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pounds as a magic bullet for
diabetes mellitus: a review

Umme Farwa and Muhammad Asam Raza *

Diabetes mellitus (DM) is a major metabolic disorder due to hyperglycemia, which is increasing all over the

world. From the last two decades, the use of synthetic agents has risen due to their major involvement in

curing of chronic diseases including DM. The core skeleton of drugs has been studied such as

thiazolidinone, azole, chalcone, pyrrole and pyrimidine along with their derivatives. Diabetics assays have

been performed in consideration of different enzymes such as a-glycosidase, a-amylase, and a-

galactosidase against acarbose standard drug. The studied moieties were depicted in both models: in

vivo as well as in vitro. Molecular docking of the studied compounds as antidiabetic molecules was

performed with the help of Auto Dock and molecular operating environment (MOE) software. Amino

acid residues Asp349, Arg312, Arg439, Asn241, Val303, Glu304, Phe158, His103, Lys422 and Thr207 that

are present on the active sites of diabetic related enzymes showed interactions with ligand molecules. In

this review data were organized for the synthesis of heterocyclic compounds through various routes

along with their antidiabetic potential, and further studies such as pharmacokinetic and toxicology

studies should be executed before going for clinical trials.
1 Diabetes mellitus

Diabetes mellitus1 is an ordinary, chronic,2 persistent,3 and
metabolic disease.4 It is a disorder that arises due to the
increase of glucose5,6 in blood, which leads to hyperglycemia.7

DM is linked with dysfunction of the eyes,8 kidneys,9 and
heart.10 In broad terms,11 DM is classied into type-I DM, which
is due to the impairment of pancreatic b cells,11 and type-II
DM,12 due to insulin resistance13 or by destruction of secreted
insulin.14 Type-II, also known as non-insulin-dependent dia-
betes mellitus15 is the most commonly occurring diabetes in
80% of the total affected patients around the world.16 It is
a complex disease17 distinguished by resistance of insulin and
lower insulin secretion.18 The effect of this disease on social
health is closely related to the co-occurrence of both disorders,
metabolic and cardiovascular.19 About 0.5 billion patients are
affected world wide by these metabolic disorders. It is
accountable for nearly 5 million deaths every year.20 DM
generally impairs the body's potential to use the energy in
food.21 TheWorld Health Organization (WHO) reported that the
global spreading number of diabetes has been 108 million
people in 1980 which raised to 422 million people in 2014.22 It is
presumed that it will rise by 5.4% in 2025.23 Similarly, report
from the WHO narrated that about 250 million people are right
now living with diabetes and this number is expected to bemore
than 366 million by 2030. This increase has been linked with
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lifespan expansion, higher cases of obesity, and stress. Recent
trends in medicinal chemistry research have showed that there
is a higher acceptance of molecular hybridization for drug
synthesis, which is based on the mixture of two or more phar-
macophoric moieties of various biologically active substances to
prepare a new inuential hybrid molecule with greater effec-
tiveness and affinity in comparison with standard one.24 In
2016, it was the seventh most death-causing disease in the
world.25 Another report of WHO narrated that more than 400
million cases of diabetes, and this gure may increase to 592
million by 2035, owing to an increased rate of adult-onset dia-
betes (T2DM).26
1.1 Diabetes mellitus and other diseases

Diabetics carrier person faces various complications27 regarding
health28 including endothelial defectiveness,29 a key source for
chief macro-vascular complications30 such as hypertension,31

myocardial ischemia,32 and peripheral vasculopathy.33 In the
past few days, heart problems, stroke34 are the major reasons for
death35 and dysfunction among people with type-II diabetes.36

Lower levels of glucose tolerance37 and higher blood pressure
are nearly associated. Hypertension38 and high blood pressure
rate39 are mostly common in all types of diabetes and also
effects nephrons of kidneys.40 Long-term insulin affects the
weight of the patient,41 which is indirectly associated with blood
pressure issues. Diabetic patients also have non-specic arte-
riolar hyalinosis,42 interstitial brosis,43 and mild glomerulop-
athy.44 Although synthetic drugs have so many complications
even in the form of their side effects and they are still being sold
RSC Adv., 2022, 12, 22951–22973 | 22951
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in the market as therapeutic agents. The chronic DM conse-
quence is higher blood sugar levels, causing the metabolic
disturbance of protein,45 fat,46 and carbohydrate.47,48 It is
currently the third foremost cause of mortality worldwide.49 It is
also associated with numerous postprandial effects50 i.e. atrial
brillation51 dying, obesity,52 blindness,53 lower limb amputa-
tion,54 and fatty liver disease.55 All through the current Covid-19
pandemic, it was seen that the likelihoods of diabetic
patients56,57 to be sick by the virus are 5–18% higher than the
others. However, in the SARS-CoV-1 epidemic in 2002–2003,
diabetes was the single sovereign factor to surge the
complications.58

1.2 Natural resources for treatment of diabetes mellitus

Aloe,59 mint,60 banaba,61 bitter melon,62 caper bush,63

cinnamon,64 cocoa,65 coffee,66 fenugreek,67 garlic,68 guava,69

turmeric,70 tea,71 walnuts,72 Shaggy bindweed,73 Yerba mates,74

Bambusa tulda,75 Ficus bengalensis,76 Ferula orientalis,77 Gym-
nema sylvestre,78 Dioscorea japonica,79 Artemisia abyssinica,80

Phaseolus vulgaris,81 Datura quercifolia,82 Cassia stula,83 Citrus
aurantium,84 Ficus benghalensis,85 Polygonum aviculare,86 Allium
tuncelianum,87 Astragalus brachycalyx,88 Ferulago stelleta,89 and
Rhizophora mucronate90 are natural sources that contain chem-
ical moieties which are effective against diabetes.91 However,
recent research-based studies showed more aim to develop new
drugs that can be provided orally for the therapeutics uses of
diabetes disease.92–95

2 Diabetes therapy

The main curative way used for diabetes Type-I is the injection
of insulin in the subcutaneous layer of the body, which is an
invasive process. However, for diabetes type-II, diet adjustment,
exercise, and usage of several antidiabetic medicines.96 These
treatments have few sorts of side effects which are given as pain
in the area of injection, obesity, low sugar level, and less control
of blood glucose levels (BGL). Therefore, novel antidiabetic
agents that can be administered using a less-invasive approach
are needed.97 At present available oral anti-hyperglycemic
agents have contrary reactions such as gastrointestinal disor-
ders, hypersensitivity reactions, weight gain, and harm to main
organs.98 If the number of DM patient reaches 366 million in
2030 from 171 million in 2000, novel medications will be
needed to cure it.98 Treatments of type-II DM include improve-
ment of insulin sensitivity99 or falling the proportion of carbo-
hydrate absorption from the gastrointestinal tract. Although,
the medicines used to treat DM have liver and renal
dysfunction.100

2.1 a-Glycosidase and diabetes

a-Glycosidase is an enzyme101 of upper part of small intestine102

which is used for hydrolyzation of polysaccharides.103 Its
competitive restraint is a helping tool for the administration of
blood sugar regulation.104 Therefore, a-glycosidase inhibiting
agents either synthetic or natural are considered as a drug that
can lower type 2 diabetes. Till now, mainly three naturally
22952 | RSC Adv., 2022, 12, 22951–22973
occurring a-glycosidase inhibitors; voglibose, miglitol, and
acarbose are remotely using for the control of diabetes.105–109

Insulin controls glucose of blood by phosphatidylinositol 3-
kinase110 via signaling pathway. The major issue in type II dia-
betes is that the insulin-producing cells become resistant,
which disrupts the insulin signaling pathway and impairs the
ability of target tissues like lipids and muscles to absorb
glucose.111 Correspondingly, any irregularity that occurs in the
PI3K pathway inuences the insulin signal transduction.112

Metabolic enzymes play essentials roles in biological systems,
and their activation and suppression is associated with a variety
of health problems.113 a-Glycosidase inhibition leads to the
reduction of increased postprandial blood glucose levels.114

Polysaccharide of sugars are digested by the enzyme a-
amylase to produce sub units of disaccharides and oligosac-
charides which are subsequently degraded by the enzyme a-
glycosidase to produce monosaccharide units.115 The inhibition
of a-amylase and a-glycosidase hampers blood glucose levels
rises aerward consumption of carbohydrates and can be
a central approach in the administration of non-insulin-
dependent diabetes.7 The two complex enzymes as maltase-
glucoamylase and sucrose-isomaltase play role in the break-
down of alimentary sugars and starch to glucose.25 Few other
auspicious targets that are considered for DM are dipeptidyl
peptidase-4, insulin secretagogues, peroxisome proliferator-
activated receptor (PPAR-g), etc.,.116 a and b-Glycosidases are
identied to catalyze the cleavage of glycosidic bonds.58

Different types of medicines were used to inhibit a-glycosidase,
including acarbose, voglibose, and miglitol in the actual treat-
ment of type-II diabetes mellitus. a-Glycosidase117 acetylcho-
linesterase (AChE), and butyrylcholinesterase (BChE) enzymes
have all been positively inhibited by sedative medications such
hipnodex, ketaminemidazolam, pental sodium and propofol.118

But, such inhibitors, which have a structural range, need
tedious multi-steps in preparation.119 Recently, numerous
synthetic agents have been stated to inhibit a-glycosidase.120

Appropriate care and early diabetes diagnosis should be prior-
itized in order to lessen the impact of diabetes on a person and
society.121 Insulin is a vital hormone122 that plays a key role in
the development of human tissues123 and leads to glucose
homeostasis.124 The active molecule of insulin is a small protein
that contains two chains a and b which have two disulde
bonds.125 An anabolic hormone insulin126 plays an imperious
part in glucose metabolism, synthesis of protein,127 and trans-
location of important substances i.e., fatty acids, amino acids,
and glucose along the biological membrane.128,129 The source of
insulin secretion is pancreatic b-cells130 as a single-chain
precursor, preproinsulin, along a signal sequence that allows
its way to move into secretory vesicles.131 The proteolytic signal
is removed by proteolytic manners then resultantly proinsulin is
formed. In response, an increase in blood sugar, secreted
proinsulin transformed into active insulin by certain proteases.

The major purpose of this review is to reveal new ndings of
heterocyclic synthetic agents for diabetes, along objective
focused on novel synthesis approaches and antidiabetic
potentials.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3 Synthetic agents as antidiabetics

A number of synthetic drugs are available in market that had
their great potential in order to cure diabetes as metformin,132

gliquidone,133 nateglinide,134 phenformin,135 rosiglitazone,136

glimepiride,137 pioglitazone,138 glibenclamide, exenatide,139

mitiglinide,140 gliclazide,141 chlorpropamide,142 glipizide,143

acetohexamide,144 tolbutamide,145 dapagliozin,146 dulaglu-
tide,147 liraglutide,148 glyburide,149 canagliozin,150 and repagli-
nide.151 Some therapeutic agents are used to cure DM, classied
as a-glycosidase inhibitors, thiazolidinediones,5,152 bigua-
nides,153 sulfonylureas,154 and gliptins.155 Deazaxanthine156 and
also various heterocyclic synthetic based pyrrole,157 pyrazole,158

pyrrolidine,159 oxindole,160 isatin,161 imidazole,162 benzimid-
azole,163 triazole,164 oxadiazole,165 thiazole,166 pyridine,167 piper-
azine,168 thiazolidinone, thiadiazole,169 benzofuran,170

benzoxazole,171 coumarin,172 avone,173 piperidine,174
Fig. 1 The core structures of antidiabetic moieties.

