Results in Chemistry 6 (2023) 101115

ELSEVIER

Contents lists available at ScienceDirect
Results in Chemistry

journal homepage: www.sciencedirect.com/journal/results-in-chemistry

Results in

Chemistry

»

Check for

Prenylated flavonoids from Dalea genus as xanthine oxidase inhibitors: In ~ [%&s
vitro bioactivity evaluation and molecular docking studies

M.D. Santi®, E. Bedoya Aguirre ", M.F. Negro ™", M. Paulino Zunini ¢, M.A. Peralta™”, M.

G. Ortega ™"

& Instituto Multidisciplinario de Biologia Vegetal (IMBIV-CONICET), Ciudad Universitaria. X5000HUA Cérdoba, Argentina
b Farmacognosia, Departamento de Ciencias Farmacéuticas, Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba, Ciudad Universitaria, Haya de la Torrey

Medina Allende, Edificio Ciencias II, X5000HUA Cordoba, Argentina

¢ Area Bioinformatica, DETEMA, Facultad de Quimica, Universidad de la Reptiblica, 11800 Montevideo, Uruguay

ARTICLE INFO ABSTRACT

Keywords:

Dalea genus

Prenylated flavanones
Xanthine oxidase inhibition
Molecular docking

Gout

Hyperuricemia

Prenylated flavanones are a family of compounds with an important biological potential. Previously, anti-
tyrosinase activity, acetylcholinesterase inhibitory activity, and neuroprotective effects of several prenyl flava-
nones isolated from different American Dalea genus species were reported. The biological potency of these kinds
of compounds, together with the particularity of their chemical structures, encouraged us to investigate them for
in vitro and in silico anti-xanthine oxidase activity. So, five prenyl-flavanones obtained from different Dalea sp
(Dalea elegans, Dalea boliviana, and Dalea pazensis) were studied and the relationships between the structure of
these prenyl-flavanones and their inhibitory activity were evaluated. Molecular docking studies were performed
in order to propose the binding mode of the most active natural compound. 2,4-dihydroxy-5-(1",1"-dimethy-
lallyl)-8-prenylpinocembrin (1) was the most active in this series showing an ICsg of 0.26 + 0.07 uM comparable
with the reference inhibitor, allopurinol. The presence of 5,7,2',4"-tetrahydroxy substitution, accompanied by a
prenyl group at 8-position in the A-ring, and a 5’ (1”,1”-dimethylallyl) were important to present a xanthine
oxidase inhibitory activity. This fact was confirmed with molecular docking studies showing relevant interactions
of 1 with the residues of the catalytic site of xanthine oxidase, and a binding energy of —7.3297 kcal mol L.
These results contributed not only to understanding the binding mode but also to validating the in vitro results.
The obtained findings lead us to propose these prenyl-flavanones as lead compounds for the design and devel-

opment of novel xanthine oxidase inhibitors for the treatment of diseases in which this enzyme is involved.

Introduction

Xanthine oxidase (XO, EC 1.17.3.2) is a key metalloenzyme in purine
metabolism. It is responsible for the conversion of hypoxanthine to
xanthine and finally, the synthesis of uric acid, which is produced by
reactive oxygen species as products of those reactions [1-3]. During
pathological states, the generated hyperuricemia is considered a rele-
vant risk factor for developing nephrolithiasis, gout, hypertension, car-
diovascular diseases, diabetes, and oxidative damage in tissues [4,5].
For that reason, the inhibition of XO is a relevant pharmacological
target, not only for hyperuricemia treatment. Allopurinol (AL) and
oxypurinol, both recognized XO inhibitors, have shown side effects, such
as hepatitis, nephropathy, and skin rash [6-8]. Therefore, the search for
new XO inhibitors is imperative. Focusing in that direction, it is

recognized the relevant activity of flavonoids as XO inhibitors
[2,5,7,8-11]. Several studies reported the structural-activity relation-
ship (SAR) for that kind of compound, showing the influence of the
substitution pattern of phenol/hydroxyl groups on the XO inhibitory
activity [2,7,8]. Recently, we demonstrated the influence of methoxyl
substituents in the A and B rings of different natural and semisynthetic
flavonoids from Gardenia oudiepe Vieill. [12]. Few studies have evalu-
ated other structural requirements such as the presence of a prenyl
moiety [13,14].

