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Inhibition of glutathione S-transferases Al-1 and P1-1
by pyrazolone-containing 4-(5-substituted furan-2-yl)benzoic acids
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Abstract: 4-(5-Substituted furan-2-yl)benzoic acids with a pyrazolone moiety were evaluated in vitro as inhibitors of human cytosolic
glutathione S-transferases Al-1 and P1-1, which are involved in cellular mechanisms of drug resistance and carcinogenesis. When
inhibiting GSTA1-1, the compounds demonstrated micromolar and nanomolar ICso values depending on the nature of the substituent at
position 3 of the pyrazolone ring. In particular, the inhibition was increased when the methyl group was replaced by a trifluoromethyl,
phenyl, 4-fluorophenyl, thiophen-2-yl, or pyridin-4-yl substituent. The effect of the 4-(5-substituted furan-2-yl)benzoic acids on GSTP1-1
was approximately an order of magnitude lower than that on GSTAL-1. In both cases, the compound bearing a 1-phenyl-3-(4-nitrophenyl)-
substituted pyrazolone moiety demonstrated the best inhibitory activity among the derivatives studied. Molecular docking results indicated
that the inhibitors interact with GSTA1-1 mainly due to the participation of amino acid residues from the G-site, while in the case of

GSTP1-1 the compounds bind to the H-site.
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Introduction

Glutathione S-transferases (GSTs; EC 2.5.1.18) represent
a superfamily of phase Il detoxification enzymes that
catalyze the conjugation of reduced glutathione with
different endogenous and exogenous electrophilic
compounds [1, 2]. This reaction leads to glutathione
S-conjugated products, which have better water solubility
and lower cytotoxicity and can be further metabolized via
the mercapturic acid pathway [3]. The widely distributed
cytosolic GSTAL-1 (liver, intestine, kidney, adrenal gland,
and testis) and GSTP1-1 (brain, heart, lung, testis, skin,
kidney, pancreas, erythrocytes) [4,5] play diverse biolo-
gical roles. In addition to the detoxification functions, these
enzymes are also involved in cellular signaling [5, 6]. The
regulation of signaling can occur through the mitogen-
activated protein (MAP) kinase pathway and includes
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inhibition of kinases JNK1, ASK1, and MEKK1 [7]. Thus,
the role of GSTP1-1 and GSTA1-1 makes these enzymes
promising targets for drug design to overcome resistance
mechanisms to anticancer agents as well as to influence
signaling pathways in cancer cells. In this connection, the
new bioactive compounds can be developed to be used
solely or together with chemotherapeutic drugs [8-10].

Various organic compounds such as derivatives of
glutathione [11], 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)-
hexanol [12, 13], coumarins [14, 15], benzisoselenazolones
[16] were studied as inhibitors of GSTs. Glutathione-based
ezatiostat (TLK199) and canfosfamide (TLK286) were
found to be useful as prodrugs targeting GSTP1-1 [17, 18].
Ethacrynic acid, used as a diuretic, as well as its derivatives
and structural analogues can exhibit inhibitory activity
towards GSTP1-1 [19, 20]. Recently, methyl
3-amino-4-nitrobenzoate [21], methyl 4-amino-2-nitro-
benzoate, and methyl 4-amino-3-bromo-5-fluorobenzoate
[22] were found to be effective inhibitors of GST isolated
from human erythrocytes. 3,4-Dihydroxyphenylacetic acid,
being a metabolite of dopamine, can in vitro inhibit the
glutathione S-transferase isolated from N27 dopaminergic
cells [23].

In the presented work, the objects of our research were
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4-(5-substituted  furan-2-yl)benzoic  acids.  Similar
compounds are known to be inhibitors of SARS-CoV and
MERS-CoV 3C-like proteases [24], heptosyltransferase
WaaC [25], and neuraminidase [26]. It was recently shown
that 4-(furan-2-yl)benzoic acids with a pyrazolone or
rhodanine part can inhibit xanthine oxidase [27, 28]. This
study aimed to evaluate 4-(5-substituted furan-2-yl)benzoic
acids with different substituents in position 3 of the
pyrazolone moiety (Figure 1) as inhibitors of human
glutathione S-transferases Al-1 and P1-1.