© 2022 The Author(s). Published by the Royal Society of Chemistry
xanthone175 and pyrimidine.176 The core structures of antidia-
betic moieties are given in Fig. 1. There are many synthetic
agents used for diabetes that control glucose levels of plasma
and to gain insulin-mimetic effects. Every class of drug has
various mechanisms to control the blood glucose. Drugs are
also connected with numerous negative effects; it is good to
search for more and new drugs that can combat this disease
more effectively with lower side effects.177
3.1 Synthesis of thiazolidinone

Ottana and co-authors reported the synthesis of thiazolidinone
by multistep reaction using phenyl isothiocyanate and amino
acetic acid as reactants. The reaction was carried out in acidic
pH under reux conditions. The resulting intermediate was
further condensed undergoes Knoevenagel condensation with
appropriate aromatic aldehydes on reuxing in ethanolic
medium using piperidine as a base.178 The formulation of fused
RSC Adv., 2022, 12, 22951–22973 | 22953
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substituted thiazolidinone was reported from chloroacetic acid
and thiourea under reux in concentrated HCl. The
thiazolidine-2,4-dione was further reacted with anhydrous
sodium acetate in glacial acetic acid at 110–120 �C followed by
Knoevenagel condensation with thiophene carboxaldehyde.179

Naim along colleagues reported the synthesis of thiazolidine-
dione derivatives. In the rst step sulphanilamide in concen-
trated HCl, sodium nitrite and cold SnCl2 were stirred to form
hydrazinyl benzene sulphonamide which was further converted
into substituted pyrazole carbaldehydes and thiazolidinedione
using different aldehydes and other reagents on reux for 2–
3 h.22 Thiazolidinone also synthesized from 3-acetyl coumarins
as starting material which was reacted with Br2 in acetic acid at
25 �C to form 3-bromoacetyl coumarin which was allowed to
reux with substituted benzaldehyde resulting thio-
semicarbazones up to 8 h to form intermediate in good yields.
The last product was treated with thiolactic acid under reux in
ZnCl2 and dioxane to form end product. The structures of the
compounds were characterized by IR, H-NMR.180 Knoevenagel
condensation reaction was done between terephthalaldehyde
and 1,3-thiazolidine-2,4-dione (prepared by reuxing chloro-
acetic acid and thiourea in water). Furthermore, base-catalyzed
condensation with appropriate aromatic ketones and potas-
sium hydroxide in the presence of ethanol to form a targeted
product in good yield.181 A series of amino-derived thiazolidi-
none were prepared by the reaction of ethylenediamine with CS2
in the presence of triethylamine and ethanol, followed by
a reaction with chloroacetic acid. The ve-membered ring was
obtained aer stirring the former suspension in hot HCl for
5 min. The nal products were synthesized by reuxing of basic
skeleton with respective aldehyde in acidic medium.182 The
pyrazolyl-based thiazolidinones were prepared by reacting p-
toluidine, acetic acid, sodium acetate, and chloroacetyl chlo-
ride. The starting material was reuxed in a microwave
synthesizer in the presence of thiourea. Schiff bases were
formed using different aldehyde, upon thioglycolic addition
and reux under microwave synthesizer effective product was
formed.183 The substituted oxo-thiazolidinones were prepared
through electrophilic substitutions reaction by ethyl chlor-
oacetate on hydroxy pyrazine on reuxing. The synthesized
intermediate was further, aminated with alkyl isocyanate and
chloroacetic acid yielded the end product.184

Imines were initially synthesized by reacting piperonylamine
with substituted aromatic aldehydes. The imine was created
quite practically at this point by just shaking the reactants, and
was employed in the cyclization reaction. The most widely used
technique for attaining 4-thiazolidinones, was employed as
cyclization process by Reuxing in EtOH, and end product of
piperonyl based 4-thiazolidinones (2a–i) derivatives were
obtained.185
3.2 Antidiabetic activities of thiazolidinone

The inhibition of aldose reductase (bovine lens) was done via in
vitromodel using sorbinil and epalrestat as standard drugs. The
more satisfactory inhibitors of aldose reductase (ALR2) were 5c
and 5e compounds with IC50 values 0.25 mM and 1.32 mM
22954 | RSC Adv., 2022, 12, 22951–22973
respectively, owing to the presence of an acetic acid group that
more actively interacted with the enzyme. Amolecular modeling
study was done with 5c and 5h compounds. ARL2 binding site
can be divided into two different regions. The docking
outcomes were anticipated that 5c compound forms very stable
IDD594 conformation (DGAD4 ¼ �9.14 kcal mol�1) along with
more occupied cluster (size 60/100). However, standards sorbi-
nil (DGAD4 ¼ �7.27 kcal mol�1) and tolrestat (DGAD4 ¼
�7.61 kcal mol�1) were not found with such a populated
cluster.178

Insulin has a negative regulator known as protein tyrosine
phosphatase 1B (PTP1B) dephosphorylates. In vitro model,
compounds 13 and 16 showed inhibition of PTP1B with IC50

7.31 mM and 8.73 mM respectively using in vitro model. The
consequences directed those compounds with phenyl and
methyl sulphonate substituted profoundly inhibited PTP1B. In
silico inhibition of PTP1B by more active compounds 13 and 16
were performed. Hydrogen bonding was observed between the
oxygen of C-4 carbonyl and Ser216, Ala217, and Arg221 amino
acids of the active site in docking studies. Thiazolidinone
nitrogen group has H-bonding contact with Arg221, along other
interactions. Anti-hyperglycemic action of compounds checked
by in vivo model aer 7 days of administration. Almost 15.71 to
32.13% lowering of sugar level was seen in contrast to piogli-
tazone (31%). Compounds 13 and 16 decreased the blood sugar
level by 32.13% and 30.22% respectively. Comparable results of
SAR inferred that compounds having alkyl substitutions
(–RSO3) at benzene ring improved anti-hyperglycemic activity
with methyl and phenyl than bulky groups (Ar-NO2, 2,4,6-tri-
methylphenyl, 2-naphthyl, etc.).179

In vivo hypoglycemic activity was seen in STZ induced dia-
betic rats and almost all compounds exhibited PPAR-g trans-
activation. Blood glucose level was checked aer 1, 7, 15 days of
drug administration. The decreasing order of lowering of
glucose level for 7b, 7d and 7p was 138.7 � 4.4 mg dL�1 > 137.4
� 5.3 mg dL�1 > 134.1 � 4.2 mg dL�1 respectively. The anti-
hyperglycemic activity for standard pioglitazone was 132.2 �
5.0 mg dL�1 although 7c, and 7f compounds exposed modest
results in contrast to standard drugs. The SAR assay of
compounds was focused on an aryl ring (substitution) that
connected with the pyrazole core. Though, those compounds
like 7d having halogen substitution at meta and para position
were considered as more inhibitory compounds than others.
Those compounds that had electron decreasing groups also
reduced activity.22

Antihyperglycemic effect of compounds was determined by
orally administering of Albino rats by synthesized coumarino
thiazolo-thiazolidinones (4a–4j) and reference drug rosiglita-
zone (200 mcg kg�1) solution in Tween-80 while diabetes was
induced by streptozocin. The blood sugar level was assessed by
semi auto analyzer using a glucose estimation kit. Average
glucose concentrations (mg day�1 � SEM) for 4a, 4g, and 4h
were 74.33 � 1.156, 75.58 � 1.375 and 75.63 � 1.197 respec-
tively, although the values of mean percentage change in anti-
hyperglycemic activity were found to be 23.845 � 2.134%,
27.567 � 1.708% and 27.394 � 2.564%, respectively.180
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a-Glycosidase inhibitory activity of compounds was studied
using phosphate buffer (50 mM) and PNP glycoside (1 mM) by
incubation. The outcomes of the test were also compared with
acarbose and type of inhibition was also assessed by plotting
Lineweaver Burk plots using various concentrations of
compounds. Minimum inhibitory concentration (MIC) of
highly active compounds 5p and 5o was 6.56 � 0.81 and 8.92 �
0.21 mg mL�1 respectively. This inhibitory activity was
substantially varied owing to different groups on a, b unsatu-
rated ketone. Compounds showed a decreasing order of
compounds 5p > 5n > 5m regarding to IC50 values
(2,4-di-F-C6H3, IC50: 6.56 � 0.81 mg mL�1) > (2,4-di-Cl-C6H3,
IC50: 29.47 � 0.32 mg mL�1) > (2-Cl-C6H4, IC50: 32.11 � 0.33 mg
mL�1) respectively.181

a-Glycosidase inhibition was done through in vitro assay. All
derivatives showed inhibition (%) in a good range, however, 3a
(77.7 � 1.3%), b (88.1 � 0.8%) whereas, 4c (74.8 � 1.4%)
compared to acarbose (89.3 � 1.0%). The molecular modeling
study was accomplished by the MOE program against PDB le
of 3WEO (a-glycosidase). The values of E-score range between –

0.7121 to�5.2428, while, 3b, 4a and 4b docking score values are
�4.9815, �5.2428 and �5.1597, respectively.182

The antidiabetic action of reported compounds was checked
by tail tipping method for streptozocin-induced higher glucose
levels in male Wistar rats. The promising antidiabetic activity of
TZN-4 and TZN-8 was higher than the reference drug. Gliben-
clamide was a standard drug while streptozocin was used to
induce diabetes. Streptozotocin solution was made by mixing
with citrate buffer (0.05 M) maintained at a pH of 4.5 up to 24 h.
Aer 72 h of administration, hyperglycemia condition was
observed. A dose of just 100 mg kg�1 (b.w. of rat) of each
compound was given and a reduction in sugar level was
observed near to 50%. Compound TZN-2, TZN-4, and TZN-8
were reported with a certain decrease in mean � SEM values
from 300.5� 0.12 to 116.5� 5.90mg dL�1, 213.5� 8.78 to 95.75
� 6.06 mg dL�1, and 203.7 � 13.79 to 101.5 � 4.5 mg dL�1,
respectively.183

The particular dosage (200 mg per kg of body weight) of oxo-
thiazolidinone was administered and dexamethasone was used
to induce hyperglycemic activity. The level of percentage of
blood glucose reduction was maximum; 155.44% and 124.93%
in case of compounds 1 and 2 respectively compared to control.
However, intermediate reduction of 103.14%, 100.46% and
70.52% for compounds 3, 4, and 5 possessed activity respec-
tively. Although, compounds 6, 7, and 8 were conrmed with
the lowest antidiabetic potential of 33.88%, 50.00%, and
43.09% respectively against rosiglitazone (145.01%) as a stan-
dard drug. Compounds 1 and 2 also showed reduced insuline-
mia by the effect of dexamethasone and values mainly fall in
a good range (3.000 � 0.033 to 3.100 � 0.057 milmL�1).184

Scheme 1 depicted various synthesis protocols for
thiazolidinone.
3.3 Synthesis of azole

The azole moiety was prepared according toMitsunobu reaction
by reacting 4-bromo-2-methoxy phenol and (S)-ethyl lactate in
© 2022 The Author(s). Published by the Royal Society of Chemistry
THF yielding ester that was converted into alcohol rst, later on
into azide aer reacting with tosyl. The azide was converted into
azole by 1,3-dipolar cycloaddition between azide and alkyne in
presence of CuI.186 Ferreira and his colleague synthesized gly-
colated triazoles viz 1,3-dipolar cycloaddition reaction. The
structure elucidation was done with modern techniques.187 The
substituted azoles were also synthesized by reacting p-halo
acetophenones with aldehyde to form chalcones which on
reaction with 2-hydrazinobenzothiazole-6-sulfonic acid
amide.188 The substituted oxazole was synthesized from
a cheaper source by the reaction of 2-aminophenol and carbon
disulde (CS2) in alkaline ethanol189 while, the synthesis of
imidazopyridine was done by the reaction of different aldehydes
and 5-chloropyridine-2,3-diamine.190 Similarly, azole-type
compounds from a heterocyclic carboxylic acid; carboxylic
acid was rstly converted into ester then into amide by reaction
with hydrazine. The hydrazine was further treated with CS2 in
a basic medium to yield azoles.191 The amino acid-coupled tri-
azole derivatives were prepared using a green approach via
multicomponent reaction. Salicylaldehyde was reacted with
amino acids and thiosemicarbazide using lemon juice as
a catalyst at 100 �C for 2 to 3 h which further reux with p-tol-
uenesulfonyl chloride in chloroform using piperidine catalyst
and obtained end product.164 Mamatha and his colleagues re-
ported the synthesis of mercapto oxadiazole using uo-
robenzoic acid as starting agent, other chemical agents used
were ethanol, conc. H2SO4, hydrazine hydrate, carbon disulde,
potassium hydroxide, and hydrochloric acid, DMF, and anhy-
drous K2CO3.192 A series of new thiazole derivatives was
formulated by “one-pot” multicomponent reaction, by a variety
of phenyl hydrazine treatment with aryl isothiocyanate in
ethanol to get thiosemicarbazide intermediate which were
further treated with phenacyl bromide to get the desired
product.193
3.4 Antidiabetic activities of azoles