Dalea L (Fabaceae) is an American genus with a distribution from the
southwestern United States to central Argentina and Chile. It was widely
demonstrated that this genus is rich in flavonoid content with relevant
biological activities [15]. Particularly, some species from this genus
present relevant chemical content in prenylated flavonoids. This family
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of compounds is considered “rare” due to their low natural abundance in
the plant kingdom. They have shown interesting biological activities,
such as antimicrobial, inhibition of resistance mechanisms in bacteria
and fungi, inhibition of tyrosinase enzyme and acetylcholinesterase
enzyme, as well as, neuroprotection [15,16]. Previously, we have re-
ported the isolation and characterization of several prenylated flava-
nones (PFs) from Dalea elegans Gillies ex Hook. et Arn, Dalea boliviana
Britton and Dalea pazensis Rusby. All of them were evaluated as mush-
room tyrosinase inhibitors, and the most active were proposed as
important candidates for the development of hyperpigmentary disor-
ders’ treatments [15,17-20]. Furthermore, we have previously shown
that some of them presented protective effects against oxidative stress-
induced death in two in vitro models of neurodegenerative diseases, as
well as acetylcholinesterase inhibitory activity [16].

In relation to the above presented, and taking into account the bio-
logical potential of that family of compounds, this work aimed at the
evaluation of the in vitro XO inhibitory activity of five PFs obtained from
D. elegans, D. boliviana, and D. pazensis. In addition, and with the
objective of establishing SAR, the XO inhibitory activity of the com-
mercial flavanone pinocembrin was measured. Our results present for
the first time, natural prenylated flavonoids as lead molecules for the
rational development of therapeutic strategies for hyperuricemia treat-
ment and prevention.

Materials and methods
Plant material

D. elegans (Fabaceae) was collected in February 2012, in the flow-
ering period, near Cabalango (Cérdoba, Argentina, GPS coordinates:
latitude: 31°24’ 04.62" South; longitude: 64°34'19.21" West; height: 763
m). Prof. Dr. Gloria Barboza from the Botanical Museum, Universidad
Nacional de Cérdoba, Argentina (CORD), identified it. A voucher spec-
imen was deposited as CORD Peralta 2.

D. boliviana Britton (Fabaceae) was collected in February 2019, at
Iturbe in the Humahuaca Department, Jujuy province, Argentina (GPS
coordinates 22°5844" S, 65°21'13" W at 3223 m above sea level). A
voucher specimen was deposited as CORD 1066 in the Botanical
Museum, Universidad Nacional de Cérdoba, Argentina. The Plant ma-
terial was identified by Prof. Dr. Gloria Barboza of the Museo Botanico-
UNC.

Roots of D. pazensis Rusby (Fabaceae) were collected in March 2013,
in Yotala, a locality close to Sucre city (19°08'53" s 65°15'48" W at 2543
m above sea level). A voucher specimen was identified by specialized
personnel from the Herbario del Sur de Bolivia (HSB) (Portal E. & Lopez
C.C.) and deposited as 961A.

Isolation, purification, and identification

(28)-2',4"-dihydroxy-5-(1",1"-dimethylallyl)-8-prenylpinocembrin
(8PP, 1) and (2S)-8-prenylpinocembrin (8P, 2) were obtained from
D. elegans roots and aerial parts, respectively and identified as previously
described by Peralta et al. (2014) [19]. (25)-5,7,2-trihydroxy-5-(1",1"-
dimethylallyl)-8-prenylflavanone (3) and (2S)-5,7,2-trihydroxy-8,3"
diprenylflavanone (4) were obtained from roots of D. boliviana and their
identification was according with Peralta et al. (2011) [18]. (25)-3',4-
dihydroxy-6,2"-diprenylpinocembrin (pazentin A, 5) was isolated from
roots of D. pazensis as previously informed by Santi et al. (2017) [20].
Briefly, roots or aerial parts were dried at room temperature, powered,
and processed for extraction and isolation of the natural compounds as
we previously reported, by using the soxhlet technique, column chro-
matography, and preparative TLC. Their identification was performed
by comparing their HRMS, NMR spectroscopic data, UV absorption
profiles, and Circular Dichroism with our previously isolated com-
pounds as references.

