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The generation of free radicals is a physiological event resulting mainly from the cellular respiration process and the
overactivation of the NOX leads to an excess production of ROS that is associated with oxidative stress.
Chrysobalanus icaco, a medicinal plant that belongs to the Chrysobalanaceae family, possesses a high number of
polyphenols, including phenolic acids and flavonoids. Due to its phytochemical composition, this study aimed to
evaluate the antioxidant potential of the hydroalcoholic extract from the leaves of Chrysobalanus icaco (HECi) and
the inhibitory potential of its main flavonoids against NOX. The in silico predictions of absorption, distribution,
metabolism, excretion, and toxicity (ADMET), drug-likeness properties, and molecular docking with the enzyme
NOX (PDB code 2CDU) were also performed to support the experimental results. The phytochemical screening of the

1


http://dx.doi.org/10.33448/rsd-v11i6.28542

Research, Society and Development, v. 11, n. 6, 5011628542, 2022
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v11i6.28542

HECIi showed the presence of phenols and flavonoids. HECi performed an excellent antioxidant activity (IC50 = 8.1
pg/mL), probably due to its rich phenolic (220.11 + 0.4 mg GAE/g) and flavonoid (110.98 + 0.37 mg QE/qg)
constitution. The ADMET prediction indicated that myricetin and quercetin had the best pharmacokinetic parameters.
The molecular docking results showed that myricetin and especially quercetin had strong docking score on NOX (AG
= —8.1 kcal/mol and AG = —8.3 kcal/mol, respectively). Frontier Orbital’s analyzes (HOMO and LUMO) suggested
that quercetin has better antioxidant properties than myricetin. Our results demonstrate for the first time the in silico
action of quercetin against NOX, as well as reiterate the antioxidant potential of C. icaco.

Keywords: Chrysobalanus icaco; Flavonoids; Antioxidant activity; In silico study.

Resumo

A geracdo de radicais livres é um evento fisioldgico resultante principalmente do processo de respiracdo celular e a
superativacdo da NOX leva a um excesso de producdo de EROs que esta associado ao estresse oxidativo.
Chrysobalanus icaco, uma planta medicinal pertencente a familia Chrysobalanaceae, possui uma grande quantidade
de polifendis, incluindo acidos fendlicos e flavonodides. Por isso, este trabalho teve como objetivo avaliar o potencial
antioxidante do extrato hidroalcodlico das folhas de Chrysobalanus icaco (HECi) e o potencial inibitério de seus
principais flavonoides frente & NOX. As previsdes in silico de absorcdo, distribuicdo, metabolismo, excrecdo e
toxicidade (ADMET), druglikeness e docagem molecular com a enzima NOX (codigo PDB 2CDU) também foram
realizadas para explicar os resultados experimentais. A triagem fitoquimica do HECi mostrou a presenga de fenois e
flavonoides. O HECi apresentou excelente atividade antioxidante (IC50 = 8,1 pg/mL), provavelmente devido a sua
rica constitui¢do fendlica (220,11 + 0,4 mg GAE/Q) e de flavonoides (110,98 + 0,37 mg QE/g). A previsdio ADMET
indicou que a miricetina e a quercetina apresentaram os melhores parametros farmacocinéticos. Os resultados de
docagem molecular mostraram que a miricetina e especialmente a quercetina ligaram-se fortemente a NOX (AG = -
8,1 kcal/mol e AG = -8,3 kcal/mol, respectivamente). As analises dos orbitais de fronteira (HOMO e LUMO)
sugeriram que a quercetina tem melhores propriedades antioxidantes do que a miricetina. Nossos resultados
demonstram pela primeira vez a acgdo in silico da quercetina contra a NOX, bem como reiteram o potencial
antioxidante de C. icaco.

Palavras-chave: Chrysobalanus icaco; Flavonoides; Atividade antioxidante; Estudo in silico.

