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Abstract: Oxidative stress is defined as an imbalance between the production of free radicals and reactive
oxygen species (ROS) and the ability of the body to neutralize them by antioxidant defense systems. Cells
produce ROS as a control of physiological processes, but increasing ROS becomes pathological leading to non-
specific and irreversible damage to biological molecules, such as DNA, lipid, and protein. Endogenous ROS
are mainly produced by mitochondria during both physiological and pathological conditions, and enzymes,
such as nicotinamide adenine dinucleotide phosphate oxidase (NOX), xanthine oxidase (XO), lipoxygenase
(LOX), myeloperoxidase (MPO) and monoamine oxidase (MAO). To neutralize ROS, the body employs
enzymatic and non-enzymatic defense systems. The dietary intake of bioactive phenols, such as quercetin
(Que), is a non-enzymatic system that can quench ROS and protect from pro-oxidative damage. In this review,
we evaluate the ability of Que to target endogenous oxidant enzymes involved in ROS production and explore
the mechanisms of action underlying its antioxidant properties. Que not only acts as a free radical scavenger
by donating electrons through the negative charges in its phenolic and ketone groups, but it can effectively
inhibit the activity of several endogenous oxidative enzymes, binding them with high affinity and specificity.
Among all targets, Que showed the best results in molecular docking simulations with XO, followed by MAO-
A, 5-LOX, NOX, and MPO. Taken together, these findings highlight the potential of Que as a natural
antioxidant therapy for oxidative stress-related diseases.
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Graphical abstract: Docking score of Quercetin with adenine dinucleotide phosphate oxidase (NOX),
xanthine oxidase (XO), 5-lipoxygenase (5-LOX), myeloperoxidase (MPO), and monoamine-oxidase-A (MAO-
A)
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1. Introduction

Quercetin (Que) is a 3,30,40,5,7-pentahydroxyflavone with the chemical formula C15H1007. The
presence of five hydroxyl groups in the structure and the pyrocatechol-kind of benzene ring makes
Que a strong antioxidant and a good scavenger of free radicals [1]. The structure of Que (Figure 1)
contains a ketocarbonyl group, and the oxygen atom present on the first carbon, being basic, can form
salts with acids. Furthermore, a dihydroxy group between the A ring, o-dihydroxy group B, C ring
C2, C3 double bond, and 4-carbonyl are the active groups in Que. Que’s biological activities have
been largely attributed to these active phenolic hydroxyl groups and double bonds [2].

Que is highly present in daily human foods, such as onions, apples, red wine, and tea, exerting
various biological effects including antioxidant, anticancer, anti-inflammatory, anti-viral, and anti-
aging effects, but also antiaggregant and vasodilator effects, making it protective against
cardiovascular diseases (CVD) [3-5]. In humans consuming flavonoid-rich foods, the concentration
range of Que plasma levels is 0.3-7.6 uM, mainly in the form of glucuronidated and sulfated
metabolites [6].

The production of free radicals and reactive oxygen species (ROS) occurs in cells due to common
metabolic processes or external sources [7]. Such stress can be limited by antioxidant systems,
followed by a rapid return to a physiological redox state. However, excessive oxidative stress,
characterized by the disruption of the balance between oxidation and antioxidation systems, causes
non-specific and irreversible damage to biological molecules, such as lipids, proteins, and DNA,
leading to a loss of function [8].

In several chronic diseases, such as cancer, neurodegenerative diseases, and metabolic diseases,
oxidative stress is often the original triggering factor [9].

Potential endogen ROS sources include the nicotinamide adenine dinucleotide phosphate
oxidase (NOX), xanthine oxidase (XO), lipoxygenase (LOX), myeloperoxidase (MPO), and
monoamine-oxidase (MAO)[10], the increased activation of these enzymes has been involved in
oxidative stress and the initiation and progression of inflammatory diseases. Que has shown a
promising protective capacity to attenuate the expression and the enzymatic activity of several
endogenous oxidative enzymes [11,12].

This review collects the most recent data from MEDLINE (PubMed), Google Scholar,
ScienceDirect, Scopus, Cochrane, SID, and SciFinder, on the inhibitory activity of Que against
oxidative enzymes. Particular attention was directed at the possible binding modes of Que the
interactions involved and, to confirm the data already present, further docking analyses were carried
out using Glide software [13].
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Figure 1. Chemical structure of Quercetin.