Compound 1 was isolated as a yellow amorphous solid; UV (MeOH)
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Amax (log €) 294 (3.49), 334 (sh) (2.91) nm; CD (c 0.162, MeOH)
[6]294-0.31, [8]334 + 0.18. For 'H NMR (CDCls, 400 MHz) and 1*C NMR
(CDCl3,100 MHz) data, please refer to Peralta et al. (2014) [19]. HRMS
m/z 423.1834 [M — H] ™ (calculated for Co5H2706, 423.1802).

Compound 2 was isolated as a white amorphous solid; UV (MeOH)
Amax (log €) 294 (4.91), 334 (sh) (4.33) nm; CD (c 0.006, MeOH)
[0]204-2.67, [0]334 + 0.35. For 'H NMR (CDCls, 400 MHz) and '3C NMR
(CDCl3, 100 MHz) data, please refer to Peralta et al. (2014) [19]. HRMS
m/z 323.1292 [M — H] ™ (calculated for CooH1904, 323.1278).

Compound 3 was isolated as an amorphous solid; UV (MeOH) Anax
(log €) 293 (4.09), 339 (sh) (3.44) nm; CD (c 0.098, MeOH,)
[0]293-36.68, [0]334 + 2.33; IR (KBr) vmax 3389 (OH), 2962, 2921,1637
(C=0), 1601, 1506 (C=C), 1270 cm~!. For 'H NMR (acetone-dg, 400
MHz) and 3C NMR (acetone-dg, 100 MHz) data, please refer to Peralta
et al. (2011) [18]. HRFABMS m/z 409.2016 [M + H]" (calculated for
Co5Ho90s5, 409.2015).

Compound 4 was obtained as a yellow amorphous solid; UV (MeOH)
Amax (log €) 274 (sh) (1.98), 293 (2.09), 339 (sh) (1.45) nm; CD (c 0.049,
MeOH) [0]290-41.05, [0]349 + 2.47; IR (KBr) vmax 3446 (OH), 1631
(C=0), 1542 (C=C), 1446 cm™'; 'H NMR (CDCls, 400 MHz) and '3C
NMR (CDCl3, 100 MHz), data please to Peralta et al. (2011) [18];
HRFABMS m/z 409.2009 [M + H]" (calculated for CosHogOs,
409.2015).

Compound 5 was isolated as a yellow amorphous solid; UV (MeOH)
Amax (log €) 293 (3.69), 330 (sh) (3.13) nm; CD (c 0.004, MeOH)
[6]293-0.46, [0]330 + 0.05; IR (KBr) vmax 3644, (OH), 2921, 1644
(C=0), 1601, 1455 (C=C) 2852 (OCHs), cm™'. For 'H NMR (ace-
tone-dg, 400 MHz) and '3C NMR (acetone-dg, 100 MHz) data, please
refer to Santi et al. (2017) [20]. HRMS m/z 447.1775 [M'Na]®
(calculate for CosHo706, 447.1778).

Chemicals

XO (EC 1.17.3.2) from bovine milk (0.04 U/mL), allopurinol (AL;
purity: 99%), Xanthine (purity: 99,5%), HCI (1 N), and pinocembrin (6,
purity: 95%) were obtained from Sigma Chemical Co. (St. Louis, MO,
USA). All the solvents employed presented an analytical grade.

