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Flavonoids and related privileged scaffolds as
potential urease inhibitors: a review
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Infections caused by bacteria are a significant issue on a global scale, and imperative action is required to
discover novel or improved therapeutic agents. Flavonoids are a class of plant-derived compounds that
have a variety of potentially useful bioactivities. These activities include immediate antimicrobial
properties, synergistic effect with antimicrobials, ferocious repression of pathogenicity, anti-urease
activity etc. This review summarizes current studies concerning anti-urease actions of flavonoids as well
as structural-activity correlation investigations of the flavonoid core structure. It is possible that if
researchers investigate the many structural changes that may be made in flavonoid rings, they'll be able
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to build up novel compounds that have powerful and effective anti-urease properties.

1. Introduction

Urease (urea amidohydrolase; EC 3.5.1.5) is a multi-subunit,
nickel containing enzyme that catalyzes the hydrolysis of urea
to carbamate and ammonia as a result of catabolism of
nitrogen-containing compounds (Scheme 1).' Carbamate is
converted naturally to ammonia and carbonic acid. Carbonic
acid, like the two ammonia molecules that are protonated to
generate ammonium and hydroxide ions, equilibrates in water.
As a consequence of this reaction, the pH of the reaction
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Scheme 1 Hydrolysis of urea via urease.

environment increases.”> The following is a summary of the
response:

In aqueous solutions, urea is stable. The uncatalyzed reac-
tion is quite sluggish and results in isocyanate and ammonia in
an elimination reaction.?

The jack bean urease (JBU) has been studied the most
(Canavalia ensiformis). JBU was the first enzyme to be crystal-
lized in 1926. To better understand the biological properties of
plant ureases including the mechanism of insecticidal activity,
we initiated the structural studies on some of them. Here, we
report the crystal structure of JBU, the first plant urease struc-
ture, at 2.05 A resolution.” The scaffold of urease from Klebsiella
aerogenes was unravelled in 1995, and subsequently, at that
time, numerous other scaffolds, including those from Bacillus
pasteurii and Helicobacter pylori, have been described.® Ureases
in plants and fungi are homo-oligomeric proteins with 90 kDa
alike subunits, whereas ureases in bacteria are multiverse with
binary or tertiary subunit complexes. The sequences of bacterial
and plant ureases are quite similar. The active-site architecture
of jack bean urease resembles that of binickel-containing
bacterial ureases. Although plant and bacterial ureases have
similar amino acid sequences, their biological activities differ
significantly.® In divergence to bacterial ureases, which are
made up of two or three polypeptides labelled and plant ureases
fabricated of a single-chain polypeptide. The subunit contains
active sites for all known ureases. The active site amino acid
sequences are largely well-preserved in entirely identified
ureases, and the catalytic pathway of action is thought to be
identical.”

Plants, fungi, bacteria, invertebrates and algae all have
ureases.® Bacteria, yeast, fungi, and plants yield them by cata-
lyzing the degradation of urea to provide these entities with
a nitrogen source for development. Urease catalyzes urea

Fig. 1 Flavonoid activity against H. Pylori.
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integration after uptake into plant cells and participates in the
metabolism of N-containing scaffolds in plants (Canavalia
ensiformis, Glycine max).°

For bacteria that may invade the human body, urea provides
a nitrogen supply. A large amount of the urea generated in the
liver is excreted in the intestines, where it may be digested and
absorbed by a variety of ureolytic bacteria (Fig. 1).** Strepto-
coccus salivarius, a common oral bacterium, may also utilize
urea as a major nitrogen source for growth. In terms of patho-
physiology, ammonia release seems to be the most important
factor. Ammonium hydroxide, which is harmful to mammalian
cells, may be formed during ureolysis.** In the context of an
oxidative burst caused by immune cells, ammonia may be
converted to monochloramine, which has been demonstrated
to cause DNA damage. The pH of the reaction environment may
rise to 9.21 as a consequence of this. H. pylori is a ureolytic
bacterium that causes gastric and duodenal ulcers in the
intestine."” Ammonia production raises pH, allowing bacteria to
thrive in such environment. Urinary tract infections are caused
by ureolytic bacteria such as'® Proteus vulgaris and Proteus mir-
abilis.** Urinary stones are formed when the pH of the urine
rises due to the precipitation of usually soluble polyvalent ions
in the urine. Ammonia has an undeviating cytostatic impact on
epithelial cells as well. Urease inhibition prevents these bacteria
from alkalinizing their surroundings.'**** Hydroxamic acids
and their derivatives, which are well-known inorganic urease
inhibitors, have been demonstrated to be revocable, slow-
binding inhibitors of mutually microbial and plant urease.
Unfortunately, acetohydroxamic acid has a long list of negative
side effects. Plant extracts or natural substances are a superior
option since they have fewer side effects and are well tolerated.>*

In this perspective, using medicinal plants to cure and
prevent a variety of diseases is growing around the entire globe,
and natural products are regaining space and relevance in the
therapeutic sector as springs of new potentially active chem-
icals.” Several plants have been described as potent in inhib-
iting urease in scientific trials.”***® The presence of flavonoids
is primarily responsible for many plants’ therapeutic benefits.*

Flavonoids® 5 are a varied group of secondary metabolites
with over 9000 structures discovered to date.** They are the most
numerous and significant polyphenolic chemicals found in
plants.** Entire vascular plants, in addition to certain mosses,
contain these chemicals.*® Plant pigments, usually generated
from benzo-pyrone, are referred to as flavonoids (rings A and C
in Fig. 2).*

o e
(X
2-phenylchromane

5

Fig. 2 General flavonoid (2-phenylchromane) scaffold.
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Scheme 2 Flavonoids biosynthetic pathway.

Malonyl-CoA and p-coumaroyl-CoA are the basic metabolites
that deliver the 15-carbon scaffolds (C6-C3-C6) to flavonoids.*
The abridgment of 3 molecules of malonyl-CoA with p-
coumaroyl-CoA to produce a chalcone 6 intermediate is their
key biosynthetic reaction.*® Chalcones are also key precursors
for various plant flavonoids. Most flavanones 7 are 6-membered

3212 | RSC Adv,, 2023, 13, 3210-3233

Leucoanthocyanidins

OH

trans
Flavan-3-ols

heterocycles synthesized by conjugate addition of a phenol on
an enone.*” Chalcone synthase catalyzes the initial phase in the
flavonoid mechanism (CHS; see Scheme 2). The aurones,
a flavonoid sub-category present in some plant classes, can then
be converted from chalcones.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chemical structures of different subclasses of flavonoids.

Following CHS, stereospecific cycloisomerization catalyzed
by chalcone isomerase (CHI) generates the 2-S-flavanones 7,
which is a phase mutual in flavonoid biosynthesis paths. Since
the isomerization of such scaffolds produces the other class of
flavonoids, flavanones characterize the utmost imperative
diverging point in flavonoid metabolism. However, the chem-
ical synthesis of hydroxyacetophenone is primarily accom-
plished through cyclization and condensation.*® The flavonoids
are allocated into 14 sets based on the structure of the scaffold
and the substitution pattern on rings A, B, and C.*® Flavones 9,
flavonols 11, flavanones 7, isoflavones 8, flavanols 12, trans
flavan-3-ols 10, cis flavan-3-ols 14, anthocyanins 15 and antho-
cyanidins 13 are the most well-known of these groups (Fig.
3).**> Flavonoids are phytochemicals, which are chemicals
derived from plant material and have the potential to improve
human health. Many traditional medicines’ therapeutic effects
may be linked to the presence of these polyphenols in many
cases.”®  Antiviral,** antiallergic,* antiplatelet,*® anti-
cancerogenic,  antiestrogenic, anti-inflammatory, anti-
angiogenic, antiproliferative, and antioxidant activities, for
example, have been reported for these substances,” and their
incorporation typically yields little or no toxicity.*® Flavonoids
have been shown to have antispasmodic, anti-secretory, anti-
diarrheal, and antiulcer properties in the gastrointestinal
tract.”

