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Abstract: Xanthine oxidase (XO) is an enzyme involved in the oxidative process of hypoxanthine and
xanthine to uric acid (UA). This process also produces reactive oxygen species (ROS) as byproducts.
Both UA and ROS are dangerous for human health, and some health conditions trigger upregulation
of XO activity, which results in many diseases (cancer, atherosclerosis, hepatitis, gout, and others)
given the worsened scenario of ROS and UA overproduction. So, XO became an attractive target
to produce and discover novel selective drugs based on febuxostat, the most recent XO inhibitor
out of only two approved by FDA. Under this context, high-performance liquid chromatography
(HPLC) and capillary electrophoresis (CE) have been successfully applied to rapidly and easily screen
for bioactive compounds, isolated or in complex natural matrixes, that act as enzyme inhibitors
through the use of an immobilized enzyme reactor (IMER). This article’s goal is to present advances
comprising febuxostat-based XO inhibitors as a new trend, bifunctional moieties capable of inhibiting
XO and modulating ROS activity, and in-flow techniques employing an IMER in HPLC and CE to
screen for synthetic and natural compounds that act as XO inhibitors.

Keywords: enzyme inhibition; drug development; drugs screening; allopurinol; febuxostat; Y-700;
topiroxostat; isostere; nanomolar; ROS

1. Introduction

The enzymes xanthine oxidase (XO) and xanthine dehydrogenase (XD) are intercon-
vertible forms of the homodimer enzyme xanthine oxidoreductase (XOR) [1]. XOR is a
cytosolic located enzyme distributed in many animal species, especially humans, which is
the principal species of interest when considering medicinal chemistry and the develop-
ment of novel drugs for better living conditions. The XO form belongs to the mononuclear
molybdenum family of enzymes [2] and will be the focus of this review. It plays a key role
as an oxidizing catalyst against many molecules like purines, pterins, heterocycles, and
aldehydes. Therefore, it operates as a regulating agent for endogenous compounds and
xenobiotics by activating or detoxifying them [3].

Despite XO and XD producing uric acid (UA) as a product from the substrate hy-
poxanthine, a remarkable difference between them centers around the chemical species
involved in the catalytic process. While XD mediated catalysis centers around harmless
to tolerable species (NAD*, NADH, oxygen, and water) during the redox process, XO
produces harmful species known as reactive oxygen species (ROS), such as H;O, and
superoxide radical as byproducts (Scheme 1) [3].
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Scheme 1. XO and XD enzymatic reactions.

Unfortunately, tissue damage [4], hemolytic diseases like malaria [5], sepsis [6] and
thalassemia [7], acute respiratory distress syndrome [8], chronic obstructive pulmonary
disease [9] and codeine-based treatments [10] lead to upregulated XO levels or activity,
resulting in overproduction of UA and ROS. As examples, an over 6-fold increase in XO
level was observed in patients under several malaria condition [5] and an almost 3-fold
increase in XO activity was observed in chronic obstructive pulmonary disease [9].

The accumulation of UA leads to hyperuricemia, a stage achieved by concentrations
above 6 mg/dL of serum uric acid levels. That results in gout and arthritis, a condition
where uric acid crystals are formed in the joints. It may extent to the urogenital system
through the formation of stones, leading to nephrolithiasis or crystalluria [11]. Moreover,
there is still a debate about whether hyperuricemia is correlated to cardiovascular diseases
and if XO inhibitors can be employed to lower cardiovascular disease incidents [12-15]. On
the other hand, carbohydrates, deoxyribonucleic acid (DNA), proteins, amino acids, and
lipids are species that are reactive through oxidative species, specifically ROS. Therefore,
the production of abnormal levels of ROS is a major threat to any human due to the devel-
opment of many abnormal conditions, including: hepatitis, cancer, inflammation, aging,
ischemia, cardiovascular disease, and endothelial and organ dysfunction [5,7,14,16-18].

The search for drugs that act as enzyme inhibitors is advantageous given the selective
characteristic of the inhibitor-substrate interaction. The facile interaction between small
molecules and enzymes usually leads to high draggability, which means valid interaction
between the target (enzyme) with the drug as predicted or expected, reducing collateral
effects due to undesired interactions with other pharmacophoric sites [19]. That selective
interaction turned out to be an outstanding target to probe novel potential bioactive
compounds via immobilized enzyme reactors (IMERs) once it is fully compatible with
high precision techniques, for this article’s specific discussion: high-performance liquid
chromatography (HPLC) and capillary electrophoresis (CE) [20-24].

Based on the aforementioned, it becomes specifically interesting to invest in XO
inhibitors synthesis and screening, once the only FDA-approved inhibitors are allopurinol
and febuxostat. Moreover, pyrazolopyrimidine-based inhibitors (an allopurinol-based
scaffold) may experience inhibition resistance by XO involved in pathogenic function,
which encourages searching for allopurinol substitutes [7,25].

In the following sections, advances comprising the obtainment of novel non-allopurinol
based XO inhibitors will be presented, highlighting the promising results of each work
(Section 3). Then, high-performance liquid chromatography (HPLC) and capillary elec-
trophoresis (CE) developments comprising the use of an immobilized enzyme reactor
(IMER) for the identification of XO inhibitors will be presented (Section 4).
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2. Methods

To gather the articles for this paper, Google Scholar, Scifinder platform, Web of Science,
and PubMed were used. For general reference about XO and in-flow assays, papers in
English without a publication time restriction were considered, given that many early 1990s
and 2000s works are important for the discussions. However, only articles published in En-
glish between 2012-2022 were considered to present the developments in Sections 3 and 4.
The selected keyword for the initial search was “xanthine oxidase inhibitors”. For the scope
of this work, patents were not considered. Articles describing the synthesis protocol of the
in-flow screened derivatives as XO inhibitors were fully discussed, one time only, in the
section on screening methods (Section 4), to keep the work’s ideas condensed. Systematic
descriptions of the synthetical approaches were not done, but the synthesis steps were
fully presented through the schemes, to keep the focus of the article’s discussion on the
compound’s biological activity towards XO inhibition.

3. XO Inhibitors

Since the late 1960s Allopurinol (Figure 1), the functional isomer of hypoxanthine, has
been the most viable purinergic inhibitor of XO for human use. It behaves as a suicidal
competitive, to xanthine, inhibitor that binds to the molybdenum center of XO [26]. Despite
the molecular deviations approach in medicinal chemistry that puts allopurinol’s success
as a XO inhibitor ahead when considering rational drug design, some works describe
promising advances regarding different molecular frameworks.
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Figure 1. Allopurinol, febuxostat, topiroxostat and Y-700 molecular structures and docking sites.

The 2-[3-cyano-4-(2-methylpropoxy)phenyl]-4-me thylthiazole-5-carboxylic acid mar-
keted as febuxostat (Figure 1) is a non-purine urate-lowering drug used as an alternative to
allopurinol for treatment of hyperuricemia in gout. This compound was studied as a XO
inhibitor in chimpanzees [27] and in rodents [28], and its action is related to the inhibition
of both oxidized and reduced forms of XO febuxostat, which was approved for gouty
arthritis by Europe in 2008 and by the FDA in 2009 [29,30].
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Febuxostat is a non-competitive inhibitor and blocks the active site of the protein
through important residual interactions. The oxygen atoms of the carboxylate group
interact with the residues Thr1010 and Arg880 through hydrogen bonds, while the Glu802
also forms a hydrogen bond with the probably protonated thiazole nitrogen. Another
interaction ensures the proper orientation of the molecule into the narrow channel of
the enzyme such as the hydrophobic interactions of the 4-isobutoxy tail with the amino
acids Leu648, Phe649, Val1011, and Leu1013, and aromatic interactions of the sandwiched
thiazole ring with the Phe914 and Phe1009 [31].

An important analog of febuxostat is Y-700, 1-(3-cyano-4-neopentyloxyphenyl)pyra
zole-4-carboxylic acid (Figure 1), a mixed-type inhibitor developed and studied by Fukunari
and coworkers [32] and Ishibuchi and coworkers [33]. This compound features excellent
inhibition activity and in vivo distinct hypouricemic effect. A crystallographic analysis
between the Y-700 and XO active site shows similar interactions observed in febuxostat
like electrostatic interaction between the carboxyl oxygen with Agr880; cyano group and
Asn768; and H-bonds between the carboxyl and Thr1010 residue. The pyrazole ring
interacts with Glu802 and is sandwiched by Phe914 and Phe1009, among other hydrophobic
interactions [32].

Topiroxostat (Figure 1), known as FYX-051 or 4-[5-(Pyridin-4-yl)-1H-1,2,4-triazol-3-
yllpyridine-2-carbonitrile, is a potent XOR inhibitor approved in Japan for the treatment of
hyperuricemia in 2013 [34]. Its structure is a hybrid between pyridine and cyanopyridine
moieties linked by a triazole nucleus to [35]. Topiroxostat displays a hybrid type inhibition
comprising an initial competitive inhibition followed by a covalent linkage through a com-
plex formation between the oxygen-molybdenum (IV) and its hydroxylated intermediary,
Glu802 and Glul261 residues [36,37].

Since then, efforts to discover novel non-allopurinol-based XO inhibitors have been
made through the synthesis of febuxostat, the most recent, out of a total of two, FDA
approved drug for XO inhibition, analogs aiming to improve the interaction modes with
the active site of XO and consequently, the inhibition activity.

