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ARTICLE INFO ABSTRACT

Keywords: Luteolin, naringenin, myricetin, and ampelopsin are abundant flavonoids in nature, and several dietary sup-
Xanthine oxidase plements also contain them at very high doses. After the peroral intake, flavonoids go through extensive pre-
Lmej"lin . systemic biotransformation; therefore, typically their sulfate/glucuronic acid conjugates reach high
&?r:illizl:n concentrations in the circulation. Xanthine oxidase (XO) enzyme is involved in uric acid production, and it also
Ampelopsin takes part in the elimination of certain drugs (e.g., 6-mercaptopurine). The inhibitory effects of flavonoid

aglycones on XO have been widely studied; however, only limited data are available regarding their sulfate and
glucuronic acid conjugates. In this study, we examined the impacts of luteolin, naringenin, myricetin, ampe-
lopsin, and their sulfate/glucuronide derivatives on XO-catalyzed xanthine and 6-mercaptopurine oxidations
employing in vitro enzyme incubation assays and molecular modeling studies. Our major results/conclusions are
the following: (1) Sulfate metabolites were stronger while glucuronic acid derivatives were weaker inhibitors of
XO compared to the parent flavonoids. (2) Naringenin, ampelopsin, and their metabolites were weak inhibitors
of the enzyme. (3) Luteolin, myricetin, and their sulfates were highly potent inhibitors of XO, and the glucu-
ronides of luteolin showed moderate inhibitory impacts. (4) Conjugated metabolites of luteolin and myricetin
can be involved in the inhibitory effects of these flavonoids on XO enzyme.

Flavonoid conjugates

1. Introduction mg for LUT and MYR, 500 mg for NAR or naringin, and 300-600 mg for

AMP (see in the Supplementary). Generally, flavonoids have low oral

Luteolin (LUT), naringenin (NAR), myricetin (MYR), and ampelopsin
(AMP) are flavonoid aglycones (Fig. 1); the parent flavonoids and/or
their glycosides appear in numerous plants and plant-based products.
Due to their supposed beneficial health effects, several dietary supple-
ments contain high doses of LUT, NAR (or its 7-O-glucoside naringin),
MYR, or AMP, leading to extremely high intake compared to the normal
diet. The distributor’s websites suggest the following effects of these
dietary supplements (see the links of the websites and other details in the
Supplementary): antioxidant (LUT, NAR, MYR, and AMP), immunity
booster (LUT and NAR), anti-inflammatory (LUT and AMP), supporting
cognitive health (LUT), liver support (AMP), and anti-hangover (AMP).
The recommended daily doses based on the websites are typically 100
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bioavailability resulting from their high presystemic biotransformation
[1,2]. Therefore, typically their sulfate and/or glucuronide metabolites
reach high concentrations in the systemic circulation (and likely in some
tissues) [3]. Nevertheless, several research studies aim to improve the
oral bioavailability of flavonoids, e.g., with special formulations or
prodrug formation [4].

LUT is a flavone aglycone. Based on human studies, the peak plasma
concentration of total LUT (the parent flavonoid and its metabolites) can
exceed 1 pM (after peroral, single dose administration of 50 mg LUT)
[5]. Nevertheless, in animal studies, large doses of LUT resulted in even
10 pM or higher plasma levels [6]. After the oral administration of LUT
to human volunteers, its sulfate and glucuronide conjugates were
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Fig. 1. Chemical structures of luteolin (LUT), luteolin-3'-O-sulfate (L3'S), luteolin-3"-O-glucuronide (L3'G), luteolin-7-O-glucuronide (L7G), naringenin (NAR), nar-
ingenin-4’-O-sulfate (N4'S), naringenin-7-O-glucuronide (N7G), myricetin (MYR), myricetin-3-O-sulfate (M3'S), ampelopsin (AMP), and ampelopsin-4-O-sul-
fate (A4'S).
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identified in human plasma, and luteolin-3'-O-sulfate (L.3'S) has been
reported as the major circulating metabolite [7]. Furthermore, luteo-
lin-3"-O-glucuronide (L3'G), luteolin-4-O-glucuronide, and luteoli-
n-7-O-glucuronide (L7G) were also detected in the plasma, liver, kidney,
and small intestine samples of rats [7].