2. Urease inhibition via flavonoids

The complex pathophysiology of peptic ulcers has been
emphasized by recent advancements in our knowledge, gastric
acid secretion is quite the culprit of this condition, so antacids,
H,-receptor inhibitors such as famotidine, ranitidine, anticho-
linergics like telezipine, pirenzepin, or proton pump inhibitors
such as lansoprazole, omeprazole, and others are used to
control this secretion.’* However, gastric ulcer treatment

© 2023 The Author(s). Published by the Royal Society of Chemistry

14 15

presently has a significant limitation in that most of the
medications on the market have poor efficiency against
gastrointestinal disorders and are frequently linked with
adverse effects.”* In scientific studies, some plants have been
proven to be treat gastroduodenal ailments.’*** Additional
organic and inorganic scaffold-like alkaloids, coumarins,
terpenoids, phenolic acids, tannins, and antioxidant micro-
nutrients such as Mn, Zn, and Cu may also play a part in the
medicinal characteristics of many plants.*

Ninety-five flavonoids were found and documented in this
literature review, with gastroprotective properties ranging from
moderate to active and even robust. Here, 42 flavonoids were
shown not to be active; however, dormancy may fluctuate
extensively based on the kind of experiment, animal, method of
administration, and dose. Flavonols such as robinin, kaemp-
ferol, and dactailin, for example, had no gastroprotective
impact in investigational models of reserpine® and restraint
stress-induced ulcers in mice,”” but kaempferol showed gas-
troprotective activity at dosages of 50 and 100 mg kg™, but no
activity at 250 mg kg~ *.*® In a model of induced ulcers, nobe-
letin, a flavone, was demonstrated to protect the stomach
mucosa of rats from damage produced by EtOH and HCI/EtOH
at dosages of 8 and 25 mg kg™ ', respectively, but was mildly
effective at a dose of 50 mg kg *.*® Although many flavonoids’
pharmacological and metabolic effects are owing to their anti-
oxidant characteristics,* high levels of inactivity may be due to
flavonoids' propensity to behave as pro-oxidants. Flavonoids
such as myricetin, quercetin, and kaempferol cause a concen-
tration-dependent decline in nuclear glutathione (GSH) and
glutathione S-transferase (GST) activities in secluded rat liver
nuclei which may damage DNA oxidatively.®* This could be
accountable for their carcinogenicity and mutagenicity; this
effect could be described via pro-oxidant effects. However, the
structural properties that may influence these compounds’ pro-
oxidant activity are unclear.

RSC Adv, 2023, 13, 3210-3233 | 3213
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Fig. 4 Chemical structure and docking image of chalcone 16 and its
urease inhibition. The molecule in gray is the ligand with the active site
residues. Metals are represented in green.®®

2.1 Chalcones as urease inhibitors

In 2005, Ansari and co-workers presented a protocol where they
synthesized a new series of chalcones and studied their activity
as a urease inhibitor (Fig. 4).°* Flex docking was investigated in
2008 as a follow-up to their prior work into the inhibition of
urease by various chalcones to get a better understanding of the
mechanism behind their inhibitory impact. In silico analysis of
these compounds revealed that the activity is dependent on the
ligand's interaction with the nickel metallocentre, two amino
acid residues, Asp224 and Cys322, and the orientation of rings A
and B in the enzyme's catalytic core. The most active chemical
forms a strong bond with Ni701 and Ni702 via a network of
interactions. Several hydrogen bonds and hydrophobic inter-
actions with the nearby amino acid residues make up this
structure. It has been shown that the difference in the activity of
certain diastereomers is configuration-dependent for their
reduced analogs. This could be primarily because of the
differences in how the two stereoisomers’ rings B 16 are
oriented and how much they interact with Asp224 and Cys322 in
the enzyme's catalytic core.*

A novel technique for the production of B-aryl B-mercapto
ketone derivatives as possible urease inhibitors was developed
in 2013 by Mahdi and his coworkers. The objective was to
develop a novel scaffold of substances having anti-urease
action. A novel and simple procedure for the synthesis of
derivatives of B-aryl B-mercapto ketone based on Michael reac-
tion was created by improving the thiophenol addition to
chalcones in an ionic liquid as a solvent. The products were
produced in yields ranging from average to excellent, and they
were characterized by spectroscopic techniques and elemental
analyses. They were also quite pure.® For the purpose of finding
novel inhibitors of jack bean urease, the activities of the scaf-
folds that were assessed. All the 22 synthetic compounds 17-38
have shown an inhibitory action in the micromolar range, with
the most effective molecule having an ICs, value of 6 uM. For
comparison, the hydroxyurea used as a reference inhibitor has
an IC5, value of 100 uM.

An altered version of the Berthelot reaction was employed to
evaluate the level of urease activity by monitoring the amount of

3214 | RSC Adv, 2023, 13, 3210-3233
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ammonia formed. In a buffer consisting of 100 pM sodium
phosphate and containing 50 uM urea, 100 puL (2 pg mL™") of
JBC, and 100 pL of the test chemicals at a range of concentra-
tions, the reaction mixture was as follows: (pH 7.6). Following
a preliminary incubation period of 30 minutes at 37 °C, the
reaction was terminated by pouring 500 milliliters of a solution
containing 0.5% PhOH and 0.0025% sodium nitroprusside.
Next, 500 pL of a solution containing 0.25% NaOH and 0.21%
NaClO was added and incubated for thirty minutes at
a temperature of 37 °C so that the color could develop. This
method is based on the reaction between the released ammonia
(NH;) and the hypochlorite (OCl™), which results in the
formation of a monochloramine. The absorbance at 625 nm was
utilized to obtain the value. Every result was determined by
running the experiment three times. They were successful in
developing a method that was efficient, economical, and prac-
tical for the synthesis of a series of B-aryl-B-mercapto ketone
derivatives. The method involved using [omim]Cl, which is not
only inexpensive but also readily available. It was carried out
under mild conditions and did not require any acidic or basic
catalysts. Compounds that were synthesized were investigated
for their potential to deactivate the urease of jack bean. All
compounds exhibited inhibitory effects when tested with
urease. In this series, compound 19 demonstrated the best
inhibition compared to the other compounds. Understanding
this possible inhibitor's binding pattern, which is confined to
the active site, could help us get a better handle on the inhibi-
tory effect it exerts. It is possible to use the scaffold of B-aryl-B-
mercapto ketone urease inhibitors as basis for further optimi-
zation to increase potency and selectivity by making modifica-
tions in the basic skeleton (Table 1).%

In 2016, Song and co-workers described the enantioselective
Michael reaction and biological activity of MeNO, to chalcone-
comprising pyridine.*® In the year 2020, Acevedo and his
colleagues conducted in vitro and molecular docking experi-
ments on chalcones prepared by silica-supported heteroge-
neous catalysts as powerful urease blockers. In this study, the
authors developed an easy methodology that produced a good
yield of the chalcones. The newly synthesized chemicals were
put through a biological test to see how effective they were as
urease inhibitors. It was discovered that the majority of the
compounds have strong urease-inhibiting action. The chalcone
3-(3-hydroxyphenyl)-1-phenylpropenone was determined as
best with a % inhibition of 86.17 4+ 0.89 and an ICs, value of
11.51 £ 0.03 pM. This result indicates that it inhibits 86.17 +
0.89 uM of the target enzyme.