R = Me (1); CF3 (2); Ph (3); 4-FCgH,4 (4); 4-CICgH,4 (5);
4-O,NCgHy (6); thiophen-2-yl (7); pyridin-4-yl (8)

Figure 1. Pyrazolone-containing 4-(5-substituted furan-2-yl)ben-
zoic acids studied as GSTP1-1 and GSTAL-1 inhibitors.

Results and Discussion

According to the results obtained (Table 1), compounds
2-8 exhibited submicromolar and nanomolar 1Csy values
against recombinant GSTA1-1 in vitro. Compound 1, which
contains a 3-methyl-5-phenylpyrazolone ring, was charac-
terrized by an ICsy value of 3.7 puM, while 4-(5-
formylfuran-2-yl)benzoic acid exhibited lower activity (ICso
value >25 puM). This indicates the involvement of the
pyrazolone moiety in the binding of the inhibitor to the
enzyme.

The inhibitory efficacy of compounds 1-8 against
GSTAL-1 increased when the methyl group at position 3 of
the pyrazolone moiety was replaced by trifluoromethyl,
phenyl, 4-fluorophenyl, thiophen-2-yl, or pyridin-4-yl
group, varying in the range from 0.45 to 0.18 uM. A further
decrease in ICsp values occurs when going from phenyl

Yu.V. Shulha et al.

(compounds 3) to 4-chlorophenyl or 4-nitrophenyl
substituents at position 3 of the pyrazolone ring
(compounds 5 and 6).

The inhibitory effects of 4-(5-substituted furan-2-
yl)benzoic acids 1-8 on GSTP1-1 were approximately an
order of magnitude worse than those on the Al-1 isoform.
Among the derivatives 1-8, the significant decrease in
inhibitory activity was observed for compound 5 with a
4-chlorophenyl substituent. As in the case of isoform Al-1,
the derivative 6 bearing 4-nitrophenyl substituents was the
most effective, showing ICso values for GSTP1-1 inhibition
in the low micromolar range. The similar effect of
compound 6 was also observed in a system with the enzyme
isolated from human placenta, with activity significantly
exceeding that of ethacrynic acid used as a reference
compound [29] (ICso value of 4.3 & 0.6 uM). The inhibition
of GSTHP by compounds 2, 4, and 8 was found to be
almost the same as the effect of ethacrynic acid, while the
influence of derivatives 1, 3, 5, and 7 was noticeably
weaker.

Molecular docking by AutoVina was performed to assess
the possible interactions between the inhibitors and amino
acid residues at the active sites of GSTA1-1 and GSTP1-1.
According to the values of the docking scores (Table 1), the
binding energy between the ligand and enzyme for the most
effective inhibitor 6 was -9.3 kcal/mol (GSTAL-1) and
-9.7 kcal/mol (GSTP1-1). Compound 1, with low inhibitory
potential against GSTAL-1 and GSTP1-1, is characterized
by docking scores of -8.7 kcal/mol and -8.6 kcal/mol,
respectively. The data obtained suggest that inhibitor 6 has
stronger binding interactions within the active site as
compared to compound 1.

The GSTA1-1 is known to possess three possible ligand
binding sites. The conserved G-site for glutathione binding
is located in the N-terminal domain |. H-Site at the
C-terminal domain Il binds the diverse electrophilic
substrates with participation of the amino acid residues of
the 1-1 loop, the C-terminal part of helix 4, and the
C-terminus. Non-catalytic site of the human GSTAL-1,
located at the dimer interface, can be involved in the
binding of various non-substrate ligands [30, 31]. The
results in Table 1 show that mainly amino acid resi-

Table 1 ICs values (uM) of 4-(5-substituted furan-2-yl)benzoic acids as inhibitors of glutathione S-transferases?.

Compound GSTA1l-1 GSTP1-1 GSTHP®
1 37+1.1 >25 16.7+14
2 0.45 +0.04 61+04 24+09
3 0.45+0.15 67+1.1 17.1+ 4.0
4 0.29 +0.04 25+04 55+2.1
5 0.035 % 0.021 24407 13.9+4.0
6 0.018 + 0.006 0.20+0.05 0.38+0.10
7 0.30+0.11 1.6+0.7 10.9+38
8 0.18+0.05 25+09 43+07

2 |Cqp values were determined from 2-3 series of experiments and shown as an average value + standard deviation. ® Glutathione S-transferase from human

placenta.
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Table 2. The docking scores and amino acid residues of GSTAL-1 and GSTP1-1 involved in binding the 4-(5-substituted

furan-2-yl)benzoic acids 2.