Resumen

La abundante constitucién fenolica de Chrysobalanus icaco despierta interés en su uso como antioxidante, ya que los
compuestos fendlicos reducen el dafio oxidativo. Este estudio tuvo como objetivo evaluar el potencial antioxidante del
extracto hidroalcohdlico de las hojas de Chrysobalanus icaco (HECI) y el potencial inhibidor de sus principales
flavonoides sobre la NADPH-oxidasa (NOX). Asi, se realizaron los siguientes métodos: prospeccion fitoquimica,
perfil cromatografico, cuantificacién de fenoles y flavonoides y ensayo de secuestro de DPPH. Los estudios in silico
realizados para los principales flavonoides presentes en C. icaco evaluaron los parametros ADMET, simulaciones de
acoplamiento molecular (cédigo NOX - PDB: 2CDU) y orbitales limite (HOMO y LUMO). El cribado fitoquimico de
HECIi mostré la presencia de fenoles y flavonoides. HECi mostrd una excelente actividad antioxidante (1C50 = 8,1
pug/mL), probablemente debido a su rica constitucion fendlica (220,11 + 0,4 mg GAE/g) y flavonoides (110,98 + 0,37
mg QE/g). La prediccion de ADMET indic6 que la miricetina y la quercetina tenian los mejores pardmetros
farmacocinéticos. Los resultados del acoplamiento molecular mostraron que miricetina y especialmente quercetina se
unian fuertemente al NO (AG =-8,1 kcal/mol y AG =-8,3 kcal/mol, respectivamente). La evaluacién de los orbitales
limite (HOMO y LUMO) sugirié que la quercetina tiene mejores propiedades antioxidantes que la miricetina.
Nuestros resultados demuestran por primera vez la accion in silico de la quercetina contra la NOX, asi como reiteran
el potencial antioxidante de C. icaco.

Palabras clave: Chrysobalanus icaco; Flavonoides; Actividad antioxidante; Estudio in silico.

1. Introduction

The generation of free radicals is a physiological and natural event resulting mainly from the cellular respiration

process. NADPH Oxidases (NOX) is a family of electron transporting membrane proteins responsible for the first step in

reactive oxygen species (ROS) production, through the addition of an electron to the O, which results in the formation of

superoxide anion (02°7), in addition of production of other oxygen-derived radicals (Tarafdar and Pula, 2018). Although the

human body possesses intrinsic enzymatic mechanisms to neutralize or scavenge the effects of these ROS, they could

accumulate and trigger cellular damage. ROS plays pivotal roles in physiological processes at low concentrations, however, the

increase in production associated with ineffective mechanisms to scavenging results in oxidative stress, which is correlated as a

contributor or an event of aging and several diseases, such as inflammatory diseases, cardiovascular diseases,
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neurodegenerative diseases and cancer (Roy et al., 2017; Liguori et al., 2018; Arfin et al., 2021; 1zzo et al., 2021).

The overactivation of the NOX leads to an excess production of ROS that is associated with oxidative stress (Chocry
and Leloup, 2020). Thus, the inactivation of NOX represents an interesting and promising therapeutic target to avoid or reduce
the hazardous effects of oxidative stress in different pathologies (McCann and Roulston, 2013; Joshi and Khan, 2020). In this
regard, the intake of antioxidants through diet or supplementation became a valuable tool because many plant-derived natural
antioxidants possess, in addition to the antioxidant effect, other biological properties, including anti-inflammatory, anti-cancer,
and anti-atherosclerotic (Ganesan & Xu, 2017; Hano & Tungmunnithum, 2020). Particularly, polyphenols are interesting
plant-derived secondary metabolites that may modulate NOX (Yousefian et al., 2019).

Chrysobalanus icaco, a medicinal plant that belongs to the Chrysobalanaceae family, possesses a high number of
polyphenols, including phenolic acids, flavonoids, and tannins (Silva et al., 2017; Onilude et al., 2020). The biological effects
of the species are directly associated with the high content of polyphenol, mainly the flavonoids (Castilho et al., 2005;
Chaudhuri et al., 2002; Fernandes et al., 2003). Flavonoids have been commonly identified in polar extracts of C. icaco,
including quercetin, myricetin, and their derivatives (Barbosa et al., 2006; Silva et al., 2017). Flavonoids are secondary
metabolites that act as antioxidants due to their oxidation-reduction properties and metal chelators and free radical scavengers,
which can play an important role in free radicals stabilization and reduction of oxidative stress effects (Agati et al., 2020). In
biological systems, this activity is also correlated with the inhibition of NOX, xanthine oxidase, and phospholipase enzymes,
and stimulation of enzymes with antioxidant activity such as catalase and superoxide dismutase (Wen et al., 2021).

In this sense, current research has drawn attention to the search for new NOX inhibitors. Conventional methods
employed to evaluate natural NOX inhibitors demand a lot of time, cost, and a long process while in silico methods are
alternative and reliable approaches that can be used to evaluate polyphenols before in vitro and in vivo tests (Susanti, 2019).
Thus, this study aimed to evaluate the antioxidant potential of the hydroalcoholic extract from the leaves of Chrysobalanus
icaco (HECi) and the inhibitory potential of its main flavonoids against NOX. The in silico predictions of absorption,
distribution, metabolism, excretion, and toxicity (ADMET), druglikeness properties, and molecular docking with the enzyme

NOX (PDB code 2CDU) were also performed to support the experimental results.

2. Methodology
This study is an experimental work that, as a complement, also aimed to evaluate the physical-chemical,
pharmacokinetic, biological activities and toxicological parameters of the selected flavonoids present in the hydroalcoholic

extract of C. icaco, following the methodology proposed by Pereira et al., 2018.