NAR is a flavanone aglycone, its sulfate and glucuronic acid me-
tabolites can reach high concentrations in the human blood and urine [8,
9]. In human studies, the peak plasma concentration (Cpax) of total NAR
was approximately 6 uM after the consumption of 8 mL/kg grapefruit
juice [10]; and the single peroral doses (150 mg and 600 mg) of NAR led
to 15.8 pM and 48.5 M Cpax values of total NAR, respectively [11]. In
addition, micromolar concentrations of sulfate and glucuronic acid
conjugates of NAR were found in rat liver samples [12].

MYR is a flavonol, while AMP (or dihydromyricetin) is a flavanonol
aglycone. The oral bioavailability of MYR is low (approximately 10% in
rats) [13]. After the peroral administration of MYR (100 mg/kg) to rats,
the peak plasma concentration of total MYR (the parent flavonoid and its
metabolites) was approximately 8 pM [13]. In rat studies, the oral
bioavailability of AMP was 4% [14]. Nanomolar concentrations
(approximately 300-500 nM) of AMP were detected in rats after the per
os treatment with AMP (100 mg/kg) [15,16]. Nevertheless, it is
reasonable to hypothesize that certain sulfate and/or glucuronide me-
tabolites of MYR and AMP can reach micromolar concentrations in the
circulation.

Xanthine oxidoreductase is a non-microsomal enzyme with molyb-
denum center, its two interconvertible forms are xanthine oxidase (XO)
and xanthine dehydrogenase [17]. The latter can be reversibly or irre-
versibly converted to XO [18]. 6-Mercaptopurine (6-MP) and its prodrug
azathioprine are widely applied drugs in the treatment of cancer and
autoimmune diseases, including acute lymphoblastic leukemia, Crohn’s
disease, and ulcerative colitis [19]. XO can biotransform endogenous
compounds (e.g., xanthine to uric acid) and certain drugs (e.g., 6-MP to
6-thiouric acid; Fig. 2). Therefore, the inhibition of the enzyme (e.g.,
with allopurinol) is beneficial in hyperuricemia due to the decreased
uric acid formation [20], while it can cause life-threatening drug
interaction resulting from the poor elimination of 6-MP [21]. Allopu-
rinol and febuxostat are potent inhibitors of XO and are applied in the
pharmacotherapy of hyperuricemia and gout [18]. Previous in vitro
studies also demonstrated the highly potent inhibitory actions of fla-
vonoids on the XO enzyme [20].

In in vitro investigations, LUT and MYR proved to be strong in-
hibitors of XO, while NAR and AMP caused moderate inhibition
[22-24]. However, the impacts of their sulfate and glucuronic acid

o (0}

HN NH
o2 "NH~ NH

X0

HN NH
)\ | ©
o) N~ NH

Xanthine Uric acid

S S
N NH xo HN NH
PRSP
NH N 0oZ "Nh~ NH

6-Mercaptopurine 6-Thiouric acid

Fig. 2. Xanthine oxidase-catalyzed uric acid and 6-thiouric acid formation.
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conjugates on the XO enzyme have not been examined yet. Previously,
we reported that quercetin-3'-O-sulfate is a potent inhibitor of XO, even
more potent than the parent flavonoid quercetin and the positive control
inhibitor allopurinol [25]. In addition, most of the studies investigated
the impacts of flavonoids on the XO-catalyzed xanthine oxidation, while
their inhibitory effects on 6-MP oxidation have been barely character-
ized. It would be interesting because earlier studies highlighted that
some polyphenols and even allopurinol show different inhibitory po-
tency regarding xanthine vs. 6-MP oxidation [25,26], and the strong
inhibition of XO during 6-MP treatment can have serious consequences
[21].

In this study, we aimed to examine the interactions of LUT, NAR,
MYR, AMP, and their sulfate/glucuronide conjugates with the XO
enzyme. The inhibitory effects of LUT, L3'S, L3'G, L7G, NAR, naringenin-
4'-O-sulfate (N4'S), naringenin-7-O-glucuronide (N7G), MYR, myricetin-
3-O-sulfate (M3'S), AMP, and ampelopsin-4'-O-sulfate (A4'S) were tested
on XO-catalyzed xanthine and 6-MP oxidations, employing in vitro
enzyme incubation assays. In both experiments, allopurinol was applied
as positive control inhibitor. In addition, molecular modeling studies
were also performed to explore the molecular bases of the inhibitory
effects of the flavonoids tested. Our results demonstrate that some of the
conjugated metabolites are highly potent inhibitors of XO.

