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KEYWORDS Abstract Diabetes mellitus is a syndrome that is caused due to the imbalance of insulin production
Thiadiazole; in the body. In the present study we have synthesized a class of fifteen compounds (1-15) based on
Thiourea; thiadiazole-bearing thiourea that were assessed for in vitro alpha-amylase and alpha-glucosidase
a-amylase; inhibitory potentials against standard drug acarbose. In this series, all the synthesized scaffolds were
a-glucosidase; recognized as potentials inhibitors of both targeted enzymes, a-amylase having varied range from
SAR and Docking study ICso values = 35.70 = 0.70 uyM to 1.30 £ 0.05 uM against standard drug acarbose (10.30
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+ 0.20 pM) while for a-glucosidase ICs, values = 37.60 + 0.80 uM to 2.20 + 0.10 uM against
standard drug acarbose (9.80 + 0.20 uM). Among the series, nine scaffolds such as 4, 6, 7, 9, 8,
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11, 12, 14 and 15 showed excellent activity against a-amylase and a-glucosidase and were found
many folds more potent than standard acarbose drugs due to the change in nature and number/s
of substituent along the entire skeleton. A molecular docking study was conducted against active
compounds to understand the binding modes of the synthetic analogs and how they show interac-
tion with the active part of the enzymes. To confirm the structure of synthetic analogs different
spectroscopic techniques will be used like NMR and HREI-MS.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diabetes, a serious metabolic disease caused by a high plasma glucose
concentration can occur (Rasheed et al., 2023; Fall, Holen, Davis,
Krieg, & Koster, 2006).Type-II diabetes also known as cure able disor-
der found to be the most common than Type-I. The change between
insulin release and glucose intake is a common source of type-II dia-
betes. Controlling blood sugar is the primary source to cure type-II
diabetes (Baron, 1998).1t is also gain this purpose with active insulin
release through recommended diet guidance (Goldberg, 1998; Porte
Jr & Kahn, 2001; Rabasa-Lhoret & Chiasson, 2003). Group for
Research on Diabetes in the UK (UKPDS) 1998, advice to controlling
one’s diet is one of the primary diabetes treatments. One of the most
frequently recommended health remedies right now is eating diet based
foods that are low in sugar. It was determined that using nutritional
therapy along with traditional clinical medications would have a
greater impact(Albright et al., 2000; Jenkins et al., 1981; Wolever
et al., 1994). It is also maintained through the limiting diet plan and
amounts of food consumed.Another possible solution is to slow down
the nutritional source, the main nutritional source is glucose, to slow
down the rate of glucose consumption in the small intestine. Nutri-
tional therapy is also known as more effective than insulin regulation
(Porte Jr & Kahn, 2001). The process of controlling the level of glucose
has been focused on by blocking proteins such as alpha-amylase/
glucosidase, which convert the nutritional source to glucose (Ahrén
et al., 2004; Ali, Stone, Peters, Davies, & Khunti, 2006; Geng, Qiu,
Zhu, & Bai, 2008). Alpha-amylase, catalyze the hydrolysis of glycosidic
linkages, releasing maltose as well as glucose into starch (Svensson &
Segaard, 1993; Takkinen et al., 1991), while maltose and other possible
sucrose are released down the glucose (Anderson et al., 2003; Mohan,
Sim, Rose, & Pinto, 2007). While only a-amylase is present in saliva-
tion, the two of them are expelled in the small digestive tract. Through
the controlling of glucose in the circulatory system to maintain dia-
betes —II. Researchers continuously try to make these enzymes a part
of food materials or food additives (Seo, Suh, Bae, & Jung, 2005;
Wakita et al., 2005). However, the fact demonstrated that some pheno-
lic compounds with sugar-like properties may have a-glucosidase inhi-
bitory potential. The majority of the research suggested the use of
phenolic compounds to reduce these two enzymes(Bhandari, Jong-
Anurakkun, Hong, & Kawabata, 2008; Hermeking, 2007).

It was reported that heteroarene serves as the primary moiety in the
structures of many commercially available drugs(Enguchard-Gueiffier
& Gueiffier, 2007; Leeson & Springthorpe, 2007; Makhova et al., 2020;
Nimesh et al., 2014; Thiel, 2013).Due to its prominence in many bio-
logically active analogs for drug discovery, fused heteroarene is one
of the major heteroarene-bearing scaffolds that has drawn the atten-
tion of medicinal chemists. It is also found in many biologically active
drugs. Additionally, heterocyclic compounds showed interesting bio-
logical applications like benzothiazole combined with imidazole, which
is reported as an antitumor precursor which is used for the treatment
of cancer(Amino et al., 2006).