2.1 Chemicals
All the chemicals to phytochemical screnning and antioxidant activity were obtained by Sigma-Aldrich (St. Louis,

MO, USA). All the solvents were purchased from Merck (Darmstadt, Germany).

2.2Plant material
Chrysobalanus icaco L. was collected in Belém, Para State, Brazil, in May 2018. Plant samples were identified by a

taxonomist at the Herbarium of the Museu Paraense Emilio Goeldi with voucher specimens’ numbers MG236136.
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2.3 Preparation of herbal drug
The aerial parts of the plant material were selected, washed in running water. Then, the material was dried at room
temperature for 24 hours and in an oven with forced air flow (40°C) for 48 hours. The dried material was pulverized in a knife

mill, weighed and stored properly.

2.4 Preparation of plant extract

The hydroalcoholic extract of Chrysobalanus icaco (HECi) was obtained by maceration. Briefly, the herbal drug
(1,300 g) remained in contact with a hydroethanolic mixture (70%, v/v; 3.9 L) for 7 days. After that, the extract was filtered
and the residue was subjected to remaceration for another 7 days. The extracts were combined and evaporated under reduced

pressure in a rotary evaporator. Then, the crude extract was lyophilized and stored for further use.

2.5 Phytochemical screening
Qualitative phytochemical tests were carried out in order to confirm the presence of saponins, steroids and triterpenes,

phenols and flavonoids in the HECI, according to previously reported methods described by Oliveira and co-workers (2017).

2.6 Antioxidant Activity Measurements
2.6.1  Total phenolic content (TPC)

Total phenol content (TPC) was measured by Folin Ciocalteu’s (FC) assay (Singleton e Rossi, 1965; Singleton et al,
1999; Oda, 2014). In brief, 1 mL sample and 1 mL FC reagent were added to a glass tube. After 8 minutes of incubation, 1,5
mL 20% (w/v) Na,COs were also added. The volume was then made up to 10 mL using distilled water. The mixture was
placed in the dark during 2 hours at room temperature so that the absorbance was measured at 760 nm. The TPC was
calculated using a calibration curve of gallic acid (equation: y = 0,0921x - 0,0011; R? = 0,9983) and expressed as pg gallic acid
equivalents/g of HECi. All determinations were carried out in triplicate.

2.6.2  Total flavonoid content (TFC)

Total flavonoid content (TFC) was determined using aluminium complexation reaction (Denni e Mammen, 2012). In
brief, 2 mL of an AICI; solution (2%, w/v) was added to 1 mL of HECi dissolved in methanol (2.5 pug/mL). The resulting
mixture was vigorously shaken and could react for 60 min at room temperature. After incubation, the absorbance was
measured at 425 nm. A blank solution consisted in the above-mentioned mixture, which distilled water replaces the same
volume of AICl;. The TFC was calculated using a calibration curve of quercetin prepared under the same conditions as
described above (equation: y = 0,0774x + 0,0343; R2 = 0,9992) and expressed as pg quercetin equivalents/g of HECi. All

determinations were carried out in triplicate.

2.6.3 DPPH-" radical scavenging assay

The scavenging activity of HECi was measured conforming to the 1,1-diphenyl-2-picrylhydrazil free radical (DPPH)
method, as reported previously (Qin et al., 2014) with minor modifications. Briefly, the samples (100 pL) at different extract
concentrations (0.122 — 250 pg/ml) were mixed with DPPH* (100 pL at a concentration of 100 uM) that was dissolved in 95%
ethanol. The mixture was then vortexed vigorously and kept in the dark during 30 min at room temperature. The absorbance
was measured in a spectrophotometer at 517 nm. The scavenging activity was calculated using the following equation:

Scavenging DPPH" activity (%) = (Ao — A1)/Ao X 100. Where A represents the Absorbance of control reaction and A; was the
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Absorbance of the HECi. The half maximal inhibitory concentration of DPPH" radicals (ICso) was calculated from the equation
of the linear dispersion graph obtained from a calibration curve of ascorbic acid (y = 28,85x + 6,7658; Rz = 0,9927. All tests

were performed in triplicate.

2.7 Insilico analyses
2.7.1  Selection of phytochemical compounds

From previously published works reported in the literature, a total of 7 flavonoids identified in the hydroalcoholic
extract of C. icaco were selected to integrate this research (Onilude et al., 2021; Wagner et al., 2006). Their chemical structures
were obtained from PubChem NCBI (https://www.ncbi.nlm.nih.gov/pccompound) and these flavonoids were drawn via

Marvin Sketch software version 21.20, ChemAxon (https://www.chemaxon.com). Their chemical structures are listed in the

Figure 1.