N Docking Amino acid residues
Enzyme Inhibitor score,
kcal/mol Subunit A Subunit B
GSTAl-1 1 -8.7 Tyr9, Phel0, Gly14, Argl5, GIn54, Val55, GIn67, Thr68, Aspl01

Glul04, Met208, Ala216, Phe220

2 9.1 Tyr9, Phel0, Gly14, Argl5, GIn54, Val55, Pro56, GIn67, Aspl01
Thr68, Glu104, Met208, Ala216, Phe220

3 -9.2 Argl5, Arg45, GIn54, GIn67, Thr68, Arg69, Vallll, Phe220, Aspl01, Argl31
Phe222

4 9.2 Tyr9, Phel0, Argl5, Arg45, GIn54, Val55, Ala216, Phe220, Aspl01, Glul04, Arg131
Phe222

5 -9.1 Tyr9, Phel0, Argl5, Arg45, GIn54, Val55, Arg69, Vallll, Aspl01
Ala216, Phe220, Phe222

6 -9.3 Tyr9, Phel0, Argl5, Arg45, GIn54, GIn67, Thré8, Arg69, Glu97, Asp101, Lys127,
Ala216, Phe220, Phe222 Argl31

7 -8.6 Tyr9, Phel0, Arg45, GIn54, Val55, Met208, Ala216, Phe220,  Aspl01, Argl21
Arg221, Phe222

8 -9.3 Tyr9, Argl5, Arg45, GIn54, Val55, GIn67, Thr68, Arg69, Leul23, Lys127, Argl31
Valll1, Phe220, Phe222

GSTP1-1 1 -8.6 Tyr7, Phe8, Vall0, Argl3, Val35, GIn51, Leu52, GIn64, Asp98

11e104, Tyr108, Gly205

2 -9.2 Tyr7, Phe8, Vall0, Gly12, Argl3, GIn51, Leu52, Ile104, Asp98, Lys102
Tyr108, 11e203, Asn204, Gly205

3 9.1 Tyr7, Phe8, Pro9, Vall0, Gly12, Argl3, Val35, Argl100,
Tyr103, 1le104, Tyr108, lle161, 11e203, Asn204, Gly205,
Asn206

4 -9.3 Tyr7, Phe8, Pro9, Gly12, Argl3, Val33, Thr34, Val35,
Argl00, Tyr103, 1le104, Tyr108, Ile161, 11e203, Asn204,
Gly205, Asn206

5 -9.3 Tyr7, Phe8,Val10, Argl3, GIn51, Leu52, GIn64, Cys101, Asp98
11104, Ser105, Tyr108, Gly205

6 9.7 Tyr7, Phe8,Vall0, Argl3, Val35, GIn51, Leu52, GIn64, Asp98
11e104, Ser105, Tyr108, Thr109, Gly205, Asn206

7 -9.0 Tyr7, Phe8, Vall0, Argl3, GIn51, Leu52, GIn64, Ser65,
Cys101, 1le104, Tyr108, Gly205

8 -9.0 Tyr7, Phe8, Vall0, Argl3, GIn51, Leu52, GIn64, Cys101, Asp98

11e104, Tyr108, Gly205

aThere are shown the amino acid residues surrounding the ligand at a distance not more than 4.0 A.

dues from the G-site of GSTAL-1 can provide the enzyme-
inhibitor complex formation. Among them, Arg15 is known
as a conserved residue stabilizing the thiolate anion of
substrate [32], and Argl3l1 from the other subunit
coordinates the carboxylate group of the glycine part of
glutathione [2]. In addition, the residues Phe220 and
Phe222 belonging to the H-site are involved in the
formation of a lid over the active site.

In contrast, the inhibitors of GSTP1-1 can bind to a
region close to the H-site. This site, consisting of both
hydrophobic and hydrophilic residues, is not such hydro-
phobic as in GSTAL-1 [30, 33]. Key amino acid residues
that determine the binding of pyrazolone-tethered 4-(5-sub-
stituted furan-2-yl)benzoic acids are also involved in the
mechanisms of ethacrynic acid binding [34].