2. Materials and methods
2.1. Reagents

Luteolin (LUT), naringenin (NAR), xanthine oxidase (XO; from
bovine milk), xanthine, uric acid, allopurinol (APU), 6-mercaptopurine
(6MP), orthophosphoric acid (ACS reagent, 85% in water), sodium hy-
droxide (reagent grade, purity: 98%), perchloric acid (ACS reagent, 70%
in water), and potassium hydroxide (ACS reagent, purity: 85%) were
purchased from Merck (Darmstadt, Germany). Luteolin-3-O-glucuro-
nide (L3'G), luteolin-7-O-glucuronide (L7G), naringenin-7-O-glucuro-
nide (N7G), and 6-thiouric acid (6-TU) were obtained from Carbosynth
(Berkshire, UK). Myricetin (MYR) and ampelopsin (AMP) were from
abcr GmbH (Karlsruhe, Germany) and Herb Nutritionals Ltd. (Shanghai,
China), respectively. Luteolin-3-O-sulfate (L3'S, containing 10% of the
isomer luteolin-4'-O-sulfate, overall purity 99%), naringenin-4'-O-sulfate
(N4'S, 99.6%), myricetin-3'-O-sulfate (M3'S, 97.6%) and ampelopsin-4'-
O-sulfate (A4'S, 97%) were synthesized chemo-enzymatically using aryl-
sulfotransferase from Desulfitobacterium hafniense as it has been previ-
ously reported [27,28].

Flavonoids were dissolved in dimethyl sulfoxide (DMSO, spectro-
scopic grade; Fluka, Charlotte, NC, US), then the stock solutions (10 mM
each) were stored at —20 °C. The stock solutions of xanthine (1 mM), 6-
MP (2 mM), 6-thiouric acid (2 mM), and allopurinol (5 mM) were also
prepared in DMSO, while uric acid (2 mM) was dissolved in 0.01 M
sodium hydroxide.

2.2. XO assay with xanthine as substrate

Our previously reported method [25] was applied with minor
modifications. The incubates (with 500 pL final volume) contained the
substrate (xanthine, 5 pM) and the enzyme (XO, 0.0003 U/mL) without
or with increasing concentrations of flavonoids (0-50 pM) in sodium
phosphate buffer (0.05 M, pH 7.5). Incubations were performed in a
thermomixer (8 min, 700 rpm, 37 °C), the reaction was started with the
addition of the enzyme. Solvent (DMSO) controls were applied in each
experiment, and the impacts of allopurinol (positive control inhibitor)
were also tested. The reaction was stopped with 30 pL of perchloric acid
solution (6 M), after which samples were vortexed and 195 pL of po-
tassium hydroxide solution (1 M) was added. Thereafter, incubates were
cooled to 4 °C, then centrifuged (5 min, 14,000 g, 4 °C). The concen-
trations of xanthine and uric acid in the supernatants were analyzed by
HPLC-UV as has been previously reported [25], without modifications.
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2.3. XO assay with 6-MP substrate

We used our previously described method [25] with minor modifi-
cations. The incubations were performed in a thermomixer (25 min,
700 rpm, 37 °C), in the presence of the substrate (6-MP, 5 pM) and the
enzyme (XO, 0.01 U/mL) without or with increasing concentrations of
flavonoids (0-50 pM). Other experimental details were the same as
described in Section 2.2. The concentrations of 6-MP and 6-thiouric acid
in the supernatants were quantified by HPLC-UV as has been earlier
reported [25], without modifications.