Figure 1. Flavonoids presents in C. icaco leaves.

Legend: (1) Myricetin; (2) Myricitrin; (3) Myricetin 3-O-glucoronide; (4) Myricetin 3-O-rutinoside; (5) Quercetin; (6) Quercitrin;
(7) Rutin. Source: Authors.
2.7.2  ADMET analysis
The absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of the selected flavonoids were
estimated using SwissADME (Daina et al., 2017) and pkCSM tool (Pires et al., 2015).

2.7.3  Druglikeness analysis
The drug-likeness of the compounds was calculated using swissadme (Daina et al., 2017). The ligands were subjected

to Lipinski screening. Only ligands that were able to satisfy Lipinski filter were chosen for docking simulation.

2.7.4  Molecular docking
After the ADMET and druglikeness screening process, only the compounds with better properties were submitted to
molecular docking study using the Autodock 4.2.6/Vina program (Trott & Olson, 2009) to evaluate their binding interaction

into the active pocket of NADPH oxidase. The 3D-structure of this enzyme was acquired from the Protein Data Bank with
5
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PDB code: 2CDU (Lountos et al., 2006). The receptor structure was prepared using Pymol program (Schrédinger & DelLano,
2020) to remove water molecules and co-crystallized ligands (ADP and FAD). Polar hydrogens and Gasteiger charges were
added by AutoDock Tools (ADT) v1.5.6 (Morris et al., 1998) to generate the PDBQT format. The crystallographic inhibitor

ADP was used to support grid box selection and for protocol validation (Table 1).

Table 1. Parameters used in the molecular docking.

Receptor Ligand Control molecule  Grid Box coordinates Grid Size Reference
NO 1.687x 30 x

Adenosine-5’-  Dextromethorphan (Costa et

PDB code: diphosphate (DEX) 9885y 14y al., 2018)
2CbuU 54.9622 3217

Source: Authors.

The 3D-structure of the selected compounds were obtained from Avogadro software (Hanwell et al., 2012) and saved
as a PDB format. Then, these three-dimensional structures were converted into PDBQT using ADT. After all, the docking
simulations were performed and receptor ligand interactions were visualized by Pymol program and Discovery Studio
Visualizer (Biovia, Dassault Systémes, 2021), considering a maximum cutoff value of 5.5A for the distance between

interactions, as described by Salamanca Viloria et al., 2017.

2.7.5  Frontier Orbitals
To assess the energy values of frontier orbitals HOMO and LUMO we used the Gaussian 9 program, through the
Hartree-Fock method in the 6-31G™ basis set. The GAP energy was calculated as: Gap = ELumo - Enomo.

2.8 Statistical analysis
Statistical analyses were performed using Microsoft® Excel® software 2019. The data were expressed as mean + SD

and analyzed using the student’s t-test.

3. Results and Discussion

3.1 Phytochemical screening

Phytochemical screening of HECi was performed by colorimetric and precipitation reactions to identify the main classes
of secondary metabolites. Through this process, the presence of chemical constituints already reported in the literature for C.
icaco, such as saponins, steroids and triterpenes, phenols and flavonoids were identified in the HECi (Barbosa et al., 2013;
Castilho & Kaplan, 2011). According to the literature, flavonoids and terpenes are the main compounds present in
Chrysobalanaceae species (Feitosa et al., 2012). A previously published study by our research group showed the presence of
the flavonoids myricetin and rutin in the hydroalcoholic extract of C. icaco (Silva et al, 2017). Furthermore, the work by
Barbosa et al. (2006) also indicates the presence of myricetin and quercetin derivatives in fractions obtained from the

hydroalcoholic extract of C. icaco.
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3.2 Antioxidant Activity Measurements
3.2.1  Total phenol and flavonoid content (TPC and TFC)

Polyphenols are substances from secondary plant metabolism that provide essential benefits for plant growth and
reproduction. Furthermore, they form under stressful conditions such as infections, injuries and UV radiation (Pandey & Rizvi,
2009). Among the phenolic compounds, flavonoids stand out as the main class of metabolites with a wide range of biological
activities: anti-inflammatory, antitumor, antimicrobial, antioxidant, etc. (Hritcu et al., 2017). The presence of these substances
and their importance in the phytochemical constitution of the plant can give C. icaco some of its pharmacological actions.

TPC was analyzed (Table 2) measured as total phenolic content (220.11 + 0.40 mg GAE/g) and total flavonoid
content (110.98 £+ 0.37 mg QE/g of dry extract). These results suggest that approximately half of the phenols present in C.
icaco are of the flavonoid type. It is well described that flavonoids perform antioxidant activity because they possibly have
redox properties through the absorption and neutralization of free radicals or the decomposition of peroxides (Wang et al.,
2017).