In particular, Phe8 coordinates to the chlorine atoms of
ethacrynic acid, and Arg13 forms a hydrogen bond with its

42

carboxyl group [35]. There is also the G-site Tyr108 residue
nearby, which can participate in the interaction of
ethacrynic acid with glutathione [34].

As shown in Figure 1, compound 6 can occupy the
region of glutathione binding to GSTA1-1. The residue
Argl5, which plays an important role in the glutathione
binding and its ionization, can interact with the oxygen of
pyrazolone and the benzene ring of 4-(furan-2-yl)benzoic
acid fragment through a hydrogen bond and z-cationic
interactions. GIn54 possesses a hydrogen interaction with
the oxygen atom of the furan-2-yl linker. The residues
Thr68 and Arg69 can be crucial for the fixation of the
carboxylic group, while Arg45 as well as Lys127 and
Arg131 of the B subunit are involved in the hydrogen bonds
with the nitro group of compound 6. The 5-phenyl
substituent of the pyrazolone part of the inhibitor shows z-z
stacking interaction with Phe220 and hydrophobic contacts
with Phel0 and Phe222.
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Figure 1. Predicted binding modes of compound 6 in the active site of subunit A of GSTA1-1 (a, b) and GSTP1-1 (c, d). Amino acid

residues surrounding the compound are shown in panels b and d.

Compound 6 binds in the H-site of GSTP1-1 similarly to
binding ethacrynic acid. This binding shows the contacts of
Argl3 with the pyrazolone and phenyl substituent in
position 1 through z-cation interactions. The residue Tyr7
forms a hydrogen bond with the oxygen of pyrazolone,
while Phe8 participates in z-z stacking with the benzene
ring of the benzoic acid fragment. Tyrl08 has a z-w
stacking interaction with the benzene ring of the 4-nitro-
phenyl substituent, and Thr109 possesses a hydrogen bond
with the nitro group. Van der Waals contacts and
hydrophobic interactions are also important for stabilizing
the position of inhibitor 6 at the H-site of GSTP1-1.

Conclusions

This study expands the possible biological functions of
4-(5-substituted furan-2-yl)benzoic acids with a pyrazolone
moiety as potent inhibitors of GSTAL-1 and GSTP1-1. The
structure and in vitro activity of a series of compounds with
different substituents at position 3 of the pyrazolone ring
were analyzed. Based on molecular docking modeling, the
distinct locations were suggested for the binding of the
inhibitors to GSTA1-1 and GSTP1-1. Thus, the compounds
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of this class can be considered a basis for further
development of the pyrazolone-containing 4-(5-substituted
furan-2-yl)benzoic acids as inhibitors of GSTA1l-1 and
GSTP1-1.

Experimental section

Synthesis of 4-(5-substituted furan-2-yl)benzoic acids

Compounds 1-8 were synthesized as previously
described [27]. Compounds 2 and 7 were obtained as
Z-isomers, and the E/Z ratio was 1/3 for compounds 1 and
5. This ratio was 1/5 for compounds 3, 4, 6, and 8.

In vitro inhibition assays

The human recombinant GSTA1-1 and GSTP1-1, as well
as GST from human placenta, were purchased from Sigma-
Aldrich. Before using in experiments, GST from human
placenta was diluted in bidistilled water. GSTA1-1 or
GSTP1-1 were diluted in 1 ml of a solution consisting of 50
mM Tris-HCI buffer (pH 7.5), 50 mM NaCl, 1 mM DTT,
5 mM EDTA, and 50 vol.% glycerol. The compounds tested
were dissolved in pure DMSO. The assay system containing
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0.1 M sodium-phosphate buffer (pH 6.5), 0.1 mM EDTA,
2.5 vol.% DMSO, 20 pL of enzyme solution, and inhibitor
was incubated for 5 min at 25 + 2°C, and then the
enzymatic reaction was started by the addition of GSH and
CDNB (concentrations of 1 mM in the reaction mixture).
The enzyme activity was monitored spectrophotometrically
by the accumulation of glutathione conjugate at 340 nm.
The 1Cso values were determined from the dose-dependent
inhibition curves as the concentration of compounds at
which the rate of the enzymatic reaction decreased by 50%.