2. Quercetin antioxidant activity: in silico approach

Que is a potent antioxidant in the flavonoid family due to the presence of a phenolic hydroxyl
group and double bonds [14]. In recent years, several in silico studies have been conducted to
elucidate the molecular basis of its antioxidant activity. For instance, Zheng et al. [15] used the


https://doi.org/10.20944/preprints202305.1496.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2023

3

Density Functional Theory (DFT) approach to calculate various properties, such as electronegativity,
hardness, softness, electrophilic index, and ionization potential in gas, ethanol, and water phases of
Que to explain its antioxidant activity [16]. The study was performed using Gaussian 09 and the
M062X/6-311+g** level of theory and confirmed that Que acts as an electron donor, indicating its
antioxidant activity (Table 1). The energies for the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) were -6.85 eV and -0.95 eV, respectively. HOMO is
predominantly located on the B-ring and C-ring, while LUMO is distributed over the entire molecule
[15].

Table 1. Calculated properties in kJ/mol in gas, ethanol, and water using M062X/6-311+g** basis set.

Gas Ethanol Water
Electronegativity 4,36 3,94 3,94
Hardness 3,57 1,86 1,79
Softness 0,14 0,27 0,28
Electrophilic index 2,67 4,19 4,38
Ionization potential 733,3 536,1 534,6

Similarly, Thao et al. [17] calculated the Electrostatic Potential (ESP), HOMO, and LUMO in the
water phase at the M052X/6-311++G(d,p) level of theory using Gaussian 09. The study found that the
negative changes in Que are mainly located in the phenolic and ketone group, with HOMO localized
in the conjugated systems C21-C22-C20, C17-C11-C19, C10-C12-C13, and C18-C14-C8-C9-O1.
Meanwhile, LUMO is distributed in the conjugated system C15-C9-C8-C14, C16-C18, C12-C13, C17-
C20 7 bonds, and the phenolic groups.

Villar and colleagues [18] also used Gaussian 9 to calculate HOMO and LUMO of Que,
employing the Hartree-Fock method in the 6-31G** basis set. The study reported the values of HOMO
and LUMO as -7,04 eV and -1,62 eV, respectively.

We optimized the Que using B3LYP/6-311++G** method with Jaguar software, and calculated
ESP, Average Local Ionization Energy (ALIE), Electron Density (ED), HOMO, and LUMO (Table 2).
ESP is an effective tool for understanding and interpreting the chemical and reactivity properties of
molecular systems [19], ALIE is the energy required to remove an electron from a specific point in a
system and the lowest values reveal the locations of the least tightly held electrons [20], ED measures
the probability of finding an electron in the volume surrounding a molecule [21]. HOMO and LUMO
orbitals were presented in color-coded surfaces, which give the location of positive (blue) and
negative (red) electrostatic potentials (Figure 2). According to Koopman’s theorem (1934), during
molecular interactions, the LUMO accepts electrons, and its energy corresponds to the Electron
Affinity (EA=-ELUMO), while the HOMO represents electron donors, and its energy is associated
with the Ionization Potential (IP=-EHOMO) [22]. The energy gap (AE) is the difference between
HOMO-LUMO orbitals, which specifies the molecule’s capacity in the free radical optimization
mechanism and small values indicate that the intramolecular charge transfer is easy, and the molecule
participates effectively in radical scavenging reaction [23]. Table 2 contains the values in eV of the
calculated properties in silico and Figure S1 shows ALIE, ESP, and ED calculated in silico for Que.

Although the different DFT studies mentioned cannot be directly compared due to the use of
different software and levels of theory, HOMO LUMO orbitals carried out by us and Zheng et
colleagues [15] presented similar results, with the HOMO orbitals predominantly located in the B
and C ring and the LUMO orbitals distributed throughout the molecule. Meanwhile, Thao et al. [17]
found both orbitals distributed throughout the molecule. Reported values are good indicators of
chemical reactivity, especially for aromatic systems [20,24] and the results suggest that Que is a highly
effective free radical scavenger.

do0i:10.20944/preprints202305.1496.v1
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Figure 2. Quercetin HOMO and LUMO and energy gap.

Table 2. Theoretical results of Quercetin using B3LYP/6-311++G** method with Jaguar software.