Compounds were given well inhibition (in vitro) of about 50% of
a-glycosidase (14.2–218.1 mM) as contrasted to acarbose (IC50 ¼
942.0 mM). Enzyme Inhibition IC50 ¼ 14.2 mM was possessed by
10b having methoxy substitution on phenyl, which is 67 times
more active than acarbose while 10a with methyl group
exhibited lower activity (IC50 ¼ 83.8 mM) and had 5 times least
inhibitory activities. Compound 10e with nitro, 10c with tri-
uoro phenyl, and 10d with uorophenyl having IC50 values
21.6 mM, 28.7 mM and 56.2 mM, respectively. Molecular docking
score of 10b, 10c and 10e was �13.6171, �12.0273 and
�12.9459. Different substitutions had different effects on the
interaction of the molecule with receptors as 10b exhibited with
Arg312, Glu304, and Phe158 their bond lengths were 2.93,
3.25,3.63 Å, respectively, whereas, bond energies were ranged
between �0.8, to �0.3.186

The inhibition of a-glycosidase was examined using the
maltase enzyme (yeast) in comparison to acarbose as reference
drug. All three types of b-D-ribosyl, a-D-galactosyl, and a-D-xylosyl
triazoles were given maximum inhibition values by 500 mM
while IC50 values are also in effective range (4 to 25 mM) against
RSC Adv., 2022, 12, 22951–22973 | 22955
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acarbose 108.8 � 12.3 mmol L�1. The extreme percentage of
inhibition seen in the case of 4f which was 99.5 � 0.1% and
lowest one for 7b 33.3 � 46.1%. Others compounds with
different substitutions at C-4 of triazole ring i.e., 4b (1-cyclo-
hexenyl), 4e (phenoxymethyl), and 4g (1-cyclohexanol) were also
depicted good inhibition. The glycolated triazole interatomic
contacts with MAL12 were inspected using the Ligplot program
and CSU/LPC server. A comparison of interactions was done
between maltase (MAL12) and 4b, 4m (sterioisomers: 4mR and
4mS), and standard drug acarbose. The shortest contact
distance and potent bonding were seen in the case of 4b, among
nitrogen of triazole ring, Thr207, and OGI atom (2.6 Å) with
contact area 39.8 Å2, for 4mR, H-bonding among pyran (C-14),
His103, and CEI atom (3.4 Å) with contact area 20.6 Å2 and in
4ms hydrophobic interactions among pyran (C-13), Phe169 and
CEI atom (2.4 Å) along contact area of 34.8 Å2.187

Compounds were docked over PPAR agonist and compared
with the standard drug, rosiglitazone. Molecular docking
studies of synthesized compounds against the PPAR target.
Almost eighteen compounds possessed good docking score
value than rosiglitazone (�5.72). Compound 7k (�10.06) was
observed pi–pi contacts and hydrogen bonding with Arg280 and
Lys261 while, compound 8g (�10.03) had various hydrogen
bonding interactions with Lys261 residue. Synthesized
compounds 7c, 7d, 7i–l, 8c, 8d, 8g, and 8h in transactivation test
were found with intermediate alleviation of PPAR. Compounds
7k, 7j and 8h evaluated with elevation in PPAR transactivation
54.93%, 54.01 and 54.29%, respectively than rosiglitazone
(81.68%). In STZ-induced diabetic rats, it was found that
compounds 7i–l, 8g, and 8h caused lowering of blood plasma
sugar level up to normal range on 15th day of the administration
while, 7c, 7d, 8c, and 8d lowered glucose level nearly as rosi-
glitazone and glibenclamide. Compounds with p-chlor-
oacetophenone are found more active than p-
bromoacetophenone. Fluoro group on aryl ring increase activity
than chloro, however, presence of alkyl and alkoxy on phenyl
ring dropped biological activity.188

Substituted oxazole's 4a–4m were assessed for in vitro a-
glycosidase (baker's yeast) inhibitory activity using acarbose as
a positive control. The more effective inhibition was shown by
4f–4i, 4k and 4m (32.49 � 0.17–120.24 � 0.51 mM) as contrasted
to acarbose (IC50 ¼ 817.38 � 6.27 mM). Different substitution at
phenyl ring was found to play an imperative role in inhibition
like for 4gwith 4-phenoxy (IC50¼ 32.49� 0.17). Electron-donors
i.e., alkyl and alkoxy groups were decreased the rate of inhibi-
tion of enzymes in 4b, 4c, 4d, 4e, 4l, and 4j compared to
electron-withdrawing groups 3-CF3, 4-F, 4-Cl and 2,4-Cl2 in
respective compounds 4f, 4h, 4i, and 4k (IC50: 120.24 � 0.51 to
44.4 � 0.17 mM). A molecular simulations study was done using
Saccharomyces cerevisiae extracted a-glycosidase over Autodock
vina 1.1.2. and contacts illustrated visually by PyMOL 1.7.6.
Dichlorophenyl substituted exhibited arene-cation contacts
with Arg439 and p–p stacking interaction with Phe157 in both
4k and 4g, while benzoxazole rings with Phe157, Phe300, and
Val303. Hydrogen bonding was observed with Asp349 by 4k and
4g (3.2–3.3 Å). Contrary to all, the terminal phenyl group of 4g
22956 | RSC Adv., 2022, 12, 22951–22973
also formed alkyl–p respective interactions with Tyr71 and
Phe177 and made 4g more active compound.189

Antiglycation activities of all compounds (1–26) were esti-
mated against rutin (IC50 ¼ 294.46 � 1.50 mM). The assay had
revealed that hydroxyl group bearing compound depicted as
best antiglycation agents i.e., 2, 3, 4, 6, 13 and 26 exhibited IC50

¼ 240.10 � 2.40 mM–292.10 � 3.20 mM. However, mono –OH
compounds were found less active than di-OH compounds.
Compounds with one hydroxyl group at ortho position even
more inhibition potential than rutin except for 26 contained p-
hydroxyl groups.190 Oxadiazole substituted compounds (8a–l)
were showed inhibition of the a-glycosidase enzyme and IC50

values for compounds 8l, 8h, 8c, 8e, 8d, and 8f were 9.37 � 0.03,
9.46 � 0.03, 12.68 � 0.04, 14.35 � 0.02, 21.49 � 0.04, and 21.64
� 0.04 mM respectively that were more effective than acarbose
(IC50 of 37.38 � 0.12 mM). Compound 8I revealed percentage of
inhibition 94.74 � 0.11 at concentration of 0.5 mM. MOE dock
program was used to accomplish modeling over a-glycosidase
(baker's yeast) with PDB ID code: 3N04. In 8h indolic-NH proton
and the carbonyl oxygen of acetamide form effective polar and
acidic contacts with Asp73 and Arg404 with 1.80 and 2.01
angstroms, respectively. Although, these interactions were also
in 8I with Lys422 and Asp420 at a distance of 2.25 Å and 2.15 Å,
respectively which bind the compounds at active sites.191

Amino acid coupled triazoles were inhibited the a-amylase
enzyme through in vitro assay using starch solution (0.1%) with
sodium acetate buffer (pH ¼ 4.8, 16 mM). The percentage of
inhibition was ranged (80.0–75.43%). In vivo inhibition was
seen male Wistar by orally administered triazoles compared to
gliclazide as a standard drug. Aerward, 4 weeks of compound
3c (100 mg Kg�1), dropped the glucose level up to 49.2%,
however, reference drug lowered sugar level about 54.4%.164

The in vitro inhibitory potential of compounds was also
checked and GOD-POD method was employed to check the
glucose liberation. For sucrose inhibition, compound benzo-
thiazole 5 was found with 14% inhibition (5 mg mL�1), and 5a,
5b, 5f, and 5h showed moderate inhibition substituted with
benzoyl, p-methyl benzoyl, heptyl, and p-chloro benzoyl
substituents, while compound 5i (hexyl substituted) and 5j
(acetate group) given lesser activity. The inhibition of a-glyco-
sidase, 5e was detected with 48% inhibition while again 1%
inhibition was shown by 5i and 5j. The compound 5e with
coumarin was depicted 62% inhibition of a-amylase.192

a-Glycosidase inhibition potential of compounds was
checked (IC50 ¼ 9.06 � 0.10–82.50 � 1.70 mM) and compared to
standard acarbose (IC50 ¼ 38.25� 0.12 mM). Compound 12 with
the presence of p-chloro aniline gives the greatest inhibition
than others (IC50 ¼ 9.06 � 0.10 mM) and effective docking score
(�11.8617). In benzamide-based azole 1 and 2 with p-Cl, p-CN at
phenyl ring was given inhibitory values (IC50) from 22.40 � 0.32
to 23.60 � 0.39 mM due to electron-withdrawing groups, found
that activity increased. While in diphenyl methanimine based
azoles showed lesser activity than the other two substituted
groups. Docking study of the compounds was exhibited for all
three categories compounds. The compound showed 12 pi-
interaction on the pocket via arene–arene moieties of chloro
benzene and aniline with residues which depicted a good
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Protocols for synthesis of thiazolidinone.
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docking score �11.8617. In compound 17 m-Cl on phenyl
substitution lowered docking score (�9.9130). In methyl-
substituted benzamide i.e., compound 1 imperative interac-
tion was found with His279, Asn241, and Phe157 along with
docking score (�12.5054). In diphenyl methenamine based
azoles (19–24), compound 20 was most active with a docking
score-13.6348.193 Scheme 2 depicted various synthesis protocols
for azole.
Scheme 2 Protocols for synthesis of azole.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.5 Synthesis of chalcones

The synthesis of chalcone was reported in a multistep reaction;
rstly, 2,4-dihydroxy acetophenone and isoprene reacted to give
chroman. Secondly, propargyl bromide was reacted with 4-
hydroxy benzaldehyde in potassium carbonate by reuxing the
mixture. The chalcone moiety was prepared by treating prod-
ucts of steps 1 and 2 via aldol condensation. The nal product
having triazole chalcone moiety was prepared by reacting
RSC Adv., 2022, 12, 22951–22973 | 22957
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chalcone with aromatic azide.194 Chen along coworkers reported
that chalcone derivatives were synthesized using furoic acid as
preparatory material. The desired products were prepared by
the Claisen–Schmidt condensation.195 Kaur and Kaushal re-
ported the synthesis of vanadyl chalcone complexes according
to the method along with certain modications. The ethanolic
solution of both VOSO4$xH2O and chalcone ligands in a 1 : 2
molar ratio was mixed with constant stirring followed by
dropwise addition of NaOH solution. The reaction mixture was
further reuxed up to 10 h and green-colored precipitate of the
complex was formed, which was ltered, and washed with
ethanol.196 The synthesis of amino chalcones was accomplished
by microwave-assisted synthesis.22 4-Aminoacetophenone and
aromatic aldehyde in the equimolar ratio were dissolved in
ethanol and basied with NaOH. The reaction mixture was
irradiated under 180 microwave radiations for 15 min and the
reaction completion was conrmed with TLC.197 Konidala and
his colleagues reported the synthesis of coumarin–chalcone
derivatives. Salicylaldehyde, acetylacetone, urea, thiourea, and
citric acid were used as starting materials for their synthesis.198

The one-step synthesis of chalcone derivatives with high purity
and yield was reported.199 Cai and co-authors narrated the
synthesis of chalcones and bis-chalcones. The reaction starts
from aromatic aldehyde, diacetyl benzene, and 50% KOH/
CH3OH. The desired product was obtained by the demethyla-
tion of reaction intermediates in the presence of BBr3/CH2Cl2,
respectively.200 The trihydroxy chalcone derivatives were
prepared by reaction of acetophenone and benzaldehyde in
ethanol (basic pH) in a round-bottomed ask under nitrogen
atmosphere and stirred for 72 h at 25 �C. The end product was
puried and recrystallized from ethanol to yield the chal-
cones.201 Tetrabromo-chalcones derivatives were obtained from
previously reported methanoisoindole-substituted chalcones by
adding 2 mol of molecular bromine in chloroform at 25 �C for
2 h, yielding the tetrabromo chalcone derivatives (2a–i). The
recrystallization of compounds in CH2Cl2 was done in order to
purify the end products. The structural analysis of compounds
(2a–i) were also done using spectroscopic approaches.202