3.2.2 DPPH-" radical scavenging assay

The methodology based on DPPH" sequestration is widely used to detect antioxidant capacity of plant extracts (Felhi
et al., 2016). Thus, the analysis of the hydroalcoholic extract of Chrysobalanus icaco against the DPPH" radical revealed its
ability to scavenge free radicals, which evidences the plant's antioxidant activity. The results obtained from the phytochemical
screening and quantification of phenols and flavonoids already indicated that, probably, HECi would present antioxidant
activity, since phenolic compounds, especially flavonoids, can eliminate a wide range of reactive oxygen species (ROS) for its
classic hydrogen-donating antioxidant activity, as well as the inhibition of ROS formation (Khlebnikov et al., 2007; Williams
et al., 2004).

The free radical scavenging activity of HECi (R? = 0.9912), which was obtained from a dose-response curve and
showed a strong antioxidant activity in a dose-dependent manner, had a half maximal inhibitory concentration (1Cs) of 8.56
pg/mL, which was statistically significant compared to the ascorbic acid standard (ICso = 1.5 pg / mL). This can be related to
the various antioxidant constituents in HECi such as phenols, flavonoids and terpenes. The presence of flavonoids such as
myricetin, rutin, quercitrin and myricitrin in C. icaco leaves greatly contributes to the plant's antioxidant potential (Aradjo-
Filho et al., 2016). Table 2 demonstrates our results for the sequestration of radical DPPH".

Table 2. Antioxidant activity of Hidroalcoholic extract of Chrysobalanus icaco.

Sample  TPC (mg GAE/g of dry material) TFC (mg QE/g of dry material) DPPH-* radical (1Cso)

HECi 220,11+ 0,4 110,98 + 0,37 8,1+ 0,21pg/mL

Ascorbic acid - - 1,5+ 0,14 pg/mL

The values represent the mean = SEM (n = 3). GAE: gallic acid equivalent; QE: quercetin equivalent. Source: Authors.

The fact that most compounds identified in HECi are well-known flavonoids as antioxidants may explain the great
pharmacological potential of C. icaco. Furthermore, an essential factor that must be considered is that the phytochemical
refinement of the extract seeking to obtain fractions rich in flavonoids could show even more promising results. Finally, our
results, when compared to other study models that also assess the antioxidant activity of medicinal plants, clarify the large

antioxidant capability of C. icaco.
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3.3 Insilico analyses
3.3.1 ADMET profile

In order to predict the pharmacokinectic profile of the selected flavonoids, we performed an in silico screening of their
kinectics and toxicity properties using the online pkCSM and SwissAdme tool. The following ADME parameters were
evaluated: aqueous solubility, human intestinal absorption (HIA), plasma protein binding (PPB), blood-brain barrier (BBB)
penetration, central nervous system (CNS) penetration, cytochrome P450 (CYP450) substrates and inhibitors and total
clearance. To evaluate toxicity properties, we conducted these parameters: AMES test, Oral Rat Acute Toxicity (LD50), Oral
Rat Chronic Toxicity (LOAEL), Hepatotoxicity, Skin Sensitisation (Table 3).

Table 3. Pharmacokinetic predictions of the flavonoids present in Chrysobalanus icaco leaves.

ADMET properties 1 2 3 4 5 6 7
1. Absorption
Agqueous solubility (LogS) -2.915 -2.892 -2.894 -2.892 -2.925 -2.903 -2.892
HIA (% Absorbed) 65.93 43.334 7.537 14.071 77.207 52.709 23.446

2. Distribution

PPB (%) 96,78 65,37 64,1 46,74 93,24 64,95 439
BBB (Log BB) -1.493 -1.811 -2.018 -2.215 -1.098 -1.495 -1.899
CNS (Log PS) -3.709 -1.811 -4.794 -5.397 -3.065 -4.156 -5.178
3. Metabolism

CYP450 2D6 Substrate No No No No No No No
CYP450 3A4 Substrate Weakly Weakly Weakly Weakly Weakly Weakly Weakly
CYP450 1A2 Inhibitor Yes Yes Yes Yes Yes Yes Yes
CYP450 2C9 Inhibitor Yes Yes Yes Yes Yes Yes Yes
CYP450 2D6 Inhibitor No No No No No No No
CYP450 2C19 Inhibitor Yes Yes Yes Yes Yes Yes Yes
CYP450 3A4 Inhibitor No No No No No No No
4. Excretion

Total Clearance (mL/min/Kg) 7.716 5.262 2.284 1.251 8.284 6.373 1.502
5. Toxicity

AMES toxicity No No No No No No No
Oral Rat Acute Toxicity (LDSO.— 17 2537 2.492 2.484 2471 2586 2491
= mol/kg)