In vitro XO inhibitory activity

The assay was realized as earlier described by Schmeda-Hirschmann
et al.,, 1992 [21]. Briefly, 21.4 uL of XO solution and 0.75 mL of the
control solution [K;HPO4/KHoPO4 buffer (0.07 M, pH 7.5)] or the
sample solution [constituted by each PF or AL dissolved in dime-
thylsulfoxyde (DMSO; final concentration of 0.1% v/v) and subse-
quently diluted to the adequate concentrations with the above buffer]
were combined and pre-incubated at 25 °C for 15 min. That step in-
volves a pre-treatment of the enzyme with either the control solution or
the natural compounds to be evaluated allowing the equilibrium before
the reaction is started according to the reference [21]. Then [22,23,24],
0.45 mL of the substrate (xanthine solution, 150 mM) was added, and
incubated at 25 °C for 30 min, time needed to ensure an adequate
enzymatic process according to the previously calculated by Schmeda-
Hirschmann et al., 1992 [21] and validated by us [12]. By the addi-
tion of 1 mL of HCI (1 N), the reaction was stopped [25] according to
Schmeda-Hirschmann et al., 1992 [21], and the absorbance was
measured at 290 nm on a Cary Win UV-VIS spectrophotometer, Varian,
Inc. Agilent Technologies (Santa Clara, USA). The positive inhibitor
control was AL. The percent inhibition of XO activity was calculated as
follows: % inhibition = [(Abscontrol - AbSsample)/AbScontrot] % 100, where
Abscontrol is the absorbance of the control solution and Absgple is the
absorbance of the sample solution.

Calculations and statistics

The biological assays were performed in triplicate, and the results
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were expressed as media + SD of three separate experiments. The values
of the ICsy were estimated by the GraphPad Prism 6.0 software on a
compatible computer. The unidirectional analysis of variance (ANOVA)
followed by Bonferroni’s test for multiple comparisons of the results was
realized using GraphPad Prism 6.0 software.

Molecular docking studies

Molecular docking studies were performed by using the coordinates
of the milk bovine XO 3D structure deposited at the Protein Data Bank
(https://www.rcsb.org/pdb; PDB ID 3NVY), co-crystallized with quer-
cetin, solved at 2.0 A resolution [26]. We processed the crystallographic
coordinates and ran our studies on MOE™ suite (Chemical Computing
Group Inc. https://www.chemcomp.com) [27], as we previously re-
ported [12,15]. Briefly, 3NVY crystal was processed and water mole-
cules were deleted since they were not essential to the interaction under
study. Through the MMFF94 forcefield, hydrogen atoms and charges
were adjusted, and 3D structures of all isolated and structurally identi-
fied PFs and pinocembrin were built and minimized [28,29]. Different
conformers were generated with the conformational search Low-
modeMD [30] on the fly in the molecular docking procedure. Residues
within a 4.5 A sphere centered on quercetin atoms were taking account
for the docking experiments. Triangle Matcher was selected as a place-
ment function and scores were calculated with the Affinity DG function
(MOE™ Chemical Computing Group, 2009) [27]. We have validated our
study, by reproducing the same pose of quercetin inside the active site,
with a 2.8 A root mean square deviation (RMSD) [12,31,32]. Surface
Maps and Ligand Interaction MOE™ tools were used to generate
graphical representations of resulting complexes XO-flavonoid.

Results and discussion
Prenylflavanones XO inhibitory activities

In this study, five PFs: 8PP (1), 8P (2), 3, 4, and pazentin A (5)
(Fig. 1) isolated from Dalea species (D. elegans, D. boliviana, and D.
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pazensis), together with the commercially available flavonoid pino-
cembrin (6), were evaluated for their XO inhibitory activity.

All flavanones showed a concentration-dependent inhibition. The
ICsp values for 1-6 and the reference inhibitor AL were estimated using
nonlinear fitting of concentration-response (Table 1).

As a result, 1 was the most active of this series, and showed a similar
activity (not significative different, t student test, p-value: 0.6594) with
respect to the reference inhibitor AL (Fig. 2). It is important to highlight
that we have previously reported the cytotoxicity of compound 1, the
most active compound of these series, on BL6F0 melanoma cells [20].
The maximum non-cytotoxic concentration (MNCC) was estimated to be
(10.0 & 1.0 pM). This result supports the fact that compound 1 does not
show cytotoxic effects on B16F0 at the concentration at which it was
observed a 50% inhibition on XO (0.26 + 0.07 uM). However, further
studies should be performed, such as an evaluation of cytotoxicity in
other cell lines, to ensure its safety and later translate this result to
clinical use.

Structure-activity relationships

Former reports highlighted some structural requirements as the
presence of hydroxy groups in positions 5, 7, and 4’ of flavones [2,7,8].
Recently, we incorporated information about methoxy substitutions

Table 1
Estimated ICs, values corresponding to XO inhibitory activity
of flavanones 1-6 and the reference inhibitor AL.