Chalcone-imide derivatives were synthesized starting from
amino chalcone derivatives were synthesized using the well-
known Claisen–Schmidt condensation method and on reac-
tion with the benzaldehyde derivatives (2a–g) in base catalyzed
medium about 3 h gave the amino chalcone derivatives (3a–g) in
excellent yields. The reaction with maleic anhydride (4) in the
presence of a few drops of NEt3 target crude solid product were
obtained and was rened by recrystallisation using an ethanol
and n-hexane solvent combination.203 When phloroglucinol and
aqueous solution of acetic anhydride at 80 �C with meth-
anesulfonic acid (MSA), compound 2 was synthesized.
Following the successful synthesis of compound 2, compound 2
with dimethyl sulfate given compound 3 and in similar manner
on reaction with benzaldehydes in a basic medium uoro-
substituted trischalcones in good yields were obtained.204

Chalcones derivatives were synthesized by bromination of 2,4,6-
trimethoxyacetophenone to the 3-bromo-2,4,6-
trimethoxyacetophenone (14) and an effective yield (95%)
were obtained utilizing a general bromination method. The
22958 | RSC Adv., 2022, 12, 22951–22973
compound (14) in a base catalyzed mechanism with different
reported benzaldehydes new chalcone derivatives were
obtained.205

New halogenated chalcones (2a–n) were synthesized from
starting from 6-acetyl-2(3H)-benzoxazolone that already
synthesized from mixing of DMF and aluminum chloride
solution that warmed at 45 �C for 5–10 min then acetyl chloride
and 2-(3H)-benzoxazolone were added 80 �C for 3 h and aer it
poured out in cold water with HCl. The combination of 6-acetyl-
2(3H) benzoxazolone and a suitable aldehyde in ethanol then an
addition of an aqueous solution of KOH obtained end
product.206
3.6 Antidiabetic activities of chalcones

a-Glycosidase inhibitory activity of rat intestine was measured
using phosphate buffer and by maintaining pH up to 6.8. The
sample solution was made in DMSO (5 mgmL�1) and incubated
with crude a-glycosidase. The inhibition of the enzyme was
measured by comparing the value of absorbance in control with
the test sample solution. Regression analysis was applied to get
IC50 values from average values of inhibition. The best inhibi-
tion activity was shown by compounds 4m, 4p, and 4s having
IC50 values in the range of 67.77–102.10 mM. Structural features
of these compounds exhibited that maximum inhibitory activity
is correlated to a straight 5-C chain of triazole.194

The inhibition of PTP1B by synthesized chalcones was done
using positive control; ursolic acid (IC50 ¼ 3.40 � 0.21 mM).
Compounds 4e–4m had greater inhibitory potential, although,
4l given the IC50 value (3.12 � 0.18 mM) and outstanding inhi-
bition of 99.17% with 20 mg mL�1. The moderate inhibition of
PTP1B was achieved by compound 4 (IC50 ¼ 13.72 � 1.53 mM).
Few compounds (4a, 4b, 4d, and 4h) were also possessed lower
inhibitory activity than lead compounds while, both 4c and 4n
displayed no inhibition.195

The inhibition assays of amylase by iodine starch process
and a-glycosidase using the reported p-NPG method were
accomplished by chalcone complexes. All complexes shown
a very active inhibition of a-glycosidase having IC50 value (7.35
mg mL�1) for complex-1, complex-2 (9.15 mg mL�1), complex-3
(3.26 mg mL�1) and complex-4 (8.51 mg mL�1) against standard
acarbose. However, complex-3 conrmed good positive activity
owing to the presence of m-NO2 derivative on the ligand. In
amylase, complex-2 (IC50 ¼ 302 mg mL�1) seen with very high
activity that is also better than standard (IC50 ¼ 388 mg mL�1).
Modeling studies of all complexes showed that complex-3
against a-glycosidase showed maximum inhibition with effec-
tive binding energy (�10.02 kcal mol�1) due to hydrogen
bonding (bond length¼ 2.92 Å) between the oxygen atom of the
nitro group with Asp630 residue while complexes-1, 2 and 4 also
showed moderate inhibition. In silico study of complexes with
acarbose also supported the in vitro studies of compounds as
complex-2 given best binding energy (�11.33 kcal mol�1) along
with inhibition constant Ki (4.99 nM).196

Rats were treated with normal control, positive control with
alloxan monohydrate, alloxan monohydrate followed by 0.025
units of insulin, and also with chalcones of 3a–3j. A glucose
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02697j


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
9:

11
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analyzer (Accu Chek, Roche diabetes care, USA) was used to
measure glucose and it was revealed that sugar level was raise
up to 301.12� 1.85. However, chalcones reduced this level up to
50–29%. Compound 3c reduced sugar level 50% (150.60 �
1.50 mg dL�1), moderate inhibition by 3e (39%) 160.60 �
1.58 mg dL�1 while, others 3d; 35% (170.60 � 1.44 mg dL�1) 3b
33% (176.40 � 1.90 mg dL�1) and 3f; 31% (181.10 � 2.40 mg
dL�1). The docking experiment was assessed with DPP-IV,
PPAR, aldose reductase, and a-glycosidase and chalcones.
Compounds showed more interactions with a-glycosidase,
compound 3c presented pi–pi interaction with Trp376 (3.4 Å), 3i
had polar types of interaction with Asp616 (3.3 Å), pi–pi inter-
actions with Trp376 (3.6 Å) and Phe649 (3.5 Å) and 3b has polar
bond interaction with Asp616 (4.1 Å) and pi–pi contact with
Phe376 (3.5 Å).197

A molecular modeling study was accomplished over VLife
MDS 4.6 soware against insulin receptor (1IR3). Chalcones
DCCU 13, DCCT 13, and DUUC 8 exhibited binding scores
�83.15, �82.72, and �82.26 respectively, in contrast to stan-
dard drug metformin having a docking score of �68.64. The
interactions of the hybrids were also compared to internal
ligand ANP which showed hydrophobic interactions while
hybrids interacted by H-bonding, hydrophobic, and van der
Waals interactions. Diabetes mellitus was induced in rats by
intraperitoneal administration of streptozotocin (STZ). Antidi-
abetic activities forDCCU 13 andDCCT 13 (15–30mg kg�1) were
assessed by fasting blood glucose level (BGL), change in glucose
concentration up to 7 days of administration checked values
found for BGL were also in a good range (91.50 � 6.90–150.00 �
9.60 mg dL�1).198

In vitro anti diabetic activity was performed in adipocytes
3T3-L1 culture medium. Both pioglitazone and rosiglitazone
Scheme 3 Protocols for synthesis of chalcones.

© 2022 The Author(s). Published by the Royal Society of Chemistry
were employed as positive controls. Derivatives of chalcones 2b,
4a, 5b, 6a, 6b, and 6c with groups at C-2 of A ring displayed
effective activity and sugar concentration (210 to 236 mg dL�1).
Chalcones 6e and 6g having iodo group at C-3 on A-ring were
also exhibited effective values of 238 mg dL�1 and 233 mg dL�1

respectively. Although, the presence of the alkoxy group on the
B ring also promoted the positive action of chalcones. An
analysis of multi-way ANOVA examination was achieved using
JMP 9.0.0 deduced that various substitution augmented the
glucose uptake activity (p ¼ 0.0016).199

a-Glycosidase activity was checked using in vitro model of
HepG-2 cells and cultured mainly in serum free medium using
1-deoxynojirimycin as standard (IC50 ¼ 21.3 � 8.7 mM). Type of
inhibition was also demonstrated using Lineweavere Burk.
Maximum inhibition was shown by 2k with IC50 ¼ 1.0 mM. The
presence of methoxy group as substitution showed lesser solu-
bility and lowered the inhibition activity of compounds 1a–1m
and inhibition ration found at 40 mM. In 2c position of –OH
group at C-4 instead of C-3 of A-ring showed more inhibition
(IC50 ¼ 13.4 � 2.7 mM) than 2d (IC50 ¼ 42.0 � 6.0 mM) due to
donor hydrogen bond effect. While, in bischalcones number of
hydroxyl group increases more inhibitory action was seen for 2j
and 2I with IC50 values 5.5 � 1.2 mM and 6.5 � 0.4 mM,
respectively. Intramolecular hydrogen bonding lower the
interactions with enzyme and inhibitory activity diminished.200

Antihyperglycemic effect was observed in mice aer admin-
istration of 4 weeks of chalcones. A blood glucose tolerance test
revealed that chalcone 13 was found to be active in blood
glucose maintenance. Serum-free fatty acid levels and fat
deposition were also notably reduced. Skeletal muscles of mice
were also subjected to a TEM study that also disclosed that no
fat accretion was detected. Chalcone 13 was also inhibited the
RSC Adv., 2022, 12, 22951–22973 | 22959
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activity of PTP1b by interacting strongly with it and giving
a value of IC50 ¼ 0.92 mM L�1.201 Scheme 3 depicted various
synthesis protocols for chalcones.

In this work, the IC50 values for hCA I were determined to be
between 13.58 and 18.72 nM, whereas those for hCA II were in
between 9.62 and 12.60 nM. All of the tested compounds' (2a–i)
were extremely effective hCA I inhibitors, with Ki values ranging
between 11.30 � 2.01 and 21.22 � 5.63 nM, and hCA II inhibi-
tors, with Ki values ranging between 8.20 � 1.62 and 12.86 �
1.98 nM. The standard drug AZA found with IC50 values for hCA
I and II were 40.45 and 24.16 nM, respectively.202

Chalcone-imide derivatives (5a, 5c–g) effectively inhibited
the cytosolic hCA I with Ki values found to be from 426.47 �
72.10 and 699.58� 115.8 nM. This isoform's best inhibition was
identied with 5d, having a Ki value of 426.47 � 72.10 nM.
Acetazolamide (AZA) was designated broadly for CA inhibitor
due to its more inhibitory action against CAs and its Ki value of
977.77 � 227.4 nM against hCA I. Chalcone-imide derivatives
(5a, 5c–g) showed Ki values for hCA II that ranged from 214.92�
2.172 to 532.21 � 81.52 nM. The standard drug AZA normally
prescribed to cure following ailments as epilepsy, idiopathic
intracranial hypertension, altitude sickness, glaucoma, glau-
coma, central sleep apnea and cystinuria had also intermediate
potency for CA II inhibition.203

Novel uoro-substituted tris-chalcones and their derivatives
(5a–5i) revealed IC50 and Ki values between 8.30 � 3.80–32.30 �
4.02 nM for a-glycosidase, which is found on cells lining of gut
and hydrolyzes monosaccharides to be absorbed via the intes-
tine. The a-glycosidase assay ndings revealed that all new
uoro-substituted tris-chalcones derivatives (5a–5i) exhibited
more efficient a-glycosidase inhibitory characteristics than
acarbose (IC50: 22.8 mM). Also obtained were very effective Ki

values for chalcone 5c, with a Ki value of 8.30 � 3.80 nM.204

a-Glycosidase inhibitory action of new chalcone derivatives
(5–12) was demonstrated with Ki values ranging from 12.54 �
4.16 to 35.22 � 2.10 nM. The ndings also concluded that all
chalcone derivatives were more efficient at inhibiting a-glyco-
sidase than acarbose (IC50: 22.800 mM), a commonly used a-
glycosidase inhibitor. The Ki values ranging from 16.24 � 5.10
to 40.96 � 8.95 nM for novel chalcone derivatives demonstrated
low nanomolar inhibition levels against hCA I. Acetazolamide
(AZA), a sulfonamide-based reference inhibitor, had a Ki value
of 141.02 � 50.84. The hCA II isoenzyme is inhibited by new
chalcones (5–12), in a samemanner as to CA I and Ki values were
shown in the range of 29.61 � 5.65–67.15 � 16.21 nM.205 Deri-
vates of chalcones (2a–n) actively inhibited the human carbonic
anhydrase with IC50 (mM) values of 27.2–73.7 for hCA I and 29.1–
72.6 for hCA II, despite typical AZA values of 16.6 for hCA I and
8.4 for hCA II. The values of Ki (mM) versus hCA I and hCA II vary
from 30.5 � 11.3–65.5 � 25.6 and 7.3 � 1.8–58.8 � 12.3,
respectively. The lowest value is 2g 27.2 and the highest is
2d 29.1.206
3.7 Synthesis of pyrroles