3.1. Febuxostat-Based XO Inhibitors
3.1.1. Derivatives Based on Five-Member Heterocyclic Rings

Focusing on a structure activity relationship (SAR) analysis, a library of more than
twenty hybrid structures of indolethiazoles with four different substituents were explored
as XO inhibitors and urate-lowering activity in rats by Song and coworkers, of which we
highlight the selected examples 1la—g (Scheme 2) [38]. Firstly, it was shown that electron-
withdrawing substituents at the R!-position favor XO inhibition. While at the R*-position,
it harshly decreases. The activity of the molecule is also favored with hydrophobic sub-
stituents at the R3-position and without steric hindrance between R2-R3-positions. The best
compound tested (1e) also showed a uric acid inhibition of 60% at 1 h (10 mg/kg) in rats,
beyond the excellent in vitro ICsq of 3.5 nM, comparable to febuxostat. The other deriva-
tives also reached nanomolar ICsj values. A docking analysis shows the same interactions
of the carboxylate moiety and the thiazole ring that occurs with febuxostat. Despite the
replacement of the phenyl group by an indole group, the cyano moiety was able to form
hydrogen bonds with an Asn768 residue.

The replacement of the sulfur atom by a selenium one, in a series of febuxostat
derivatives, 2a—f and 3a-m (Scheme 3), revealed an improvement in the inhibition potential
of XO with in vitro ICsy values in nanomolar ranges (same as febuxostat), as observed by
Guan and coworkers (Table 1) [39]. The most potent XO inhibitor (3e) was compared with
febuxostat (ICsg of 18.6 nM), showing a better performance with an in vitro ICsy value
of 5.5 nM. Interestingly, its non-hydrolyzed precursor (not represented) did not present
any activity at the tested concentration of 10 uM. Despite the size difference between
sulfur and selenium atoms, a docking analysis showed similar interactions with the XO
active site and a good overlap of the molecules. The kinetics analysis for 3e showed a
mixed-type inhibition.
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Table 1. Selenazole derivatives 2a—f and 3a-m in vitro XO inhibition potential in terms of ICs5 [39].

Compound 1Cs5¢ (nM)

Compound ICs5¢ (nM)

Compound ICs5¢ (nM)

2a
2b
2c
2d
2e
2f
3a

82.5
49.2
33.7
65.6
16.1
40.3
24.8

3b
3c
3d
3e
3f
3g
3h

13.2
9.1
29.2
55
354
30.6
16.2

3i 15.7

3j 13.3

3k 10.4

31 45.6

3m 53.8
Febuxostat 18.6

Other two classes (CI = 4a—e, 5a—e, and CII = 6a—f, 7f,g, 8f,g) of Febuxostat analogs
were synthesized by Jing Li and coworkers [40] to explore the isosteric replacement of
the thiazole ring with a pyrazole ring (Scheme 4). Modifications between class I and 1I
were mainly centered on phenyl substituents (-OR for CI and -NR for CII) for SAR studies.
For CI class, substituents at R} proved to be inefficient for the inhibition effect, once the
derivatives did not show significant activity for the tested concentration (Table 2). While
for CII, the general observed ICsy values were comparable to febuxostat when R! = H.
Moreover, for the most potent compound, 6f (ICsy = 4.2 nM), molecular modeling showed
similar interactions with the XO active site as well as Y-700 and febuxostat. Additionally,
the pyrazole ring, as with the thiazole ring in febuxostat, exhibits aromatic interactions with
Phe914 and Phel009. Studies in vivo have shown that oral administration of 6f reduced
serum uric acid levels in hyperuricemic mice with a similar profile of febuxostat.
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Scheme 4. Synthesis of 1-phenyl-pyrazole-4-carboxylic acids class I derivatives 4a—e, 5a—e and class II
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Table 2. 1-phenyl-pyrazole-4-carboxylic acids class I derivatives 4a—e, 5a—e and class II derivatives
6a—f, 7f,g, 8f,g in vitro XO inhibition potential in terms of ICs5q [40].

Compound 1Cs¢ (nM) Compound I1Cs5¢ (nM) Compound ICs5¢ (nM)

4a >100 5d >100 7f 13.3
4b 45 5e >100 7g >100
4c n.t. 6a 10.8 8f 59.6
4d 23 6b 7.7 8g >100
4e >100 6¢ 5.7 Y-700 3.5
5a >100 6d 5.7 Febuxostat 5.3
5b >100 6e 6.7

5¢ >100 6f 4.2

n.t. = not tested.

Another deviation in the five-member ring, proposed by Chen and coworkers [41],
comprised the replacement of the thiazole group for the 1-hydroxy/methoxy-imidazole
ring (Scheme 5). The in vitro ICsy of XO inhibition of the hydroxy-imidazole (9a-k) class
presented significatively lower values than the methoxy-imidazole class (10a-k) (Table 3).
Improvement of the activity was found for intermediary carbon chain length substituents
at the 4-position (n-butoxy, sec-butoxy, and iso-butoxy). Docking analysis of one of the most
potent compounds tested (91, in vitro ICsq of 6 nM) showed that the hydroxyl group bonded
to the nitrogen atom of the imidazole ring improved the interaction with the active site of
XO through an additional hydrogen bond with Thr1010. Kinetic assays revealed that the
compound 9f inhibition mechanism for XO was a mixed type.

10a-k a, R=methyl f, R=iso-butyl
b, R=n-propyl g, R=iso-pentyl
¢, R=iso-propyl h, R=n-hexyl
d, R=n-butyl i, R=n-heptyl
e, R=sec-butyl j, R=n-octyl

K,CO3 e J 2) NaOH k, R=methylbenzy!

DM:r, 8h | oC 2 1)Me,SO4/K,COs THDF,EtOH, H,O
0°C, 90min 50°C, 8h
Br. CHO CuCN 3)HCl (aq.) o)
10
RO DMF 150 C, HO. COOEt 1) NaOH \N \
N THF EtOH, H,0 -
: NC SN 50°C, 8h N
—_—.
2) HCI (aq.) RO 9a-k

iz

_NaNO,
OEt HOAc o°c M

Scheme 5. 1-hydroxy (9a—k) and 1-methoxy (10a—k) 4-methyl-2-phenyl-1H-imidazole-5-carboxylic
acid derivatives [41].

Table 3. In vitro XO inhibitory potency of imidazole-5-carboxylic acid derivatives 9a—k, 10a-k [41].

Compound ICs59 (nM) Compound ICs5¢ (nM) Compound IC5¢ (nM)

9a 550 9i 110 10f n.a
9 130 9 1200 10g 8000
9c 170 9k 110 10h 3900
9d 3 10a n.a 10i n.a
9e 3 10b n.a 10j n.a
of 6 10c n.a 10k 1100
9g 30 10d n.a Febuxostat 10
9h 30 10e 1500

n.a. = not active (<50% inhibition at 10 pug/mL).
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Following the same strategy, Shi and coworkers [42] have synthesized two classes of
compounds by replacing the thiazole ring of febuxostat with a 1,2,3-triazole ring containing
a carboxylic acid (11a-h, 12a-h) or a carbohydrazide substituent (13e £, 14e,f) (Scheme 6).
Among the tested compounds, those with carboxyl moiety presented in vitro ICsy values
ranging between 84-254 nM, while those compounds with carbohydrazide substituents
were not active for XO inhibition (Table 4). The most active compounds were those with
i-amyl at the R-position, and cyano group or nitro group at R! (11f, in vitro IC5y = 84 nM and
12f, in vitro ICsp = 109 nM). However, when compared to febuxostat (in vitro ICsy = 12 nM),
those compounds displayed a slight decrease in inhibition potential. A docking analysis
reveals similar interactions found in febuxostat and, in addition, it was observed that the
nitrogen atom at the 3-position of triazole forms a hydrogen bond with Glu802 and an
additional 7t—m interaction of the five-member ring with Phe1009.

N(()32H N NO, adequate alky! halide NO> 1) NH,OH.HCI NO,
b K2CO3 MeOH, 50°C
HO —
HO TFA, 80°C DMF RO 2) Cu(OAS), RO
cHo CHO  acN, 60°C CN
EtOH, |SnCl,,
55°C | HCI
H la-h
NH, N 0 . H o
(Boc),0 \ﬂ/ adequate alkyl halide \n/
HO (@) KZCO3 o) L lla-h
THF 50°c  HO DMF RO DCM,
0, NO, NO, rt.
0 COOEt
NHz2 4y NaNO,, HCI, 0°C H :/[ CuBr, I/\lfg\
> N COOEt NH4OAC N V
RO 2) ethyl acetylacetate > N
R NaOAc, EtOH, H,0 RO D'V'1Fé (')*OgAC' "6
la-h, R'=CN R R,
lla-h, R'=NO, lla-h, R'=CN Q
IVa-h, R'=NO, O\e\\’b
W o EtOH,| NH,NH,.H,0
a, R=n-propyl e, R=n-amyl o A\ 50°C
b, R=iso-propyl  f, R=iso-amyl OH A\ o
¢, R=n-butyl g, R=benzyl
d, R=iso-butyl  h, R=allyl N= NHNH;
N\N/ N=
———————————————————————————————— I r\/j P
(@) "N
SN Ry 12a-h RO
- R 13e-f
N 14e-f

Scheme 6. 2-phenyl-5-methyl-2H-1,2,3-triazole-4-carboxylic acid (11a-h, 12a-h) and carbohydrazide
(13e £, 14e,f) derivatives [42].
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Table 4. In vitro XO inhibitory potency 2-phenyl-5-methyl-2H-1,2,3-triazole-4-carboxylic acid (11a-h,
12a-h) and carbohydrazide (13e,f, 14e,f) derivatives [42].