Five-membered heterocyclic analogues such as thiadiazole shown a
wide range of biological applications such as anti-bacterial as well as
neuroprotective (Fang, Zhu, Xu, Wang, & Ji, 2017; Perlovich,
Proshin, Volkova, Petrova, & Bachurin, 2012). Due to their biological
profile condensed heterocyclic compounds thiadiazole(Gummidi et al.,

2021; Javid et al., 2018; Palamarchuk, Shulgau, Dautov, Sergazy, &
Kulakov, 2022) and thiourea (Ahmed et al., 2022; Naz et al., 2019)
got attention in the field of drug discovery, hence we were introduced
a new class of heterocyclic compounds such as such as 1,2,4-
thiadiazole, which incorporates a thiourea moiety and is used to treat
diabetic patients. We purposefully omitted the synthesis of 1-(2-nitro
phenyl)-3-(5-((3-(trifluoromethyl)phenyl)amino)-1,2,4-thiadiazol-3-yl)t
hiourea and examined their alpha-amylase and alpha-glucosidase pro-
file to keep in mind the biological applications of fused heterocyclic
compounds. To find out the findings SAR and molecular docking
study was performed (see Fig. 1).

2. Materials and methods

2.1. Materials

All of the chemicals were used in this research work were pur-
chased from Merck (Germany) and Sigma Aldrich (USA). For
the analysis of ITH NMR and 13C NMR Bruker Avance
(600 MHz) instrument were used. HREI-MS data were
recorded on the mass spectrometer JMS-600H JEOL. For
the identification of spots in TLC plate UV 366 and 254 nm
lamp was use. DMSO dg used as reference, chemical shift
was measured in ppm and coupling constant was calculated
in Hz.

2.2. Chemistry

In the first step, solution of guanidine salt (a I equivalent)
was added to the solution of isothiocyanate (b I equivalent)
in THF(10 mL)in the presence of ET3;N (2-3 drops) and
remaining mixture was reflux and stirred for 8 hrs to afford
the formation of substrate (¢ I equivalent) was re-dissolved
in 1,4-Dioxane(10 mL), followed by the addition of molecu-
lar iodine and potassium carbonate in sequence. The remain-
ing residue was stirred and refluxed until the oxidative
cyclization N-S bond formation was done and conversion
will be monitored through TLC reflux for 14 hrs. After
being cooled to 25°C, the residue was reacted with 5%
sodium thiosulphate solution and extracted with ethyl acet-
ate to afford the synthesis of 3-amino-1,2,4-thiadiazole as
an intermediate (d I equivalent). In the next step, the 3-
amino-1,2,4-thiadiazole intermediate (d I equivalent) was fur-
ther reacted with different substituted isothiocyanate in
tetrahydrofuran(10 mL)and Et;N (2-3 drops) and the result-
ing reaction residue was refluxed and stirred until the reac-
tants were disappeared to yield 1,2,4-thiadiazole based urea
analogs (1-15) (Scheme 1). Further, these derivatives (1-
15) could be further cyclized with chloroacetic acid in glacial
acetic acid and sodium acetate to afford thiadiazole-based
thiazolidinone analogues in future.
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Scheme 1  Synthesis of thiadiazole-based thiourea scaffolds.

2.3. Spectral analysis

Spectral analysis was in the

information.

provided supplementary

2.4. Assay protocol for a-amylase

It has been carried out according to our previously reported
work (Salar et al., 2017).

2.5. Assay protocol for a-glucosidase

It has been carried out according to our previously reported
work (Ramirez-Escudero et al., 2016).