Compound 1Cs0 (M)

0.26 + 0.07

0.69 + 0.03

25+05

3.9+0.8

12.0 £ 0.7

ND (13.8% at 100 pM)
0.247 + 0.004

amaxm-z:-w.-n

ND: Not determined.

Fig. 1. Structures of prenylated flavanones isolated from Dalea species (1-5) and pinocembrin (6).
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Fig. 2. ICs profiles of prenylated flavanones 1-4 and pinocembrin (6).

[20].

The present work extends these data to flavanones bearing a com-
bination of prenyl and hydroxy substitutions, which were, to our
knowledge, never evaluated for their in vitro XO inhibitory activity.

The majority of the prenylflavanones tested (1-4) share a core
including a 5, 7-dihydroxy and 8-prenyl moiety in A-ring, but compound
5 differs in that the prenyl moiety is positioned in 6 (Fig. 1). Regarding
the B-ring, the variability in these prenylflavanones is due to the pres-
ence/absence of prenyl or dimethylallyl, and hydroxyl substituents in
different positions of the ring. So, it is important to elucidate how the
different patterns of substitution are influencing the XO inhibitory ac-
tivity observed in this series. Compound 1 has been identified as the
most active within this series, showing an ICsy of 0.26 + 0.07 pM.
Moreover, we incorporated 5,7-dihydroxyflavanone (pinocembrin, 6),
to determine relevant structural requirements for activity, and it turned
out to be the one with the lowest activity (ICso 12.0 + 0.7 pM),
compared to the active compounds. These findings reinforce the rele-
vance of substitution in B-ring and the presence of 8-prenyl moiety in A-
ring. Another relevant structural requirement is the presence of 2/, 4
dihydroxy in B-ring next to prenyl moiety in 5. In compounds 2, 3, and
4, where the structural pattern in the B-ring is different to compound 1,
the inhibitory activity of XO decreases almost 3, 10, and 15-fold
respectively compared with 1, showing the relevance of the presence
of the pattern above mentioned for B-ring. On the other hand, inter-
estingly we found that the PF isolated from D. pazensis (5) was inactive.
This compound does not present the B-ring pattern that we showed as
relevant to present XO inhibitory activity. Furthermore, its prenyl group
at A-ring is in position 6, instead of position 8, leading us to confirm the
importance of 8-prenyl moiety in the A-ring to show inhibitory activity.
Taking all those facts together, we could affirm that a 5, 7, 2/, 4-tetra-
hydroxy substitution, accompanied by a prenyl group at 8-position in
the A-ring and a 5'-(1”,1"-dimethylallyl) are important chemical features
to present an XO inhibitory activity comparable to the inhibitor of
reference AL. Remarkably, the observed chemical structural conditions
to present XO inhibitory activity are shared with those shown by the
same PFs to present inhibitory activity on tyrosinase enzyme [19,20].
Furthermore, compounds 1 and 2 have also shown neuroprotective ac-
tivity on neurons after oxidative injury, and the same mentioned sub-
stitution pattern was observed to lead to the most potent flavanones
[16]. This multi-target behavior could be exploited in the development

of new pharmacological strategies to prevent and/or treat pathologies
with increased oxidative stress, such as neurodegenerative diseases,
melanoma, and gout.

In silico molecular docking studies

In order to understand the binding mode between the most active
compound of the series (1) and XO (PDB ID: 3NVY) [26], we carried out
computational docking studies by using the MOE™ tool (2014) [27]. As
we previously described, a sphere of 4.5 A around the co-crystallized
ligand (quercetin), including essential amino acids was selected as
“docking site” [33] (Fig. 3).

PF 1 showed important interactions between B-ring substituents (OH
and dimethylallyl substituents) and residues of the catalytic XO active
site, such as Glut802 and Phe914 or Glut802 which has an essential role
in the XO substrate hydroxylation (xanthine) [33], while Phe914 was
reported as important for the recognition of the ligand by XO (Fig. 4).