Compound 1Cs¢ (nM) Compound I1Cs5¢ (nM) Compound ICs5¢ (nM)

11a 195 11h 225 12¢ 180
11b 177 12a 162 12h 254
11c 135 12b 145 13e n.a
11d 105 12c 151 13f n.a
1le 112 12d 123 14e n.a
11 84 12e 125 14f n.a
11g 152 12f 109 Febuxostat 12

n.a. = not active (<50% inhibition at 10 pug/mL).

Zhang and coworkers [43] have also synthesized, tested, and compared febuxostat
analogs 15a—s containing the 1,2,3-triazole nucleus as XO inhibitors (Scheme 7) to allop-
urinol, Y-700, and febuxostat as positive controls. However, in this case, the difference
compared to the previously discussed Shi and coworkers” work [42] is in the isosteric
replacement of the nitrogen atoms. The proximity of the X!-position with molybdenum-
pterin inspired the authors to replace a carbon atom at this position with a nitrogen atom.
The majority of the tested compounds presented an in vitro ICsy value lower than allop-
urinol (7.56 uM), but greater than Y-700 (0.016 uM) (Table 5). SAR analysis showed that
the lipophilicity at the R may be beneficial for the activity. The increase of the carbon
chain from three to eight at the R leads to a significant increase in XO inhibition potential
(IC50 > 30 uM to ICsp = 0.63 uM). An improvement of inhibition activity was also achieved
by insertion of benzyl groups as R, as the meta-Methoxybenzyl group (15s) presented the
lower in vitro IC5 value of 0.21 pM. Docking analysis showed a similar interaction com-
pared to febuxostat and the active site of XO, including the triazole ring aromatic interaction
with Phe1009 and Phe914. However, the nitrogen atom at X?-position does not seem to have
any interaction with molybdenum-pterin as expected. Moreover, neighboring X2-position
nitrogen seemed to increase the hydrophilicity around the X!-position nitrogen, leading to
the observed decrease in derivatives potency.

Previous work |

H,0, reflux, 3h CN

This work
Zhang and cowokers, 2017 H

o 0

Ethwl oropiolat OEt 1)NaOH, KXOH
yl propiolate, _
ey {  veon Ho, Y

ascorbic acid N 50°C,90 min Noy Syt l
o T . N |
50°C 2) HCl (aq.) S - /4%” :

) RO PG N :

MW, 8 min RO ' %N‘NI/ :

CN CN 15a-s

; o

| OH

, R=n-propyl  f, R=n-pentyl k, R=n-heptyl P, R=p-methoxybenzyl | s '
, R=isopropyl @, R=isopentyl 1, R=n-octyl 9, R=o-methoxybenzyl . \ '
. R=n-butyl h, R=cyclopentyl ~m, R=benzyl r, R=m-cyanobenzyl : SN !
. R=isobutyl i, R=methoxyethyl N, R=p-chlorobenzyl S, R=m-methoxybenzyl ; '
, R=sec-butyl j, R=n-hexyl 0, R=p-cyanobenzy| ' W/\o '
E CN Febuxostat |

Scheme 7. 1-phenyl-1H-1,2,3-triazole-4-carboxylic acid derivatives 15a—s [43].
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R MW (180W)

25-30 min

Table 5. In vitro XO inhibitory potency of 1-phenyl-1H-1,2,3-triazole-4-carboxylic acid derivatives
15a-s in terms of I1Cs; [43].

Compound ICs5¢ (uM) Compound 1Cs¢ (ULM) Compound I1Csp (uM)

15a >30 15h 1.08 150 0.85
15b 6.24 15i 26.13 15p 0.72
15¢ 5.03 15j 1.50 15q 0.76
15d 3.27 15k 1.47 151 3.35
15e 3.96 151 0.63 15s 0.21
15f 2.85 15m 2.40 Allopurinol 7.56
15g 1.62 15n 0.94 Y-700 0.016

Exploring a microwave-assisted synthetic strategy, Jyothi and coworkers [44] produced
eight novel XO inhibitors (16a-h) comprising febuxostat’s thiazole nucleus through a highly
efficient two-step procedure (Scheme 8). The group had also tested the same reaction
conditions under thermal heating, in which case the reactions needed between three to five
hours and the yields dropped to 64-76%. All the synthesized compounds presented in vitro
XO inhibition activities in the nanomolar range. However, the derivatives 16e,f showed
the greatest potency, with lower ICsy values (IC59p = 145 nm and 100 nM, respectively)
than the control drug allopurinol (ICsy = 150 nm). A SAR investigation pointed out that
electron withdrawing groups at the phenyl ring para position are beneficial for the inhibitory
activity improvement. Molecular docking with the most active compound 16f pointed out
a stronger binding affinity (—9.1 kcal/mol) compared to allopurinol (—7.0 kcal/mol) and
more non-binding interaction with amino acids residues within the XO active site, which
lead to a more stable bond with the enzyme. A molecular dynamic assay pointed out that
there were no significative structural changes from the docked model.

w,
@)

S
R NH, N
[ N
Br S Br
R EtOH I
MW 350W R R

o 15-20 min 16a R=Cl; R'=NO,; IC5,=418nM
Br Yields > 90% 16b R=F; R'=NO,; IC5,=407nM

16¢c R=F; R'=CI; IC5,=246nM
16d R=H; R'=CI; IC5,=175nM
16e R=H; R'=F; IC5,=145nM
16f R=H; R'=NO,; IC5,=100nM
16g R=H; R'=Br; IC5,=180nM
16h R=CI; R'=Br; IC5,=250nM
Allopurinol; IC57=150nM

Scheme 8. Synthetic procedure employing microwave to obtain the novel phenyl thiazole derivatives
16a-h and its XO inhibitory activities in terms of in vitro ICsq [44].
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Based in the molecular skeleton of an anthraquinone derivative previously synthesized
by the group, which presented a promising XO inhibition activity of 0.61 mM, Zhang and
coworkers [45] developed novel XO inhibitors. Two of the group’s major concerns regard-
ing the anthraquinone based derivative were the high lipophilicity giving a poor drug-like
characteristic and the DNA binding affinity leading to potential collateral cytotoxic effects.
Thus, molecular deviations were proposed, and more than thirty-five compounds were
obtained. We present the most active ones and some analogues 17a—p to discuss important
SAR characteristics (Scheme 9). The best ICs values were achieved with either the intro-
duction of a fluorine atom at the benzaldehyde R? position and/or a meta-methoxybenzyl
at R* position (Table 6). The absence of aldehyde functionalization at R! position resulted
in inactive compounds for the chosen criteria of 25 utM maximum concentration for the
in vitro activity assays. Moreover, docking analysis showed hydrophobic interactions of
the meta-methoxybenzyl with Phe649 and Phel013 and a well-adjusted accommodation
of the meta-fluorine benzaldehyde moiety at the hydrophobic pocket of XO composed of
Leu873, Alal078, and Vall011 amino acids, justifying the promising results comprising
those deviations. The parameters metrics of ligand efficiency (LE) and lipophilic ligand
efficiency (LLE) were employed to correlate biological activity with the lipophilicity of the
most potent compounds showing an important improvement of those parameters with
respect to allopurinol used as a positive control, including high solubility in the buffer.
Additionally, in vivo tests with the most potent compound 17h showed a 31% of serum
uric acid levels reduction in vehicle-treated rats at a dose of 20 mg/kg after 2 h compared
to the control, which highlights the selected compound as a promising lead compound.

O
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Scheme 9. Selected 1,2,3-triazole derivatives 17a—p synthesis protocol [45].
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Table 6. Selected 1,2,3-triazole derivatives 17a—p and its in vitro XO inhibitory activity in terms of
1Cs [45].

Compound R! R? R3 R* I1Cs5¢ (UM)
8d(17a) CHO H H n-butyl 13.50
8h(17b) CHO H H iso-pentyl 16.03
81(17¢) CHO H H o-methoxybenzyl 1.45
8m(17d) CHO H H m-methoxybenzyl 1.02
9d(17e) CHO F H n-butyl 2.49
9h(17f) CHO F H iso-pentyl 2.12
91(17g) CHO F H o-methoxybenzyl 0.94
9m(17h) CHO F H m-methoxybenzyl 0.70
10d(171) CHO H F n-butyl 3.59
10h(17j) CHO H F iso-pentyl n.a.
101(17k) CHO H F o-methoxybenzyl 2.07
10m(171) CHO H F m-methoxybenzyl n.a.
131(17m) CN H H o-methoxybenzyl n.a.
13m(17n) CN H H m-methoxybenzyl n.a.
141(170) NO, H H o-methoxybenzyl n.a.
14m(17p) NO, H H m-methoxybenzyl n.a.
Allopurinol - - - - 9.80

n.a. = not active (<50% inhibition at 25 uM).

3.1.2. Derivatives Based on Six-Member Heterocyclic Rings

Febuxostat analogs have also been explored with a six-member heterocycle instead
of the five-member. This is the case of 2-mercapto-6-phenylpyrimidine-4-carboxylic acid
derivatives 18a-c, 19a—c, 20a—e, 21a—e synthesized by Shi and coworkers (Scheme 10) [26].
The thiazole ring was replaced by a mercapto-pyrimidine moiety, and the inhibition activity
was compared to febuxostat (Table 7). It was observed that the most promising compound
(20b) had a cyano group at R! and an iso-butyl substituent at R?, presenting an in vitro
ICs5p of 132 nM. However, the inhibition potency was approximately ten times lower than
febuxostat (in vitro ICsy = 13 nM). The other derivatives retained the nanomolar potency,
but presented even higher in vitro IC5y values. SAR showed that the cyano group is more
promising than other electron-withdrawing substituents such as nitro, iodine, and bromide.
However, as foreseen by molecular docking, changes in the structure show that the cyano
group from phenyl moiety does not properly interact with the XO active site, whereas
the mercapto group interacts via a hydrogen bond with Mos4004 and protonated Glu802
residue. Kinetic assays revelated the mixed type inhibition mechanism of 20b, similar to
febuxostat and Y-700.