2.6. Assay protocol for molecular docking investigation

It has also been performed according to our previously pub-
lished work (Khan et al., 2022).
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Fig. 2 SAR study of analogues 4, 6, 7 and 8.
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Table 1 In vitro a-amylase and a-glucosidase inhibitory potentials and solubility of thiadiazole-based thiourea analogues (1-15).
S.No. Ring A Ring B o-amylase inhibition (WM = SEM)  o-glucosidase inhibition (LM + SEM)  Solubility
6 O 2 6' 2'
. 5 3 5' 3' 17.40 £ 0.30 2470 £ 0.50 DMSO
H F
5 5 £ 5' 3' 16.40 = 0.30 19.60 + 0.40 DMSO
H G
6 O 2 6' 2'
3 5 3 5' 3 23.50 + 0.30 24.80 + 0.40 DMSO
H
p 5 5' 3' 2.50 + 0.10 4.10 £ 0.20 DMSO
@ ¥
6 2 6' 2'
- 5 5 " 20.60 + 0.30 25.80 + 0.40 DMSO
@ ¢
6 O 2 6' 2!
5 U + +
. @ 5 o8 2.10 + 0.10 3.20 + 0.10 DMSO
Qv I
6 2 6' F
. 5 5' 3' 1.90 + 0.10 2.70 + 0.10 DMSO
@ '
6 2 6' O\
5 5' 3! 25.30 + 0.50 28.40 + 0.50 DMSO
@ i
5 3 ' 1.80 = 0.10 2.90 + 0.10 DMSO
9 2 NO,
@) ¢
4.10 £ 0.10 5.60 = 0.10 DMSO

(continued on next page)
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Table 1 (continued)

S.No. Ring A Ring B o-amylase inhibition (UM = SEM)  o-glucosidase inhibition (UM + SEM)  Solubility

10

W O\
SO
@“ 6“

S\
8

6
» 5 5' 3' 7.20 + 0.20
NO,
5 5 O @ 5' 3 5.30 = 0.10
4 Cl
6 2 6' 2!
- 5 5 3" 35.70 + 0.70
W Y
6 O 2 6' 2'
" 5 @ 5' 64 8.10 + 0.20
4 Cl
e - O 51 3 1.30 £ 0.05
4 @ 4'
Standard Acarbose 10.30 + 0.20 pM

9.60 + 0.20 DMSO

7.50 £ 0.20 DMSO

37.60 £ 0.80 DMSO

9.50 + 0.20 DMSO

2.20 + 0.10 DMSO
0.20 pM —

3. Results and discussion
3.1. Biological analysis (1-15)

3.1.1. In vitro a-amylase and o-glucosidase inhibitory activities
All synthetic scaffolds based on 1,2,4-thiadiazole (Gummidi
et al., 2021; Javid et al., 2018; Palamarchuk, Shulgau,
Dautov, Sergazy, & Kulakov, 2022) (Ahmed et al., 2022; Naz
etal., 2019; Mitrakou et al., 1992) bearing thiourea (1-15) were
assessed for in vitro alpha-glucosidase and alpha-amylase inhi-
bition profiles. It was revealed by structure—activity relation-
ship studies that all the newly afforded thiadiazole-based
thiourea scaffolds illustrated moderate to good inhibition pro-
files against both these targeted enzymes when compared to
acarbose as a reference drug. Moreover, it was suggested by
limited SAR studies that entire structural features such as 1,
2, 4-thiadiazole, thiourea, aryl part ‘A’ and aryl part ‘B’ actively
contributed to inhibiting the action of both targeted enzymes

and any variation in the potency is attributed to diverse substi-
tutions pattern on both aryl parts ‘A’ and ‘B’ respectively.