Molecular docking

The PDB crystals of human GSTA1-1(PDB code 6ATO)
and human GSTP1-1 (PDB code 6GSS) were downloaded
from the RCSB PDB server (https://www.rcsh.org) [36].
The ligands, water molecules, and amino acids conformers
were removed from these files before docking calculations
performed by the program AutoDock Vina 1.1.2 [37]. The
pdbaqt files of the enzymes were saved from AutoDockTools
(version 1.5.6) software [38] after adding hydrogen atoms
and Gasteiger charges. The coordinates 82.939, 28.292, and
16.07 of the grid box center and box size of 20 A x 20 A x
20 A were used for docking the 4-(5-substituted furan-2-
yl)benzoic acids into the active site of subunit A of GSTAL-
1. The coordinates 10.412, 5.923, and 25.019 of the grid
box center and box size 20 A x 20 A x 20 A were used for
molecular docking of the compounds into the active site of
subunit A of GSTP1-1.

The structures of pyrazolone-containing 4-(5-substituted
furan-2-yl)benzoic acids with a carboxylic group in ionized
form were drawn using the MarvinSketch program [39] and
optimized with the MMFF94s force field in Avogadro 1.2.0
[40]. The conversion of the obtained mol2 files to pdbqt
format, which is used by AutoDock Vina, was performed
using AutoDockTools software. Discovery Studio 3.5 vi-
sualizer (Accelrys Software Inc., San Diego, CA, USA) and
Visual Molecular Dynamics 1.9.3 [41] software were used
for analysis of binding modes of the compounds.

Notes

Acknowledgments and finances. This work was
supported by the National Academy of Sciences of Ukraine,
project 0122U000439.

The authors declare no conflict of interest.

Author contributions. Yu.V.S.: in vitro and in silico
experiments, preparation of data. O.L.K.: in silico studies,
data analysis, and writing the manuscript. S.G.P.: synthesis
of compounds. A.L.V.: conceptualization and writing the
manuscript.

References

1. Wu B.; Dong D. Human cytosolic glutathione transferases: structure,
function, and drug discovery. Trends Pharmacol. Sci. 2012, 33, 656-
668.

2. Armstrong, R.N.; Morgenstern, R.; Board, P.G. Glutathione
transferases. In: Biotransformation. Elsevier Inc. 2018, 326-362.

44

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Hanna P.E.; Anders M.W. The mercapturic acid pathway. Crit. Rev.
Toxicol. 2019, 49, 819-929.

Jakoby, W.B. The glutathione S-transferases: a group of
multifunctional detoxification proteins. Adv. Enzymol. Relat. Areas
Mol. Biol. 1978, 46, 383-414.

Stoian, ILA.M.; Vlad, A.; Gilca, M.; Dragos, D. Modulation of
glutathione-S-transferase by phytochemicals: to activate or inhibit -
that is the question. Int. J. Mol. Sci. 2025, 26, 7202.

Sau, A.; Tregno, F.P.; Valentino, F.; Federici, G.; Caccuri, A.M.
Glutathione transferases and development of new principles to
overcome drug resistance. Arch. Biochem. Biophys. 2010, 500, 116-
122.

Townsend, D.M.; Findlay, V.L.; Tew, K.D. Glutathione S-transfe-
rases as regulators of kinase pathways and anticancer drug targets.
Methods Enzymol. 2005, 401, 287-307.

Aloke, C.; Onisuru, O.0.; Achilonu, I. Glutathione S-transferase: a
versatile and dynamic enzyme. Biochem. Biophys. Res. Com. 2024,
734, 150774.

Lv, N.; Huang, C.; Huang, H.; Dong, Z.; Chen, X.; Lu, C.; Zhang, Y.
Overexpression of glutathione S-transferases in human diseases: drug
targets and therapeutic implications. Antioxidants 2023, 12, 1970.
Pereira, S.A.; Vesin, J.; Chambon, M.; Turcatti, G.; Saraiva, M.L.
M.; Dyson, P.J. ldentification of glutathione transferase (GST P1)
inhibitors via a high-throughput screening assay and implications as
alternative treatment options for breast cancers. PLoS One 2025, 20,
€0319904.