1) Diethyl oxalate, (0] OH
CH30ONa, THF, _
0°Ctor.t. COOH

a, R?=jso-propyl

2)NaOH (agq.), rt. R?0
R1

HOAc, 100°C l Thiourea

b, R%=iso-butyl 18a-c, R=Br N/*N

¢, R?=iso-amyl  19a-c, R=l

d, R?=n-butyl

e, R%=sec-butyl  21a-e, R=NO, R2o

20a-e, R=CN

R‘l

74
=2
T
(@]
T

Scheme 10. 2-mercapto-6-phenylpyrimidine-4-carboxylic acid derivatives 18a—c, 19a—c, 20a—e, 21a—e [26].



Organics 2022, 3

392

Table 7. In vitro XO inhibitory potency of 2-mercapto-6-phenylpyrimidine-4-carboxylic acid deriva-
tives. 18a—c, 19a—c, 20a—e, 21a—e in terms of ICs; [26].

Compound 1Cs¢ (nM) Compound I1Cs5¢ (nM) Compound ICs5¢ (nM)

18a 674 19e 417 21b 283
18b 798 20a 208 21c 510
18¢ 1.13 20b 132 21d 421
19a 322 20c 282 21e 333
19b 463 20d 377 Febuxostat 13

19¢ 527 20e 138

19d 471 21a 292

Using a similar strategy, Zhang and coworkers [46] synthesized two classes of pyri-
dazine derivatives by replacement of the thiazole group of febuxostat with a six-member
heterocycle moiety. The first two steps of the strategic synthesis were similar for both classes
of compounds. The procedure followed the hydrazinolysis pathway to obtain the carbohy-
drazide derivatives 22a-o or the hydrolysis pathway to obtain the carboxylic acid deriva-
tives 23¢,d,h (Scheme 11). Surprisingly, the carboxylic acid derivatives 23¢c,d,h were not
active, while the carbohydrazide derivatives 22a—o presented lower in vitro ICsy than allop-
urinol (in vitro ICsg = 6.43 uM), but much higher than febuxostat (in vitro ICsg = 0.018 uM)
(Table 8). The difference in the two classes of compounds activity was explained through
molecular docking analysis of analog structures, 6-(3-Cyano-4-isobutoxyphenyl)-3-oxo-2,3-
dihydropyridazine-4- carbohydrazide (22c) and 6-(3-Cyano-4-isobutoxyphenyl)-3-oxo-2,3-dihydro
pyridazine-4-carboxylic acid (23c). According to this analysis, more prominent interactions
were found between the carbohydrazide group with the XO active site than a carboxylic
acid. The carbohydrazide group of 23c forms hydrogens bounds with Ag880, Glu802, and
Mos3004 residues, while the carboxylic acid of 22¢ only interacts with Glu802. SAR analysis
related to the R! and R? phenyl substituents showed that both cyano and nitro groups at R!
with O-iso-propyl at R? are beneficial for inhibition activity (ICsg of 1.03 uM and 1.92 uM,
for 22b and 22h, respectively). Kinetic studies comprising the most potent compound (22b)
pointed out a mixed-type inhibition mechanism.

O  COOEt : N OH !

OH : 1\ 1

COOEt ! S o) !

Ry E \ho 3
H CN Febuxostat

Ry

120°C,5h l Diethyl 2-oxomalonate

_________________________________

Eto';,‘tl:ﬂUX, Hydrazine monohydrochloride

NaOH (aq.)

EtOH, r.t., 90 min

Hydrazine monohydrochloride

EtOH,
reflux, 8h

a, R'=CN, R2=0-ethyl d, R'=CN, R?%=0-iso-amyl h, R'=NO,, R?=0-iso-propyl I, R'=H, R2=0-iso-butyl
b, R'=CN, R2=0-iso-propyl €, R'=CN, R?=0-n-Propyl i, R'=NO,, R?%=0-iso-butyl  m, R'=NO,, R*=H
¢, R'=CN, R%=0-jso-butyl  f, R'=CN, R?=O-n-Butyl  j, R'=NO,, R?%=O-iso-amyl  n, R'=H, R*=NO,

g, R'=CN, R?%=0-n-amyl  k, R'=H, R%=0-iso-propyl o, R'=H, R2=H

Scheme 11. Six-membered heterocycles pyridazine derivatives 22a-o, carboxylic acid derivatives
23c¢,d,h [46].
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Table 8. In vitro XO inhibitory potency of six-membered heterocycles pyridazine derivatives 22a-o,
carboxylic acid derivatives 23¢,d,h and their in vitro XO inhibition potential in terms of ICs; [46].

Compound ICs5¢ (uM) Compound 1Cs¢ (ULM) Compound I1Csp (uM)

22a 2.54 22h 1.92 23c n.a.

22b 1.03 22i 3.65 23d n.a.

22¢ 297 22j 6.02 23h n.a.

22d 4.50 22k na. Allopurinol 6.43

22e 3.10 22m n.a. Febuxostat 0.018
22f 524 22n n.a.

22¢g 5.89 220 n.a.

n.a. = not active (<50% inhibition at 10 pug/mL).

Guided by SAR studies, Khanna and coworkers managed to successfully plan diverse
structural modification in the isocytosine scaffold [47], which was further explored by
the same research group by synthesizing and testing novel molecular deviations [48].
Isocytosine was earlier recognized as a promising lead compound to be explored as a XO
inhibitor by the group’s virtual screening collection. More than thirty novel allopurinol
and febuxostat hybrid compounds, of which we highlight the most promising ones, 24-32
and 33-43 (Scheme 12), were organized by structural similarity to detach the SAR influence
in modulating the biological activity (Table 9), with extremely low values of in vitro ICsg
compared to the control drugs allopurinol and febuxostat. Moreover, 29, 30, 32, and 43
presented good in vivo efficacy in a hyperuricemic rat model compared to allopurinol. The
conjugation of allopurinol and febuxostat molecular fractions might explain the promising
results consisting of lead compounds where the -NH; and -OH groups of isocytosine
formed fundamental hydrogen bonds with the target’s active site in limited SAR studies,
while the R! and R? substituents played a key role by managing hydrophobic interactions
at the active site pocket’s entrance by both electrostatic interactions and steric effects.

Allopurinol ~ OH X-Y hybrids o) Febuxostat

N HO S /—<
l AN | o '
: NN SN N |
| N ) on ;
: — Important for hydrophobic interactions

H
I \ N ,"
Fundamental H-bond sites

at the active site's entrance pocket

‘Kanna and coworkers, 2012 ‘

Br Pd(PPh3),, OH
Pd(dppf)Cl,.CH,Cly )24 Q Na;COs, MW, DMF, N7
R2 140°C, 1-2 h. )\\ |

Di 0" —on
R . Lhoxan, OH H,N" SN
bis-pinacolato diborane, R2
KOAc, 120°C, 8h ; N7 R?
R A R
H,N” N7 ~Cl 24.33

Yield=19.11-87.66%

’Bajaj and coworkers, 2013

. A}Z Pd(PPh;),,
O Nach3, Mw, DMF,
Pd(dppf)Cl,.CH,CI
\©\R2 (dppf)Clo.CHxClp 5 140°C, 1-2 h.
B S——

Dioxan, o~

R3

CN bis-pinacolato diborane, R2
KOAc, 120°C, 8h N JNI\ =
/

R* N7 ClI

Scheme 12. Synthesis of the isocytosine derivatives 22-31 and 32-42 as XO inhibitors [47,48].
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Table 9. Derivatives 24-33 and 34—44 in vitro XO inhibition activity in terms of ICs.

Derivative 2 R! R? 1Csp (UM) Derivative P R? R® R* 1Csp (M)

24 H %S\/\/ 1.63 34 OCH; OH NH, 0.160

S

25 H BQ \‘/ 244 35 %OJ\ OH NH, 0.018

26 H ngk/\/ 2.10 36 3{0/_<: OH NH, 0.010

27 H %O\/k 0.60 37 5{ / < OH NH, 0.004

(0]
Allopurinol - - - 4.500
Febuxostat - - - 0.020
» H >(<j 031 38 %o/ {-COOH OH NH, 0.005
o)

33 H % \O 247 39 5{0/ {~COOCHj OH NH, 0015
Allopurinol - - 419 40 %oJ\ COOH NH, 0.400
Febuxostat - - 0.03 41 %o\)\ CONH, NH, 3.900

28 - - 1.92 4 %oJ\ OH H 0.060

29 OCH; %OJ\ 0.95 43 %oJ\ OH CH; >30

30 NO, %o\/k 0.14 44 %o\)\ H NH, 0.080

31 CN %O\)\ 0.02 Allopurinol - - - 4.200
Allopurinol - - 5.77 Febuxostat - - - 0.020
Febuxostat - - 0.03

Reference compounds allopurinol and febuxostat appear right below the corresponding assay derivatives; @ [47];
b [48].