HOMO -5,68 eV
LUMO -1,94 eV
AE HOMO-LUMO 3,74 eV
IP 5,68 eV
EA 1,94 eV

ESP -2,65 eV (min value) 3,18 eV (max value)

ALIE 8,84 eV (min value) 16,81 eV (max value)

3. Molecular mechanisms shared

3.1. NAD(P)H Oxidase

NOX (EC 1.6.3.1.) is a transmembrane glycoprotein that catalyzes the production of superoxide
(O2-) from oxygen and NADPH. O2- reacts quickly to produce a burst of additional oxidants,
including hydrogen peroxide (H202), which is typically further converted by MPO into
hypochlorous acid (HOCI) and hydroxyl radical (¢ OH), for this reason, NOX is usually considered
a major source of ROS and oxidative stress in eukaryotic cells [25].

NOX consists of membranous subunits (gp91-phox, p22-phox), which form a heterodimeric
flavoprotein, and cytosolic subunits (p40-phox, p47-phox, and p67-phox), which exist in
unstimulated cells. There are six human homologs of the catalytic subunit of the phagocyte NOX:
NOX1, NOX2, NOX3, NOX4, NOX5, Dual Oxidase (DUOX)-1, and DUOX-2.

NOX2 is the primary phagocytic oxidase; NOX1 and NOX2 are expressed in neurons, vascular
smooth muscle cells, and microglia; NOX3 and NOX5 are expressed in myocardial cells; NOX4,
which does not require any cytosolic components and is constitutively active, is expressed highly in
the kidney and vascular smooth muscle cells; NOXS5 is expressed in fetal tissues and spleen; finally,
DUOX1 and 2 are highly expressed in the thyroid where they produce H202 [25].

NOX inhibition has potential therapeutic significance, and several compounds have been
registered as NOX inhibitors in the patent literature. [26].

Que showed inhibitory activity against NOX in different cells and systems. In lung epithelial
A549 cells, Que prevented lipopolysaccharide (LPS)-induced oxidative stress by downregulating the
NOX gene. In fact, Que treatment almost completely abolished the mRNA and protein levels of NOX2
induced by LPS stimulation [27].

In RAW264.7 macrophages, Que significantly enhances Heme oxygenase-1 (HO-1) protein
expression, likely through the reduction of Kelch Like ECH Associated Protein 1 (Keapl), a negative
of nuclear factor erythroid 2-related factor 2 (Nrf2), which regulates the expression of genes encoding
many cytoprotective and stress-responsive enzymes such as HO-1. [12]. As an antioxidant enzyme,
HO-1 induction could be a physiological compensatory mechanism that may protect cells and tissues
from exaggerated oxidative injury during inflammation [28]. Interestingly, modifications in the Que
structure resulted in different inhibitory effects on NOX activity; quercetin-3-glucuronide (Q3G) did
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not induce HO-1 expression in macrophages. It appears that the 3-hydroxyl group is a key structural
requirement for HO-1 induction in macrophages, and the glycosylation of the 3- hydroxyl group in
Que removed its ability [12]. These results were confirmed in Human Umbilical Vein Endothelial
Cells (HUVECs) and Apo-E Knockout (KO) mice [29].

In vascular smooth muscle cells (VSMCs) from spontaneously hypertensive rats (SHR), Que and
its most abundant metabolite in plasma, Q3G, inhibited NOX in a non-competitive manner. Que
seems to be locally regenerated in vivo by glucuronidase to protect VSMCs from oxidative stress
since it is about 10-fold more potent than Q3G, indicating that the glycosylation of the 3-hydroxyl
group affected the ability to inhibit NOX [30].

Villar and colleagues conducted molecular docking studies using AutoDock 4.2.6/Vina to
investigate the activity of Que in the binding pocket of NOX[18]. They retrieved the crystal structure
of the enzyme (code ID 2CDU) from the Protein Data Bank [31]. Que and dextromethorphan, the
reference compound, showed binding energy of -8.3 kcal/mol and -8.0 kcal/mol, respectively. Que
established m-cation interactions with Pro 120, Asp 179 and Lys 213, as well ashydrogen bonds with
Asp 179, Gly 180 and Val 214. Que also established hydrophobic interactions with Gly 158 and -
sigma interactions with Ile 243.