3.1.1.1. SAR study of alpha-amylase and alpha-glucosidase
inhibitory potentials. Among scaffolds (4 and 6-8), scaffold (7)
bearing —F moiety at the 2nd position of “B” anddi-Cl moieties
at 3,4-position of the ring ‘A’ was found as the potent inhibitor
of both these targeted enzymes. This elevation in the potency
of these scaffolds is due to better interaction of these di-Cl as
well as —F moieties with the active residue of amino acid and
hence, enhanced the inhibition profile. Scaffold (6) that holds
di-Cl moieties on 3rd and 4™position of both rings ‘A’ and
‘B’ displayed 8-fold more activity than standard acarbose
drug. These di-Cl moieties on both rings reduce the electronic
density on both rings ‘A’ and ‘B’, making them e-deficient spe-
cies which in turn attain stability by establishing key interac-
tions like pi-cationic interaction with an active pocket of the
amino residue of both targeted a-amylase and o-glucosidase
enzymes. The inhibitory potentials of compound (6) was drops
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down too many folds by de-attachment of di—Cl moieties of
ring ‘B’ followed by consequent addition of —OCHj3; moiety
at 2-position of ring ‘B’ as in scaffold (8). This discrepancy
in potency found in both these scaffolds was due to different
number/s as well as the diverse nature of attached substituents
showing that number/s as well as natures of substituents is
actively participating in the potency. However, scaffold (7)
that holds —F moiety at the 2-position of ring ‘B’ along with
di-Cl moieties at 3,4-position of the ring ‘A’ displayed some-
what better potency than its counterpart (6). Moreover, the
decline in the activity of the compound (75) was observed by
replacing —F moiety from its 2-position of ring ‘B’ with —
NO, moiety as in scaffold (4). This was due to the stronger
e-withdrawing nature of the fluorine atom present at the 2-
position of ring ‘B’ of the scaffold (7) shown in (Fig. 2).
Analog (9) bearing -F moiety attached to the 4-position of
the ring ‘A’ and —NO, moiety present at the 3-position of
another ring ‘B’ displayed excellent potency for both targeted
alpha-amylase and alpha-glucosidase enzymes. These -F and —
NO> moieties established interesting interactions such as con-
ventional hydrogen and halogen-bond interactions and hence,
improved the enzymatic inhibition of both targeted a-amylase
and a-glucosidase. The analog (10) that holds -NO2 moieties
on the 3-position of both rings ‘A” and ‘B’ respectively, exhib-
ited 3-fold lower potency against z-amylase and o-glucosidase
enzymes than its counterpart (9) owing to the diverse nature of
substituent around ring ‘A’ although the ring ‘B’ holds same —
NO, moiety at 3-position. The decline in the potency of the
scaffold (10) was observed by shifting the positions of -NO,
moiety from its 3-position of the ring ‘B’ to its 4-position of

the ring ‘B’ as in compound (11). This difference in activity
found in these scaffolds (10) and (11)was due to different posi-
tion of -NO, moiety around ring ‘B’ showing that the inhibi-
tion profile against both these targeted enzymes was greatly
affected by changing the position of a substituent to either side
of rings ‘A’ and ‘B’. The enhanced inhibitory potential of
either compound (10)or analog (11)was observed by the intro-
duction of di-Cl moietiesat the 2,4-position of ring ‘B’ instead
of -NO,moiety as in the case of compound (12). The superior
potency of scaffold (12) was due to a greater number of —Cl
moietiesalong with -NO, moiety on the 3-position of the ring
‘A’. These di-Cl and -NO, moieties interact well with active
residues of both targeted a-amylase and a-glucosidase enzymes
and hence, enhanced the enzymatic potentials shown in Fig. 3.

Compound (15) bearing tri-fluoro methyl moiety attached
to the 3-position of the ring ‘A’ and -NO, moiety present at
the 2-position of another ring ‘B’ showed remarkable potency
for both targeted alpha-amylase and alpha-glucosidase
enzymes. These fri-fluoro methyl and -NO, moieties form
better interactions such as halogen-bond and conventional
hydrogen bond interactions and hence, enhanced the enzy-
matic potentials of z-amylase and a-glucosidase. The scaffold
(14) that holds tri-fluoro methyl moiety on 3-position of ring
‘A’ and —Cl moiety linked to 4-position of other ring ‘B’ dis-
played 7-folds less inhibition profile against a-amylase and o-
glucosidase enzymes than its counterpart (15) owing to differ-
ent nature of substituent around ring ‘B’ although the ring
‘A’ holds same tri-flouro methyl moiety at 3-position. The
decrease in the potency of either scaffold (15) or compound
(14) was observed by changing the nature of substituent
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through de-attachment of 3-trifluoro methyl moiety followed
by subsequent attachment of —Cl moiety to 4-position of the
ring ‘A’ as in scaffold (2) that holds -NO, moiety to 4-
position of ring ‘B’ along with —Cl moiety at 4-position of
ring ‘A’. This discrepancy in potency found in these scaffolds
(15) and (2) was due to better interactions of tri-fluoro
methyl moiety with the active residue of amino acid than —
Cl moiety which is unable to interact like tri-fluoro methyl
moiety. The inhibitory potential of compound (2)was further
diminished by the introduction of a substituent of bulky nat-
ure like —Br in place of —-NO, moiety as in the case of com-
pound (1). Compound (1) displayed lower potency when
compared to either scaffold (15) or compound (2). The lower
potency of scaffold (1) was due to the bulky nature of —Br
which is unable to interact well with both targeted o-
amylase and a-glucosidase enzymes and hence, lower the
enzymatic activity shown in (Fig. 4).