A multi-step synthesis of febuxostat-allopurinol hybrids 45a-z (Scheme 13) was made
by Zhang and coworkers [49] to explore the isosteric replacement of the cyano group of
the above-discussed works molecules [47,48] and execute a SAR analysis. XO inhibition
was evaluated through ICsj analysis that, in general, had values comparable to febuxo-
stat (Table 10). The most active compounds had meta-chlorobenzyl or meta-bromobenzyl
anchored at R with in vitro ICsy of 28.8 nM (45u) and 45.0 nM (45v). A SAR analysis
showed that hydrophobic compounds at R are essential for a good inhibition potential.
Docking studies of the most potent inhibitor (45u) showed that the tetrazole ring can be
accommodated at the XO active site and form hydrogen bonds with Asn768 and Lys771;
additionally, the carboxyl group of pyrimidine also interacts with Ag880 and Mo-OH
residues. The six-membered heterocycle group of 45u shows the same aromatic interactions
as the thiazole group in febuxostat, while chlorobenzyl displays a 7—m interaction with
Phe649. Lastly, in vivo analysis demonstrated that oral administration of a single dose
(5 mg/kg) of 45u in hyperuricemic rats, by administration of potassium oxonate, can lower
the serum levels of UA.
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Scheme 13. Febuxostat derivatives 45a-z containing a tetrazole nucleus as replacement of the original
cyano group [49]. DEEMM = Diethyl ethoxymethylenemalonate.

Table 10. Febuxostat derivatives 45a—z and its in vitro XO inhibition potential in terms of ICs [49].

Compound 1Cs¢ (nM) Compound ICs5¢ (nM) Compound ICs5¢ (nM)

45a 92.0 45 58.5 45s 51.6
45b 73.7 45k 68.3 45t 47.7
45¢ 64.4 451 94.5 45u 28.8
45d 54.1 45m 89.4 45v 45.0
45e 43.7 45n 149 45w 91.7
45f 56.9 450 50.7 45x 63.9
45¢ 69.2 45p 53.1 45y 83.8
45h 50.0 45q 69.1 45z 629
45i 46.1 45r 55.2 Febuxostat 23.6

A complementary work by Zhang and coworkers further explored the bioisosteric
replacement of the febuxostat cyano group by the 1,2,3,4-tetrazole [50]. The synthesized
derivative 46a-w (Scheme 14) hybrids based in topiroxostat and febuxostat molecular
scaffold presented potency in the nanomolar range (ICsy between 31 nM and 603 nM),
except for 46a-b, which were inactive (Table 11). The general R group influence trend
over activity modulation was that increasing hydrophobicity and volume led to better XO
inhibition. Additionally, aromatic groups containing electron-withdrawing components
at a meta position (46s and 46v) seemed to be the most beneficial pattern to obtain high
potency derivatives. Moreover, they further synthesized the analogs 47f,h,1,n. Differently
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from 46a-w, where the cyanophenyl portion was bonded to the nitrogen atom of the
amide linker, the N-phenylisonicotinamide counterparts 47f,h,1,n ended up being over
twenty times less active (Table 11). A molecular docking study and a molecular dynamics
simulation for the most active hybrid 46v revealed a strong interaction with the XO’s active
site as tetrazole N* nitrogen and Asn768; pyridine para-N and Glu1261; cyano group and
Ser876 (two H-bonds at the same time, one by the amino acid OH group and the other by
NH group); and carbonyl group with Arg880 and Thr1010 via a water bridge. Lastly, kinetic
studies involving the selected hybrid 46v revealed a mixed-type of inhibition mechanism.

NOZ NaN3, N02
triethyl orthoformate Fe, NH4C| |sonicotinoyl chloride, EtzN
HO HOAcC, 80°C, HO ! EtOH H,0, DCM,

NH overnight . 80°C,
’ ° g N overnight ( -5°C.1h
N-N 9
H Z\ |N-phenylisonicotinamides 46a-w | Acetyl chloride 46
| c
0 N X EtsN, THF,
o NaOH overnight
Y © "MeOH, Hy0, HZO
N~ ("N 4a6a S0°C, 4n RClor RBr
N-N L2 o AGdew
4_ N DMF,
a, R=isonicotinoyl M, R=n-octyl 60°C, 3h
b, R=H n, R=benzyl Amide-reverse counterparts T o T !
¢, R=acetyl 0, R=o-methylbenzyl 45f, 45h, 451, 45n | OH '
d, R=iso-propyl p, R=m-methylbenzyl : :
e, R=n-butyl d, R=p-methylbenzyl : s N :
f, R=iso-butyl r, R=o-methoxybenzil ! - !
g, R=sec-butyl s, R=m-methoxybenzil N
h, R=n-pentyl t, R=p-methoxybenzil ' o '
i, R=iso-pentyl u, R=o-cyanobenzyl 47§, 47h, 471, 47n Y Feb Ostati
i, R=cyclo-Pentyl V, R=m-cyanobenzyl S CN e uxostat :

k, R=pentan-3-yl W, R=p-cyanobenzyl N—N -----------------------------
I, R=

, R=n-hexyl Topiroxostat
: N N —\, !
1 NC N |
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: ~NH :

Scheme 14. Synthesis of derivatives 46a—w and its amide-reverse counterparts 47fh,1,n (synthesis
not shown) comprising the bioisosteric replacement of the febuxostat cyano group by the 1,2,3 4-
tetrazole [50].

Table 11. In vitro XO inhibition potential in terms of ICsy of derivatives 46a-w and 47f,h,1,n compris-
ing the bioisosteric replacement of the febuxostat cyano group by the 1,2,3,4-tetrazole [50].

Compound 1Cs¢ (nM) Compound ICs5¢ (nM) Compound ICs59 (nM)

46a n.a. 46k 141 46u 110
46b n.a. 461 153 46v 31
46¢ 173 46m 92 46w 100
46d 603 46n 94 47f 2890
46e 264 460 53 47h 3860
46f 165 46p 44 471 4590
46g 171 46q 132 47n 2100
46h 174 46r 117 Topiroxostat 21
46i 145 46s 50

46j 128 46t 67

n.a. = not active (<60% inhibition at 10 uM).
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Motivated to obtain different hybrid derivatives based in topiroxostat and febuxostat
molecular structures, Zhang and coworkers [51] explored hybrid structures of isonicoti-
namide (48a-s), nicotinamide (49a-0), picolinamide (50b,i,j,m,n), and benzamide (51)
derivatives where the pyridine moiety nitrogen position also varied (Scheme 15). This time
using an amide linker as an isosteric replacement for the previously discussed imidazole
linker. SAR showed that large linear carbon chains lead to reduced potency derivatives
(Table 12), as observed by the increase in ICsy values from 48b (in vitro ICsg = 2.3 uM)
to 48f (in vitro ICsp = 19.2 uM). Additionally, orto- (49a—o), meta-N (50b,i,j,m,n) and N
absence (51) lead mostly to unactive derivatives. On the other hand, aromatic R groups in
para-N derivatives furnished some of the most potent inhibitors, such as 48q with in vitro
ICsp of 0.3 uM and 48r with in vitro ICsy of 0.6 uM. Overall, sixteen out of the nineteen
isonicotinamide derivatives were more potent than allopurinol (in vitro ICsy = 8.5 uM), but
less active than febuxostat (in vitro ICsy = 0.015 uM). As observed through molecular dock-
ing studies, isonicotinamide para-N formed a fundamental H-bond with Glu1261 residue.
Moreover, regarding the amide group, pronounced interactions with Thr1010, Arg880, and
Glu802 were observed, distancing the cyano group from Asn768, which probably lead
to the decreased potency of isonicotinamide derivatives compared to febuxostat and its
analogs. Lastly, kinetic studies revealed 48q as a mixed-type inhibitor of XO. Which might
be explained by potent inhibition of oxidized and reduced forms of XO.

| 1 CN |
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CN | o Ty N
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2 N ~~,-Y 49a-0, X=CH, Y=N, Z=CH
o 50b, 50i, 50j, 50m, 50n, X=Y=CH, Z=N
HO RO 51, X=Y=Z=CH
CN CN
DCM
K2C03, -5°C, 1h TEA
DMF, N, | RClor RBr
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overnight o 0
NO2  Fe(s), NH,CI N2 Socl
Fe(s). NHClL N 2 N oH
RO EtOH,H,0, RO X‘Y"Z DMF, X‘Y/’Z
CN reflux, 3h CN 50°C, 2h
a, n-propyl e, n-heptyl j jso-pentyl 0, 4-cyanobenzyl
b, n-butyl f, n-octyl k, cyclopentyl p, 3-cyanobenzyl
¢, n-pentyl g, iso-propyl |, methoxyethyl q, 2-cyanobenzyl
d, n-hexyl h, sec-butyl m, benzyl r, 4-methoxybenzyl
i, iso-butyl n, 4-chlorobenzyl s, 2-methoxybenzyl

Scheme 15. Isonicotinamide (48a-s), nicotinamide (49a—o0), picolinamide (50b,i,j,m,n) and benzamide
(51) derivatives [51].
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Table 12. Isonicotinamide (48a-s), nicotinamide (49a—o0), picolinamide (50b,i,j,m,n), benzamide (51)
derivatives and their in vitro XO inhibition potential in terms of ICsq [51].

Compound ICs5¢ (uM) Compound 1Cs¢ (ULM) Compound I1Csp (uM)

48a 3.9 48k 5.7 49j 35.0
48b 2.3 481 n.a. 49k n.a.
48c 3.0 48m 0.9 491 n.a.
48d 2.7 48n 0.8 49m 32.8
48e 5.0 480 2.3 49n n.a.
48f 19.2 48p 2.0 490 n.a.
48g 9.5 48q 0.3 50b n.a.
48h 6.1 48r 0.6 50i n.a.
48i 1.6 48s 1.8 50j n.a.
48j 2.0 49a-i n.a. 50m 22.6
Allopurinol 8.5 Topiroxostat 0.015 50n n.a.
51 n.a.

n.a. = not active (<60% inhibition at 50 uM).