?[?féﬁﬂ?ﬂi‘; /lgii;\jv%ay) 2.718 3.386 4211 3.919 2,612 3.022 3.673
Hepatotoxicity No No No No No No No
Skin Sensitisation No No No No No No No

Legend: (1) Myricetin; (2) Myricitrin; (3) Myricetin 3-O-glucoronide; (4) Myricetin 3-O-rutinoside; (5) Quercetin; (6) Quercitrin; (7) Rutin.
LogS: < -10 insoluble; < -6 poorly; < -4 moderately < -2 soluble; < 0 very. HIA: 0-20% low; 20-70% moderate; > 70% high. PPB: > 90%
high; < 90% moderate to low absorption. LogBB: > 0.3 readily cross the blood-brain barrier; < -0.1 poorly distributed to the brain. Log PS: >
-2 penetrate the Central Nervous System (CNS); < -3 unable to penetrate the CNS. Total Clearance: > 15 high; 5-15 moderate; < 5 low.
Source: Daina et al., 2017; Pires et al., 2015). Source: Authors.
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According to Table 3, only myricetin (1) and quercetin (5) showed good ADME properties. These two flavonoids are,
in fact, flavanols that exhibit high intestinal absorption (65.93% to myricetin and 77.207% to quercetin). Further, the aqueous
solubility is one of the most important factors to drug's bioavailability because poor aqueous solubility can limit drug
absorption (Devadasu et al., 2018). Regarding this topic, all the compounds showed high solubility in water. Even though,
perhaps for low lipophilicity, glycosides flavonoids (2, 3, 4, 6 and 7) showed low rates of intestinal absorption. It is possible
that the sugar moiety of these compounds could limit their pharmacokinetics properties.

In reference of distribution, myricetin (1) and quercetin (5) were shown to be strongly bound to plasma proteins. This
could be a point for a possible drug interaction, as other drugs that also bind to plasma proteins may become more available
and, therefore, more susceptible to toxic events. The other compounds are weakly bound to plasma proteins. Regarding BBB
and CNS penetration, none of the compounds have the ability to penetrate greatly to both areas, which suggests that these
phytochemicals should have less probability for neurotoxicity.

Regarding metabolism via the CYP 450 enzyme system, since all the molecules are of medium to high polarity, they
have been shown to bind weakly to CYP 3A4, which allows us to deduce that phase 1 biotransformation is an unlikely event to
occur. In addition, perhaps for their structural similarity, our compounds showed the same inhibition profile: both can inhibit
CYP 3A4, CYP 2C9 and CYP 2C9 isoforms. Although this may be a critical point for drug interaction, it should be noted that
these molecules have low lipophilicity, meaning that there is less force by reversible binding at the active sites of enzymes
(Ramos et al. al., 2020).

The assessment for excretion parameters showed that myricetin, myrictrin and quercitrin have a moderate clearance
time, suggesting that these molecules have characteristics for immediate action. The other compounds, possibly because they
are very large molecules, showed a low depuration time. In the toxicity evaluation, all the flavonoids were considered non-

toxic and non-mutagen.

3.3.2  Druglikeness

Druglikeness prediction is a great tool to support the early stages of drug discovery, because most of drug candidates
fails for pharmacokinectics reasons (Bickerton et al., 2012; Siramshetty et al., 2015). The Lipinski Rule, also known as Rule of
five, establishes that a drug may not be available for oral via unless it does not break two or more parameters (Lipinski, 2004).
Our results (Table 4) reveal that only myricetin (1) and quercetin (5) did not present significant violations for Lipinski filter,
which means that these flavonoids have druglikeness features (Lipinski, 2004; Al-Nour et al., 2019). On the other hands, all
the glycosidic flavonoids (compounds 2, 3, 4, 6 and 7) did not demonstrate druglikeness properties. This may be associated

with the fact that glycosidic chains are quite polar and, therefore, limit the absorption of these compounds (Xiao, 2015).
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Table 4. Druglikeness prediction of the flavonoids presents in Chrysobalanus icaco leaves.

Items 1 2 3 4 5 6 7
Druglikeness Yes No No No Yes No No
miLogP <5 0.79 -0.23 -0.86 -1.86 1.23 0.16 -1.12

MW (g/mol) <500 318.24 464.38 494.36 626.52 302.24 448.38 610.52

nON <10 8 12 14 17 7 11 16
nOHNH <5 6 8 9 11 5 7 10
Violations 1 2 2 3 0 2 3

Legend: (1) Myricetin; (2) Myricitrin; (3) Myricetin 3-O-glucoronide; (4) Myricetin 3-O-rutinoside; (5) Quercetin; (6) Quercitrin; (7) Rutin.
Molecular Mass - up to 500 g/mol; Log P - up to 5; HBA (Hydrogen Bond Acceptors) - up to 10; HBD (Number of Hydrogen Bonding
Donors) - up to 5. Source: Daina et al., 2017. Source: Authors.

