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Abstract: Zika virus (ZIKV) is involved in the etiology of serious nervous system pathologies. Cur-
rently, there are no specific and effective vaccines or antiviral drugs to prevent the diseases caused by
ZIKV. This study aimed to assess the activity of flavonoids present in crude hydroethanolic extract
(CHE) and fractions obtained from B. holophylla leaves against ZIKV. O-glycosylated flavonoids
were characterized by high-performance liquid chromatography coupled with high-resolution mass
spectrometry (LC-HRMS/MS). The cytotoxic concentration and the effective concentration for 50%
of the cells (CC50 and EC50, respectively) were determined, and the selectivity index (SI) was calcu-
lated. Molecular networks were constructed based on the chemical composition of the samples and
global antiviral activity data using the Global Natural Products Social Molecular Networking (GNPS)
platform. Protein–ligand docking was performed in the NS2B-NS3 protease, NS3 helicase, and NS5
methyltransferase of the ZIKV. CHE showed greater antiviral activity at a multiplicity of infection
(MOI) of 1.0, with an EC50 of 11.93 µg/mL, SI = 13.38, and reduced cytopathic effects. Molecular
networks indicated that O-glycosylated flavonoids are responsible for the activity against ZIKV, being
quercetin-O-deoxyhexoside more selective and effective. Molecular docking confirmed the inhibitory
activity of quercetin-O-deoxyhexoside, which showed an affinity for the tested targets, especially for
NS2B-NS3 protease. The results showed that B. holophylla has flavonoids with potential for future
therapeutic applications against ZIKV.

Keywords: O-glycosylated flavonoids; arboviruses; Bauhinia spp.; GNPS; molecular docking

1. Introduction

Zika virus (ZIKV) is an arbovirus of the Flavivirus genus (Flaviviridae), first isolated
in 1947, in rhesus monkeys residing in Uganda’s Zika Forest [1,2]. Its transmission is
mainly vectorial and occurs through the bite of Aedes spp. mosquitoes, but it can also
be transmitted to humans by non-vector mechanisms, such as blood transfusions and
sexual contact, being the only arbovirus with this capacity [3,4]. Epidemics caused by

Microbiol. Res. 2024, 15, 582–597. https://doi.org/10.3390/microbiolres15020038 https://www.mdpi.com/journal/microbiolres

https://doi.org/10.3390/microbiolres15020038
https://doi.org/10.3390/microbiolres15020038
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microbiolres
https://www.mdpi.com
https://orcid.org/0000-0003-4274-3446
https://orcid.org/0000-0001-9514-3327
https://orcid.org/0000-0001-7128-8695
https://orcid.org/0000-0002-2541-9305
https://orcid.org/0000-0002-6086-1043
https://orcid.org/0000-0003-3155-3241
https://doi.org/10.3390/microbiolres15020038
https://www.mdpi.com/journal/microbiolres
https://www.mdpi.com/article/10.3390/microbiolres15020038?type=check_update&version=1


Microbiol. Res. 2024, 15 583

ZIKV emerged with a pattern familiar to other epidemics and then spread rapidly, with
important consequences for public health. ZIKV infections caused a worldwide panic in
May 2015, especially in South American countries such as Brazil, which experienced a wide
ZIKV outbreak, with approximately 440,000 to 1.3 million cases mainly in northeastern
Brazil [5]. Generally, ZIKV infections are asymptomatic; however when symptomatic,
the clinical symptoms are usually mild, with low-grade fever (<37.9 ◦C), maculopapular
rashes, arthralgia, and non-purulent conjunctivitis [6,7]. ZIKV is involved in the etiology of
serious nervous system pathologies, such as the occurrence of microcephaly in neonates,
Guillain-Barré syndrome in adults, and macular atrophy [8,9]. However, there are still
no specific, safe, and effective drugs or vaccines to protect against ZIKV infection. There
are only palliative treatments and symptom management [4,10,11]. NS2B-NS3 protease is
essential for ZIKV replication, designating it as a potential target for treatment [10].