Shishido Y.; Tomoike F.; Kuwata K.; Fujikawa H.; Sekido Y.;
Murakami-Tonami Y.; Kameda T.; Abe N.; Kimura Y.; Shuto S;
Abe H. A covalent inhibitor for glutathione S-transferase Pi (GSTP1-
1) in human cells. Chembiochem. 2019, 20, 900-905.

Filomeni G.; Turella P.; Dupuis M.L.; Forini O.; Ciriolo M.R;;
Cianfriglia M.; Pezzola S.; Federici G.; Caccuri A.M. 6-(7-Nitro-
2,1,3-benzoxadiazol-4-ylthio)hexanol, a specific glutathione S-
transferase inhibitor, overcomes the multidrug resistance (MDR)-
associated protein 1-mediated MDR in small cell lung cancer. Mol.
Cancer. Ther. 2008, 7, 371-379.

Rotili D.; De Luca A.; Tarantino D.; Pezzola S.; Forgione M.; Della
Rocca B.M.; Falconi M.; Mai A.; Caccuri A.M. Synthesis and
structure-activity relationship of new cytotoxic agents targeting
human glutathione-S-transferases. Eur. J. Med. Chem. 2015, 89, 156-
171.

Ozalp, L.; Orhan, B.; Alparslan, M.M.; Meletli, F.; Cakmakgi, E.;
Danis, O. Arylcoumarin and novel biscoumarin derivatives as potent
inhibitors of human glutathione S-transferase. J. Biomol. Struct. Dyn.
2024, 42, 11456-11470.

Sabt, A.; Kitsos, S.; Ebaid, M.S.; Furlan, V.; Pantiora, P.D.; Tsolka,
M.; Elkaeed, E.B.; Hamissa, M.F.; Angelis, N.; Tsitsilonis, O.E.;
Papageorgiou, A.C.; Bren, U.; Labrou, N.E. Novel coumarin-6-
sulfonamide-chalcone hybrids as glutathione transferase P1-1
inhibitors. PIOS One 2024, 19, e0306124.

Krasowska, D.; Iraci, N.; Santi, C.; Drabowicz, J.; Cieslak, M.;
Kazmierczak-Baranska, J.; Palomba, M.; Krélewska-Golinska, K.;
Magiera, J.; Sancineto, L. Diselenides and benzisoselenazolones as
antiproliferative agents and glutathione-S-transferase inhibitors.
Molecules 2019, 24, 2914.

Tew, K.D. TLK-286: a novel glutathione S-transferase-activated
prodrug. Expert. Opin. Investig. Drugs. 2005, 14, 1047-1054.
Mahadevan, D.; Sutton, G.R. Ezatiostat hydrochloride for the
treatment of myelodysplastic syndromes. Expert. Opin. Investig.
Drugs 2015, 24, 725-733.

Qayyum, A.B.A.; Ali, S.A.;; Mokale, S.N. Design and synthesis of
(2, 3-dichloro-4-(3-(substituted ~ phenyl)  acryloyl)  phenoxy)
substituted carboxylic acid as potent glutathione-S-transferase
inhibitors, anti-breast-cancer agents and enhancing therapeutic
efficacy of anticancer agents. Medicinal Chemistry 2025, 21, 319-
330.

El Brahmi, N.; El Abbouchi, A.; El Kazzouli, S. An overview on the
synthesis and anticancer properties of ethacrynic acid and their
analogues. Res. Chem. 2023, 6, 101117.

Korkmaz, I.N.; Giiller, P.; Kalin, R.; Ozdemir, H. Assessment of
3-amino-benzoic acid methyl ester derivatives as glutathione
S-transferase and glutathione reductase inhibitor: supported by
molecular docking studies. ChemistrySelect 2024, 9, e202401362.
Korkmaz, I.N.; Giiller, U.; Kalin, R.; Ozdemir, H.; Kiifrevioglu, O.1.
Structure-activity relationship of methyl 4-aminobenzoate derivatives
as being drug candidate targeting glutathione related enzymes: in
vitro and in silico approaches. Chemistry & Biodiversity 2023, 20,
£202201220.



Y.V. Shulha et al.