The derivatives of pyrrole were synthesized by reaction of
amine, 1,3-dicarbonyl and nitro styrene in ethanol by reuxing
22960 | RSC Adv., 2022, 12, 22951–22973
for 4 h in the presence of diacetoxyiodo benzene.207 Similarly,
Lohray and coworkers reported the synthesis of novel pyrrole-
containing compounds by the reaction of 4-disubstituted
compounds with amino ethanol. They have further evaluated
their hypoglycemic and hypotriglyceridemic potential.208 The
zinc complexes of pyrrole-3-carboxamide were reported by
complexing N-trialkylated acrylamide with ZnSO4 in the pres-
ence of LiOH.209 The pyrrole-2-carbaldehydes were synthesized
viaMalliard reaction in which glucose in presence of oxalic acid
was treated with diverse amines at 90 �C for 30 min. The nal
product was obtained by reacting furopyridine-dione with
piperidine.210 Pyrrole was also synthesized via a series of reac-
tions; 2,3-dicarbonyl was reacted with phenylamine in benzene
at 80 +C for 9 h. Aer cooling the reaction mixture, malononi-
trile was added, followed by a catalytic amount of pyridine
portion-wise and le to reex till solid formed. Pyrrole deriva-
tization was done by triethyl orthoformate and acetic anhy-
dride.211 Goel and fellows reported the preparation of methyl
triphenyl pyrroles by reuxing benzoin, benzyl methyl ketone,
and ammonium acetate mixture in acetic acid. A minor tetra-
phenyl pyrazine as a byproduct was also probably formed by
self-condensation of benzoin with ammonium acetate.212

Pyrrole moiety was also prepared from amine, nitro styrene, and
1,3-dicarbonyl compound in the ethanolic medium by stirring
at 25 �C up to 10 min. The reaction mixture, was reuxed in DIB
for 4 h. However, nitro styrene's were synthesized from corre-
sponding aromatic aldehydes and nitromethane by considering
the reported method.207 Tafesse and co-workers narrated the
synthesis of pyrrole started from substituted aldehyde and
methyl vinyl ketone. The other chemical reagents that used were
NaCN, dimethylformamide, p-toluene sulfonic acid and
ethanol. Pyrrole derivatives prepared by reaction of pyrrole with
oxalyl chloride, dichloromethane, triethylamine and N,N-
dimethyl aminopyridine at 0 �C.213 A class of advantageous
heterocyclic of new pyrrole and enamine and their derivatives
easily synthesized employing two-component condensation,
that actually comprise of glycyl acid and the ethyl ether, these
substances with various functional groups successfully used in
medicine. First, under the catalytic action of ytterbium(III) tri-
uoromethanesulfonate, (Z)-ethyl 2-(3-oxo-1,3-diphenylprop-1-
enylamino)acetate (1) was synthesized as reaction of glycine
ethyl ester hydrochloride and dibenzoylmethane occurred. The
subject of investigation was then chosen to be enamine that
then was mixed with tert-BuOK aer being dissolved in butyl
alcohol and crystals of ethyl-3,5-diphenyl-1H-pyrrole2 carbox-
ylate are the end product (2) that easily attained.214 1,3-Dicar-
bonyl compounds were employed as the starting reactant in the
synthesis process. These chemicals were reacted with oxalyl
chloride to produce furan-2,3-diones employing the Wittig
reaction. The nal step was the optimally controlled synthesis
of the end product as novel pyrrole-sulfonamide derivatives,
from sulfa medicines and furan-3-one. The target compounds
(5a–i) were synthesized in the last stage by reuxing using 1-
propanol solvent for 6 h. The process of product formation
consists of only two steps. The amino group attacks at C-5 of the
furan ring in the rst step, which causes ring opening and the
cyclization process synthesized the pyrrole ring in the second
© 2022 The Author(s). Published by the Royal Society of Chemistry
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step. The novel compounds (5a–5i) have recrystallization yields
that vary from 76 to 88%.215
3.8 Antidiabetic activities of pyrrole

The a-amylase inhibitory assay of pyrrole was accomplished,
aliphatic amines-based pyrroles and branched amino acids-
based pyrroles; 3, 7, 12, and 18 exhibited effective IC50 values.
Compounds 7 and 12 were found to be the best inhibitors of a-
amylase and a-glycosidase. The a-amylase and a-glycosidase
IC50 (mmolmL�1) for 3; 0.430� 0.82 and 0.861� 0.35, 7; 0.365�
0.58 and 0.804 � 0.18, 12; 0.408 � 0.11 and 0.779 � 0.259, 18;
0.456 � 0.42 and 0.840 � 0.17 respectively. Molecular docking
study of the 3 on a-amylase (PDB ID-1OSE) cleared that oxygen
of carboxylic group showed H-bonding with Hip305, pyrrole
ring interacted with Trp58, Trp59, Glu63, Leu165, and Val163
though, phenyl ring showed contacts with cavity residues
Leu162, Hie101, Glu233, Ala198, Ash197, and Arg195. Molecular
modeling of 3 with a-glycosidase displayed a very strong inter-
action of the oxygen atom of the carboxylic group also with
Lys348. However, 3 had docking scores �7.995 and �8.236
while 7 had �7.65 and �7.896 against a-amylase and glycosi-
dase respectively.207

The antihyperglycemic effect of compounds was shown by
compounds 29, 31, and 34 in mice (mg kg�1) aer 6 days of
continuous administration. Blood glucose reduction percentage
was found for respective compounds as 61.9� 1.7%, 58.2� 1.5%,
and 65 � 2%. The highest percentage of triglyceride reduction
was seen in the case of 34 that was about 54.9 � 3.2%.208

The insulin-mimetic activity over adipose tissues of male
Wistar rats was performed. To check activity, pyrrole–zinc(II)
complexes (10a–d) inhibited adipose cells free fatty acid release
that was stimulated with epinephrine except 10e due to non-
solubility in the assay medium. Complexes acted as potent
hypoglycemic agents and IC50 values of Zn complex 10a, 10b,
10c, 10d and ZnSO4 were 0.37 mM, 0.36 mM, 0.39 mM, 0.41 mM
and 0.44 mM as respective.216
Scheme 4 Protocols for synthesis of pyrrole.

© 2022 The Author(s). Published by the Royal Society of Chemistry
In vitro (a-glycosidase) inhibitory activity revealed that
compound 3k was found to be four times more potent with IC50

of 0.56 mM against acarbose (IC50 ¼ 2.1 mM) while, 3d shown
value 4.4 mM. Compounds 3a and 3f–i had value ranged 20–33
mM although, other compounds showed no activity. The pres-
ence of pyridine dione, pyrrolidine increased activity and
indolyl ring at C-3 to the pyrrolidinyl nitrogen (3d) also had
higher activity values than 3e with phenyl. It was also seen that
aromatic moiety at the pyrrolidinyl nitrogen 3f–i compared to
aliphatic 3b and c had higher inhibitory potential. Functional
group p-CO2Et on the aromatic ring in 3k effect activity, p-halo
and p-hydroxy at the para 3g–i and o-CH3 in 3j almost did not
affect the activity of compounds. The Gold program was used to
dock 3k over the a-glycosidase and value of binding (DG) was
�15.53 kcal mol�1. Four hydrogen bonding interactions are
seen between protein and compound 3k.210

Pyrroles-based compounds were assessed by STZ and SLM
using glimepiride as a reference drug. In comparison to
untreated normal control compound Ia, Ic, and Ie were lowered
17.4%, 18%, and 16.7%, respectively in SLM, although in STZ
compared to diabetic group reduced induced glucose level
33.3%, 35.3%, and 29.5%, respectively. In contrast to glime-
piride Ia, Ic, and Ie showed a signicantly decline in the blood
sugar level 109.4%, 116.2%, and 97%, respectively.211

In vivo antihyperglycemic activity in male Sprague Dawley
rats was determined using a sucrose loaded model (SLM) and
a streptozotocin loaded model (STZ). In SLM and STZ
compound 3d having F group at phenyl ring exhibited blood
sugar levels up to 50% and 34.7% respectively, while 3c with CF3
substitution at phenyl ring given 40.8% and 25.1%. In 3h and 3i
with methoxy group also on phenyl ring given respective 27.8%
and 20.3% inhibitory activity in SLM.212

a-Glycosidase inhibition was done by incubation of
compounds 5a–i in potassium phosphate buffer. Compound 5e
(111 � 2 mM) showed higher activity due electron withdrawing
substitution as 2,4-dichloro 5f substitution and 3,4-dichloro 5g
RSC Adv., 2022, 12, 22951–22973 | 22961
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on phenyl ring connected to pyrrole moiety and IC50 values were
573 � 12 mM and 639 � 13 mM respectively than standard
acarbose 750 � 9 mM. The presence of 2,4-dichloro 5a (IC50 ¼
196� 10 mM) compared to 2,5-dichloro 5b (IC50 ¼ 663� 11 mM)
decreased the activity of compound up to three folds. Prior to
this, presence of phenyl substitution on pyrrole ring 5h (IC50 ¼
494 � 10 mM) and methyl in 5i (IC50 ¼ 673 � 12 mM) decreased
the activity. Molecular docking was accomplished using auto
dock Tools version 1.5.6. In compound 5e (binding energy
�4.27 kcal mol�1) and 5a (binding free energy ¼
�3.17 kcal mol�1) carbonyl oxygen of acetamide formed
hydrogen bonding with His280 and Arg442 respectively. 5-
Phenyl ring also showed pi–pi contacts with Tyr158 in 5e, while,
Phe303, and Phe178 interact with the 5a. p–anion interactions
were observed between pyridine and Asp307 in 5e and Glu411 in
5a. Standard acarbose exhibited binding free energy of
2.47 kcal mol�1.213 Scheme 4 depicted various synthesis proto-
cols for pyrrole.

The hCA I inhibitory constant Ki value for compound 1 is
85.07 � 10.04 mM and for 2 is 47.21 � 5.06 mM. Although, the
results against CA II, and the inhibitory constant of 1 found at
66.01 � 8.47 mM and of 2 was 35.77 � 3.53 mM, compounds 1
and 2 exhibited less than inhibitory activity in contrast with the
standard medication AZA (27.04 � 2.43 mM). Compound 1
demonstrated less inhibitory action than AZA, according to the
Ki values: 35.51 � 3.32 mM. Additionally, compound 2 produced
ndings that were very similar to those of AZA, a drug used to
treat a number of common diseases, including glaucoma. The
goal of the current investigation was to examine substances that
inhibit a-glycosidase activity, synthetic compounds have Ki

values of 1 63.76 � 7.12 mM and for 2 93.54 � 11.20 mM. Both
Scheme 5 Protocols for synthesis of pyrimidine.