Bauhinia holophylla is a native species from the Brazilian Cerrado used in folk medicine
to treat infections, pain, and diabetes [12,13]. Flavonoids from B. holophylla showed a
significant antiviral effect against the Dengue virus, which also belongs to the Flaviviridae
family [14]. Ribeiro et al. [15] and Marena et al. [16] reported the absence of cytotoxic and
mutagenic effects, as well as antimicrobial effects of hydroalcoholic leaf extract, suggesting
that B. holophylla has potential as an herbal medicine.

Flavonoids correspond to an important group of plant-derived secondary
metabolites found abundantly in the Bauhinia spp. They have well-reported antiviral
effects [11,14,17–19]. Studies have demonstrated the antiviral potential of flavonoids in
the early stages of infection and viral replication [14]. They have shown to inhibit gene
expression and translation, thereby preventing the production of viral proteins [20]. In
addition, flavonoids exhibit an immunomodulatory action, increasing the host’s immune
response against viral infections [21,22]. These actions effectively hinder viral replication
and reduce viral load within the host [18,23]. Flavonoids have a relatively low toxicity
profile compared to conventional antiviral drugs, making these compounds promising
candidates for treating viral infections [18,24]. Several studies report the effect of different
flavonoids against ZIKV, such as naringenin [11,25], baicalein and baicalin [7], hesperitin
and hesperedin [26], isoquercitrin [27], among others.

New drugs based on natural bioactive metabolites can be discovered by in silico
analyses. Molecular networks correspond to a computational tool that correlates molecules
based on their fragmentation patterns, connecting their mass spectra [28]. This strat-
egy has been used in several areas, such as drug research, metabolomics, and forensic
toxicology [29,30]. Global Natural Products Social Molecular Networking (GNPS) [31] is a
platform used to analyze large data sets obtained by mass spectrometry, from fragmented
ions, through grouping and annotating ion species within LC-MS data [30]. GNPS en-
compasses two main workflows for generating molecular networks: Classical Molecular
Networking (CLMN) and Feature-Based Molecular Networking (FBMN) [32]. CLMN was
initially introduced as a rapid and efficient method to visualize large data sets, utilizing only
MS2 spectra. FBMN, building upon CLMN, incorporates both MS1 (such as isotopic pattern
and retention time) and MS2 data for enhanced reproducibility and accuracy in molecular
network creation. FBMN can be process LC-MS2 data using tools such as MZmine2, en-
abling the integration of chemical and biological data through information contained in the
metadata [33].

Possible intermolecular interactions between bioactive metabolites and specific ZIKV
proteins can also be identified through molecular docking simulations [7]. Docking as-
says search for new compounds against relevant therapeutic targets with known three-
dimensional structures, making it possible to estimate the ability of compounds to bind
to the target, determine in which region of the target the interactions occur, and identify
the types of interactions formed [34,35]. Molecular docking can help estimate a com-
pound’s ability to bind to a target, perform structure-based virtual screening of compounds,
and identify a series of targets for which the ligands show good complementarity (target
fishing) [36,37].



Microbiol. Res. 2024, 15 584

Recently, our research team demonstrated that flavonoids from B. holophylla showed
a significant antiviral effect against serotype 2 of Dengue virus [14]. Consequently, this
study aimed to assess the antiviral activity of flavonoids from B. holophylla leaves against
ZIKV. Molecular networks were constructed using the GNPS platform, and protein–ligand
docking simulations were performed to correlate possible molecular interactions between
the O-glycosylated flavonoids and their antiviral activity.