23. Crawford, R.A.; Bowman, K.R.; Cagle, B.S.; Doorn, J.A. In vitro 32. Bjornestedt, R.; Stenberg, G.; Widersten, M.; Board, P.G.; Sinning,

inhibition of glutathione-S-transferase by dopamine and its 1.; Jones, T.A.; Mannervik, B. Functional significance of arginine 15
metabolites, 3,4-dihydroxyphenylacetaldehyde and 3,4-dihydro- in the active site of human class alpha glutathione transferase A1-1.
xyphenylacetic acid. Neurotoxicology 2021, 86, 85-93. J. Mol. Biol. 1995, 247, 765-773.
24. Kumar, V.; Tan, K.-P.; Wang, Y.-M.; Lin, S.-W.; Liang, P.-H. 33. Coles, B.F.; Kadlubar, F.F. Human alpha class glutathione S-
Identification, synthesis and evaluation of SARS-CoV and MERS- transferases: genetic polymorphism, expression, and susceptibility to
CoV 3C-like protease inhibitors. Bioorg. Med. Chem. 2016, 24, disease. Methods Enzymol. 2005, 401, 9-42.
3035-3042. 34. Oakley, AJ.; Rossjohn, J.; Lo Bello, M.; Caccuri, A.M.; Federici, G.;
25. Moreau, F.; Desroy, N.; Genevard, J.M.; Vongsouthi, V.; Gerusz, V. Parker, M.W. The three-dimensional structure of the human Pi class
Le Fralliec, G.; Oliveira, C.; Floquet, S.; Denis, A.; Escaich, S.; glutathione transferase P1-1 in complex with the inhibitor ethacrynic
Wolf, K.; Busemann, M.; Aschenbrenner, A. Discovery of new acid and its glutathione conjugate. Biochemistry 1997, 36, 576-585.
gram-negative antivirulence drugs: structure and properties of novel 35.  Quesada-Soriano, I; Parker, L.J.; Primavera, A.; Casas-Solvas, J.M.;
E. coli WaaC inhibitors. Bioorg. Med. Chem. Lett. 2008, 18, 4022- Vargas-Berenguel, A.; Baron, C.; Morton, CJ.; Mazzetti, A.P,;
4026. Bello, M.L.; Parker, M.W; Garcia-Fuentes, L. Influence of the H-site
26. Kumar, V.; Chang, C.-K; Tan, K.-P.; Jung, Y.-S.; Chen, S.-H.; residue 108 on human glutathione transferase P1-1 ligand binding:
Cheng, Y.-S. E.; Liang, P.-H. Identification, synthesis, and structure-thermodynamic relationships and thermal stability. Protein
evaluation of new neuraminidase inhibitors. Org. Lett. 2014, 16, Sci. 2009, 18, 2454-2470.
5060-5063. 36. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N;
27. Beiko, A.V.; Kobzar, O.L.; Kachaeva, M.V.; Pilyo, S.G.; Tanchuk, Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.
V.Y.; Vovk, A.l Inhibition of xanthine oxidase by pyrazolone Nucleic Acids Res. 2000, 28, 235-242.
derivatives bearing a 4-(furan-2-yl) benzoic acid moiety. J. Org. 37. Trott, O.; Olson, AJ. AutoDock Vina: improving the speed and
Pharm. Chem. 2023, 21, 27-35. accuracy of docking with a new scoring function, efficient
28. Beiko, A.V., Kobzar, O.L.; Kachaeva, M.V, Pilyo, S.G; optimization and multithreading. J. Comput. Chem. 2011, 31, 455-
Kozachenko, O.P.; Vovk, A.l. Rhodanine-based 4-(furan-2-yl) 461.
benzoic acids as inhibitors of xanthine oxidase. Ukr. Bioorg. Acta. 38. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K;;
2023, 18, 39-46. Goodsell, D.S.; Olson, AJ. AutoDock4 and AutoDockTools4:
29. Ploemen, J.H.; van Ommen, B.; van Bladeren, P.J. Inhibition of rat automated docking with selective receptor flexibility. J. Comput.
and human glutathione S-transferase isoenzymes by ethacrynic acid Chem. 2009, 30, 2785-2791.
and its glutathione conjugate. Biochem. Pharmacol. 1990, 40, 1631- 39. Marvin Sketch was used for drawing, displaying and optimization
1635. chemical structures; MarvinSketch 5.3.735, 2017, ChemAxon
30. Algarni, M.H.; Foudah, A.l.; Muharram, M.M.; Alam, A.; Labrou, website [Internet]. Awvailable from: http://www.chemaxon.com
N.E. Myricetin as a potential adjuvant in chemotherapy: studies on (accessed on November 04, 2025).
the inhibition of human glutathione transferase Al-1. Biomolecules 40. Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek,
2022, 12, 1364. E.; Hutchison, G.R. Avogadro: an advanced semantic chemical
31. Axarli, 1.; Muleta, A.W.; Chronopoulou, E.G.; Papageorgiou, A.C.; editor, visualization, and analysis platform. J. Cheminform. 2012, 4,
Labrou, N.E. Directed evolution of glutathione transferases towards a 1-17.
selective glutathione-binding site and improved oxidative stability. 41. Humphrey, W.; Dalke, A.; Schulten, K. VMD - visual molecular
Biochim. Biophys. Acta 2017, 1861, 3416-3428. dynamics. J. Mol. Graphics. 1996, 14, 33-38.