It is essential to take into account the fact that electron
donating groups may significantly boost urease inhibition.
However, the nature of the substitution, as well as its structural
location, are important considerations. The observed sequence
of their activities, in terms of para-substituted ligands, is as
follows: 4-OH-, 4-OCH; — 4-OH-, 2-furyl — 4'-CH;-, 4-
(CH3),NPh — 4'-CH;-, Ph — 4-CH;-, 2-furyl — 4"-OH-, Ph-. In
a similar vein, in terms of the m-substituted ligands, the 3-OH-,
Ph- has shown a higher level of urease inhibition in comparison
to the 3-OH-, 2-furyl. In contrast, it was discovered that
electron-withdrawing groups such as OH- and CHj-groups,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Compound no. Chemical structures & IUPAC names 1Cso (1M)
17 28
3-((2-aminophenyl)thio)-1-phenyl-3-(p-tolyl)propan-1-one
H3CO
18 12
OCHg3;
3-((2-aminophenyl)thio)-1,3-bis(4-methoxyphenyl)propan-1-one
19 6
NO,
3-((2-aminophenyl)thio)-3-(4-nitrophenyl)-1-phenylpropan-1-one
) ‘\,(; 1 j N
3-((2-aminophenyl)thio)-3-(4-chlorophenyl)-1-phenylpropan-1-one
21 56
22 63
OCHj3
3-((2-aminophenyl)thio)-3-(4-methoxyphenyl)-1-phenylpropan-1-one
NH,
23 18

© 2023 The Author(s). Published by the Royal Society of Chemistry

QO
CN
4-(1-((2-aminophenyl)thio)-3-oxo-3-phenylpropyl)benzonitrile
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Table1 (Contd.)
Compound no. Chemical structures & IUPAC names IG5 (UM)
24 127
3-((4-aminophenyl)thio)-1,3-diphenylpropan-1-one
NH,
S
(0]
25 O 16.6
F
3-((2-aminophenyl)thio)-3-(4-fluorophenyl)-1-phenylpropan-1-one
26 35
27 25
28 85
29 83
3-((5-methylfuran-2-yl)thio)-1,3-diphenylpropan-1-one
30 ‘Y; 151

3216 | RSC Adv, 2023, 13, 3210-3233

3-(benzylthio)-1,3-diphenylpropan-1-one
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Compound no. Chemical structures & IUPAC names IG5 (UM)
‘ S\/@
O
31 O 97
Cl
3-(benzylthio)-3-(4-chlorophenyl)-1-phenylpropan-1-one
32 16.3
33 14
3-(naphthalen-2-ylthio)-3-phenyl-1-(p-tolyl)propan-1-one
(D s L
o
34 O 167
OCHg3
3-(benzylthio)-3-(4-methoxyphenyl)-1-phenylpropan-1-one
35 125
36 71

OCHj3
3-((4-chlorophenyl)thio)-3-(4-methoxyphenyl)-1-phenylpropan-1-one

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table1 (Contd.)
Compound no. Chemical structures & IUPAC names IG5 (UM)
37 135
OCHj3;
3-(4-methoxyphenyl)-1-phenyl-3-(phenylthio)propan-1-one
38 181

3-(4-chlorophenyl)-1-phenyl-3-(phenylthio)propan-1-one

particularly when they were in the meta position, reduced the
urease inhibition. Despite this, it is essential to determine the
structure-activity relationship of chalcones 39-47 as shown in
Table 2 that were studied. This could be because of a series of
factors, such as the polarizability, sizing, structure, and elec-
tronegativity of a ligand, which all play an essential part in the
inhibition of an enzyme.

Ligand 44 showed best % inhibition of 86.17 + 0.89 uM and
an ICso of 11.51 &+ 0.03 uM. According to the findings of the
molecular docking investigation, the identical ligands 43, 44,
and 47 produced better docking results than thiourea (control)
and demonstrated significant urease affinity. Compared to the
control ligand thiourea, which had a score of 1600 and an ACE
value of 103.71 k] mol , ligands 43, 44, and 47 proved as highly
capable inhibitors of urease. They also exhibited better docking
scores of 5718, 5940, and 5596, and an ACE of 246.66, 244.79,
and 243.06 k] mol . This is in line with the observation that
urease inhibition values of 43, 44 and 47 are even better than
those of thiourea. According to the findings from both, the in
silico and in vitro research, such compounds are deemed effi-
cient urease inhibitors and effective anti-urease drugs.®’

In 2021, Khalid and co-workers devised a novel strategy for
the synthesis of 3-(3-bromo-phenyl)-1-(2-
trifluoromethylphenyl)-propenone and 3-(3-bromo-5-chloro-
phenyl)-1-(2-trifluoromethylphenyl)-propenone and reported
their DNA binding, urease deactivation, molecular docking and
DFT investigations. Through a base-catalyzed condensation
process, two novel chalcones, 48 and 49, were created from
fluorinated acetophenone and aldehydes with various substit-
uents. Routine spectroscopic methods provided the structural
validation of the produced compounds. Using ultraviolet-visible
spectroscopy, the interaction of 48 and 49 with salmon sperm
DNA (SS-DNA) was investigated. Experimental evaluations of the
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antioxidant and urease inhibition potentials were also con-
ducted, and these results were confirmed by molecular docking
investigations. At the B3LYP/6-311 G(d,p) level of the DFT,
calculations of the frontier molecular orbitals (FMOs), natural
population analysis (NPA), natural bond orbitals (NBOs), and
nonlinear optical (NLO) analysis of 48 and 49 were made.
According to the findings, chemicals 48 and 49 significantly
interact with SS-DNA in an intercalation way. Furthermore, DFT
research demonstrated that interactions with hyper conjugates
stabilize 49 more strongly than they stabilize 48 (Fig. 5).

By using the indophenol technique, the urease enzyme
inhibition of produced compounds was evaluated. Using this
technique, the quantity of ammonia created throughout the
operation may be quantified. A 96-well plate was filled with
phosphate buffer (0.01 M), ethylenediaminetetraacetic acid (1
uM), and lithium chloride (0.01 M) as a blank, inhibitor, and
control, respectively. Compounds 1 and 2 (5 mL) were each
combined with 10 mL of the jack-bean urease enzyme, with
concentration ranges of 5-500 puM. Incubation was subse-
quently carried out at 30 °C for 15 min with thiourea as a stan-
dard. The following liquids were added to wells: PhOH (50 mL, 1
percent w/v), sodium hypochlorite (70 mL, 0.1 percent w/v),
sodium nitroprusside (50 mL, 0.005 percent w/v), and sodium
hydroxide (70 mL, 0.5 percent w/v). The absorbance at 630 nm
was recorded at intervals of 50 minutes utilizing a microtiter
plate reader.®®

2.2 Flavanol as urease inhibitors

Catechin is a flavan-3-ol, a kind of secondary metabolite found
in plants that has antioxidant properties. It belongs to the
flavonoid's subgroup of polyphenols. In 1999, Mabe and his
colleagues conducted research on the anti-Helicobacter pylori
properties of tea catechins in vitro and in vivo settings. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Determination of ICsqg values of urease inhibition

Compound no. Chemical structures & IUPAC names ICso (UM)

DY
39 28.41 £ 0.09
AN

(Z)-chalcone

O
=
O 27.11 4 0.03

(E)-1-(3-hydroxyphenyl)-3-phenylprop-2-en-1-one

(0]
a (o)
|
n / 58.81 + 0.11
OH

(E)-3-(furan-2-yl)-1-(3-hydroxyphenyl)prop-2-en-1-one

(0]
=
. C
HO

(E)-1-(4-hydroxyphenyl)-3-phenylprop-2-en-1-one

43 /©)J\/\L} 14.62 + 0.01

(E)-3-(furan-2- yI) 1-(4-hydroxyphenyl)prop-2-en-1-one

=
44 O O 11.51 £ 0.03
HO

OCH;

(2

40

74.35 £ 0.19

(E)-1-(4-hydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one

(0]
%%
45 O O 25.78 £ 0.11
HsC

(E)-3-phenyl-1-(p-tolyl)prop-2-en-1-one

(0]
/ (0]
46 | / 35.44 + 0.11
H;C

(E)-3-(furan-2-yl)-1-(p-tolyl)prop-2-en-1-one

0
47 HsC r}j’CH3 23.52 + 0.01

Hs
(E)-3-(4-(dimethylamino)phenyl)-1-( p-tolyl)prop-2-en-1-one
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0]

L
CF3

(E)-3-(3-bromophenyl)-1-(2-(trifluoromethyl)
phenyl)prop-2-en-1-one

48

Fig. 5 Structures of chalcone-based urease inhibitors.

catechin known as epigallocatechin gallate had the highest level
of action against Helicobacter pylori out of the six tea catechins
that were investigated (the minimum inhibitory concentration,
or MIC, for fifty percent of the strains investigated, was eight mg
mL ™).