2.4. Molecular modeling studies

The structures of LUT, L3S, L3'G ((2 S,3 S,4 S,5 R,6 S)— 6-[5-(5,7-
dihydroxy-4-oxochromen-2-yl)— 2-hydroxyphenoxy]— 3,4,5-trihydrox-
yoxane-2-carboxylic acid), L7G ((2S,3S,4S,5R,6S)— 6-[2-(3,4-
dihydroxyphenyl)— 5-hydroxy-4-oxochromen-7-yl]oxy-3,4,5-trihy-
droxyoxane-2-carboxylic acid), NAR ((2 S)- 5,7-dihydroxy-2-(4-
hydroxyphenyl)— 2,3-dihydrochromen-4-one), N4'S, N7G
((2S8,35,4S,5R,6 S)— 3,4,5-trihydroxy-6-[[5-hydroxy-2-(4-hydrox-
yphenyl)— 4-oxo0-2,3-dihydrochromen-7-yl]oxy]oxane-2-carboxylic
acid), MYR, M3S, AMP ((2R,3 R)- 3,5,7-trihydroxy-2-(3,4,5-
trihydroxyphenyl)— 2,3-dihydrochromen-4-one), and A4'S were built in
Maestro (Schrodinger Maestro Schrodinger Release 2020-4). The built
structures were further prepared for docking exactly as described in our
previous studies [29-31].

Atomic coordinates of XO were obtained from the Protein Data Bank
(PDB) with PDB code 3eub [32], according to our previous studies [25,
26]. The target was prepared as has been earlier reported [25]. Briefly,
non-amino acid molecule molybdopterin and molybdenum complex
(MoCo) were subjected to quantum chemical structural optimization
and partial charge distribution using MOPAC (Stewart Computational
Chemistry, Colorado Springs, CO, US, H. net MOPAC 2016) with a PM7
parametrization [33], and a gradient norm of 0.001. The rest of the
target amino acids were equipped with Gasteiger-Marsilli partial
charges [34].

Ligands were docked to XO using AutoDock 4.2.6 [35]. The number
of grid points were set to 40 x 40 x 40 at a 0.350 A grid spacing and the
center of the grid box was set as the average coordinates (—48.81, 67.55,
—43.07) of the experimental binding position of xanthine found in the
3eub PDB structure. Lamarckian genetic algorithm was used for the
global search. Ten docking runs were performed for each ligand, and the
resulting ligand conformations were ranked by their free energy of
binding (AGpinding) values [36]. The lower rank indicates a more
favorable calculated free energy of binding. Representative docked
ligand conformations were used for subsequent evaluations [37].

2.5. Data analyses

Figures and tables show means + standard errors of the mean (SEM)
values from three independent experiments. Statistical analyses were
carried out (p < 0.05 and p < 0.01) by one-way ANOVA (with Tukey’s
post-hoc) test applying the SPSS Statistics software (IBM, Armonk, NY,
us).

ICsp values were determined based on sigmoidal fitting (Hilll)
employing the Origin software (version 2018, OriginLab Corporation,
Northampton, MA, US).

3. Results

3.1. Testing the potential inhibitory effects of flavonoids on XO-catalyzed
xanthine and 6-MP oxidation

First, the impact of a relatively high flavonoid concentration (20 pM)
was examined on XO enzyme with both substrates (xanthine and 6-MP).
Among the flavonoids tested, LUT and L3'S almost completely abolished
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the metabolite formation in both assays (Fig. 3). MYR and M3'S reduced
to zero the XO-catalyzed 6-MP oxidation, while they induced weaker
impacts on xanthine oxidation. L3'G and L7G strongly decreased XO
activity, showing somewhat weaker inhibitory action on xanthine vs. 6-
MP oxidation (Fig. 3). NAR, N4'S, and A4'S induced moderate (approx-
imately 40-60%) inhibition, where NAR and A4S exerted slightly
stronger inhibitory effects on xanthine than on 6-MP oxidation. Finally,
N7G and AMP did not affect 6-MP oxidation, while they caused the
statistically significant (p < 0.01) but weak (approximately 20%) inhi-
bition of xanthine oxidation. Based on these observations, we decided to
test the concentration dependent inhibitory actions of LUT, L3S, L3'G,
L7G, MYR, and M3'S in the following experiments.

3.2. Concentration dependent effects of LUT, MYR, and their metabolites
on XO-catalyzed xanthine oxidation

LUT and L3'S caused significant (p < 0.01; 10% and 25% decrease,
respectively) inhibition of uric acid formation even at 0.05 uM con-
centration and induced close to complete inhibition at 20 pM (Fig. 4A).
Both LUT (ICs9 = 0.21 pM) and L3'S (ICsp = 0.13 pM) induced slightly
stronger inhibitory actions compared to the positive control allopurinol
(ICsp = 0.25 pM). However, the glucuronide conjugates of LUT showed
significant inhibitory effects only at 1 pM concentration (26% and 12%
decrease in metabolite formation were caused by L3'G and L7G,
respectively), and they proved to be more than tenfold weaker inhibitors
of xanthine oxidation than allopurinol (Table 1).