[uriGyBanus rirytaTion S-tpancdepas Al-1 ta P1-1 mipazonoHoBMicCHUMU
4-(5-3amimeHumMu QypaH-2-i1)0€H30MHIMH KHUCIOTAMHU

10.B. Illynera, O.JI. Ko63ap, C.I". Tlinso, A.I. BoBk*

Incmumym 6ioopzaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Yxpainu, Kuis, Yxpaina

Pe3stome: 4-(5-3amimueni ¢ypan-2-im)0eH30iHI KUCIOTH 3 Mipa30JOHOBHM (parMeHTOM Oyiad OLiHeHi iN VIitr0 sk iHriGiTOpH HUTO30JbHHX TJIyTaTiOH
S-tpancdepas moaunu Al-1 ta P1-1, siki 6epyTh yuacTh y KIITHHHMX MEXaHi3Max JIKapchKoi cTiMKocTi Ta kaHueporeHesy. Ilpu inridyBanni GSTAL-1
CIIOJIYKU JIEMOHCTPYBaJI MIKPOMOJISIPHI Ta HaHOMOJIIpHi 3HaueHHs |Cs, SIKi 3anexany BiJ MPUPOIHM 3aMiCHHKA B MOJOXEHHI 3 Mipa30JIOHOBOTIO KiJbLIs.
3okpema, edexTuBHicTh iHriOyBanHs GSTAL-1 3pocrana, KON METWIbHA Tpyna B TOJNOXKEHHI 3 mMipa30JIOHOBOro LUKy Oyna 3aMiHeHa
TpHQIyOpOMETHIIBHUM, (eHinpHIM, 4-hiryopodeHinpanm, TiodeH-2-inpHuM ab0 mipuanH-4-imbHIM 3aMicHHKOM. B 4-(5-3aminiennx ¢ypan-2-in)6eH-
3oitanx kucaotr Ha GSTP1-1 6yB npubmisHo Ha mopsaok Hik4duM, HiK Ha GSTAL-1. TIpu npoMy B 000X BHIAAKax CIIOIyKa, MO MiCTUTH |-Gherin-3-(4-
HITpO(eH1)-3aMIleHNH Mipa30JIOHOBUH (parMeHT, AEMOHCTpyBala HalKpauly iHriOyBajbHY aKTHBHICTH CEpel IOCHIKEHHX MOXiTHUX. Pesynbrati
MOJIEKYJISIPHOTO JTOKIHT'Y BKa3yIOTh Ha Te, IO iHTiOiTopu MOoXyTh B3aemoaiati 3 GSTAL-1 nepeBakHO 32 y4acTIO aMiHOKHMCIOTHHX 3alHILIKIB 3 G-caiity,
Toxi sk y Bunaaky GSTP1-1 cnomyku 3B’ s3yroThest B H-caifTi.

Kurouosi ciioBa: 4-(pypan-2-im)0eH30iiHI KUCIOTH; Mipa30JIOHH; TIYTaTIOH S-TpaHcdepasu; iHridyBaHHS.
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