In our docking study using Glide software [13] and the same crystal structure used by Villar and
colleagues [18], we found, as expected, that Que establishes H-bonds with Asp 179 and Cys 242
(Figure3). The results from docking simulations were submitted to Prime MM-GBSA calculations to
calculate the ligand-receptor binding energy. Que showed a comparable Glide Gscore (-5.35
Kcal/mol) to the reference compound dextromethorphan (-5.62 Kcal/mol) at the ATP-site, but, its
MM-GBSA dG bind value was much lower (-4.82 kcal/mol) than that of dextromethorphan (-15.14
kcal/mol). These results suggest that Que may not be a good NOX ligand at the ATP-site.
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Figure 3. Ligand Interaction Diagram of Que docked in 2CDU. Purple arrows represent H-bonds.

3.2. Xanthine Oxidase

XO (EC 1.17.3.2) is an iron-molybdenum flavoprotein found in mammalian tissues that play a
crucial role in purine catabolism [32]. It catalyzes the oxidation of hypoxanthine to xanthine and
xanthine to uric acid (UA) with the production of superoxide anion. The increase in ROS could lead
to oxidative stress damage, metabolic syndrome, and cardiovascular diseases such as hypertension
and ischemia reperfusion [33]. Furthermore, the accumulation of UA has been shown to initiate the
inflammatory process through NLRP3 inflammasome and ROS production, contributing to
inflammation-related tissue damage [34]. The deposition of crystals of UA or its monosodium salt in
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human joints with accompanying joint inflammation is the primary cause of gout [35]. Two FDA-
approved drugs, allopurinol, and febuxostat, inhibit XO and are used to treat gout [36]. However,
their side effects, such as bone marrow depression, allergic reactions, and renal and gastrointestinal
toxicities, limit their use [37].

Que inhibits XO activity in a concentration-dependent manner both in vitro and in vivo. In vitro,
Que inhibits XO showing an IC50 value of 2.74 + 0.04 x 106 mol L-1 [38], instead, in vivo, Que elicited
a hypouricemic effect when orally administered to hyperuricemic mice at a dose of 100 mg/kg body
weight [39].

XO has been shown to play a role in atrial remodeling induced by oxidative stress in alloxan-
induced diabetic rabbits [40]. Que ameliorates oxidative stress injury and myocardial remodeling
after myocardial ischemia [41].

Moreover, XO has a central role in the metabolism of the antitumor drug 6-mercaptopurine (6-
MP), yielding pharmacologically inactive 6-thiouric acid (6-TU) [42]. The simultaneous
administration of XO inhibitors, allopurinol, and 6-MP shows a slow elimination of the latter
compound [43].

Since Que and its metabolites showed an inhibitory effect on UA production, it was shown the
same effect on the formation of 6-TU, with an IC50 of 1.4 uM, five-fold stronger than allopurinol (IC50
=7.0 uM) [44].

Different studies have employed docking techniques to investigate the binding of Que to XO. In
the X-ray [45], Que adopts an orientation with its benzopyran part sandwiched between Phe 914 and
Phe 1009 and the B ring pointing toward the solvent channel leading to the active molybdenum
center. Que binds with hydrogen bonds the catalytically relevant residues Arg 880 and Glu 802.

Zhang and colleagues [46] employed AutoDock 4.2 software to dock Que with XO using 1FIQ
as X-ray structure from bovine milk. The active cavity identified is a long, narrow channel to the
flavin adenine dinucleotide (FAD) reaction site, where reduction of the substrate O2 takes place in
the presence of XO. The best cluster identified has an energy of -5.67 kcal/mol with the calculated
binding free energy of -6.33 kcal/mol, and it forms two hydrogen bonds between the hydroxyl groups
of Que and the hydrogen atoms on the amino acid residues of XO. Specifically, the hydroxyl group
at positions 5 and 7 in the A-ring of Que was connected with Glu263 and Arg394 [38].

Mohos and colleagues perform docking using Autodock 4.2 program package and the structure
of XO (PDB code 3EUB) without the native ligand. Que binds at the XO pocket and interacts with
Glu 802, Ser 876, Phe 914, Phe 1009 and Thr 1010 [44].

Employing the crystal of XO bound to Que code 3NVY [45], we docked the ligand on the binding
site of XO using Glide software. Confirming the results obtained by Mohos et al., Que establishes H-
bonds with Glu 802, Ser 876, and Thr 1010 Arg 880 and m-mt stackings with Phe 914 and Phe 1009
(Figure 4). The best pose resulting from the docking simulation was then superimposed upon the
native Que, showing a RMSD of 0,111 A. As before, docking results were submitted to Prime MM-
GBSA calculations giving energy of -22,18 kcal/mol.