MYR induced statistically significant decrease (p < 0.01; 15%) in
uric acid formation at 0.1 pM, while M3'S inhibited xanthine oxidation
even at 0.01 uM (p < 0.05; 8% decrease) and 0.03 uM (p < 0.01; 18%
decrease) concentrations (Fig. 4B). However, even at 20 uM, MYR and
M3'S did not block completely the enzyme, showing approximately 80%
and 90% maximal inhibitions, respectively. Nevertheless, based on the
ICso values, MYR can be considered as a similarly strong inhibitor of
xanthine oxidation than allopurinol (Table 1), while M3’S (ICsq =
0.14 pM) caused even stronger impact.

3.3. Concentration-dependent effects of LUT, MYR, and their metabolites
on XO-catalyzed 6-MP oxidation

Among the compounds tested, L3'S proved to be the strongest in-
hibitor of 6-MP oxidation (ICsy = 0.13 pM); it caused statistically sig-
nificant inhibition (p < 0.01; 9% decrease) even at 0.01 pM
concentration (Fig. 5A). L3'S was followed by the parent flavonoid LUT
(ICs0 = 0.34 pM) with a somewhat weaker effect. Furthermore, both
LUT and L3'S caused complete inhibition of the enzyme at 5 pM con-
centration. Since allopurinol is a much weaker inhibitor of 6-MP
oxidation (ICsp = 5.1 pM) compared with xanthine oxidation (ICs5y =
0.25 pM) (Figs. 4 and 5), LUT and L3'S exerted considerably stronger
inhibitory effects on XO-catalyzed 6-thiouric acid formation compared
to the positive control. In addition, L3'G and L7G were similarly strong
inhibitors as allopurinol, with slightly lower ICsq values (Table 1).

Interestingly, MYR and M3'S did not cause the complete inhibition of
xanthine oxidation even at 20 pM (Fig. 4B), while MYR and M3'S
abolished 6-MP oxidation at 20 pM and 5 pM concentrations, respec-
tively (Fig. 5B). MYR caused the slightly weaker inhibition of 6-thiouric
acid formation than allopurinol (Table 1); however, M3'S (ICsy =
0.72 uM) proved to be considerably stronger inhibitor than MYR and
allopurinol (Fig. 5B).

3.4. Molecular modeling studies

The flavonoids were docked into the active site of XO (Fig. 6A), to the
binding site of the endogenous substrate xanthine. The flavonoid ring
structure shows a well-fit overlap with the xanthine ring (Figs. 6, 7, S1,
and S2). Based on the differences between the calculated free energies
(AGpinding), the sulfate metabolites of LUT, NAR, and MYR bind with
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Fig. 3. Effects of flavonoids (20 pM each) on XO-catalyzed
xanthine (blue) and 6-MP (red) oxidation (substrate con-
centrations = 5pM in both assays; n=3; *p < 0.05,
**p < 0.01). At 20 pM concentration, the positive control
inhibitor allopurinol caused almost complete inhibition of
metabolite formation (see later in Figs. 4 and 5) in both
assays (LUT, luteolin; L3'S, luteolin-3-O-sulfate; L3'G,
luteolin-3-O-glucuronide; L7G, luteolin-7-O-glucuronide;
NAR, naringenin; N4'S, naringenin-4'-O-sulfate; N7G, nar-
ingenin-7-O-glucuronide; MYR, myricetin; M3'S, myricetin-
3-O-sulfate; AMP, ampelopsin; A4'S, ampelopsin-4-O-
sulfate).
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Fig. 4. Concentration dependent inhibitory effects of LUT and its metabolites (A), MYR and its metabolite (B), and allopurinol (APU; positive control; in both panels)
on XO-catalyzed xanthine oxidation (substrate concentration = 5 pM; n = 3; *p < 0.05, **p < 0.01; LUT, luteolin; L3'S, luteolin-3'-O-sulfate; L3'G, luteolin-3-O-
glucuronide; L7G, luteolin-7-O-glucuronide; MYR, myricetin; M3'S, myricetin-3-O-sulfate).