2. Materials and Methods
2.1. Chemicals

The chemicals were purchased from different manufacturers: 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (Ludwig, Porto Alegre, Brazil), fetal bovine serum
(Gibco®, São Paulo, Brazil), penicillin, and streptomycin (Cultilab, Campinas, Brazil).
Dimethylsulphoxide, Dulbecco’s Modified Eagle Medium, Leibovitz-L-15 medium, and
Amphotericin B were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

2.2. Plant Material, Extraction of Crude Extracts and Fractions, and Chemical Characterization

The crude hydroethanolic extract (CHE) and ethyl acetate (EtOAc), dichloromethane
(DCM), and hydroethanolic (HE) fractions were prepared from leaves of Bauhinia holophylla
(Bong.) Steud. (Fabaceae: Cercidoideae) collected in the Brazilian Cerrado in Ijaci, Southern
Minas Gerais State, Brazil (21◦09′97′′ S and 44◦55′65′′ W GRW, at 835 m altitude) (SISBIO
No. 24542-3, IBAMA Registration: 5042260). Fertile samples were collected, and the vouch-
ers were identified by Andreia Fonseca Silva at the PAMG Herbarium (PAMG 57021), at
the Agricultural Research Company of Minas Gerais (EPAMIG). This work has access per-
mission for plant genetic heritage components (No. 010500/2014-6/CNPq/CGEN/MMA)
and is registered on the SisGen Platform (Registration number A12A940), according to
the Brazilian Biodiversity Law (13.123/2015). The plant material was dried in a ventilated
oven (TE-394/500L, Tecnal; Piracicaba, Brazil) at 40 ◦C for 24 h, and pulverized in a knife
mill (SL-31, Solab; Piracicaba, Brazil). The obtaining of the crude extract and fractions, and
the chemical characterization by high-performance liquid chromatography, coupled with
high-resolution mass spectrometry (LC-HRMS/MS), were performed and described by da
Fonseca et al. [38]. CHE and fractions were dissolved in a 10% dimethylsulfoxide (DMSO)
aqueous solution (v/v) to obtain the stock solution (10 mg/mL). A concentration of 0.5%
DMSO was used as the vehicle or negative control since concentrations lower than 2% do
not cause cytotoxic effects in the experiments [39,40].

2.3. Cell Line and Virus

African green monkey kidney epithelial cells (Vero, ATCC CCL-81) were used for
cytotoxicity and antiviral assays. Cells were cultured at 37 ◦C in a 5% CO2 environment
(Forma series II 3110 water jacket CO2 incubator, Thermo Fisher ScientificTM, Marietta, GA,
USA) on Dulbecco’s Modified Eagle’s Medium (DMEM), adding 5% of heat-inactivated
fetal bovine serum and supplemented with 100 µg/mL penicillin, 100 U/mL streptomycin,
and 2.5 µg/mL amphotericin B. ZIKV (PE 243/2015 strain) (GenBank accession number
KX197192.1) was propagated in Aedes albopictus clone C6/36 cells and titrated using the
Dulbecco’s plaque formation test [41]. The supernatant from the infected cells was isolated
and stored at −80 ◦C.

2.4. Determination of Cytotoxicity by the MTT Assay

The cytotoxicity of the CHE and EtOAc, DCM, and HE fractions was assessed by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric method [42].
Vero cells in 96-well plates were treated with serial dilutions of samples (3.12–200µg/mL) [14]
in a total of 100 µL of growth medium for 48 h at 37 ◦C with 5% CO2. Each well received
25 µL of freshly prepared 2 mg/mL MTT solution and was incubated at 37 ◦C for 3 h. Then,
100 µL of 0.5% DMSO was added to each well to dissolve the purple formazan product, and
the plates were incubated at 37 ◦C for 5 min to remove any air bubbles. MTT signals were
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measured at 492 nm (PowerWave HT Microplate Spectrophotometer, BioTelTM, Winooski,
VT, USA). Each concentration was tested in triplicate and in three independent experiments.
Cell proliferation and viability were compared to untreated cells (negative control), and the
cytotoxic concentration for 50% of cells (CC50) was determined [43] using GraphPad Prism
7.0 (GraphPad Software Inc., La Jolla, CA, USA).