These studies confirm the potential of Que as an inhibitor of XO, offering a natural alternative
to traditional drugs with fewer side effects.
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Figure 4. Ligand Interaction Diagram of Que docked in 3NVY. Purple arrows represent H-bonds,
whereas green lines represent -7 stackings.

3.3. Myeloperoxidase

MPO (EC 1.11.2.2) is an enzyme found in the azurophilic/primary granules of neutrophils and,
to a lesser extent, in monocytes [47]. MPO catalyzes the oxidation of chloride and other halide ions in
H202 to generate HOCI and other highly reactive products that mediate efficient antimicrobial action
[48]

Although MPO is safeguarded in the azurophilic/primary granules, which require stronger
stimulation and are the last to be released during the hierarchical release of neutrophil granules,
plenty of evidence suggests that it spills into the surrounding tissue during inflammation [49]. As
such, elevated plasma and tissue levels of MPO have been linked to many inflammatory disorders,
including cardiovascular diseases, such as coronary artery disease, arterial hypertension, pulmonary
arterial hypertension, peripheral arterial disease, myocardial ischemia/reperfusion-related injury,
stroke, and venous thrombosis [50]. These findings have implicated MPO as an important therapeutic
target in treating inflammatory conditions.

Que has been shown to have potent inhibitory activity against MPO. In human neutrophils
treated with an inflammatory and oxidant agent, phorbol 12-myristate 13-acetate (PMA), Que
reduced MPO activity by 83,7% at 25 uM. In plasma rats, Que co-treatment with cadmium reduced
MPO activity after cadmium treatment by 53% at 50 mg/Kg [51,52]. The inhibitory activity of Que
against MPO also appears to improve damage caused by reperfusion of the ischemic brain in rats.
Reperfusion injury is associated with an imbalance of oxidative stress and antioxidant defense
system, Que ameliorates disease progression by reducing MPO-associated ROS [53].

MPOQ is generally regarded as a risk factor for vascular complications in diabetic individuals [54].
In in vitro study, MPO exacerbated high glucose-mediated endothelial dysfunction through its
reaction with H202 to generate HOCI in HUVECs, Que treatment attenuated MPO activity and,
subsequently its endothelial cytotoxicity. In murine models, these studies are confirmed in vivo,
where expressions and activities of MPO and NADPH oxidase in aortas from diabetic animals were
significantly higher than those in control mice. Que supplementation (3.5 mg daily for each animal)
significantly reduced NADPH oxidase and MPO expressions and improved endothelial function [55].

MPO is also associated with the formation of neutrophil extracellular traps (NETs), which can
modulate the inflammatory process and induce tissue damage [56]. In human neutrophils, prior
incubation with Que reduced NET release after PMA stimulation [57]. Moreover, NETs have a
cytotoxic effect on the A549 cell line, and Que was able to reduce the cytotoxic effects of NETs,
probably acting by reducing MPO and elastase activity [57].
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Docking studies have shown that Que interacts with MPO by orienting with ring A and ring C
above the iron-heme located in the active site of MPO [11]. It also established noncovalent interactions
with Arg 239 and Phe 407, which are near the catalytic heme site, giving a possible explanation for
its inhibition of MPO activity.

Pereira and colleagues [57] investigated the interactions between Que and MPO and elastase,
which are involved in the neutrophil extracellular traps. Focusing on MPO, (PDB code 5FIW) the best
pose obtained a Vina Score of -8.1kcal/mol and the complexes are thermodynamically stable. Que
establishes 71 Van der Waals interactions within the residues located near the heme group and in the
catalytic region.

We reproduced docking studies on MPO (PDB code 5FIW) of Que using Glide software and
calculating the Prime MM-GBSA energy.

Que interacts with Phe 147 and Phe 407 by means of m-m interactions and establishes hydrogen-
bonds with Glu 116 (Figure 5). The binding energies of the results derived from docking are -4.91
kcal/mol for GlideScore, greater than that identified by Pereira but with a dG Bind of -28.81kcal/mol.
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Figure 5. Ligand Interaction Diagram of Que docked in 5FIW. Purple arrows represent H-bonds,
whereas green lines represent -7t stackings.