Table 1
ICsq values of allopurinol, LUT, L3'S, L3'G, L7G, MYR, and M3'S regarding XO-
catalyzed xanthine and 6-MP oxidation.

Xanthine oxidation 6-MP oxidation

ICso (LM) o ICs0 (uM) o
Allopurinol (APU) 0.25 + 0.01 1.00 5.10 + 0.50 1.00
Luteolin (LUT) 0.21 + 0.02 0.84 0.34 + 0.02 0.07
LUT-3’-O-sulfate (L3'S) 0.13 + 0.01 0.52 0.13 + 0.01 0.03
LUT-3’-0-glucuronide (L3'G) 3.22 +£0.24 12.9 3.00 £ 0.22 0.59
LUT-7-O-glucuronide (L7G) 5.20 + 0.38 20.8 3.93 £ 0.27 0.77
Myricetin (MYR) 0.24 + 0.01 0.96 3.83 + 0.08 0.75
MYR-3'-O-sulfate (M3'S) 0.14 + 0.01 0.56 0.72 + 0.01 0.14

" o = ICsp of the flavonoid / ICs, of the positive control

higher affinity to the enzyme compared to the respective parent flavo-
noids, while the comparison of A4'S and AMP showed opposite results
(Table 2). Furthermore, modeling studies suggested weaker interactions
of glucuronide derivatives (L3'G, L7G, N7G) with XO than their parent

flavonoids (Table 2). The interacting amino acids are listed in Table S1.

The greatest difference in AGpinding Was observed between N4'S and
N7G (Table 1). The comparison of their top ranked binding modes
(Fig. S1C and D) shows that an oxygen of the sulfate group (which has a
partial negative charge) interacts with the central molybdenum (which
has a partial positive charge), and the same applies to R880 with its
positively charged side chain. The flavonoid rings show a n-stacking
interaction with F914 and a hydroxyl group can form a hydrogen bond
with S876. The direct interaction of glucuronide metabolites with the
molybdenum center is lacking, while the glucuronic acid part interacts
through hydrogen bonding with N768, H875, and S876.

4. Discussion

Several in vitro studies demonstrated the potent inhibitory effects of
some flavonoid aglycones on XO enzyme [20,22-24]. Due to the
extensive presystemic metabolism of flavonoids by sulfotransferase and
uridine 5’-diphospho-glucuronosyltransferase enzymes in enterocytes
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Fig. 5. Concentration dependent inhibitory effects of LUT and its metabolites (A), MYR and its metabolite (B), and allopurinol (APU; positive control; in both panels)
on XO-catalyzed 6-MP oxidation (substrate concentration = 5 pM; n = 3; *p < 0.05, **p < 0.01; LUT, luteolin; L3'S, luteolin-3"-O-sulfate; L3'G, luteolin-3-O-
glucuronide; L7G, luteolin-7-O-glucuronide; MYR, myricetin; M3'S, myricetin-3-O-sulfate).

and/or in hepatocytes, typically the sulfate and/or glucuronide metab-
olites of flavonoids reach high concentrations in the circulation and in
certain tissues [ 1-3]. However, the interactions of these conjugates with
the XO enzyme have been barely characterized.

Among the flavonoid aglycones tested, LUT and MYR were strong,
NAR was moderate, and AMP was a weak inhibitor of both xanthine and
6-MP oxidations (Fig. 3). These observations are in agreement with
previous studies, where LUT and MYR showed strong while NAR and
AMP caused much weaker inhibition on XO-catalyzed xanthine oxida-
tion [22-24]. Earlier reports suggest nanomolar ICsq values of LUT and
low micromolar ICsg of MYR [22,23,38]. In the current study, the ICsg of
LUT and MYR were 0.21 pM and 0.24 pM, respectively. Nevertheless,
high concentrations of LUT decreased the uric acid formation close to
zero, while MYR did not induce the complete inhibition of xanthine
oxidation (the lower plateau of its sigmoid curve was observed between
2 and 20 pM concentrations) (Fig. 4). Interestingly, MYR was a tenfold
weaker inhibitor of XO-catalyzed 6-MP oxidation than LUT (Fig. 5 and
Table 1).