In 2003, green tea was used to isolate catechins 50, 51, 52,
and 53. Fig. 6 depicts the structure of epigallocatechin gallate.
These compounds exhibited strong anti-H. pylori urease action
in vivo, achieving ICs, values of 2.2, 9.8, 8.7, and 19.6 uM.
According to the results of several experiments using molecular
docking, each of these substances acts as a competitive
inhibitor.”

Ordouzadeh and his colleagues began their research on the
in vitro suppression of Helicobacter pylori urease by non and
partially fermented Camellia sinensis in the year 2003. Through
the use of GC, a comparison was made between the extracts of
nonfermented and semifermented C. sinensis L. from the
Iranian city of Lahijan. As a consequence of catechins under-
going a process of semi-fermentation, the levels of practically all
of the volatile components, including alcoholic and aromatic
compounds, that were hydrolyzed by the enzyme increased. The
catechin content of C. sinensis L. is very high, including that of
epicatechin, epigallocatechin, epicatechin gallate, and

OH

OH
OH
(2S,3S)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)
chroman-3-yl 3,4,5-trihydroxybenzoate
50

(2S,3R)-2-(3,4,5-trihydroxyphenyl)chromane-3,5,7-triol
52

Fig. 6 Structures of catechins-based urease inhibitors.
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O g O )
CF3
Cl

(E)-3-(3-bromo-5-chloro-2-hydroxyphenyl)-1-(2-
(trifluoromethyl)phenyl)prop-2-en-1-one
49

epigallocatechin gallate. Catechins are destroyed during the
semi-fermentation process, hence the nonfermented form of C.
sinensis has a higher concentration of them than the fermented
form dose. Polyphenolic catechins, in particular epi-
gallocatechin gallate and epicatechin gallate, have been shown
by research carried out over the last 20 years to have the ability
to suppress the development of a broad variety of bacterial
species, both Gram-positive and Gram-negative, to a modest
degree.”

In 2013, Loes and his colleagues focused on inhibiting the
urease enzyme of the urinary tract bacteria Staphylococcus sap-
rophyticus. The Gram-positive bacterium causes infections in
the urinary system and produces urease as a virulence factor.
They used soluble extracts of the aforementioned strain in order
to investigate the degree to which this enzyme is susceptible to
chemical inhibition. Both acetohydroxamic acid and br-
phenylalanine hydroxamic acid were able to block urease
activity, but their K; values were significantly different. Aceto-
hydroxamic acid's K; value was 8.2 pg mL™', whereas bi-
phenylalanine hydroxamic acid's K; value was 21 pg mL ™.
However, the competitive inhibition brought on by the phos-
phorodiamidate fluorofamide (K; = 0.12 pg mL™" = 0.553
pmol™" = 0.000553 mmol ') was not brought on by the

OH

OH
OH
(2S,3R)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)
chroman-3-yl 3,4,5-trihydroxybenzoate
51

OH

0 L

OH

OH

H
© O OH
OH

(2S,3S)-2-(3,4,5-trihydroxyphenyl)chromane-3,5,7-triol
53
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imidazole omeprazole. (+)-Catechin hydrate (K; = 357 pg mL ™"
= 1.23 mmol ") and (—)-epigallocatechin gallate (K; = 210 pg
mL ™" = 0.460 mmol L") are two of the flavonoids that may be
detected in green tea extract. Both of these flavonoids provided
a mixed inhibition. The urease activity of whole cells of strains
ATCC 15305, ATCC 35552, and ATCC 49907 cultured in either
a rich medium or an artificial urine medium was suppressed by
fluorofamide, (—)-epigallocatechin gallate, pr-phenylalanine
hydroxamic acid, (+)-catechin hydrate, and acetohydroxamic
acid. The rise in pH is typically caused by the development of S.
saprophyticus in cultures grown on an artificial urine medium
was slowed down by the addition of acetohydroxamic acid or
fluorofamide. Based on these findings, it seems that urease
inhibitors could act as alternative cure for urinary tract infec-
tions brought on by S. saprophyticus.”

In 2014, Pastene and colleagues conducted research on the
catechin-based procyanidins found in the aqueous extract of
Peumus boldus Mol. They found that these procyanidins
inhibited Helicobacter pylori urease and adenocarcinoma
stomach cell adhesion. The effectiveness of dried leaves
aqueous extract of Peumus boldus Mol. (Monimiaceae) against
Helicobacter pylori was studied in this particular work. This
extract showed significant effectiveness in inhibiting the urease
produced by H. pylori. As a result, a bioassay-guided fraction-
ation technique was used in order to get clarity on the types of
chemicals that are responsible for producing such an impact.
The most effective inhibitor of H. pylori urease was found in the
aqueous extract fraction designated as F5 (mDP = 7.8), which
had an ICs, value of 15.9 g gallic acid equivalents (GAE) per
milliliter. Our findings, taken together, lead us to believe that
boldo extract exhibits powerful anti-urease capability and anti-
adherent impact against H. pylori. Both of these characteris-
tics are directly related to the presence of catechin-derived
proanthocyanidins.”

2.3 Flavones as urease inhibitors

It was discovered that the flavonol quercetin 54 derived from the
plant Psidium guagjava had anti-JBU action with an ICs, value of

OH O OH O

2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4 H- 3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-
chromen-4-one 4H-chromen-4-one

OH O

5,7-dihydroxy-2-(2-hydroxyphenyl)-
4H-chromen-4-one butyl)phenyl)-3-methoxy-4 H-chromen-4-one
58 59

Fig. 7 Structures of flavone-based urease inhibitors.
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80 mM.™ Quercetin is a powerful antioxidant flavonol. Myr-
icetin 55 and luteolin 56, both of which were isolated from
Lonicera japonica Thunb., have been shown in another study to
possess anti-H. pylori urease activity. Both of these substances
exhibited significant inhibitory effects, with their ICs, values
coming in at 77.2 and 35.5 mM, in that order.” 5,7-Dihydroxy-
flavone 57, was extracted from the medicinal plant Daphne
retusa. This chemical showed considerable inhibition of JBU
with an IC;, value of 60.4 mM.”® The EtOAc fraction of Datisca
cannabina Linn was used to isolate the powerful anti-JBU
inhibitor known as datisdirin 58, which has an ICs;, value of
83.8 mM.”” Both dimethoxyflavone 59 and trimethoxy flavone 60
were shown to be powerful anti-UIs after being discovered by
Muhammad et al.”® Their ICs, values were 118.4 and 144.7 uM,
respectively. Their findings demonstrated that the presence of
hydroxyl groups in these compounds is responsible for their
inhibitory effects. Hydroxyl groups can chelate very readily with
nickel, which is present in the active site of urease. The anti-JBU
activity of 3’-methylquercetin 61, which was isolated from V.
cinerascens, was determined to be efficacious (IC5, = 75.6 uM)
(Fig. 7).