3.4. Lipoxygenase

LOXs (EC 1.13.11.12) are a large monomeric protein family with non-heme, non-sulfur, iron
cofactor-containing dioxygenases that catalyze the oxidation of polyunsaturated fatty acids (PUFA)
in lipids containing a cis,cis-1,4-pentadiene into cell signaling agents [58]. The nomenclature of these
enzymes is based on the specific position of the carbon oxygenated, and some examples are 5-LOX,
12-LOX, and 15-LOX, widely distributed in mammals [59].

The main products of LOXs are leukotrienes and lipoxins, which play important roles in several
inflammation-related diseases, such as arthritis, asthma, cancer, and allergies. Therefore, inhibition
of the LOX pathway and targeting LOX with inhibitors is a promising therapeutic approach for
treating a wide spectrum of human diseases [60].

Que has been extensively studied for its inhibitory effects on rabbit 15-LOX-1, 5-LOX, and 12-
LOX and has shown high efficiency as LOXs inhibitor [61,62]. The inhibitory effect of Que has also
been confirmed in mammalian 15-LOX showing an IC50 of 0.35 mM [63]. In addition, Que has been
found to inhibit low-density lipoprotein peroxidation catalyzed by mammalian 15-LOX [64].

Pinto and colleagues investigated the mechanism of Que inhibition on 5-LOX. They found a
characteristic competitive mechanism with a value of Ki of 3.73 uM, demonstrating a high efficiency
of this polyphenol as a lipoxygenase inhibitor. The competitive inhibition produced by Que on LOX
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activity suggests that the substrate, such as linoleic acid, is displaced from the active site and that,
consequently, the binding site should be located near or at LOX catalytic site [65].

Que modulates the time course of the lipoxygenase reaction in a complex manner by exerting
three distinct effects: (i) prolongation of the kinetic lag period, (ii) instant decrease in the initial rate
after the lag phase being overcome, (iii) time-dependent inactivation of the enzyme during the
reaction, but not in the absence of substrate [62].

Vyshnevska et al. [66] have performed molecular docking investigations on herbal compounds,
including Que, as potential 5-LOX and COX-2 inhibitors. Concerning 5-LOX, (PDB code 6NCF) [67]
was chosen, and the simulations were carried out with AutoDock Vina. The obtained results were
compared with the reference compound 3-acetyl-11-keto-beta-boswellic acid (AKBA), a non-
competitive inhibitor of 5-LOX which was the co-crystallized ligand of 6NCF. AKBA showed a
binding energy of -9.1 kcal/mol, whereas Que reached -8.2 kcal/mol and established hydrophobic
interactions with Val 107, Val 110 and Thr 137, H-bonds with His 130, Glu 134, Arg 138 and Asp 166,
and mt-cation interactions with Arg 101.

We have reproduced the docking studies performed by Vyshnevska [66] and found the
interactions with the same amino acids with a Glide score of -5,94 Kcal/mol and dGbind of -37,42
Kcal/mol (Figure 6 and Table 3). Que displays a better docking score and MMGBSA dG Bind in
comparison with those of AKBA, -3,37 kcal/mol and -28,21 kcal/mol, respectively.

These results demonstrated the potential of Que as an inhibitor of 5-LOX.
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Figure 6. Ligand Interaction Diagram of Que docked in 6NCEF. Purple arrows represent H-bonds,

whereas red lines represent m-cation interactions.

3.5. Monoamine oxidase

MAO (EC 1.4.3.4) is a riboflavin protein distributed on the outer mitochondrial membrane that
catalyzes the oxidative deamination of biogenic and xenobiotic amines, producing the corresponding
aldehydes, hydrogen peroxide, and ammonia [68]. There are two isoforms of MAO, MAO-A and
MAO-B, which differ in their substrate and tissue distributions. MAO-A preferentially deaminates
serotonin and norepinephrine, while MAO-B metabolizes dopamine [69]. The generation of H202
via MAOs is reported to be a cytotoxic factor involved in oxidative stress and neurodegenerative
disorders such as Parkinson’s disease [70,71].

Selective inhibition of MAO-A leads to increased levels of neurotransmitters within
noradrenergic and serotoninergic neurons of the Central Nervous System (CNS) with clinical
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antidepressant action, while inhibition of MAO-B leads to increased levels of dopamine in the
Parkinsonian brain with partial depletion of dopaminergic neurons in Substantia Nigra pars
compacta with anti-Parkinsonian action [69].