Regarding LUT, NAR, and MYR, the results of our modeling studies
were compared with the previously reported data [39-42]. Docking
studies suggested the same interacting amino acids for LUT in another
paper [39]. Furthermore, in accordance with the present work (Table 2),
an earlier study [40] described similar interaction energies (based on
docking scores) of LUT and NAR, and a lower score of MYR. In another
study with NAR [40], the same interacting amino acids were highlighted
than in the current work (Table S1), with an emphasis on the role of
R880. In addition, in two earlier reports [40,41], the same interacting
amino acids were found for MYR than in our study (Table S1), also
highlighting the important interactions with E802, R880, and E1261.
Zhang et al. [42] performed thermodynamic measurements regarding
MYR-XO interaction, where the experimental AGpinding Wwas
— 5.82 kcal/mol (converted from kJ/mol), which perfectly agrees with
our AGypinding (—5.70 kcal/mol).

Glucuronides were weaker while sulfate conjugates were stronger
inhibitors of XO compared to the parent aglycones (Figs. 3-5). Modeling
studies were in accordance with these experimental observations, except
AMP where the modeling predicted lower affinity interaction with the
sulfate derivative (Table 2). Based on earlier reports, quercetin-3-
glucuronide and isorhamnetin-3-glucuronide did not affect XO activity
[25], and chrysin-7-glucuronide induced only slight inhibition [26]. In
the current study, N7G caused slight and no inhibition on xanthine and

6-MP oxidation, respectively (Fig. 3). Surprisingly, both glucuronide
metabolites of LUT (L3'G and L7G) proved to be moderate inhibitors of
XO (ICsg ~ 3-5 pM; Table 1), highlighting that certain glucuronic acid
conjugates can also be considered as XO inhibitors. Our previous study
with quercetin and quercetin-3'-O-sulfate showed that sulfates can be
more potent inhibitors of XO [25]. However, as an exception, chrys-
in-7-O-sulfate caused considerably weaker inhibition on XO than chrysin
[26]. Considering the above-listed results, we can conclude that the
sulfate metabolites of flavonoids are typically stronger inhibitors of XO
compared to the parent flavonoid, as it has been noticed based on the
comparison of L3'S vs. LUT, N4'S vs. NAR, M3'S vs. MYR, A4'S vs. AMP,
and quercetin-3"-O-sulfate vs. quercetin.

Generally, in modeling studies, two orientations of the sulfate groups
were observed. The first was noticed with L3'S (Fig. 6E) and M3'S
(Fig. 7C), where the sulfate groups form hydrogen-bonding interactions
with N768 and E802. The respective parent compounds (LUT and MYR)
did not show these interactions (Table S1). In the second orientation, the
sulfate groups of N4'S (Fig. S1D) and A4'S (Fig. S2C) produce ionic in-
teractions with R880, whereas the parent compounds (NAR and AMP)
only form hydrogen-bonds with R880 (Table S1). In addition, N4'S also
forms a further hydrogen-bond with E1261 (Fig. S1B).

Most of the flavonoids previously examined exerted similar inhibi-
tory effects on XO regardless of the substrate applied [25,26]. However,
certain compounds caused considerably stronger inhibition of xanthine
(e.g., pyrogallol and allopurinol) or 6-MP (e.g., 3-phenylpropionic acid
and 3-coumaric acid) oxidation [25,26]. In the current study, LUT, L3S,
L3'G, L7G, NAR, N4'S, N7G, AMP, and A4'S showed no differences or
induced relatively similar inhibitory effects regarding the two reactions.
However, M3'S was 5-fold while MYR was 16-fold stronger inhibitor of
xanthine oxidation than 6-MP oxidation (Table 1).

Some studies suggest the potential antihyperuricemic activity of LUT
and MYR [43-45]. Even 10 pM concentration of LUT markedly
decreased uric acid formation in cultured hepatocytes [43]. In a dose
dependent fashion, LUT (20-100 mg/kg/day, per os treatment for six
days) strongly lowered serum uric acid levels in potassium
oxonate-induced hypouricemic mice [44]. Furthermore, in a similar
mice experiment, MYR (50-100 mg/kg/day) and LUT (100 mg/kg/day)
significantly reduced serum uric acid concentrations (flavonoids were
administered perorally for three days) [45]. Our current study highlights
that LUT and MYR are similarly strong, while L3'S and M3'S are stronger
inhibitors of xanthine oxidation than the positive control allopurinol,