Baicalin (BA) 62, also known as flavone glucuronide, is
extracted, and refined from the Scutellaria baicalensis plant's
dried roots. Using a method that targeted -SH functions in the
active region of urease and having an ICs, value of 270 mM,
researchers discovered that BA acts as a non-competitive
inhibitor of JBU.* Scutellarin (SL) 63, also known as a flavone
glucuronide, is extracted from the Erigeron breviscapus plant
that is native to China. In a manner that was both concentra-
tion- and time-dependent, SL was shown to possess inhibitory
action in relation to JBU (ICs, value of 1350 uM). Accordingly, SL
is a potent inhibitor because it binds to sulfhydryl functions in
the enzyme's active region in a slow-binding, reversible, and
concentration-dependent way.** Recently, Yu et al.*> compared
standard AHA (IC5, = 140 pM) and stated that BA and SL (iso-
lated from S. baicalensis Georgi) successfully repress H. pylori
urease in time-independent and dose-dependent ways.
However, the kinetic study showed that the two species are non-
competitive inhibitors with K; values = 140. The anti-human

OH O

5,7-dihydroxy-2-phenyl-4
H-chromen-4-one

OH O
2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-
4H-chromen-4-one

OH O
5,7-dihydroxy-2-(4-hydroxy-3-(4-hydroxy-3-methyl 2-(3-(2,3-dimethylbut-3-en-1-yl)-4-methoxyphenyl)-

3,5,7-trihydroxy-2-(4-hydroxy-3-methoxyphenyl)-
4H-chromen-4-one
60 61
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(3S,4S,5R,6S)-6-((5,6-dihydroxy-4-oxo-2-phenyl-4 H-
chromen-7-yl)oxy)-3,4,5-trihydroxytetrahydro-2 H-
pyran-2-carboxylic acid

62

OH
HO,,. e}
HO %0

0”7 oH
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HO.,.

HO

O~ OH

(3S,4S,5R,6S)-6-((5,6-dihydroxy-2-(4-hydroxyphenyl)-
4-oxo0-4H-chromen-7-yl)oxy)-3,4,5-trihydroxytetrahydro
-2H-pyran-2-carboxylic acid

63
OH
H
HO ©

OH

(3S,4S,5R,6S)-6-((5,6-dihydroxy-4-oxo-2-(((2R,3R,4R,5S,6 S)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2 H-pyran-2-yl)oxy)
-4H-chromen-7-yl)oxy)-3,4,5-trihydroxytetrahydro-2 H-pyran-2-carboxylic acid

Fig. 8 Structures of flavone glucuronide-based urease inhibitors.

urease inhibitory effect of rubranonoside 64, which was isolated
from P. rubra, was shown by an ICs, value of 212.3 uM (Fig. 8).

2.4 Flavanones as urease inhibitors

Ponciretin 65 (Fig. 9) is the primary metabolite of poncirin. It
was isolated from an aqueous extract of the fruits of Poncirus
trifoliate and is metabolized by bacteria that live in the human
intestinal tract. The ICs, value for ponciretin's anti-H. pylori
urease activity was 15.8 pM, indicating that it was an effective
agent. In addition to that, it has been shown that this substance
directly inhibits the bacterium H. pylori. This particular species
acts as a non-competitive blocker of urease. Kim et al. studied
the substituted ponciretin 66 as an inhibitor of H. pylori. They

OCHs

OH O

HO

64

isolated this species from fruit and analyzed the activity of
flavanone against the urease enzyme and it was proven a potent
growth inhibitor of the urease enzyme in human intestinal
bacteria.®® Kim et al. also investigated the inhibition of Heli-
cobacter pylori development by flavonoids and phenolic acids,
which may be generated from flavonoids by human intestinal
microbiota (HP). Inhibitors of HP included hesperetin, poncir-
etin, naringenin, and diosmetin. The most effective of them all,
with a MIC of 10-20 pg mL ™", was ponciretin 67. However, the
urease activity of HR was hardly at all inhibited by these HP-
active substances.*

Commonly referred to as Indian gooseberry, Emblica offici-
nalis Gaertn. is highly valued in traditional systems of medicine.
In recent research, Patel and colleagues identified a large

OCHj

OH O

HO

(S)-5,7-dihydroxy-2-(4-methoxyphenyl)chroman-4-one (S)-5,7-dihydroxy-2-(4-methoxyphenyl)chroman-4-one

65

HO

66

OCHs
o L

OH O

(R)-5,7-dihydroxy-2-(4-methoxyphenyl)chroman-4-one

Fig. 9 Structures of substituted flavanone-based urease inhibitors.
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number of phytochemicals from E. officinalis and briefly dis-
cussed and recapitulated their molecular processes, ethno-
medical applications, and pharmacological potentials. They
used the phenol-hypochlorite method to test E. officinalis for its
impact on jack-bean urease and discovered that extracts from
the leaves or even fruit itself are anti-urease with an ICs, range
of 0.74-4.54 mg mL ™" and displayed anti-urease action against
a number of bacteria, including Staphylococcus aureus 109,
Staphylococcus aureus 3160, Pse60, Pseudominas aeruginosa,
Proteus vulgaris and Klebsiella pneumonia.®

Natesan and colleagues investigated how naringin 68
(Fig. 10) affected hyperammonemic rats brought on by ammo-
nium chloride. Ammonia damages the central nervous system
(CNS) in animals, which results in liver damage and urea cycle
disorders. An increase in ammonia build-up affects the central
nervous system in a variety of ways, involving both excitatory
and inhibitory neurotransmission. The purpose of Natesan's
probe was to find out if naringin exhibits protective properties
against hyperammonemia in rats stimulated by ammonium
chloride. Specifically, naringin 80 mg kg ' b.w. showed the
most successful antihyperammonemic action of the three
dosages (40 mg kg™', 80 mg kg™, and 160 mg kg~ ' of body
weight). Therefore, Natesan's work established that naringin
has a protective effect in hyperammonemic rats generated by
NH,CI in a seemingly dose-dependent way.*

Naringin, a bioflavonoid, was also investigated by Sing et al.
for its potential to protect rats' kidneys from ischemia-
reperfusion (I/R) damage. The possibility that harmful oxygen
radicals are implicated in the pathophysiology of (I/R) damage

OH
OH (0]

0.
OH
HsC CHj
7-((1R,2R,3S,4R,5R)-2-(((2R,3R,4S,5R,6 R)-5,6-dihydroxy-
3,4-dimethyltetrahydro-2 H-pyran-2-yl)oxy)-
3,4-dihydroxy-5-(hydroxymethyl)cyclohexyl)oxy)-
5-hydroxy-2-(4-hydroxyphenyl)chroman-4-one
68

Fig. 10 Structure of flavanone-based urease inhibitor.

5,7-dihydroxy-3-(4-hydroxyphenyl)-
4H-chromen-4-one
69 70

Fig. 11 Structures of isoflavonoid-based urease inhibitors.
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to the kidney is growing. The work aimed to find out how nar-
ingin (Ng), a bioflavonoid, affected rat kidney failure brought on
by I/R. Using histological and biochemical measures, the pro-
tecting impact of naringin against the destruction caused by
reactive oxygen species (ROS) during renal I/R was examined in
Sprague-Dawley rats. In one set of trials, animals had unilateral
nephrectomies and underwent a 45 minutes blockage of the left
renal pedicle; in a different group, both renal pedicles were
blocked for 45 minutes before being repercussed for 24 hours.
60 minutes before the ischemia, naringin (400 mg kg™, p.o.)
was given. Rats were slaughtered after the reperfusion period.
In renal tissue, the amounts of thiobarbituric acid reactive
species (TBARS), reduced glutathione (GSH), catalase (CAT),
and superoxide dismutase (SOD) enzymes were measured. The
results suggest that ROS is a contributing factor in I/R-
stimulated renal damage and naringin has renoprotective
impact likely due to its antioxidant and radical scavenging
properties.®”

2.5 Isoflavonoids as urease inhibitors

The Pueraria thunbergiana plant is a well know source of iso-
flavonoids like genistein 69 (Fig. 11) which is possible to extract
from the rhizomes and flowers. The ICs, value of this species’
inhibition of H. pylori urease was 1.6 mM,* and it was shown to
be effective. In another investigation, Xiao and co-workers®
examined the ability of 20 polyphenols based on isoflavones to
inactivate the urease of H. pylori. These polyphenols are natu-
rally found in various plants used for medicinal purposes and
consumed by humans. According to the findings, isoflavonoids
70 was best inhibitor of H. pylori urease in a time-dependent
fashion, with an ICs, of 140 uM. The results of the Kkinetic
study showed that OH functions are very significant to the anti-
urease action of this molecule. The anti-H. pylori urease
potential of 19 flavonoids produced from plants was investi-
gated and analyzed by Xiao et al.®® Isoflavone 71 was top effec-
tive UI, with an ICs, that was 0.85 pM greater than that of AHA,
which had an ICs, of 18.2 pM. Further, molecular docking
research was performed on this molecule, and the results
revealed that it acts as a competitive inhibitor of H. pylori
urease, with a K; value of 0.64 uM. Researchers determined that
the presence of the hydroxyl group was responsible for its anti-
urease action.