Under a similar approach, Zhang and coworkers [52] developed two novel families of
isosteric compounds comprising a cyanophenyl-imidazole scaffold differently connected
to a pyridine ring (Scheme 16). The novel synthesized topiroxostat-based para-substituted
pyridine (52a-g) and meta-substituted pyridine (53a—g) also had an R sidechain variated
with different hydrocarbon substituents for SAR investigation (Table 13). A SAR analysis
pointed out that the steric effect of bulkier substituents contributed to better activity. Further,
a 3D-QSAR model with the Topomer comparative molecular field analysis method was
used to understand the interactions between 52f/53f and the XO active site. It was observed
that pyridine with para-N forms a hydrogen bond with Glul261 residue, while meta-N
does not show any interaction, which could explain the great activity modulation between
the isosteric compound families. Considering the aforementioned, the more pronounced
activity of compound 52f (in vitro IC5p = 0.64 uM) could be understood. However, it was
still not as active as topiroxostat (in vitro ICs = 0.0048 uM). Lastly, kinetic studies involving
52f showed its mixed-type inhibition mechanism on XO.

Table 13. Topiroxostat-based isomeric family of derivatives 52a—g and 53a-g and its in vitro XO
inhibition potential in terms of ICsq [52].

Compound ICs5p (uM) Compound 1Cs¢ (LM) Compound I1Cs¢ (LM)

52a 15.42 52f 0.64 53d 10.28
52b n.a. 52¢g n.a. 53e n.a.
52¢ 4.75 53a n.a. 53f 6.73
52d na. 53b 9.62 53g n.a.
52e 4.35 53¢ n.a. Topiroxostat 0.0048

n.a. = not active (<60% inhibition at 10 uM).

Aiming an isosteric replacement of the amide linker by an 1,2,3-triazole nucleus, Zhang
and coworkers [53] synthesized the novel febuxostat—topiroxostat hybrid derivatives 54a—p
(Scheme 17) correlated with Zhang and coworkers” previous work [50]. These compounds
presented a similar inhibition of XO to allopurinol, but lower than febuxostat (Table 14).
The most potent compounds were those with iso-pentyl (54j) and cyclopentyl (54k) tails as
substituents with ICsg of 8.1 uM and 6.7 uM, respectively. Docking analysis of 54k reveals
similar interactions of topiroxostat at the XO active site, including a lipophilic interaction
of the cyclopentyloxy ether tail with Leu648, Phen649, and Phen1013 residues. Was also
observed that substitution of the N atom at X?-position for a -CH was not favorable due to
the distance increase of the triazole ring from the Glu802 residue.
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Scheme 16. Topiroxostat-based isomeric family of derivatives 52a—g and 53a-g [52].

Table 14. Febuxostat-topiroxostat hybrid derivatives 54a—p and their in vitro XO inhibition potential
in terms of 1Csq [53].

Compound 1Cs¢ (LM) Compound ICsg (LM)
54a n.a. 54i 18.0
54b n.a. 54j 8.1
54c 20.8 54k 6.7
54d 16.3 541 n.a.
54e n.a. 54m 45.0
54f n.a. 54n 23.7
54¢g 254 540 n.a.
54h na. 54p n.a.

Allopurinol 8.5 Topiroxostat 0.016

n.a. = not active (<50% inhibition at 50 uM).
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Scheme 17. Synthesis of the novel febuxostat-topiroxostat hybrid derivatives 54a—p with an isosteric
replacement of the amide linker by an 1,2,3-triazole nucleus [53].

3.2. Bifunctionality: Two Challenges One Solution
3.2.1. XO Inhibition and Inflammatory Control in a Single Moiety

Recently, an extensive work was made by Rashad and coworkers [54] regarding the ob-
tainment of febuxostat derivatives comprising the carboxylic acid termination substitution
into several functions like carboxamides, carbohydrazides, carbothioamides, benzonitriles,
sulfonohydrazide and variated heterocyclics. The work required over twenty independent
synthetic procedures and produced almost thirty novel derivatives. The authors aimed to
obtain potent XO inhibitors that also detained relevant anti-inflammatory activity. This way,
applicability for acute gout clinical conditions where joint inflammation is a challenging
condition could be achieved.

Here, we highlight the obtainment of the five most promising compounds families,
55a—f, 56a-b, 57, 58a—f and 59b,d (Scheme 18). Despite the outstanding overall potency (XO
inhibition and anti-inflammatory) of the selected compounds (Table 15), the in vitro biolog-
ical assays revealed, for all the compounds, XO inhibition ICs5j in the nanomolar range of
9-77 nM, compared to the control drug febuxostat (ICsy = 26 nM). For the anti-inflammatory
potential, measured by cyclooxygenase 1 and 2 (COX-1 and COX-2) inhibition, all the com-
pounds achieved excellent ICsy values compared to the range expressed by the control
drugs celecoxib (ICsp = 14.7 pM and 0.05 pM, for COX-1 and 2, respectively) and diclofenac
sodium (IC5¢ = 3.80 uM and 0.84 uM, for COX-1 and 2, respectively).



Organics 2022, 3

401

o)
OH
ST\
S
N
\ho Febuxostat
EtOH,
reflux, 9 h H,SO,
o/
0
ST\
SN
\(\O
NC
H EtOH, reflux, | NH,NHy-H,0 99%
,NYS 12h N
N o NH, SN
}-0 ‘ NH
CS,/KOH o RCHO
S S
N SE EtOH, reflux, N\ R
N EtOH, reflux, 6 h S\ 1-3 h N
56a, R=H
56b, R=OCH;
NC NG NC
H
NS EtOH, reflux, | RNCS HN-R R
N, hd 1-4 h "
N
55b,d N T

N

\(\o 58a-f
NC

(): 55a-e, NaOH, cetrimide, reflux, 2-6 h
(I1): 65f, TEA, dioxane, reflux, 5 h

For 58f: condition (1I) N

\ﬁo 55a-f
NC

a, R=
b, R=
c, R

=4-FPh f, R=Bn

N, ’ o H!\‘/&
. R NH
A\
< For 58a-e: condition (I) ST\
S

Ph d, R=4-CH,Ph
4-CIPh e, R=4-CH,0Ph

e}
I, /KI, NaOH, r.t.,
15 min S A\
SN

Scheme 18. Different functionalized febuxostat derivatives 55a—f, 56a—b, 57, 58a—f and 59b,d in the

carboxylic acid termination [54].

Table 15. In vitro assay results for the febuxostat-based, different functionalized at carboxylic acid
termination, and selected compounds activities against XO, COX-1 and COX-2 [54].

Compound XO IC5¢ (nM) COX-1IC5¢ (uM) COX-2 IC5 (uM) COX-2SI12

Celecoxib n.t. 14.7 0.05 294
Diclofenac Na n.t. 3.80 0.84 452
Febuxostat 26 5.37 0.34 15.79

55a 17 12.57 0.04 314.25

56b 11 9.63 0.07 137.57

57 9 7.37 0.14 52.64

58¢ 18 12.27 0.05 245.40

58e 19 12.77 0.04 319.25

59b 18 13.47 0.04 336.75

a COX-1 ICs59/COX-2 IC50; n.t. = not tested.
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In vivo assays for hypouricemic activities of the most active in vitro compounds were
carried under a potassium oxonate-induced acute hyperuricemia mouse model. The results
indicated excellent serum uric acid reduction (52.53-59.60%, for a 4h treatment regimen
with 5 mg/kg intragastrical administration) compared to the control drug febuxostat
(48.48%). For anti-inflammatory activity, the carrageenan-induced mouse paw edema
bioassay highlighted compounds 55a, 58e and 59b to be equipotent or more potent than the
positive control drug celecoxib in a 5 mg/kg dose over an 8h treatment regimen. Moreover,
in silico studies showed that, among the selected compounds, only 56b, 58¢c and 59b
violated a Lipinski’s Rule, detaining LogP >5 [54].

3.2.2. XO Inhibition and ROS Control in a Single Moiety

Given the ROS production during XO activity (Figure 1), the obtainment of XO
inhibitor derivatives that are also able to exhibit ROS activity modulation can be the
key chemotherapy agents for cancer and other XO-related diseases, already punctuated in
the introduction, due to its bifunctionality.

Aiming at the exploration of barbiturates” wide range of biological activities expressed
by enzyme inhibition, Figueiredo and coworkers [55] synthesized a vast series of 1,3,5-
trisubstituted barbiturates and thiobarbiturates. Among them, two compounds, already
synthesized back in 2001 by Jursic and Neumann [56], demonstrated a very interesting
combination of biological activities and became of interest to this review (Scheme 19).
Derivatives 60a and 60b presented good in vitro ICs; values of 24.3 uM and 27.9 pM for
XO, respectively. However, the greater antioxidant capacity than the reference drug Trolox,
pointed out by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay at both
time intervals, put 60a and 60b in a special position for XO-related diseases. Given the ROS
production during XO activity, both hydrazinyl derivatives can be the key compounds for
cancer and other XO-related diseases, already punctuated in the introduction, treatment
due to their bifunctionality.

0
HaC. )L _CHj )k )k H,C. )L _CH, Hee. I _cH;

NH,NHR N~ N
—_—
T Hso, O 0 MeOH, o o
reflux |
O N
_N
DPPH (uM) R
ICso (uM) oo W
Compound 50 (MM) 20min 60 min 60a, yield=50%
-------------------------------------------------- 60b, yield=67%
60a, R=CgHs 24.3 226 18.8
60b, R=4-NO,Ph 27.9 23.9 23.8
Trolox n.d. 33.8 35.9
Allopurinol 3.2 n.d. n.d.