22962 | RSC Adv., 2022, 12, 22951–22973
substances demonstrated weaker inhibitory effects than acar-
bose based on the IC50 and Ki values 45.21 � 5.34 mM.214

The cytosolic hCA I and hCA II isoforms as well as AChE were
evaluated against their inhibition by newly pyrrole-3-one
derivatives (5a–i). The inhibitor concentrations (IC50) were
10.66 to 30.13 nM and their inhibitory constant values in
between 1.20 � 0.19 to 44.21 � 1.09 nM, all pyrrole-3-one
derivative medicines containing sulfur groups efficiently
inhibited hCA I. These pyrrole derivatives effectively inhibited
hCA II, with IC50 values 8.15–22.35 nM and Ki in between the
8.93 � 1.58 to 46.86 � 8.41 nM. In addition, the studied
compounds demonstrated the best inhibition when compared
to AZA (Ki: 47.32 3.21 nM).215
3.9 Pyrimidine

The indole-based pyrimidine derivatives were synthesized by
condensing of indole-3-carboxaldehyde with p-substituted ace-
tophenones followed by treating with metformin hydrochloride
to form the nal product.217 A simple method for the prepara-
tion of amino pyrimidine derivatives from malononitrile and
benzaldehyde was reported. The precipitates formed in water
were acidied with hydrochloric acid, ltered, and recrystal-
lized in ethanol.218 Reddy and co-authors reported the synthesis
of the pyrimidine-containing pyrazole group. Triuoro ethyl
hydrazine and malononitrile were reacted in methanol at reux
condition for 3 h to obtain intermediate that was used for nal
product with good yield aer a series of steps such as amide
formation, cyclization, chlorinated, nucleophilic substitution,
reduction, and coupling.219 The synthesis of tetrahy-
dropyrmidine was done viz Bignelli condensation followed by
microwave irradiation. To a mixture of benzaldehyde, urea, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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ethyl acetoacetate in a round bottom ask, concentrated
hydrochloride acid was added and poured into a china dish for
microwave 180 watts irradiation for one minute.220 Zarren and
his colleagues reported the anthraquinone-derived pyrimidine
derivative by one-pot relay method using a catalytic amount of
copper chloride and cupric oxide in methanolic medium. The
reaction mixture of both compounds was allowed to stir up to
30 min at ambient temperature.221 Biginelli condensation was
also used for the preparation of hydroxy pyrimidine (HPM)
derivatives. The reaction of oxadiazole contains aldehyde
moiety with substituted acetoacetanilide and urea derivatives in
acidic ethanol under microwave irradiation (200 W) up to
25 min.222 The reaction of various bis-benzylidene cyclo-
heptanones and bis-benzylidene cyclohexanones with guani-
dine hydrochloride was conducted in the presence of NaH and
DMF as a solvent to obtain the amino pyrimidine inmoderate to
good yields.223 Negoro and coworkers reported the synthesis of
morpholino pyrimidine derivatives. The reaction was started by
condensation of substituted benzamidine with cyclic b-keto
ester followed by chlorination using phosphorous oxychloride
resulting in the formation of 4-chloro-fused-pyrimidines. These
compounds were subjected to substitution with morpholine to
acquire the nal product.224 To start with thiourea and using
triuoracetic acid as a catalyst, it was simple to synthesized
derivatives of pyrimidine thiones. As the reaction was complete,
white crystals of the nal product were attained.225 Tetrahy-
dropyrimidine carboxylates and their derivatives were synthe-
sized by Sujayev and colleagues using benzaldehyde, urea, 2-
(methacryloyloxy)ethyl acetoacetate in ethanol and acetyl
acetone as solvents (3 : 1). Desired products were then got
through a reaction with epichlorohydrin and 1,2-epoxobutane.
Utilizing a sulifol UV 254 plate to monitor the reaction, and
compound's structural details were claried by an X-ray dif-
fractogram analysis.226 Similar methods were used to synthesize
cyclic thioureas (1–8) by reacting substituted p-tolualdehyde, p-
anisaldehyde, o-tolualdehyde, salicylaldehyde, and benzalde-
hyde with methylene active substances such b-diketones and
thiourea. At 60–75 �C, the three-component condensation
processes took place in 2.5–3.0 hours. The synthesized
compounds were crystalline in nature, and 1H, and 13C-NMR
spectroscopic methods as well as elemental analyses were
used to determine their structural details. In the region of 3370–
3040 cm�1 areas of the IR spectra of the produced compounds
(1–8), NH bond valence vibrations were detected.227 In acetyla-
cetone and ethyl alcohol, pyrimidine-thiones are dissolved, and
then drop by drop 1,2-epoxypropane (1,2-epoxobutane) is
added, AlCl3 catalyst is used and heated at 60–65 �C. 4-Chlor-
obutanol (G–K) is added to the pyrimidine-thione solution and
mixed for 10–15minutes. Themixture is shaked for 1–3 hours at
70–78 �C.228 For synthesis of N-heterocyclic salts, rstly, 1,2-
diaminoethane, 1,3-diaminopropane, and 1,4-diaminobutane
were condensed with two molar equivalents of the aromatic
aldehydes in ethanol to create the Schiff bases that later on
converted to equivalent benzylic diamines by the reduction of
sodium borohydride in methanol. Finally, by cyclizing triethyl
orthoformate in the presence of ammonium chloride, N,N0-
© 2022 The Author(s). Published by the Royal Society of Chemistry
dialkylalkanediamines were transformed into 1,3-dia-
lkylazolium salts. Following, purication, pure products were
recovered as colorless solids with effective yields (60 to 87%).229
3.10 Antidiabetic activities of pyrimidines

Docking outputs of compounds (11a–g) were achieved using
CDOCKER against glucokinase (LV4S). From results, the
synthesized compound showed good docker energy; 11a
(�11.36) and 11b (�8.77 kcal mol�1) and 11g (�9.13 kcal mol�1)
respectively while, metformin had 21.60 kcal mol�1. Compound
11a had strong contacts with residues Pro66, Arg63, Ilf211,
Val452, Thr65, Gln98, Tyr215, Met235, and Met210.
Compounds 4-indolylphenyl-6-arylpyrimidine-2-imines (11a–g)
have been assessed for inhibition of a-amylase and a-glycosi-
dase by in vitro methods. The maximum inhibition of a-glyco-
sidase was depicted by 11a and 11g with IC50 values 55.98 mg
mL�1 and 56.27 mg mL�1 while against a-amylase values were
49.50 mg mL�1, and 49.90 mg mL�1 respectively. STZ induced
diabetic albino Wistar rats were used and evaluated through in
vivo anti diabetic models. The synthesized compounds (11a–g)
were administrated till 28 days. However, glucose level was
observed 152.23 mg dL�1 with 11a, 170.21 mg dL�1 for 11e,
167.45 mg dL�1 for 11f and 173.44 mg dL�1 for 11g compared to
metformin (154.23 mg dL�1). Compounds 11b, 11c and 11d
showed less inhibition as 182.5 � 11 mg dL�1, 180.232 � 12 mg
dL�1, 181.32 � 12 mg dL�1, respectively.217

Compound 5d–l, and 6d–l were assessed for antidiabetic
effect, induced by alloxan monohydrate in rats via determined
the percentage reduction in average glucose aer seven days of
administration in contrast to standard metformin. Compounds
5d–f, exhibited no decrease in blood glucose, 6d–f reduced up to
15–21% and 5g–i showed about 6–15% decrease. Compound
6g–I with 2-cyclohexylamino-4-oxopyrimidines fasting blood
glucose up to 34% excluding 6g due to absence of substituents
on phenyl ring at position 6 decrease glucose just 2%. In
compounds 5j–l, particularly 5k having p-chlorophenyl at
position 6 decrease in glucose by about 45%. In 6j–l especially in
6l with p-methylphenyl substitution, about 46% decreased.
Hence, 5k and 6l are normally considered as lead compounds
against metformin.218

Novel pyrimidine compounds 8a–I were analyzed for in vitro
a-amylase inhibition and IC50 values in between 1.60 � 0.48 to
2.04 � 1.20 mM in contrast to reference acarbose (1.73 � 0.05
mM). Compound 8i was found to be more active due to o-nitro
and m-uoro-substitution on the phenyl ring. Comparison
studies have been carried out among the analogues (8f–k) by
substituting the nitro group at the ortho, meta, and para on the
phenyl ring. The presence of p-nitro on aryl ring in 8k activity
increased 1/3-fold than 8a. Most active compounds were 8d, 8f,
8g, 8h, 8i, 8j, and 8k had IC50 values of 1.77 � 2.84, 1.65 � 0.45,
1.66 � 2.24, 1.73 � 0.37, 1.60 � 0.48, 1.75 � 0.36, and 1.64 �
0.03 mM, respectively. The effective antidiabetic activity was
accompanied by compound 8d and 8k in alloxan-induced dia-
betic Wistar rats having glucose higher than 270 mg dL�1.
Compound 8d with 25 mg kg�1 and 50 mg kg�1 dose aer 2 h of
RSC Adv., 2022, 12, 22951–22973 | 22963
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administration on 5th hrs 198.6 � 18.6 and 182.2 � 13.7
respectively, while for 8k values were 204.2 � 18.6 and 193.2 �
18.7 against standard glibenclamide (174.1 � 13.9). In silico
modeling studies were exhibited (8a–l) on a-amylase
(PDB : 1HNY) against standard acarbose. The 8d with m-nitro
and o-methyl group had 59.46 gold score. It formed H-bonding
with Gly351 and also hydrophobic contacts with His305, Tyr62,
Gly304, Asp356, and Trp59. However, compound 8k had also
a score 48.12, which showed hydrophobic contacts with Thr163,
Tyr62, Trp59, Ile51, Leu165, along H-bonding with Glu233,
Arg195 and Asp197.219

In molecular docking study, substituted pyrimidine showed
interactions with insulin receptor. The amino acid residues for
binding were Asp1150, Asp1083, His1081, Met1079, Ser1006,
Glu1108, Glu1077 with respective ligand pose energy (kcal
mol�1); �8.03805, �7.58741, �7.51747, �9.13544, �7.62575,
�5.44869, �5.00426 respectively. The ligand and receptor pose
energy values were obtained and Pymol viewer was used to view
every single binding site interaction.220 Antidiabetic activity of
G1–G4 was determined for in vitro a-amylase inhibition and
acarbose showed 61.70% inhibition. Compound G2 was found
with the highest 57.80% inhibition along IC50 24.23 mg mL�1

although G1, G4, and G3 exhibited 40.96%, 39.36%, and
37.94%, respectively. Docking studies were accomplished for
G1–G4 against human pancreatic a-amylase and docking score
found in effective ranges (�119.48 to �131.536 Kcal mol�1)
although, the acarbose docking score was �111.57 kcal mol�1.
G2 (�184.273 kcal mol�1) showed contacts with Thr163 and
His305 while bond length values were 2.602 Å and 2.44 Å
respectively. In compound G4 oxygen atom of aldehyde showed
contacts with Ile235 (2.89 Å). Compound G2 showed the best
inhibition of a-amylase than others.221

Synthesized compounds 4a–j and 5a–j were assessed using
various concentrations (50–125 lg mL�1) for in vitro a-amylase
inhibition and acarbose considered as reference drug.
Compounds 4d, 4g, 4i, 4j, 5b and 5f that exhibited IC50 values
(lg mL�1) in good ranges; 71.46, 72.41, 72.27, 70.62, 72.79, and
72.10 respectively that nearer to 69.71 for acarbose.222 Ami-
nopyrimidines (21–40) were showed a good percentage of
inhibition for a-glycosidase (13–72%) and glycogen phos-
phorylase (10–40%) and by excluding 31, 34, 35, and 37 had
moderate to good inhibitory potential. SAR study of the
compounds revealed that phenyl ring substitution in arylidene
showed good inhibition of glycosidase enzyme, i.e.,
compounds 24, 25, 29 and 36 with p-bromo (71.8%), p-chloro
(72.8%), p-benzyloxy (53.1%), and p-methoxy (63.2%), respec-
tively, against a-glycosidase but also found more effective
against glycogen phosphorylase. A 2-naphthyl substituent
compound 40, showed also inhibition of both glycogen
phosphorylase and a-glycosidase and 2-aminopyrimidine
analogs with fused cyclohexyl compared to cycloheptyl more
active against a-glycosidase.223

Pyrimidine derivatives were acted as GPR119 agonist,
compound 12a with cyclopentane fused-pyrimidine ring and 4-
chloro-2,5-diuorophenyl moiety behaved as a strong GPR119
22964 | RSC Adv., 2022, 12, 22951–22973
agonist while 14a due to structural modication having 5,7-
dihydrothieno[3,4-d]pyrimidine 6,6-dioxide found to be about
10-fold enhanced activity as a GPR119 agonistic. However,
substitution at 4-position in pyrimidine (16b), enhanced not
only activity but also improved glucose tolerance. Compound
16b along its derivatives considered potential therapeutic
agents for type-II diabetes mellitus.224 Scheme 5 depicted
various synthesis protocols for pyrimidine.