As urease inhibitors for Helicobacter pylori, polyphenols
based on isoflavones 72-75 were investigated by Zhu et al.
Twenty polyphenols were synthesized, and their impact on

3-(4-hydroxyphenyl)-4 H-chromene-
7,8-diol
71
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Table 3 Chemical structures of isoflavonoids and determination of % inhibition of urease
%
Compound no. Chemical structures & IUPAC names Inhibition
OH O
72 81.7
OH
5,6-dihydroxy-2-(4-hydroxyphenyl)-4 H-chromen-4-one

73 36

OH

6,8-dihydroxy-2-(4-hydroxyphenyl)-7-methoxy-4 H-chromen-4-one

74 23
75 —

OH

6,8-dihydroxy-2-(4-hydroxyphenyl)-4 H-chromen-4-one

Helicobacter pylori urease was assessed. Among them, 7,8,4-
trihydroxyisoflavone 74 (ICs, = 0.14 uM) showed strong inhib-
itory effects and inhibited the urease of H. pylori in a time-
dependent manner. According to the structure-activity assess-
ment of these polyphenols, the two ortho hydroxyl groups were
crucial for the polyphenol's inhibitory effect as shown in Table
3. The inhibitory action of the isoflavone significantly dimin-
ished when the C-ring was disrupted. The carboxyl group was
harmful to deoxybenzoin.*

Kai and his co-workers investigated the potential inhibitory
activities of the urease enzyme as shown in Table 4. Okara, a by-
product of the soybean industry, can be used to process bioac-
tive substances sustainably and create functional foods. The
enzyme-inhibitory properties of Okara's isoflavones were
investigated. Genistin 76 (2.15 mg/100 g), glycitin 77 (1.98 mg/
100 g), daidzin 78 (5.85 mg/100 g), genistein 79 (3.65 mg/100
g), glycitein 80 (1.17 mg/100 g) and daidzein 81 (6.20 mg/100
g) were found in Okara by high-performance liquid chroma-
tography analysis. With ICs, values for urease of 41 + 1 to 65 + 2
ug mL ™" for Okara and 10 + 1 to 21 + 1 pg mL ™ * for isoflavones,
with the controls SC(NH,), (7.1 £ 0.1 gmL ") and 7.3 £ 0.9 to 16
+ 1 for isoflavones, with the controls allopurinol (5.4 &+ 0.1) g
mL~", both Okara extracts according to the findings, Okara
offers isoflavones and nutraceuticals with possible enzyme

3224 | RSC Adv, 2023, 13, 3210-3233

repression properties (Table 4). Single isoflavones from Okara
may be investigated as potential useful components that func-
tion as organic cures for xanthine oxidase and urease-related
illnesses.”*

Keskin and colleagues investigated the phenolic makeup
and inhibitory capabilities of the therapeutically significant
enzyme urease from H. lupulus. The hop plant, Humulus
lupulus L., is mostly utilized in the brewing business. Hops are
known to have certain secondary metabolites with important
biological functions. This is the first research that we are aware
of that reports hop extracts' ability to inhibit urease. The
extracts' ability to inhibit clinically significant urease enzymes
was investigated. TPC was discovered in methanol extracts of
hop cone and leaf at 7.12 4+ 0.09 and 6.86 £ 0.05 mg GAE per g,
respectively. Hop cone and leaf methanol extracts were shown
to have potent urease inhibitory effects (IC5, of 0.58 & 0.02 and
0.87 £ 0.02 mg mL ", in that order). Methanol extract of H.
lupulus may be an option to cure peptic ulcer.*

2.6 Flavonoid glycosides as urease inhibitors

The efforts to investigate the inhibitory potential of flavonoids
were kicked into high gear as a direct result of these studies. As
a result, 11 naturally occurring compounds and 19 synthetic
ones were assessing for their capability to impede H. pylori

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Chemical structures of isoflavonoids and ICsq values obtained against mushroom tyrosinase

Compound no.

Chemical structures & ITUPAC names

ICs0 (ng mL™)

HO
@
OH
OH (o)
OH

5-hydroxy-3-(4-hydroxyphenyl)-7

76

14 +1

OH

((2R,3R.4S,58,6R)-3,4,5-trihydroxy-

6-(hydroxymethyl)tetrahydro-2 H-pyran-2-yl)oxy)-4 H-chromen-4-one

77

HsCO

18+1

OH

5-hydroxy-3-(4-hydroxyphenyl)-6-methoxy-7-(((2 R,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)
tetrahydro-2 H-pyran-2-yl)oxy)-4 H-chromen-4-one

HO
@
OH
OH 0
OH

78

17+1

3-(4-hydroxyphenyl)-7-(((2R,3R,4S,5S,6RR)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2 H-pyran-2-yl)oxy)-4 H-chromen-4-one

HOO
|

79
OH O

10+1

I OH

5,7-dihydroxy-3-(4-hydroxyphenyl)-4 H-chromen-4-one

80 HaCO

Cr
|

OH O

21 +1

I OH

5,7-dihydroxy-3-(4-hydroxyphenyl)-6-methoxy-4 H-chromen-4-one

HOO
|

81 o)

11+1

OH

7-hydroxy-3-(4-hydroxyphenyl)-4 H-chromen-4-one

urease. These ranged from moderately competitive (in the uM
range) to weak blockers, with quercetin 84, 82 and 83 being the
most active (Fig. 12).>* The mode of binding of flavonoid 82 was
elucidated using the AutoDock programme to dock it into the
crystal structure of H. pylori urease. This revealed the interac-
tions of the inhibitor. In more specific terms, the compound is

© 2023 The Author(s). Published by the Royal Society of Chemistry

arranged so that its benzopyrone is near the urea binding
cavity.”

Radix scutellariae, sometimes referred to as Huang-Qin in
Chinese, is derived from the Scutellaria baicalensis root that has
been dried and powdered. Flavone glycosides like baicalin and
scutellarin make up the majority of their bioactive components
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OH OH
o g - g
HO. 0. OH HO. (o) OH
O =
OH
OH OH OH O
3-(4-hydroxyphenyl)-4H-chromene-7,8-diol 2-(3,4-dihydroxyphenyl)-2H-chromene-5,7-diol 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychroman-4-one
82 83 84

OH O
(2S,35,4S,5R,6S)-6-((5,6-dihydroxy-4-oxo-2-
phenylchroman-7-yl)oxy)-3,4,5-trihydroxytetrahydro-2 H-
pyran-2-carboxylic acid

85 86

OH O

(2S,3S,4S,5R,6S)-6-((5,6-dihydroxy-2-(4-hydroxyphenyl)
-4-oxochroman-7-yl)oxy)-3,4,5-trihydroxytetrahydro
-2H-pyran-2-carboxylic acid

OH

OH
7-hydroxy-2-(4-hydroxyphenyl)-5-methyl-3-(((3R,4R,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)methyl)-4H-chromen-4-one

87

OH

5,7-dihydroxy-2-(4-hydroxyphenyl)-3-(((3R,4S,5S,6R)-3,4,5-trihydroxy-
6-methyltetrahydro-2H-pyran-2-yl)methyl)-4H-chromen-4-one

88

Fig. 12 Flavonoid glycosides-based urease inhibitors.