Scheme 19. Barbiturates 60a and 60b in vitro potential for XO inhibition and in vitro antioxidant
potential. n.d. = not determined [55].

Present in Radix Salviae Miltiorrhizae, salvianolic acid C (SAC) was found, by Ph.D.
Chen’s research group, to be a promising natural compound suitable for XO inhibition [57].
Later, in two subsequent works from the same group, Tang and coworkers vastly ex-
plored the obtained natural product through an in depth study of the SAR involved in
2-arylbenzo[b]furan molecular scaffold regarding XO inhibition [58,59]. We highlight
from the 2-arylbenzo[b]furan derivatives 61a—f, 62a—f, 63a—f and 64a—f synthesized in the
first work [58] (Scheme 20), the amino derivatives (59a—f, 60a—f) prepared from SAC’s
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hydrolysate, Tournefolic Acid A (TAA). When tested for antioxidizing potential in a DPPH
radical scavenging assay, they achieved greater potency than the control drug Quercetin
(in vitro ICsy = 6.0 uM) besides presenting almost the same potency of the control drug
Allopurinol (in vitro ICsg = 3.61uM) for XO inhibition (Table 16). Other derivatives did not
present significative in vitro XO inhibition activity up to 60 uM and were not considered for
further discussion. Kinetic studies for compound 62e revelated a mixed-type competitive
inhibition with respect to xanthine for binding to XO (similar to SAC), where 62e affinity
for the enzyme (inhibition constant K; = 3.43 uM) was greater than its affinity for the

enzyme-substrate complex (inhibition constant Kj = 15.21 uM).
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Scheme 20. Synthesis protocol for the obtainment of the 2-arylbenzo[b]furan derivatives 61a—f, 62af,

63a—f and 64a—f [58].
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Table 16. 2-arylbenzo[b]furan derivatives 61a—f, 62a—f, 63a—f and 64a-f inhibitory and antioxidant
activity [58].

ICs59 (uM) ICs9 (uM)
Compound Compound
XO Inhibition DPPH Assay XO Inhibition DPPH Assay
Allopurinol 3.61 n.a. SAC 8.26 6.87
6la 9.88 8.79 62a 4.81 4.52
61b 3.99 3.9 62b 12.12 5.61
6lc 10.8 11.95 62c 6.36 3.27
61d 14.91 8.66 62d 6.04 4.2
6le 13.48 47.25 62e 4.51 6.47
61f 31.72 12.37 62f 4.98 3.86
63a-f and 64a-f >60 * Quercetin n.a. 6.0

* = disregarded for this work given the non-significative XO inhibition ICsp values compared to control drug
Allopurinol; n.a. = not applicable.

From the second work [59], novel amino derivatives were synthesized, 66a—d, 67a—o,
and 68a—d (Scheme 21). Among them, special attention was given to the hydrogenated
TAA derivative (TAAH), with in vitro ICsy = 9.76 uM lower than its preceding compound
(in vitro IC5p = 16.05 uM). Unfortunately, further deviations in TAAH (68a—-d) did not
result in any potency increase for XO inhibition (Table 17). Among the most potent
compounds, 67a had its efficacy in reverting the hyperuricemia condition verified in vivo
with a potassium oxonate-induced hyperuricemic mice model. Kinetic assays comprising
67a gave the same results as the first work, a mixed-type competitive mode inhibitor
with respect to xanthine for binding to XO. The inhibition constant for the 67a-enzyme
complex was lower (K; = 3.52 pM) than the one for the 67a-enzyme-xanthine complex
(Kj =13.14 uM), showing greater inhibitor affinity for the free enzyme than for the complex.
Every synthesized derivative presented good antioxidant potential in a DPPH radical
scavenging assay, with ICsy varying between 6.61-21.08 pM. Intracellular ROS inhibitory
assays pointed out that some of the most potent inhibitors (67a,f,n) also presented potent
ROS scavenging potential up to 10 pM.

Table 17. 2-arylbenzo[b]furan derivatives 66a—d, 67a—d and 68a-d in vitro inhibitory and antioxidant
activity in terms of ICsq [59].

ICs¢ (uM) ICs¢ (uM)
Compound Compound
XO Inhibition XO Inhibition
Allopurinol 10.61 TAA 16.05
66a 6.55 66b 15.46
66¢ 19.31 66d 24.17
67a 4.45 67b 13.49
67¢ 13.86 67d 45.18
67e 17.84 67f 15.55
67g 83.81 67h >100
671 >100 67j 51.28
67k 42.19 671 11.01
67m 18.16 67n 11.01
670 >100 TAAH 9.76
68a 11.47 68b 46.79

68c 38.59 68d >100
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Scheme 21. Synthesis protocol for the obtainment of the 2-arylbenzo[b]furan derivatives 66a—d,

67a—d and 68a-d [59].

In a previous work, Malik and coworkers [60] have found, through in silico design
and ADMET studies, that hesperidin succeeded as a potential XO inhibitor. Already
being known for its antioxidant potential, in a second work [61] novel hydrazine and
amine hesperidin derivatives were synthesized as XO inhibitors and antioxidant agents
(Scheme 22). The synthesized compounds have shown good XO inhibition activity, the most
promising one being 3HDj,;. It showed an in vitro XO inhibition activity up to 50 times
better than the positive control drug, allopurinol (ICsy = 10.410 uM), nearly 100 times
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better than the precursor compound hesperidin (IC5p = 20.450 uM), and was also one of
the most potent in the antioxidant assays. A molecular docking study was carried out
with the two most potent compounds (3HDa; and 3HDa5). It pointed out that their main
interactions with XO were the same, with the exception of the O-glycoside OH group
with Gly1260 (3HDa;) and phenolic ring OH group with Thr592 (3HDaj;). Only one polar
interaction with GIn585 was found to be the same for 3HDa;, 3HDajy, and hesperidin.
Regarding SAR studies, it is pointed out that, overall, amino derivatives proved to be
more promising than the hydrazine ones. Moreover, the electron-withdrawing group at the
aromatic ring seems to enhance the bioactivities. Lastly, the kinetic assays assigned 3HDa;
as a competitive inhibitor.
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Scheme 22. Hesperidin derivatives (3HDaj_3 and 4HDb;_3) synthesis and its in vitro XO inhibition,
H,0, and DPPH radical scavenging potential in terms of ICsq [61].

Benzimidazole moiety is known for its broad biological activities, ranging from an-
ticancer, to antioxidant [62,63]. Therefore, Nile and coworkers [64] have synthesized a
collection of benzimidazole derivatives as novel XO inhibitors, that also act as a free radical
scavenger. We highlight the three most active ones (B3, B6, B9) (Scheme 23), which pre-
sented an in vitro ICsy lower than the standard allopurinol (ICsy = 5.5 uM). Moreover, a
potential antioxidant activity, reaching almost the same radical scavenging activity in the
DPPH assay as the control compound quercetin (48,8%), was observed.
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Scheme 23. Synthesized benzimidazoles derivatives (B3, B6, B9) and their in vitro XO activity in

terms of ICs5y and antioxidant activity [64].

4. IMER Based HPLC and CE Assays to Screen for XO Inhibitors

The advent of enzyme immobilization in solid supports started a new trend in bioactive
compounds screening. By using adequately treated capillaries, enzymes became available
as a viable stationary phase once immobilized into their surface. The obtained piece is
called an immobilized enzyme reactor (IMER) where the stationary phase can selectively
interact with substrates and inhibitors [20]. This selectivity is particularly attractive when
considering the complexity regarding the presence of dozens of compounds in natural
or synthetical complex matrixes for unveiling novel potential pharmacological entities.
Separating and purifying each one of them is completely out of scope, especially when their
exact number is unknown, and the additional step of individual structure characterization
would require an extraordinary effort and amount of time [65]. Moreover, a remarking
characteristic of IMERSs is the possibility of multiple uses of the same enzymes, considerably
reducing the biological assays costs [66].

Therefore, in-flow screening assay systems provide a plethora of benefits to elegantly
overcome this challenge. Overall, we can highlight being a single and automatized pro-
cedure that can separate the components, identify the bioactive ones and quantify its
efficiency. Consequently, this kind of assay allows the obtainment of an inhibition constant
(Kj), inhibition mechanism, and Michaelis-Menten constant (Ky) [22]. Specific discussion
regarding the obtainment of those analytical data and the chemistry involved in the IMER
manufacturing will not be described, once there are already a plethora of articles doing
50 [20,22,24,66—69], and it will drift away from this article’s purpose regarding XO.

4.1. HPLC Approaches

Rodrigues and coworkers [70] adapted an HPLC system where an IMER consisting of
a fused silica capillary, amino-functionalized with (3-aminopropil)triethoxysilane (APTES)
and treated with glutaraldehyde (GA) to covalently bind the enzymes was employed in
a unidimensional assay. Despite an IMER detaining no resolution, the coupled tandem
MS as the detection method allowed the unambiguous identification of XO inhibitors at a
rate of 288 analysis/day (Figure 2A). This way, thirty natural compounds from different
sources were screened, and their respective inhibition percentages and ICs values were
obtained based on the IMER activity modulation as a consequence of the injected com-
pound. Moreover, with the injection of crescent concentrations of substrate (xanthine),
Kwm = 14.5 pM was accessed by nonlinear regression of the Michaelis-Menten plots. A
previous setup [71] consisted of a bidimensional HPLC system with an analytical C18
column in the second dimension, so the DAD detector was able to be used. Despite being a
cheaper and easier-to-work setup, this 2D-HPLC approach slowed down the screening to a
rate of 84 analyses/day (Figure 2B). A series of ruthenium complexes based on the allop-
urinol structure was able to be successfully screened. The derivative 4CBALO presented
K; =0.29 pM and IC5( = 0.07 pM, more than five times and 4.5 times lower than allopurinol
(Kj =1.55 uM and ICsg = 0.32 uM), respectively. Moreover, with the IMER activity being
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able to be recovered up to 97%, together with the low K; and ICsj values, 4CBALO was
characterized as a reversible competitive tight-binding XO inhibitor.