Overall it was summarized based on the aforementioned
observation, that inhibitory potentials for each category
against alpha-amylase and alpha-glucosidase enzymes were
greatly affected by bringing varied substitutions in different
number/s around aromatic parts on both sides ‘A’ and ‘B’.
Hence, it was also noted down by changes in the nature and
position around the aromatic parts on both sides ‘A’ and ‘B’
were found to be helpful for enzymatic potentials against tar-
geted enzymes.

3.2. Molecular Docking:

The synthesized analogs and their measured inhibition against
alpha-amylase and alpha-glucosidase enzymes are shown in
Table 1. It was prominent from ICs, values of thiadiazole-
based thiourea analogs that alpha-amylase and alpha-
glucosidase inhibitors showed strong effect due to the position,
numbers/s and nature of the attached substituent of both aryl
parts “A” and “B” at the basic skeleton. However, Molecular
docking analyses were performed in order to note down the
position, numbers and natures of the attached substituents
and enzymatic profile furthermore, to develop the binding
modes of the newly afforded analogs with the active part of
the targeted enzymes.

It was shown that from the PLI study details of both active
analogs 9 and 15 against the targeted enzymes that they are
developed interactions of the active part of both enzymes,
which also help in the enhancement of the inhibition profile
of these potent analogues against the targeted enzymes. It
was noted that analog 9 adopted various interactions with
the active residue of amino acid of alpha-glucosidase enzymes
including various interaction such as Ph3476 (conventional
hydrogen bond and pi-pi stacking), ILE233 (pi-sigma),
Lys506 (pi-cation and pi-alkylation), Ala231 (pi-alkylation),
Asnd96 (conventional hydrogen bond and halogen (fluorine))
and Ser505 (halogen (fluorine)) (Fig. 5A). On the other hand,
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protein-ligand interaction (PLI) of same scaffold 9 against a-
amylase enzyme revealed several important interactions such
as Arg343 (halogen (fluorine)), Gly359 (halogen (fluorine)),
Pro57 (carbon hydrogen bond), Val358 (carbon hydrogen
bond and pi-alkylation) and Asn362 (conventional hydrogen
bonding) (Fig. 5C).

Similarly, the PLI profile of potent analog 15 against alpha-
glucosidase enzyme showed various interactions with the
active site of alpha-glucosidase including residues ILE233
(pi-sigma), Ala231 (pi-alkylation), Ser505 (conventional
hydrogen bond) Lys506 (pi-cation and pi-alkylation), Phe476
(pi-sulfur and pi-alkylation) and Trp432 (pi-alkylation)
(Fig. 6B), while this scaffold against a-amylase enzyme
adopted key interactions with Asp381 (attractive charge) and
Asn362 (conventional hydrogen bond) (Fig. 6D). The high
enzymatic inhibition of this scaffold may be due to the —-NO,-
and fluoro moieties on both ends of scaffolds, where they res-
cue the electronic density from pi-system making the partial
positive charge over pi-system, and further via adopting sev-
eral key interactions with the active residues this ph-rings
regain stability, and hence enhanced the inhibition profile.

4. Conclusion

In this work, we have synthesized a class of fifteen compounds (1-15)
based on thiadiazole-bearing thiourea that were synthesized and
assessed for in vitro a-amylase and a-glucosidase inhibitory potentials
and an SAR study was conducted to understand in a better way. All
the synthesized scaffolds were recognized as potential inhibitors of
both targeted a-amylase and o glucosidase enzymes. Among the series-
nine scaffolds such as 4, 6, 7, 9, 8, 11, 12, 14 and 15 showed consider-
able activity against alpha-glucosidase and alpha-amylase and found
many folds more potent than standard acarbose drug. While remaining
analogs such as 1, 2, 3, 5, 10 and 13also displayed considerable inhibi-
tory potentials both for o-amylase and « glucosidase enzymes, but
found as less active than standard.Additionally, to find out the binding
interactions molecular docking study was conducted against both
enzymes several key interactions were found such as pi-alkylation,
pi-cation, pi-sulfur, conventional hydrogen bond, pi-fluorine etc.The
results shown that selected compounds shown interesting interactions
with the selected enzymes, also enhance the enzymes, enzymatic activ-
ity. Additionally, several analytical tools were used such as '"H NMR,
13CNMR and HREI-MS were employed to confirm the structure of
the synthesized analogs. Future studies could involve additional opti-
mization of the analogs, in vivo assessments, and clinical trials to fully
understand their efficacy and potential for therapeutic applications.
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