Pyrimidine thiones were assayed for the inhibition of both
cytosolic human CA (I and II) and acetazolamide AZA used as
a standard drug. Compound 3 CA exhibited maximum inhibi-
tion constant Ki (pM) against hCA I and hCA II as 312.6 � 61.1
and 273.6 � 41.4 respectively, although reference drug showed
values at 369.4 � 68.5 and 271.8 � 54.5.225

Tetrahydropyrimidine-5-carboxylates derivatives (1–3) were
given effective inhibition of cytosolic hCA I and Ki (nM) values in
a range between of 429.24 � 87.89–539.30 � 106.70. In all
derivatives compound 2 possesses good effective inhibitory
activity due to following functional as: –C]O, –C]S, –NH,
–OH, Cl, –CH2, and –CH3 have highest value of Ki 429.24 �
87.89 nM and standard AZA given 281.33 � 55.33. However,
against hCA II synthesized compounds showed Ki value in
a limit of 391.86� 40.16–530.80� 103.60 nM. Hand, AZA values
found at 202.70 � 162.5 nM.226

Cyclic thioureas (1–8) is generally inhibited the hCA I
isoenzyme and their lower Ki values found between 47.40 �
4.43–77.68 � 3.69 nM in contrast to standard acetazolamide
(AZA), 289.22 � 2.60 nM. The inhibition hCA II that naturally
present in red blood cells, compounds depicted with Ki values
30.63 � 7.62 to 76.06 � 3.15 nM and among which the cyclic
thiourea 2 was found to be best inhibitor of hCA II with Ki: 30.63
� 7.62 nM value.227

The new pyrimidine-thiones (A–K) compounds under inves-
tigation suppressed release of hCA I, with Ki values ranging from
4.3 1.0 to 9.1 � 2.8 nM, a Ki value of 4.3 � 1.0 nM compound (K)
also proved to have the strongest hCA I inhibitory potential.
Acetazolamide (AZA), a commonly prescribed medication, with
a Ki value of 13.9 � 5.1 nM. The new pyrimidine–thiones (A–K)
compounds examined here effectively suppressed the hCA II as
well these substances had Ki values that ranged from 4.2� 1.1 to
14.1 � 4.4 nM, suggesting that they substantially inhibited hCA
II. These numbers surpass those of the therapeutically utilized
medication AZA, which has a Ki of 18.1 � 8.5 nM.228

The newly synthesized tetrahydropyrimidinium, tetrahy-
drodiazepinium salt and imidazolinium, and derivatives (5a–l)
inhibited the hCA I with Ki value found between 1.88� 0.83 and
50.66 � 12.35 nM, however, 5f and 5e recorded the most potent
hCA I inhibition abilities with a Ki value of 1.88 � 0.83 and 2.16
� 0.47 nM, respectively. Although Ki values ranging from 20.18
� 6.78 nM to 124.04 � 46.23 nM found for synthesized
compounds to inhibit hCA II. The Ki values of freshly created
molecules are superior to those of the AZA standard compound
Ki with 187.07 � 16.55 nM. The CA isoenzyme was signicantly
inhibited by compounds 5g and 5h, with Ki values of 20.18 �
6.78 and 24.23 � 5.55 nM, respectively.229
© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Future perspectives of synthetic
compounds

As a health concern, one of the utmost fatal diseases known as
diabetes, prevailing around worldwide and natural resources
are not enough for the complete eradication of this disease. In
light of this review, positive diabetic actions of synthetic
analogs are summarized in a well-organized way. Although, the
search for novel antidiabetic compounds along their wanted
pharmacological proles is an endless job regarding to drug
discovery. Emergent heterocyclic equivalents with prior physi-
ochemical, and pharmacodynamic characteristics might be
valuable moieties for future studies. The accessible literature
survey on thiazolidinone, azole, pyrrole, chalcone, and pyrimi-
dine analogues is comparatively at ease for pharmaceutical
chemists to pursue with coherent synthesis and advance treat-
ment. The general addition, substitution, and elimination
(functional groups) reaction process are also operative
approaches for scheming new drug molecules. The aforemen-
tioned antihyperglycemic activities either by in vitro and in vivo
mechanism and drug-receptor or enzyme interaction depicted
that just how can ligand adjustment improved mechanistic
studies of researchers. In near days, toxicological investigations
and reversibility parameters with selectivity effect of novel
heterocyclic compounds are likely to predict their opposing and
therapeutic effects towards diabetics.
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88 H. Kızıltaş, et al., LC-HRMS proling of phytochemicals,
antidiabetic, anticholinergic and antioxidant activities of
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1155/2020/6371201
https://doi.org/10.1155/2015/752486
https://doi.org/10.1155/2015/752486
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02697j


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
9:

11
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
evaporated ethanol extract of Astragalus brachycalyx
Fischer, J. Chem. Metrol., 2021, 135–151.
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92 T. Iglesias-González, et al., Absorption, transport and
insulin-mimetic properties of bis (maltolato)
oxovanadium(IV) in streptozotocin-induced hyperglycemic
rats by integrated mass spectrometric techniques, Anal.
Bioanal. Chem., 2012, 402(1), 277–285.

93 C. Sanchez-Gonzalez, et al., Effect of bis (maltolato)
oxovanadium(IV)(BMOV) on selenium nutritional status in
diabetic streptozotocin rats, Br. J. Nutr., 2012, 108(5), 893–
899.

94 C. Sanchez-Gonzalez, et al., Changes in the antioxidant
defence and in selenium concentration in tissues of
vanadium exposed rats, Metallomics, 2012, 4(8), 814–819.

95 T. Jakusch, et al., Biospeciation of various antidiabetic VIVO
compounds in serum, Dalton Trans., 2009, (13), 2428–2437.

96 A. Mirahmadizadeh, et al., Adherence to medication, diet
and physical activity and the associated factors amongst
patients with type 2 diabetes, Diabetes Ther., 2020, 11(2),
479–494.

97 M. L. Misso, et al., Continuous subcutaneous insulin
infusion (CSII) versus multiple insulin injections for type
1 diabetes mellitus, Cochrane Database Syst. Rev., 2010,
(1), DOI: 10.1002/14651858.CD005103.pub2.

98 S. Wild, et al., Global prevalence of diabetes: estimates for
the year 2000 and projections for 2030, Diabetes Care,
2004, 27(5), 1047–1053.

99 Y. Miyazaki, et al., Improved glycemic control and
enhanced insulin sensitivity in type 2 diabetic subjects
treated with pioglitazone, Diabetes Care, 2001, 24(4), 710–
719.

100 Z. H. Israili, Advances in the treatment of type 2 diabetes
mellitus, Am. J. Therapeut., 2011, 18(2), 117–152.

101 S. S. Nair, V. Kavrekar and A. Mishra, In vitro studies on
alpha amylase and alpha glucosidase inhibitory activities
of selected plant extracts, Eur. J. Exp. Biol., 2013, 3(1),
128–132.

102 S. Y. Yu, et al., Antidiabetic effect of chitosan
oligosaccharide (GO2KA1) is mediated via inhibition of
intestinal alpha-glucosidase and glucose transporters and
PPARg expression, BioFactors, 2017, 43(1), 90–99.

103 R. Wahlström and A. Suurnäkki, Enzymatic hydrolysis of
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investigations of acetohexamide binding to glycated
serum albumin in the presence of fatty acid, Molecules,
2020, 25(10), 2340.

145 P. Saha, Evolution of tolbutamide in the treatment of
diabetes mellitus, Diabetes, 2020, 2, 10.

146 S. J. McGurnaghan, et al., The effect of dapagliozin on
glycaemic control and other cardiovascular disease risk
factors in type 2 diabetes mellitus: a real-world
observational study, Diabetologia, 2019, 62(4), 621–632.

147 P. Singh, et al., Largest single-centre experience of
dulaglutide for management of diabetes mellitus in solid
organ transplant recipients, Diabetes, Obes. Metab., 2019,
21(4), 1061–1065.

148 W. V. Tamborlane, et al., Liraglutide in children and
adolescents with type 2 diabetes, N. Engl. J. Med., 2019,
381(7), 637–646.

149 H. Affres, et al., Glyburide therapy for gestational diabetes:
Glycaemic control, maternal hypoglycaemia, and treatment
failure, Diabetes Metab., 2021, 47(4), 101210.

150 A. Sarraju, et al., Effects of canagliozin on cardiovascular,
renal, and safety outcomes in participants with type 2
diabetes and chronic kidney disease according to history
of heart failure: results from the CREDENCE trial, Am.
Heart J., 2021, 233, 141–148.

151 P. Pishdad, et al., A time to revisit the two oldest prandial
anti-diabetes agents: acarbose and repaglinide, Endocrine,
2020, 70(2), 307–313.

152 N. Shakour, et al., Design, synthesis and biological
evaluation of novel 5-(imidazolyl-methyl)
thiazolidinediones as antidiabetic agents, Bioorg. Chem.,
2021, 115, 105162.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02697j


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
9:

11
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
153 O. Grytsai, C. Ronco and R. Benhida, Synthetic accesses to
biguanide compounds, Beilstein J. Org. Chem., 2021, 17(1),
1001–1040.

154 F. M. Sroor, et al., Synthesis, structural characterization and
in vivo anti-diabetic evaluation of some new sulfonylurea
derivatives in normal and silicate coated nanoparticle
forms as anti-hyperglycemic agents, Bioorg. Chem., 2019,
92, 103290.

155 M. S. Derakhshan, M. R. Sohrabi and M. Davallo,
Developed rapid spectrophotometric method for
simultaneous quantitative determination of metformin
and linagliptin mixture as antidiabetic drugs by articial
intelligence methodology in biological uid and
pharmaceutical sample, Optik, 2021, 241, 166922.

156 J. M. Sutton, et al., Novel heterocyclic DPP-4 inhibitors for
the treatment of type 2 diabetes, Bioorg. Med. Chem. Lett.,
2012, 22(3), 1464–1468.

157 Z. Li, et al., Discovery of novel pyrrole-based scaffold as
potent and orally bioavailable free fatty acid receptor 1
agonists for the treatment of type 2 diabetes, Bioorg. Med.
Chem., 2016, 24(9), 1981–1987.

158 P. A. Datar and S. R. Jadhav, Design and synthesis of
pyrazole-3-one derivatives as hypoglycaemic agents, Int. J.
Med. Chem., 2015, 2015, DOI: 10.1155/2015/670181.

159 A. Toumi, et al., Synthesis, antidiabetic activity and
molecular docking study of rhodanine-substituted
spirooxindole pyrrolidine derivatives as novel a-amylase
inhibitors, Bioorg. Chem., 2021, 106, 104507.

160 N. A. Lozinskaya, et al., Synthesis and biological evaluation
of 3-substituted 2-oxindole derivatives as new glycogen
synthase kinase 3b inhibitors, Bioorg. Med. Chem., 2019,
27(9), 1804–1817.

161 Y. Zambare, S. Chitlange and R. Bhole, Design and
Screening of PPAR-g agonist based Isatin derivatives and
its remarkable activity as Anti-cancer and Anti-diabetic,
Res. J. Pharm. Technol., 2019, 12(4), 2017–2026.

162 M. Yar, et al., Organocatalyzed solvent free an efficient
novel synthesis of 2,4,5-trisubstituted imidazoles for a-
glucosidase inhibition to treat diabetes, Bioorg. Chem.,
2015, 58, 65–71.

163 R. V. Shingalapur, et al., Derivatives of benzimidazole
pharmacophore: Synthesis, anticonvulsant, antidiabetic
and DNA cleavage studies, Eur. J. Med. Chem., 2010, 45(5),
1753–1759.

164 M. A. Mohamed, et al., Synthesis and antidiabetic activity of
novel triazole derivatives containing amino acids, J.
Heterocycl. Chem., 2020, 57(6), 2365–2378.