Food-derived compounds such as flavonoids, alkaloids, and phenylpropanoids have been
reported to have an MAO-A and MAO-B inhibitory effect. Among them, the flavonoid Que has been
found to be as most active MAO-A inhibitor, with an IC50 range value of 1-4 uM compared to MAO-
B (IC50 value > 90 uM) [72,73].

Although Que is present mainly as glucuronidated and sulfated metabolites in plasma [74], it is
possible to generate Que aglycone from its conjugated derivatives due to (3-glucuronidase activity
during inflammation [75]. Que is hydrophobic, and it seems to be able to cross mitochondrial
membranes and act as an MAO-A inhibitor [76].

MAO-A, located in the digestive system, is crucial in detoxifying exogenous amines such as
tyramine in fermented dairy products. Some MAO-A inhibitors increase the risk of poisoning by
exogenous amines. Interestingly, in murine model, the inhibitory effect on MAO-A from the small
intestine was not observed in the range of 0.1-100 uM [77,78]. These studies suggest that Que can
selectively inhibit MAO-A from the brain.

Therefore, Que and its derivatives, both synthetic and from natural extracts, are widely studied
in order to find more selective and more powerful MAO-A inhibitors [79,80]

Larit et al. [80] performed a docking simulation of Que and other flavonoids on hMAO-A using
Glide software. Crystal structures 2BXR [81], 2BXS [81], 2Z5X [82], and 2Z5Y [82] were selected to
generate the grids. The best docking score for Que was -11.3 kcal/mol and interacted with Ala 111, Ile
180, Asn 181, Phe 208, GIn 215, Thr 336 and Tyr 444.

Based on the study performed by Larit [80], we replicated the docking simulation of Que on the
active site of hMAO-A (PDB code 275Y) finding only an hydrogen-bond with Ala 111 and a -7t
interaction with Phe 208 (Figure 7). After conducting docking simulations, Prime MM-GBSA
calculations were carried out, and the resulting energy was reported in Table 3 along with the values
for all the other enzymes. Among the enzymes studied, MAO-A exhibited the highest docking score
following XO. These findings suggest that Que has the potential to inhibit MAO-A and could
therefore have therapeutic applications for neurodegenerative and psychiatric disorders.

PHE MET
——

352 350
TYR ILE
69 335 ™~ THR
336
OH (o]
TYR LEU
407 97 g;’:
OH
HO PRO
13
ILE
ILE OH
TYR 207 =~ PHE ) |
444 208 N
LY
\ VAL ALA

210 m

ASN
181 "= ILE
180

GLN
215

Figure 7. Ligand Interaction Diagram of Que docked in 2Z5Y. Green lines represent m-rt stackings.

Table 3. Docking and Prime MM-GBSA results for the interactions of Que on processed proteins.

Target Docking Score Glide Gscore MMGBSA_dG_Bind
NOX -5,32 kcal/mol -5,35 kcal/mol -4,82 kcal/mol
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X0 -8,84 kcal/mol -8,87 kcal/mol -22,18 kcal/mol
MPO -4,88 kcal/mol -4,91 kcal/mol -28,81 kcal/mol
5-LOX -5,91 kcal/mol -5,94 kcal/mol -37,42 kcal/mol
MAO-A -8,11 kcal/mol -8,14 kcal/mol 5,72 kcal/mol

4. Conclusion

Que, a flavonoid widely distributed in fruits and vegetables, is known for its antimicrobial,
antiviral, antioxidative, and anti-inflammatory properties. Its antioxidant activity is mainly
attributed to its intrinsic ability to neutralize free radicals due to the hydroxyl substitutions and the
catechol-type B-ring. Additionally, it can inhibit the expression of pro-inflammatory and oxidant
genes and endogenous oxidizing enzymes. Docking studies have demonstrated the potential of Que
to interact with oxidative enzymes, making it a promising lead compound for developing new anti-
inflammatory agents. The studies have shown that Que has the best results in molecular docking
simulations with XO, followed by MAO-A, 5-LOX, NOX, and MPO, which are implicated in several
inflammatory pathologies. However, further research is needed to fully understand the mechanisms
of action and to determine the efficacy in clinical trials of Que.
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