2.5. Global Antiviral Assay

Based on the cytotoxicity results, concentrations close to CC50, or non-cytotoxic, were
selected for global antiviral assays. Thus, the reduction in cell viability in this experiment
must be associated with the effect of the virus on the cell. To achieve this, 90% confluent
Vero cells in 96-well plates (1 × 104 cells/well) were treated with different concentrations
of CHE and EtOAc, DCM, and HE fractions (3.12–100 µg/mL) and infected with ZIKV
at MOI 1.0 and 5.0 [44]. Cells and virus were separately pretreated with the samples for
30 min at 37 ◦C and then transferred to the cell plate, and incubated at 37 ◦C, 5% CO2,
for 48 h. After 48 h, the supernatants were collected, and images were recorded using an
EVOSmicroscope (EVOS® FL Auto Imaging System, Thermo Fisher ScientificTM, Carlsbad,
CA, USA). Cell viability was determined using the MTT assay at 492 nm and the percentage
of viable cells was determined as described in Equation (1). Subsequently, these results
were used to determine the 50% effective concentration (EC50). That is, the concentration of
the extract that resulted in viral infection protection of 50% of the cells was determined by
non-linear regression analysis using GraphPad Prism 7.0 software. The selectivity index
(SI) was calculated as a selection criterion and was expressed by the CC50/EC50 ratio [45].

% viable cells =
(A − B)
(C − B)

× 100, (1)

where A, B, and C represent the absorbances at 490 nm of the wells, in which treated
and infected (A), untreated and infected (B), and untreated and uninfected (C) cells are
present, respectively.

2.6. Global Natural Products Social Molecular Networking (GNPS)

LC-HRMS/MS data obtained from B. holophylla leaves [38] in positive and negative
ionization modes and antiviral activity data corresponding to EC50 of the samples in MOI
1.0 and 5.0 were used for the construction of molecular networks. Product ion spectra
arising from the LC-HRMS/MS analysis of the CHE and fractions from B. holophylla were
processed using MZmine 2.53 features, including mass detection, chromatogram builder,
chromatogram deconvolution, isotopic peaks grouper, and alignment. The processed data
were converted to the mzML format with MSConvertGUI (64-bit) V.3 software (ProteoWiz-
ard; https://proteowizard.sourceforge.io/, accessed on 18 April 2024) [46] and uploaded
on the GNPS web platform “https://gnps.ucsd.edu (accessed on 11 January 2024)” [47]
using the FBMN workflow, with parameters set for high-resolution data. Data were visual-
ized by Cytoscape 3.7.0 software. The annotation of chemical compounds was performed
by manual interpretation of MS/MS spectra, compared to the databases inside GNPS.

2.7. Molecular Docking

ZIKV protein crystal structures were obtained from the Protein Data Bank (PDB)
as follows: NS2B-NS3 protease (ZIKVPro, PDB: 5H4I), NS3 helicase (ZIKVHel, PDB:
5K8L), and NS5 methyltransferase (ZIKVMTase, PDB: 5M5B). Next, the ligand structures
were generated using PubChem Sketcher V2.4 [48] and optimized using UCSF Chimera
1.17.3 [49] through default parameters. Molecular docking simulations were performed at
Dockthor “https://dockthor.lncc.br/v2/ (accessed on 25 February 2024)” [50]. The grid
size did not exceed 24 Å, and the discretization used was 0.25. The search precision was
defined as virtual screening, with 500,000 evaluations, and a population size of 750 over 12
runs in soft docking mode. Finally, the intermolecular interactions were described using
Discovery Studio Visualizer v21.1.0.20298 software.

https://proteowizard.sourceforge.io/
https://gnps.ucsd.edu
https://dockthor.lncc.br/v2/
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2.8. Statistical Analysis

The statistical analyses were conducted using GraphPad Prism® 7.00.288 software. The
experiments and biological assays were performed in triplicate. The results are represented
as the mean ± standard deviation. Values were considered significantly different for
p ≤ 0.05.