165 A. J. Radia, et al., Design and synthesis of novel
1,3,4-oxadiazole based azaspirocycles catalyzed by NaI
under mild condition and evaluated their antidiabetic
and antibacterial activities, J. Heterocycl. Chem., 2021,
58(2), 612–621.

166 K. Chen, et al., Thiazole-based and thiazolidine-based
protein tyrosine phosphatase 1B inhibitors as potential
anti-diabetes agents,Med. Chem. Res., 2021, 30(3), 519–534.

167 R. H. Bahekar, et al., Synthesis and antidiabetic activity of
2,5-disubstituted-3-imidazole-2-yl-pyrrolo [2,3-b] pyridines
© 2022 The Author(s). Published by the Royal Society of Chemistry
and thieno [2,3-b] pyridines, Bioorg. Med. Chem., 2007,
15(21), 6782–6795.

168 R. N. Kushwaha, et al., Design, synthesis, biological
screening, and molecular docking studies of
piperazine-derived constrained inhibitors of DPP-IV for
the treatment of type 2 diabetes, Chem. Biol. Drug Des.,
2015, 85(4), 439–446.

169 P. Datar and T. Deokule, Design and synthesis of
thiadiazole derivatives as antidiabetic agents, Med. Chem.,
2014, 4(4), 390–399.

170 T. O. Olomola, M. J. Mphahlele and S. Gildenhuys,
Benzofuran-selenadiazole hybrids as novel a-glucosidase
and cyclooxygenase-2 inhibitors with antioxidant and
cytotoxic properties, Bioorg. Chem., 2020, 100, 103945.

171 V. Singh, et al., Novel benzoxazole derivatives featuring
rhodanine and analogs as antihyperglycemic agents:
synthesis, molecular docking, and biological studies,
Med. Chem. Res., 2018, 27(3), 735–743.

172 H. Li, Y. Yao and L. Li, Coumarins as potential antidiabetic
agents, J. Pharm. Pharmacol., 2017, 69(10), 1253–1264.

173 M. N. Sarian, et al., Antioxidant and antidiabetic effects of
avonoids: A structure-activity relationship based study,
BioMed Res. Int., 2017, 2017, DOI: 10.1155/2017/8386065.

174 R. N. Asha, et al., Synthesis, structural, spectral,
antidiabetic, DNA interactions and molecular docking
investigations of a piperidine derivative, J. Mol. Struct.,
2022, 1250, 131692.

175 G.-J. Ye, et al., Design and synthesis of novel xanthone-
triazole derivatives as potential antidiabetic agents: a-
Glucosidase inhibition and glucose uptake promotion,
Eur. J. Med. Chem., 2019, 177, 362–373.

176 F. Bassyouni, et al., Promising antidiabetic and
antimicrobial agents based on fused pyrimidine
derivatives: molecular modeling and biological evaluation
with histopathological effect, Molecules, 2021, 26(8), 2370.

177 A. Bastaki, Diabetes mellitus and its treatment, Int. J.
Diabetes Metab., 2005, 13(3), 111.

178 R. Ottana, et al., Identication of 5-arylidene-4-
thiazolidinone derivatives endowed with dual activity as
aldose reductase inhibitors and antioxidant agents for the
treatment of diabetic complications, Eur. J. Med. Chem.,
2011, 46(7), 2797–2806.

179 M. K. Mahapatra, R. Kumar and M. Kumar, Synthesis,
biological evaluation and in silico studies of 5-(3-
methoxybenzylidene) thiazolidine-2,4-dione analogues as
PTP1B inhibitors, Bioorg. Chem., 2017, 71, 1–9.

180 D. Kini and M. Ghate, Synthesis and Oral Hypoglycemic
Activity of 3-[50-Methyl-20-aryl-30-(thiazol-200-yl amino)
thiazolidin-40-one] coumarin Derivatives, E-J. Chem., 2011,
8(1), 386–390.

181 D. L. S. Nori, et al., Synthesis, characterization and in vitro
evaluation of some new 5-benzylidene-1,3-thiazolidine-2,4-
dione analogs as new class of a-glucosidase inhibitors, Eur.
J. Chem., 2014, 5(1), 144–149.

182 M. A. Raza, et al., Synthesis, characterization andmolecular
modeling of amino derived thiazolidinones as esterase and
glucosidase inhibitors, J. Mol. Struct., 2020, 1219, 128609.
RSC Adv., 2022, 12, 22951–22973 | 22971

https://doi.org/10.1155/2015/670181
https://doi.org/10.1155/2017/8386065
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02697j


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
9:

11
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
183 G. Nagaraju, Synthesis, characterization and
Pharmacological evaluation of Thiazolidinone derivatives
as hypoglycaemic agents, J. Pharm. Adv. Res., 2019, 2, 642–
649.

184 P. Verma and V. Kamboj, Synthesis and antidiabetic activity
of N0-[3-(alkyl/aryl substituted)-4-oxo-1,3 thiazolidin-2-
yeidene]-2-(pyrazin-2-yloxy) acetohydrazide, Acta Pharm.
Sci., 2010, 52(4), 411–415.

185 H. Genç Bilgiçli, et al., Synthesis, characterization,
biological evaluation, and molecular docking studies of
some piperonyl-based 4-thiazolidinone derivatives, Arch.
Pharm., 2020, 353(1), 1900304.

186 S. K. Avula, et al., Synthesis of 1H-1,2,3-triazole derivatives
as new a-glucosidase inhibitors and their molecular
docking studies, Bioorg. Chem., 2018, 81, 98–106.

187 S. B. Ferreira, et al., Synthesis, biological activity, and
molecular modeling studies of 1H-1,2,3-triazole
derivatives of carbohydrates as a-glucosidases inhibitors,
J. Med. Chem., 2010, 53(6), 2364–2375.

188 C. Kharbanda, et al., Novel benzothiazole based
sulfonylureas/sulfonylthioureas: design, synthesis and
evaluation of their antidiabetic potential, New J. Chem.,
2016, 40(8), 6777–6786.

189 G. Wang, et al., Synthesis, biological evaluation and
molecular docking study of N-arylbenzo [d] oxazol-2-
amines as potential a-glucosidase inhibitors, Bioorg. Med.
Chem., 2016, 24(21), 5374–5379.

190 M. Taha, et al., Synthesis of 6-chloro-2-aryl-1H-imidazo[4,5-
b] pyridine derivatives: antidiabetic, antioxidant, b-
glucuronidase inhibition and their molecular docking
studies, Bioorg. Chem., 2016, 65, 48–56.

191 M. Nazir, et al., New indole based hybrid oxadiazole
scaffolds with N-substituted acetamides: As potent anti-
diabetic agents, Bioorg. Chem., 2018, 81, 253–263.

192 S. Mamatha, et al., Design, synthesis and SAR evaluation of
mercaptooxadiazole analogs as anti-tubercular, anti-
diabetic and anti-bacterial agents, Chem. Data Collect.,
2020, 26, 100343.

193 K. M. Khan, et al., Synthesis, in vitro a-glucosidase
inhibitory activity and molecular docking studies of new
thiazole derivatives, Bioorg. Chem., 2016, 68, 245–258.

194 Y. Chinthala, et al., Synthesis, docking and ADMET studies
of novel chalcone triazoles for anti-cancer and anti-diabetic
activity, Eur. J. Med. Chem., 2015, 93, 564–573.

195 Z.-H. Chen, et al., Synthesis and biological evaluation of
heterocyclic ring-substituted chalcone derivatives as novel
inhibitors of protein tyrosine phosphatase 1B, Bull.
Korean Chem. Soc., 2012, 33(5), 1505–1508.

196 M. Kaur and R. Kaushal, Synthesis, characterization and
a-amylase and a-glucosidase inhibition studies of novel
vanadyl chalcone complexes, Appl. Organomet. Chem.,
2021, 35(1), e6042.

197 A. Rammohan, et al., Design, synthesis, docking and
biological evaluation of chalcones as promising
antidiabetic agents, Bioorg. Chem., 2020, 95, 103527.
22972 | RSC Adv., 2022, 12, 22951–22973
198 S. K. Konidala, et al., Coumarin–chalcone hybrids targeting
insulin receptor: Design, synthesis, anti-diabetic activity,
and molecular docking, Bioorg. Chem., 2020, 104, 104207.

199 C.-T. Hsieh, et al., Synthesis of chalcone derivatives as
potential anti-diabetic agents, Bioorg. Med. Chem. Lett.,
2012, 22(12), 3912–3915.

200 C.-Y. Cai, et al., Analogues of xanthones—Chalcones and
bis-chalcones as a-glucosidase inhibitors and anti-
diabetes candidates, Eur. J. Med. Chem., 2017, 130, 51–59.

201 J. Shin, et al., Antidiabetic effects of trihydroxychalcone
derivatives via activation of AMP-activated protein kinase,
J. Ind. Eng. Chem., 2018, 60, 177–184.

202 U. M. Kocyigit, et al., Synthesis and carbonic anhydrase
inhibition of tetrabromo chalcone derivatives, Arch.
Pharm., 2017, 350(12), 1700198.

203 U. M. Kocyigit, et al., Synthesis of chalcone-imide
derivatives and investigation of their anticancer and
antimicrobial activities, carbonic anhydrase and
acetylcholinesterase enzymes inhibition proles, Arch.
Physiol. Biochem., 2018, 124(1), 61–68.

204 S. Burmaoglu, et al., Synthesis and biological evaluation of
novel tris-chalcones as potent carbonic anhydrase,
acetylcholinesterase, butyrylcholinesterase and a-
glycosidase inhibitors, Bioorg. Chem., 2019, 85, 191–197.

205 S. Burmaoglu, et al., Synthesis of novel organohalogen
chalcone derivatives and screening of their molecular
docking study and some enzymes inhibition effects, J.
Mol. Struct., 2020, 1208, 127868.

206 S. Bilginer, et al., New halogenated chalcones with cytotoxic
and carbonic anhydrase inhibitory properties:
6-(3-Halogenated phenyl-2-propen-1-oyl)-2 (3H)-
benzoxazolones, Arch. Pharm., 2020, 353(6), 1900384.

207 N. C. Jadhav, et al., Design, synthesis and molecular
docking study of novel pyrrole-based a-amylase and a-
glucosidase inhibitors, Med. Chem. Res., 2017, 26(10),
2675–2691.

208 B. B. Lohray and V. Lohray, Novel pyrrole-containing
hypoglycemic and hypotriglyceridemic compounds, Pure
Appl. Chem., 2005, 77(1), 179–184.

209 K. Guo, et al., Radical chemistry and structural
relationships of PPCP degradation by UV/chlorine
treatment in simulated drinking water, Environ. Sci.
Technol., 2017, 51(18), 10431–10439.

210 T. Luthra, et al., Discovery of novel pyrido-pyrrolidine
hybrid compounds as alpha-glucosidase inhibitors and
alternative agent for control of type 1 diabetes, Eur. J.
Med. Chem., 2020, 188, 112034.

211 M. Mohamed, et al., Synthesis and evaluation of novel
pyrroles and pyrrolopyrimidines as anti-hyperglycemic
agents, BioMed Res. Int., 2014, 2014, DOI: 10.1155/2014/
249780.

212 A. Goel, et al., Antihyperglycemic activity of 2-methyl-3,4,5-
triaryl-1H-pyrroles in SLM and STZ models, Bioorg. Med.
Chem. Lett., 2004, 14(5), 1089–1092.

213 T. B. Tafesse, et al., Synthesis and biological evaluation of 2-
(2-methyl-1H-pyrrol-3-yl)-2-oxo-N-(pyridine-3-yl) acetamide
derivatives: in vitro a-glucosidase inhibition, and kinetic
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1155/2014/249780
https://doi.org/10.1155/2014/249780
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02697j


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
9:

11
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and molecular docking study, Chem. Pap., 2020, 74(5),
1583–1596.

214 A. Maharramov, et al., Synthesis, characterization, crystal
structure and bioactivities of novel enamine and pyrrole
derivatives endowed with acetylcholinesterase, a-
glycosidase and human carbonic anhydrase inhibition
effects, Org. Commun., 2021, 14(2), 144–156.
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