The pink area in the radar plot indicates the zone in which a good drug for oral absorption should fit. All glycosidic
compounds significantly extrapolate this area, chiefly in the polar region (Figure 2). In general, the most abundant forms of
flavanoids is as O-glycosides (Xiao, 2015). In the scientific literature it is well reported that O-glycosidic bonds are quite
unstable, which allows their rupture (Simone Badal Mccreath & Rupika Delgoda, 2016; Xiao, 2015). Furthermore, a lot of
researchers have showed that flavonoid glycosides are quite likely hydrolyzed in the gastrointestinal tract (Riva et al., 2020),
either by the action of the body's own hydrolases, such as B-glucosidase and a-L-rhamnosidase (Valentova et al., 2014; Bang et
al., 2015) or by GUT microbiota (Xiao & Hogger, 2013). Beyond that, some studies have demonstrated that flavonoid
glycosides could increase the biovailability of its aglycon forms to produce effects in vivo (Walle et al., 2005).

Figure 2. Bioavailability radar of the selected flavonoids.

[¢] =

Legend: (1) Myricetin; (2) Myricitrin; (3) Myricetin 3-O-glucoronide; (4) Myricetin 3-O-rutinoside; (5) Quercetin; (6) Quercitrin; (7) Rutin.
Source: Authors.
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3.3.3  Molecular docking

Our experimental results reveal a great potention of C. icaco for antioxidant activity. To reinforce these results, we
performed a molecular docking to better understand one of the possible mechanisms behind it. Then, we selected the NADPH
enzyme (PDB: 2CDU) for its key role in generating ROS (Bedard & Krause, 2007). According to literature, this enzyme is a
major source of superoxide anion (O2’), which is the precursor of most other ROS (Rahmani et al., 2019). Therefore, molecules
capable of inhibiting the NADPH oxidase (NOX) contribute significantly to the balance of oxidative stress. This way, the best
molecules for ADMET and druglikeness properties (myricetin and quercetin) were chosen to be evaluated against NOX. It is
important emphasize that no in silico results has been reported with myricetin and quercetin acting on this enzyme.

In order to validate our protocol, we analyzed the root-mean-square deviation (RMSD) because is reported that this
value must be less than 2.0 A (Hevener et al., 2009; Sherman et al., 2006). Then, NOX receptor's own ligand was subjected to
docking and, through the Pymol program, the overlapping of crystallographic poses was measured (Figure 3). This result

confirms that our protocol can be applied for the next molecular docking analyses.

Figure 3. Validation protocol for molecular docking.

Adenosine-5’-diphosphate x NO
PDB code: 2CDU
AG = - 8,4 kcal mol!
RMSD = 0,28A

Source: Authors.
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The reference inhibitor, Dextromethorphan (DEX), was also docked and exhibited a good binding energy (-8.0
Kcal/mol), although it mostly interacts via hydrophobic pi-alkyl bonds, especially with residues Tyr 188, Pro 298 and Leu 299
in a long distance from the aminoacids residues. Our molecules, myricetin and especially quercetin, performed an excellent
binding energy on NO (-8.1 Kcal/mol and -8.3 Kcal/mol, respectively). These results are even better than those obtained for
the control, DEX (Table 5 and Figure 4).

Table 5. Docking score and interaction details of myricetin, quercetin and DEX on NADPH-oxidase.

Compounds Binding Energy Interactions details
(BE - Kcal/mol)  Residues Distance (A) Interaction
521 Pi-alkyl
Iso 160 .
3.33 Hydrophobic
Tyr 188 5.27 Hidrogen bond
Pro 298 2.99 Hidrogen bond
Myricetin -8.1 Leu 299 4.53 Pi-sigma
4.58 van der Waals
Ala 300 3.37 Hydrophobic
Gly 329 2.92 Hidrogen bond
Phe 425 4.33 Hidrogen bond
Pro 120 4.13 Pi-cétion
Gly 158 2.71 Hydrophobic
3.19 Hidrogen bond
Asp 179 S
4.19 Pi-cation
Gly 180 4.15 Hidrogen bond
Quercetin -8.3 Lys 213 3.39 Pi-cétion
3.18
Val 214 3.4 Hidrogen bond
3.53
3.77 .
lle 243 Pi-sigma
4.09
Tyr 159 4.28 Pi-pi
Tyr 188 5.3
DEX -8.0 Pro 298 5.81 Pi-alkyl
Leu 299 5.19
Ser 4.27 Hidrogen bond