A @)

Autosampler

Immobilized XO

C18 colmmn
Second dimension

XO-IMER
First dimension

KO mhibitor
XKanthine (substrate)
Unic acid (product)

~ 09 A

Pump B
Pump system Second pump system Pump A

Figure 2. (A) Unidimensional and (B) bidimensional HPLC approaches for in-flow screening of
XO inhibitors.

Using the same setup for the screening of the ruthenium complexes, nine synthesized
deazaguanine derivatives (Scheme 24), based on allopurinol’s molecular skeleton, were
able to be screened for their XO inhibition potential [72]. Among them, LSPN451 was
observed to be a promising candidate for additional assays given its more pronounced
enzymatic activity modulation by inhibiting 83.6% of the IMER's activity, thus reducing the
produced UA. LSPN4451 ICsy = 65 nM was retrieved from an inhibition curve constructed
by varying the given inhibitor concentration at a fixed substrate concentration. The non-
competitive inhibition mechanism and inhibition constant K; = 55.1 nM (almost thirty times
more potent than allopurinol for the same assay) were extracted from the Lineweaver—
Burk plot constructed with different concentrations of the substrate for each injection of
pre-determined inhibitor concentrations.

NH

o)
O O )J\ NO
HNO;, HzS0, N 2
|
Ot EtoH, reflux, 18 1, N Tt HN N
H
Yield=81% Yield=69%
o] o H 0 ’
NO
DMA.DMF, THF \ 2 NayS,0, N N NaOH MW " H
100°C, 24h L o Iy
» N~ N THF/H,0 N SN 15min., 95% )\
R rt, 1h |
>N N~ N7 Yield=94% Y'e'd 95%
| Yield=96%

o LSPN440; R=H; yield=53%; XO inhibition=44.0%
AcCOCl, triflic acid LSPN441; R=4-F; yield=64%; XO inhibition=42.1%
120°C, 48h HN LSPN442; R=4-Cl; yield=68%; XO inhibition=27.1%
NaOH, 60°C, 2h  H,N LSPN443; R=4-Br yield=65%; XO inhibition=57.3%
LSPN444; R=4-; yield=56%; XO inhibition=15.5%
LSPN446; R=3-Cl; yield=73%; XO inhibition=53.5%
LSPN447; R=2-Cl; yield=61%; XO inhibition=41.4%
LSPN450; R=2,4,6-Cl; yield=52%; XO inhibition=0.0%
LSPN451; R=3-NO,; yield=68%; XO inhibition=83.6%

Scheme 24. Synthesized deazaguanines derivatives screened for XO inhibition and its inhibition
efficiency [72].
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Using the same 2D-HPLC setup previously described, Peng and coworkers [73] man-
aged to adequately produce an automatized platform to execute solid-phase ligand-fishing
in the first dimension IMER, followed by separation, purification, and quantification in
the second dimension C-18 analytic column. After injection, the sample was eluted by the
buffer employed as the initial mobile phase, so that unbound compounds were flushed out
while XO inhibitors stayed inside the IMER. In a second moment, the programmed valve
switched. Therefore, methanol became the mobile phase and the bounded compounds
were carried to the analytical column. It should be mentioned that even after the methanol
wash, the IMER retained 96% of its activity after ten consecutive cycles. Under those
conditions, six compounds could be fished out from the Lonicera macranthoides extract
and identified, after retention time, UV and MS/MS analysis, namely caffeoylquinic acid,
5-caffeoylquinic acid, 4-caffeoylquinic acid, 3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic
acid, and 4,5-dicaffeoylquinic acid.

4.2. CE Approaches

CE is a separation technique where the components present in a sample matrix migrate
at different speeds, either qualitatively or quantitatively, through the application of a
potential difference between two immersed electrodes in an ionic solution. Due to its low
sample consumption, ability to monitor the reaction in real-time, the potential for high
throughput and high resolving power, CE is also used for screening enzyme inhibitors
through voltage difference separation followed by direct detection and quantification of
the enzymatic product considering an in-flow approach [74,75].

CE was successfully used by Wu and coworkers [23] for in-flow screening natural com-
pounds as XO inhibitors. After XO immobilization in the fused silica capillary (Figure 3),
different substrate concentrations were injected to perform kinetic studies that allowed
the obtainment of Ky; = 0.39 mM, being considered by the authors as a close value to
the one described in the literature value, showing no significant structural changes in XO
after immobilization. The K; of 5.2 uM was also obtained using the known XO inhibitor
4-aminopyrazolo[3,4-d]pyrimidine (4APP), slightly lower than the literature (8 M), which
was acceptable and justified by enzymes origin and assay conditions. Lastly, in under 5 min
screening assays, four of the ten flavonoids showed promising results (>50% inhibition
of XO activity) through the in-flow methodology, namely dihydroquercetin, quercetin,
biochanin A, and epicatechin. The IMER maintained up to 95% of its enzymatic activity
after thirty consecutive assays.

—_—

O Fused silica capillary
‘ Gold Nanoparticles

<@ Xanthine oxidase

Figure 3. Capillary for CE containing gold nanoparticles with immobilized XO for inhibitors screen-
ing [23].
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Pingtan and coworkers [75] also developed an in-flow method for XO inhibitors
screening using CE, but with adenosine deaminase (ADA) co-immobilization in the same
IMER to identify possible inhibitors from a library of 20 natural extracts (Figure 4). Co-
immobilization was performed with both negatively charged enzymes on gold nanoparti-
cles, and later, they were immobilized at the entrance end of the positively charged capillary
by electrostatic interactions. After immobilization in the capillary, different substrates con-
centration injections allowed the obtainment of the calculated Ky of 0.55 mM for ADA
and 0.37 mM for XO. Those values were reported by the authors to be different from
the literature, but acceptable and justifiable by means of changes in affinity between the
enzyme-substrate due to the immobilization process. Kinetic tests were performed with
known inhibitors, erythro-9-(2-hydroxy-3-nonyl)adenine for ADA and 4APP for XO. The
method was validated by the calculated K; values of 9.6 nM and 8.9 uM, which matched the
literature-reported ones. Screening assays that took less than 3 min pointed to the extract of
rhizoma chuanxiong and indigo naturalis as ADA inhibitors, while the extract of rhizoma
chuanxiong, cortex phellodendri, rhizoma alpiniae officinarum, and ramulus cinnamoni
were identified as XO inhibitors, concluding that the extract of rhizoma chuanxiong is an
inhibitor of both enzymes. Therefore, the developed method also proved to be a promising
multi-target enzyme screening method.

0.5cm

| |
rI
|

A

Fused silica Capillary

Polyethyleneimine

Gold Nanoparticles

Adenosine deaminase

Xanthine oxidase

Figure 4. XO and ADA co-immobilized in gold nanoparticles inside the initial portion of a capillary
for inhibitors screening by CE [75].

5. Conclusions

Many advances comprising the obtainment of XO inhibitors were observed. Novel
synthetic febuxostat-based inhibitors were reported with ICsy and inhibition rate as good as
the FDA-approved drugs employed as control (Allopurinol and Febuxostat). Hybridization
and isosterism were used as the main synthetic gimmicks to obtain the more potent
derivatives. Under this concept, heterocyclic rings allowed the synthesis of a plethora
of high potency inhibitors, which ranked them into a privileged position as a viable
molecular scaffold to develop further XO inhibitors. Additionally, molecular modeling
studies allowed further comprehension of the key molecular features, which an effective
molecular framework should present to behave as a potential XO inhibitor, allowing, in
some cases, the achievement of nanomolar potencies and kinetic assays that pointed out
that the most potent derivatives presented mixed-type inhibition mechanism. Together,
synthetic and computational works are closing the gap for the obtainment of more potent
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and selective small molecules that behave as XO inhibitors. In short, aiming for structural
changes over hybridization leads to more derivatives bearing a nanomolar range of potency.
However, a more complex challenge seems to have been established over the last decade,
as bifunctional compounds have been produced to inhibit XO activity and at the same
time control aggravating factors associated with its activity like ROS and inflammatory
process control.

On the other hand, developments in biological assays allowed the obtainment of
screening techniques comprising the combination of enzymes, a very delicate and expen-
sive resource, with high-end analytical instruments with automated operation (HPLC and
CE). That association enabled the achievement of powerful and versatile setups to screen for
XO inhibitors in natural sources without the necessity of individual steps of separation, pu-
rification or identification, accelerating the discovery of unknown XO inhibitor compounds.
Additionally, the adequate approach made the acquisition of kinetic parameters (Ky; and
Kj), the mechanism (competitive, uncompetitive and non-competitive), and potency (ICsg
and inhibition rates) in single automatized procedures possible. Lastly, IMERs allowed
the manutention of enzymes’ stability and activity for several assays, reducing the drug
discovery process costs, differently to the one-time use only for solution assays.
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