O. Balazs et al.

B T1010L‘Y R880 C T101OL_4\§ " Reg0
S876 3876,3_4

D

Biomedicine & Pharmacotherapy 167 (2023) 115548

Fig. 6. Binding of xanthine (thick salmon sticks
from the 3eub PDB structure) and LUT (thick teal
sticks, 1st ranked binding mode) to the XO enzyme
(grey cartoon) (A). The molybdenum cofactor
(MoCo) is shown as thick purple sticks. The close-
up of the binding of LUT (B), L3'G (C), L7G (D),
and L3'S (E) are shown in subsequent smaller
panels. The flavonoids are represented with teal
sticks, and the interacting amino acids (within
3.5 A distance) are demonstrated as thick grey lines
and labeled according to the 3eub PDB structure.
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and even the glucuronide conjugates of LUT showed moderate inhibi-
tory effects (Table 1). These data suggest that the conjugated metabo-
lites of these flavonoids may be involved in the previously reported
antihyperuricemic impacts of LUT and MYR.

Compared to allopurinol, L3'S, LUT, and M3'S were 40-fold, 15-fold,
and 7-fold stronger inhibitors of 6-MP oxidation, respectively (Table 1).
Furthermore, L3'G, L7G, and MYR caused slightly stronger inhibition
than the positive control (Fig. 5). Allopurinol can disrupt the elimination
of 6-MP leading to clinically relevant drug-drug interaction [21].
Therefore, to explore their clinical importance, the in vivo investigation
of the potential pharmacokinetic interactions of LUT and MYR with
6-MP and/or azathioprine are highly reasonable.

5. Conclusions

In summary, the inhibitory effects of LUT, L3'S, L3'G, L7G, NAR,

Biomedicine & Pharmacotherapy 167 (2023) 115548

Fig. 7. Binding of xanthine (thick salmon sticks
from the 3eub PDB structure) and MYR (thick
teal sticks, 1st ranked binding mode) to the XO
enzyme (grey cartoon) (A). The molybdenum
cofactor (MoCo) is shown as thick purple sticks.
The close-up of the binding of MYR (B) and
M3'S (C) are shown in subsequent smaller
panels. The flavonoids are represented with as
teal sticks, and the interacting amino acids
(within 3.5A distance) are demonstrated as
thick grey lines and labeled according to the
3eub PDB structure.

N4'S, N7G, MYR, M3'S, AMP, and A4'S were examined on XO-catalyzed
xanthine and 6-MP oxidations using in vitro enzyme assays. Further-
more, flavonoid-XO interactions were also studied applying molecular
modeling technique. Our results demonstrate that sulfation increased
the inhibitory potency of LUT, NAR, MYR, and AMP on XO enzyme
regarding both substrates tested. In addition, LUT, MYR, and their sul-
fates proved to be strong inhibitors of the enzyme, even compared to the
positive control allopurinol. Glucuronidation of LUT and NAR resulted
in less potent inhibitors; however, low micromolar concentrations of
L3'G and L7G caused relevant decreases in metabolite formation. Fla-
vonoids showed similar inhibitory effects in the presence of both sub-
strates, except MYR and M3'S exerted stronger inhibitory actions on
xanthine oxidation than on 6-MP oxidation. Considering their high
inhibitory potency, the conjugated metabolites of LUT and MYR can take
part in the inhibitory actions of these flavonoids on XO enzyme.
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Table 2
The calculated free energies of binding (AGypinding) regarding flavonoid-XO in-
teractions examined.

Flavonoid AGpinding (kcal/ Binding rank/all
mol) ranks
Luteolin (LUT) -6.23 1/2
LUT-3"-O-sulfate (L3'S) -7.64 1/2
LUT-3-O-glucuronide (L3'G) -5.67 1/3
LUT-7-0O-glucuronide (L7G) -3.67 1/4
Naringenin (NAR) -6.22 1/2
NAR-4-O-sulfate (N4'S) -7.83 1/2
Naringenin-7-O-glucuronide -3.41 1/4
(N7G)
Myricetin (MYR) -5.70 1/2
MYR-3'-O-sulfate (M3'S) -6.70 1/2
Ampelopsin (AMP) -5.87 1/1
AMP-4"-O-sulfate (A4'S) -5.05 1/2
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