Source: Authors.
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Figure 4. Interactions of Myricetin, quercetin e control DEX with the NADPH-oxidase.
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Other in silico studies performed with this same type of NADPH oxidase showed binding energies ranging from
6.2669 Kcal/mol to 10.62 Kcal/mol (Costa et al., 2018; Farouk et al., 2021; Herrera-Calderon et al., 2021). Among these
results, the best ones were performed by molecules extracted from essential oils, which may represent a practical-experimental
limitation, given the difficulty of extracting such compounds (Arce et al., 2006). Furthermore, an important parameter to be
considered in molecular docking analyses is the distance between ligand-receptor interactions, since the closer these
interactions are, the stronger they are. The analysis of our results showed strong intermolecular interactions, such as
conventional Hydrogen bonds, Pi-pi, Pi-cations and Pi-sigma, which indicates the potentiality of these two flavonoids.
Myricetin was shown to interact in a zone further away from the enzyme's active site, making strong interactions with residues
lle (3.3 A, hydrophobic interaction), Pro 298 (2.98 A, Hydrogen bond) and Gly 329 (2.92 A, Hydrogen bond). Myricetin was
also shown to bind weaklier to two important active site residues Ile 160 (5.21 A, Pi-alkyl interaction; 3.33 A, hydrophobic
interaction) and Tyr 188 (5.27 A, Hydrogen bond). The fact that myricetin interacted in a more distant zone than would be
considered ideal, does not nullify it as potential inhibitor. In fact, proteins are complex and highly dynamic that can assume
different conformations. This allows a disturbance, even occurring at a certain distance from the active site, may reduce its
functioning. Furthermore, our docking results showed that all compounds interact with important residues of the enzyme's
catalytic site at a maximum cutoff value of 5.5A (Salamanca Viloria et al., 2017).

Quercetin, in turn, exhibited the best binding energy among the compounds analysed and showed strong interactions
with important residues from the catalytic site, such as Gly 158 (2.71 A, hydrophobic interaction), Asp 179 (3.19 A, Hydrogen
bond; 4.24, Pi-cation interaction), Gly 180 (4.15 A, Hidrogen bond) and Val 214 (3.18 A, 3.4 A and 3.53 A by Hidrogen
bond). Experimental models have already reported that, in vivo, quercetin seems to act by suppressing the generation of ROS
from NOX (Sanchez et al., 2006; Luo et al., 2019). Thus, our results show, for the first time, that the interactions between

quercetin and NOX are energetically viable and based on strong intermolecular interactions.

3.3.4  Frontier Orbitals

The evaluation of HOMO and LUMO orbitals is an important parameter that consolidates the antioxidant potential of
a molecule. The electron donating capacity of a compound is correlated with the HOMO energies (Braga et al., 2011; Xue et
al., 2014). Then, the greater the energy of this orbital, the greater the ability to donate electrons. On the other hand, the energy
difference (GAP) between LUMO and HOMO is another important parameter for evaluation, as it reveals the stability and
reactivity of the molecule. Thus, the higher the HOMO and the lower the GAP of a compound, the greater its antioxidant

activity (Wang et al., 2015). The calculated frontier orbital energies for myricetin and quercetin are present in Table 6.

Table 6. Frontier orbitals properties for quercetin and myricetin.

Compounds HOMO (eV) LUMO (V) GAP (eV)

Myricetin -7,41 -1,38 6,02
Quercetin -7,04 -1,62 5,42
DEX (control) -5,29 -0,20 5,09

Source: Authors.

From Table 6, quercetin presents a higher HOMO orbital energy and low GAP energy than myricetin. This agrees
with our results obtained by molecular docking, which showed that quercetin is a better antioxidant. So, this flavonoid and its

O-glycoside forms most likely contribute significantly to the antioxidant potential of C. icaco.
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4. Conclusion

In the present study, Chrysobalanus icaco proved to be a plant rich in flavonoid derivatives, the major constituents of
the hydroalcoholic extract. Among these stand out myricetin, quercetin and their O-glycosylated derivatives. Due to this rich
phenolic composition, C. icaco presented a high antioxidant power and its main flavonoid aglycones, myricetin and especially
quercetin, performed an excellent inhibitory profile against the enzyme NADPH oxidase, the main ROS generating enzyme.
Our findings demonstrate for the first time that quercetin can strongly inhibit NOX. Furthermore, through the study of
molecular orbitals, we identified that quercetin also had excellent antioxidant properties that confirm results already reported in
the literature for this purpose.

Therefore, these findings may stimulate the development of more in silico research aimed at studying the mechanisms
by which flavanoids exert antioxidant activity. In this aspect, further investigations will be needed to reveal the behavior of C.
icaco constituents under different experimental models. From our experimental and in silico results, we conclude that C. icaco
can be a potential resource for the future development of an herbal medicine with strong antioxidant activity to be used by the

pharmaceutical industry.
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