The binding energy of 1 was —7.3297 kcal mol !, being the lowest of
the series. For the rest of the compounds, we found binding energies of:
—5.3429 (3), —5.2264 (4), —5.2107 (8P, 2), —5.1038 (pinocembrin,
6), —5.1464 (pazentin A, 5) kcal/mol These results were in concor-
dance with those obtained on in vitro assays (Table 1).

In Fig. 5, a 2D graphic description of the ligand interactions are
shown. As can be seen, PF 1 benzopyranone ring is sandwiched between
Phe914 and Phel009 residues and also presents a n-n interaction be-
tween the A ring and the aromatic ring of the Phe914 residue. This
interaction, was previously reported as important for the recognition
ligand-XO, and we hypothesize here that in this case, it could be
enhanced thanks to the presence of the lipophilic prenyl substituent at
position 8 of the A-ring, which is also presenting hydrophobic in-
teractions with residues Leu873, Pro1076, Met1038 that belong to the
XO active cavity. These interactions could prevent further binding XO-
substrate (xanthine or hypoxanthine) stabilizing compound 1-XO
interaction [8,34,35].

Other hydrophobic interactions could be seen between the B-ring
and residues Ala1078, and Ala1079, which also contribute to stabilizing
the complex compound 1-XO [36,37]. Moreover, we found important
polar interactions with residues Glu802, Glu1261, Arg880, and Arg912
reported as crucial in the hydroxylation of substrate xanthine
[9,11,13,38]. A hydrogen binding with Glu802 and OH-2' is reinforcing
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Phel013.CZ

~

ArgBB0.HH21

hrlo1=

1

Arg880 Ser8z6

Fig. 4. PF 1 2D Electrostatic Surface Map. It is shown the best pose docked of 1. Blue color corresponds to electropositive surface areas, and red color is representing
the negative electrostatic surfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the fact that OH in B-ring is important to assist the inhibitory activity
[11]. Further studies should be performed as Molecular Dynamics to
complete the evaluation for compound 1 in particular to consider the
solvent and or flexibility influence. We also thought that it will be
interesting to evaluate the effect of a combination of our prenyl-
flavanones and AL. Although some of them were less active than AL, a
combination could result in a potent synergism allowing diminishing the
AL dose necessary to inhibit XO, and subsequently its adverse effects. In
vivo studies could also help to confirm the bioactivity of these natural
compounds on hyperuricemic models and go deeper into toxicity and
bioavailability evaluations.

Conclusion

In this work, we presented the in vitro XO inhibition of five PFs iso-
lated from Dalea genus. Compound 1 presented a similar activity with
respect to the reference inhibitor, AL. Compound 3 was 3-fold less active
than AL, and the other flavanones showed to be much less active (4, 6),
or inactive (5). Considering the biological potentiality of this kind of
compounds, we propose to evaluate them in combination with AL, in
order to test a possible synergic effect between them. Also, we are
encouraged to say that the active PFs tested here, could be exploited as
lead molecules for the rational design of new XO inhibitors.

According to our knowledge, we inform for the first-time
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Fig. 5. Ligand interaction of PF 1 and XO (3NVY) residues in the active site.

structure-activity relationships of PFs as XO inhibitors. Additionally, in
silico studies of PF, 1 showed important interactions between the natural
compound and amino acid residues of the XO active site. That fact not
only confirms the obtained results in the in vitro evaluation but also
suggests that the interaction between 1 and XO is stable and supported
by multiple Van der Waals and hydrogen binding interactions. It is
important to mention, that we have previously demonstrated that
compound 1 does not present cytotoxic effects in B16FO cells at the
concentration in which present XO inhibition (~0.26 pM).

Our data allows us to propose PF 1 as a candidate for the treatment of
disorders/diseases in which XO activity is exacerbated. Moreover, PF 1
has previously demonstrated not only inhibitory activity on tyrosinase
enzyme, and acetylcholinesterase, but also neuroprotective effects
against oxidative stress-induced death in different models of neurode-
generative diseases. All that data, led us to present PF 1 as a multi-target
flavanone with the potential to be evaluated as a lead compound for the
design and development of new pharmacological strategies for the
prevention and treatment of pathologies with associated oxidative
stress.
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