10035. [CrossRef]

Khan, S.L.; Siddiui, F.A. Beta-Sitosterol: As Immunostimulant, Antioxidant and Inhibitor of SARS-CoV-2 Spike Glycoprotein.
Arch. Pharmacol. Ther. 2020, 2, 12-16. [CrossRef]

Chaudhari, RN.; Khan, S.L.; Chaudhary, R.S.; Jain, S.P.; Siddiqui, F.A. B-Sitosterol: Isolation from Muntingia Calabura Linn Bark
Extract, Structural Elucidation And Molecular Docking Studies As Potential Inhibitor of SARS-CoV-2 Mpro (COVID-19). Asian J.
Pharm. Clin. Res. 2020, 13, 204-209. [CrossRef]

Khan, S.L.; Siddiqui, F.A.; Shaikh, M.S.; Nema, N.V.; Shaikh, A.A. Discovery of Potential Inhibitors of the Receptor-Binding
Domain (RBD) of Pandemic Disease-Causing SARS-CoV-2 Spike Glycoprotein from Triphala through Molecular Docking. Curr.
Chinese Chem. 2022, 2, €220321192390. [CrossRef]

Khan, S.L.; Sonwane, G.M.; Siddiqui, F.A.; Jain, S.P,; Kale, M.A.; Borkar, V.S. Discovery of Naturally Occurring Flavonoids as
Human Cytochrome P450 (CYP3A4) Inhibitors with the Aid of Computational Chemistry. Indo Glob. |. Pharm. Sci. 2020, 10, 58-69.
[CrossRef]

Vawhal, PK; Jadhav, S.B. Design, Synthesis, and Biological Evaluation of 3-Chloro-2-Oxo-N-(Arylcarbamoyl)-2H-1-Benzopyran-
6-Sulfonamide Derivatives as Potential DPP-IV Inhibitors. Int. J. Health Sci. 2022, 6, 373-392. [CrossRef]

Khattab, M.; Ragab, F.; Galal, S.; El Diwani, H. Synthesis of 4-(1H-Benzo[d]Imidazol-2-Y]) Aniline Derivatives of Expected
Anti-HCV Activity. Int. J. Res. Pharm. Chem. 2012, 2, 937-946.

Guasch, L.; Ojeda, M.J.; Gonzalez-Abuin, N.; Sala, E.; Cereto-Massagué, A.; Mulero, M.; Valls, C.; Pinent, M.; Ardévol, A,;
Garcia-Vallvé, S.; et al. Identification of Novel Human Dipeptidyl Peptidase-IV Inhibitors of Natural Origin (Part I): Virtual
Screening and Activity Assays. PLoS ONE 2012, 7, e44971. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.dcmed.2021.12.004
http://doi.org/10.1093/nar/gky318
http://doi.org/10.1002/cmdc.201600182
http://doi.org/10.1093/nar/gkaa971
http://doi.org/10.1038/srep42717
http://doi.org/10.1007/978-1-4939-2269-7_19
http://doi.org/10.1021/ja00051a040
http://doi.org/10.33696/pharmacol.2.014
http://doi.org/10.22159/ajpcr.2020.v13i5.37909
http://doi.org/10.2174/2666001601666210322121802
http://doi.org/10.35652/IGJPS.2020.10409
http://doi.org/10.53730/ijhs.v6nS3.5190
http://doi.org/10.1371/journal.pone.0044971

	Introduction 
	Results and Discussion 
	Pre-ADME Analysis and Toxicity Profile 
	Computational Analysis 
	In Vitro Enzyme Assay 

	Material and Methods 
	Pre-ADME Analysis, Toxicity Profile, and Computational Analysis 
	Chemistry 
	6a. [3-Chloro-2-oxo-2H-1-benzopyran-6-(N-phenyl)sulfonamide] 
	6b. [3-Chloro-2-oxo-N-(pyridin-2-yl)-2H-chromene-6-sulfonamide] 
	6c. [3-Chloro-2-oxo-N-(pyridin-3-yl)-2H-chromene-6-sulfonamide] 
	6d. [3-Chloro-2-oxo-N-(pyridin-4-yl)-2H-chromene-6-sulfonamide] 
	6i. [3-Chloro-2-oxo-2H-1-benzopyran-6-(N-benzimidazole)sulfonamide] 
	6j. [3-Chloro-2-oxo-2H-1-benzopyran-6-(N-(5-methyl)benzimidazole)sulfonamide] 
	6r. [3-Chloro-2-oxo-N-(p-tolyl)-2H-chromene-6-sulfonamide] 
	6s. [3-Chloro-2-oxo-N-(o-tolyl)-2H-chromene-6-sulfonamide] 
	6t. [N-benzyl-3-chloro-2-oxo-2H-chromene-6-sulfonamide] 

	In Vitro Enzyme Assay 

	Conclusions 
	References