(Fig. 12, compounds 85 and 86).%* It was discovered that baicalin
acts as a competitive, slow-binding, and concentration-
dependent blocker of ureases produced by both jack bean and
H. pylori.®® Sequestered from the fruits of Syzygium alternifolium,
glucopyranoside 87 and rhamnopyranoside 88 (Fig. 12) proved
to be more powerful inhibitors of the H. pylori enzyme.*®

2.7 Anthocyanins as urease inhibitors

A more contemporary method for treating specific diseases and
conditions, including as diabetes, Alzheimer's disease, skin
hyperpigmentation, and some microbiological infections, is
key-enzyme inhibition. Flavonoid-rich extracts from peels of
Ficus carica fruits were evaluated concurrently against several
enzymes in the search for possible natural multi-target inhibi-
tors, and several techniques were utilized to gauge their anti-
oxidant efficacy. According to phytochemical research,
considerable amounts of flavonoids, mostly flavonols, were
extracted from the peels (up to 50.4 mg g~ ') (up to 81 percent of
total flavonoids). A high synergy was seen for enzyme inhibition
and metal chelation due to the unique extract composition,
which included 2 fractions (flavonoids and citric acid). Extracts
from F. carica that are high in flavonoids might be employed as
multipurpose bioactive components to prevent stomach ulcers.
Following Giusti and Wrolstad's instructions, the pH-
differential technique was used to determine the anthocyanin
content (At).”” The findings suggested that the extracts' antho-
cyanin content may be largely responsible for the inhibitory
actions against urease.”®

Here, novel urease inhibitors of agricultural importance
based on red grape pomace polyphenols and deep eutectic

3226 | RSC Adv, 2023, 13, 3210-3233

solvents (DES) were tested (jack bean urease, JBU). In order to
extract and transport polyphenols, DES-based on choline chlo-
ride (CHO) and betaine (BET) was coupled with (CH,OH), (EG),
HOC(CH,CO,H), (CA), and CO(NH,), (U), serving as an active
component of the formulations developed. The urea- and citric
acid-based DES combinations performed highest in terms of
polyphenol extraction, 1.2-1.4 folds better than the hydro-
alcoholic mixture. Grape pomace has a complicated profile that
comprises flavonol glycosides, phenolic acids and alcohols,
catechins, stilbenes, hydroxycinnamic acids, proanthocyani-
dines, and anthocyanins.””'*° Grape pomace is distinguished by
its elevated phenolic content The CHO-EG-PF formulation's
notable inclusion of catechins, condensed-catechins (proan-
thocyanidins), anthocyanins, and gallic acid may account for its
potent anti-urease efficacy.'®* The most common anthocyanins
are pelargonidin 89,'> petunidin 90,'* delphinidin 91, cya-
nidin 92,"* malvidin 93 (ref. 106) and peonidin 94 (ref. 107) as
shown in Fig. 13.

Metwaly and colleagues created a highly sensitive viscose
(Vis) fabric for visual colorimetric identification of fluid urea. A
natural anthocyanin (Ac) spectroscopic probe from red cabbage
was co-encapsulated with the urease enzyme as a catalyst in the
calcium alginate biopolymer matrix, then consequently immo-
bilized in place into viscose fibers as a host matrix. Employing
the anthocyanin extract and urease as the inside components
and the crosslinked calcium alginate as the shell, calcium
alginate nanocapsules were produced on viscose surfaces. The
paddry-cure approach was used in situ to perform the co-
encapsulation procedure under ambient circumstances. This
anthocyanin probe was ideal for encapsulating into calcium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Structures of assorted anthocyanins-based urease inhibitors.

alginate nanoparticles biosensor assay due to its high sensitivity
and tiny molecular size (Vis-Ac). When the overall amount of
urea was increased, the anthocyanin receptor embedded in
calcium alginate showed ratiometric alterations in the absor-
bance spectra to the extent of 127 nm hypsochromic blue-shift
from 567 nm to 440 nm. As the quantity of urea rose, the
colorimetric variations of Vis-Ac were seen between purple and
greenish-yellow. The biochromic sensor barcode used demon-
strated a rather rapid response time (6-9 min) and a detection
limit of 300-1000 ppm. To gain insight into the comfortability
of the treated viscose, its bend length, air permeability, and

Urea

Urease
—_—

fastness qualities were investigated. Proton transfer from the
anthocyanin dye to ammonium ions produced as a result of the
hydrolysis-catalyzed interaction of urea with urease allows for
the detection of urea. An interaction between urea, urease and
the anthocyanin chromophore 95-98 is thought to be the
mechanism for the anthocyanin chromophore's reactivity,
which is the basis for this ecologically beneficial biochromic
sensor. Following the release of NH; from the urease-catalyzed
hydrolysis process of urea shown in Scheme 3, the color
changed from purple to greenish-yellow.'*®

OH

HO!OH
0

Ammonia

~

(Z)-2-hydroxy-4-(3,5,7-trihydroxy-2 H-chromen-2-
ylidene)cyclohexa-2,5-dien-1-one

95

_H*

X OH
20

OH
(E)-1-(3,4-dihydroxyphenyl)-2-hydroxy-3-(2,4,6-
trihydroxyphenyl)prop-2-en-1-one

96

OH
OH
oo
N
Z OH
OH
)

2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy
chromenylium

98

OH
OH
+OH" HO O (0] OH
& oH
OH

2-(3,4-dihydroxycyclohexa-2,5-dien-1-yl)-2 H-
chromene-2,3,5,7-tetraol
97

Scheme 3 A mechanism for the colorimetric detection of urea using anthocyanin extract from red-cabbage.
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Sahin's study's objective was to assess potential novel
natural sources of urease blockers. To ascertain the inhibitory
effects of both enzymes, chestnut, oak, and polyfloral honey
extracts were utilized. Using tests for total phenolic content
(TPC) and ferric reducing antioxidant power (FRAP) of these
honeys were also investigated. Chestnut and oak honey are
discovered to be potent sources for inhibiting both enzymes as
they contain elevated phenolic content. Particularly, chestnut,
and oak honey had 0.012-0.021 g mL ™" ICs, values for urease
inhibition, respectively. This honey may help avoid pathological
conditions caused by reactive oxygen species and stomach
ulcers resulting from Helicobacter pylori.**

2.8 Miscellaneous flavonoids as urease inhibitors

From the EtOAc extract of the roots of Alhagi maurorum, Laghari
and co-workers isolated a the flavanenol 99 (Fig. 14). When
tested against H. pylori urease, this chemical had an inhibitory
activity that was 24 percent more potent than that of the
conventional inhibitor protocatechuic acid (at a dosage of 20.8
mM).llﬂ

Saleem et al. examined the chemical, biological, and in silico
features of MeOH and CH,Cl, fractions of the roots of Alhagi
maurorum in terms of antioxidant, enzyme inhibition, and
phytochemical content. The ability of an enzyme to block urease
enzymes was researched. The overall phenolic (105.91 mg GAE
per g extract) and flavonoid (2.27 mg RE per g extract) contents
of the MeOH extract were greater, which is connected to its
greater potential and enzyme inhibition. Emmotin A, luteolin
5,3"-dimethyl ether, and preferrugone were three substances
that were further explored for their in silico molecular docking
properties against the examined enzymes. The chosen

OCHZCHj
2,3,5,6-tetramethoxy-4-(5,6,7,8-tetramethoxy-3,4-dimethyl-
2H-chromen-2-yl)phenol

99

Fig. 14 Structure of flavanenol-based urease inhibitor.

(Z)-2-benzylidene-4,6-
dihydroxybenzofuran-3(2H)-one
100
|Cso =156 ]J.M

101

Fig. 15 Structures of aurone-based urease inhibitors.
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(2)-2-(4-fluorobenzylidene)-4,6-dihydroxy
benzofuran-3(2H)-one

ICs0 = >500 uM
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substances exhibited a greater level of binding contact with the
enzyme. The findings of the current investigation have shown
that A. mauroram is a leading source of naturally occurring
enzyme inhibitor chemicals.**

Alhagi is a genus of plants in the Fabaceae family that is
extensively dispersed in several Asian, Australian, and European
nations. Alhagi, also known as camel thorn, contains several
kinds that are well-known for usage as feed and traditional
medicines. Different portions of the Alhagi species have been
shown to contain a variety of pharmacoactive secondary
metabolites, including phospholipids, alkaloids (alhacidin and
alhacin), steroids, flavonoids, pseudalhagin A, and poly-
saccharides. Another species well known for its strong urease
inhibitory action is Alhagi maurorum. It has a great nutritional
value because of its abundance in various minerals, oils, and
lipids. The urease inhibiting octamethoxyflavanenol 99 was
recently discovered in an ethyl acetate fraction of A. maurorum
roots.'”

It is common knowledge that the structural variety and
complexity present in natural products encourages research
into the possibility of using these substances as potential lead
compounds for treating a variety of diseases. It is common
practice to cure gastritis and urinary tract infections with
extracts from a variety of plants, like green tea and cranberries,
amongst others. It is believed that the activity of (+)-catechin
and (—)-epigallocatechin gallate as urease blockers are the
cause of this effect."”® Also, other plant flavonoids, such as
Daphne retusa (daphnretusic acid), Pistacia atlantica (transilitin
and dihydro luteolin), and cotton (gossypol, gossypolone, and
apogossypol), proved as pM-range blockers of urease from jack
bean.'**

A collection of aurones with diverse substitutes was created
and tested against H. pylori. When tested against a wide variety
of bacterial (Gram-negative) strains, including resistant ones,
compounds 100, 101, and 102 showed little cytotoxicity (Fig. 15).
The antibacterial action of at least some of the aurones might be
connected to changes in the bacterial membrane, according to
a permeabilization study. Overall, this work supports using the
aurone scaffold to create novel, powerful, and targeted anti-
bacterial compounds.™®

Worldwide, Cyperus has been widely utilized as a multipur-
pose medicinal herb. One goals of a recent work was to identify
the various compounds in the methanol extract of Cyperus

(Z)-2-(3,4-dimethoxybenzylidene)-
4,6-dihydroxybenzofuran-3(2H)-one
102
IC50 = 15.6 uM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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OH
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- OH
Sy
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OH OH
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5-methyl-2-(prop-1-en-2-yl)-2,3-dihydrobenzo

7-hydroxy-6-methoxy-2 H-chromen-2-one

106 107

HO
HO le)
O 4 O oH
o

O

1,3,9-trihydroxy-6H-benzofuro[3,2-c]Jchromen-6-one  (Z)-2-(3,4-dihydroxybenzylidene)-6-hydroxy-7-
methylbenzofuran-3(2H)-one

109 110

Fig. 16 Structures of various urease inhibitors.

conglomeratus Rottb. and to evaluate its in vivo gastroprotective
efficacy in a rat model of EtOH-promoted gastric ulcer. TNF- and
galactin-3 serum levels were used as biochemical indicators.
Complete metabolites analysis of the extract using UPLC-qTOF-

Incorporation of heterocycles improve
the urease inhibitory activity

via

Non-Competitive inhibition  Flayanones
via &
hydroxyl group Isoflavanoids

via
Increasing the length of alkyl chain
inhibitory activity is increased

[1,2-b:5,4-b"ldifuran-4,8-dione

Non-competitive
inhibition

hydroxyl group

Chalcones

SAR of Flavonoids:
as antiurease

Catechins

Competitive inhibition

hydroxyl group

4,4'-((2S,3R)-6-((E)-3,5-dihydroxystyryl)-2,3-dihydrobenzo[ b]
[1,4]dioxine-2,3-diyl)bis(benzene-1,2-diol)
108

OH

2-(3-hydroxy-5-methoxyphenyl)-8-(3-methylbut-2-en-1-yl)
chromane-5,7-diol
111

MS/MS was used to profile active substances. The discovered
metabolites were categorized as organic acids, phenolic acids
and derivatives of cinnamic acid, flavonoids, stilbenes, aurones,
quinones, terpenes, and steroids. Fig. 16 provides the chemical

Substitution of flavonoid motifs enhance
the urease inhibition activity

Competitive inhibition
via
hydroxyl group

Flavones

Electron donating groups at m- & p- positions on
the benzene ring improve the urease inhibition activity

Fig. 17 Structure—activity relationship of flavonoids as anti-urease agents.
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structures of a few chosen metabolites 103-111 found in the C.
conglomeratus extract. The most prevalent class was phenolic
acids.™®

2.9 Structure-activity relationship

Investigations on enzyme inhibition continue to be an impor-
tant subject in the field of drug development since this research
has resulted in the discovery of new bioactive compounds that
are helpful in curing various illnesses. Plant metabolites have
played an important part in pharmaceutical research for many
decades. This research has the potential to yield many different
therapeutic leads, each of which has a unique chemical struc-
ture and set of biological activities. There has been a recent
interest spike in the research and development of antiulcer
drugs, sparking a quest for physiologically promising new
flavonoids. Although many different commercial medications
are currently being used to cure stomach and urinary tract
infections, various obstacles need to be overcome to develop
novel antiulcer therapeutic candidates. This is since most of the
treatments that are currently available are limited by the pres-
ence of unwanted effects, poisonousness, and low stability. The
present review highlighted and summarised relevant research
from the previous two decades concerning the top promising
species originating from plants as well as synthesized in the
laboratory which can be utilized as efficient drugs to cure
illnesses triggered by urease-manufacturing bacteria; these are
in vitro and in vivo investigations centred on numerous different
assay techniques. The results that were described in this review
demonstrated a startling influence of structural changes, and
the SAR study showed that the inhibitory action profile of plant-
derived species depended on the location and type of functional
groups. Both findings are a product of this research. Fig. 17 is
a summary of the most potent plant-derived flavonoids,
together with the kind of inhibition they exert and the most
active moieties they contain. This information was collected
through SAR investigations and the type of inhibition exerted by
the flavonoids.

3. Conclusions and future
perspectives

Flavonoids are an interesting class of secondary metabolites
with the potential to benefit human health. These compounds
protect the mucosa of the gastrointestinal system against ulcers
and necrotic agents in a range of experimental ulcer types. A
multitude of pathways might be responsible for this protective
effect. Chalcones have cytoprotective characteristics, boosting
mucosal blood flow, encouraging muco substance synthesis in
the gastrointestinal mucosa, and raising PG levels, especially
those possessing multiple isoprenyloxyl groups. The anti-urease
properties of flavonoids, which prevent urea formation in the
small intestine, represents the most crucial mechanism of
action for their anti-ulcer efficacy. Furthermore, the two initial
polyphenolic compounds show anti-H. pylori action and might
be used as a supplement or replacement for existing treatment.
As a result, flavonoids may offer the optimal therapeutic

3230 | RSC Adv, 2023, 13, 3210-3233
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solution to cure gastrointestinal illnesses, notably peptic ulcers,
that is more effective and less harmful. Furthermore, flavonoids
have been found to have inhibitory activity against urease
enzyme and different classes of flavonoids have different level
of inhibitory activity, such as flavones have moderate, flavonols
and flavanones have strong, and anthocyanins have weak
activity.

In the future, flavonoids-based urease inhibitors are likely to
be explored further as a potential treatment for kidney stones,
as well as for reducing the environmental impact of
ammonium-based fertilizers. Researchers may also investigate
the use of flavonoids-based urease inhibitors in combination
with other therapies, such as antibiotics, to improve the effec-
tiveness of treatment for conditions such as urinary tract
infections. Additionally, new methods of extraction and purifi-
cation of flavonoids from plant sources may be developed to
improve their bioavailability and efficacy as urease inhibitors.
In agriculture field, research may focus on exploring the
potential of flavonoids-based urease inhibitors to improve the
efficiency of fertilizers and reduce the environmental impact of
ammonium-based fertilizers. This could lead to the develop-
ment of new fertilizers and farming methods that are more
sustainable and environmentally friendly. Overall, flavonoids-
based urease inhibitors are an area of active research with
potential applications in medicine and agriculture, and further
research is likely to uncover new uses and improve the effec-
tiveness of these compounds. The collected information is ex-
pected to provide rational guidance and effective strategy to
develop novel, potent, and safe urease inhibitors for better
practical applications in the future.
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