3. Results
3.1. Determination of Cytotoxicity by the MTT Assay

Cell viability could be determined for all samples. In general, the results showed a
dose-dependent response on treated cells, where higher concentrations of the CHE and
fractions resulted in high cytotoxicity compared to the untreated controls (Figure 1). The
HE fraction showed the lowest cytotoxicity, with CC50 = 191.10 ± 4.15 µg/mL, while the
DCM fraction was the most cytotoxic (CC50 = 92.40 ± 3.12 µg/mL). No cytotoxic effect
was observed in control cells, i.e., cells treated with 0.5% DMSO (v/v), indicating that the
vehicle used in the assays did not interfere with cell viability, as expected.
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Figure 1. Cytotoxicity of B. holophylla extract and fractions in Vero cells. The cells were treated
with different concentrations of the samples (3.12–200 µg/mL). Negative control: Vero cells + 0.5%
DMSO. Results were expressed as the mean ± standard deviation of three independent experiments.
CC50 values (µg/mL) were calculated by nonlinear regression analysis using GraphPad Prism 7.0
(GraphPad Software Inc., La Jolla, CA, USA). The values were considered significantly different when
p ≤ 0.05. CHE: crude hydroethanolic extract; EtOAc: ethyl acetate fraction; DCM: dichloromethane
fraction; HE: hydroethanolic fraction.

3.2. Global Antiviral Assay

In general, CHE and fractions of B. holophylla showed a dose-dependent effect on cell
viability, with greater effectiveness at the highest concentrations tested for MOI 1.0 and 5.0
(Figure 2). These results suggest that the protective effects of the samples increase with
higher concentrations. CHE showed greater global antiviral activity against ZIKV, with
EC50 = 11.93 ± 4.74 µg/mL and SI = 13.38 at MOI = 1.0. The EtOAc, DCM and HE fractions
presented selectivity indices between 2.94 and 5.36. At MOI = 5.0, CHE showed a SI < 10,
and the fractions were ineffective (Table 1).
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Figure 2. Anti-ZIKV activity of Bauhinia holophylla extract and fractions. (a) MOI = 1.0; (b) MOI = 5.0.
ZIKV and Vero cells were pretreated with the samples for 30 min at 37 ◦C and incubated for 48 h at
37 ◦C. The cell viability was evaluated using the MTT method, at 492 nm. Results were expressed as
the mean ± standard deviation of three independent experiments. EC50 values were calculated by
nonlinear regression analysis using GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA).
The values were considered significantly different when p ≤ 0.05. CHE: crude hydroethanolic extract;
EtOAc: ethyl acetate fraction; DCM: dichloromethane fraction; HE: hydroethanolic fraction.

Table 1. Antiviral activity of Bauhinia holophylla extract and fractions using MOI = 1.0 and
MOI = 5.0. Results were expressed as the mean ± standard deviation of three independent ex-
periments. CC50 and EC50 values were calculated by nonlinear regression analysis using GraphPad
Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA). The values were considered significantly
different when p ≤ 0.05.

Samples CC50
f (µg/mL)

EC50
g (µg/mL) SI h

MOI 1.0 MOI 5.0 MOI 1.0 MOI 5.0

CHE a 159.60 ± 3.52 11.93 ± 4.74 28.59 ± 16.21 13.38 5.58
EtOAc b 106.31 ± 4.71 25.49 ± 10.40 NE e 4.17 NE e

DCM c 92.40 ± 3.12 31.37 ± 11.32 NE e 2.94 NE e

HE d 191.10 ± 4.15 35.65 ± 21.62 NE e 5.36 NE e

a Crude hydroethanolic extract; b ethyl acetate fraction; c dichloromethane fraction; d hydroethanolic fraction;
e non-effective; f CC50: 50% cytotoxic concentration; g EC50: 50% effective concentration; h SI: selectivity index.

The results observed for the antiviral activity of CHE were supported by the reduction
in the cytopathic effects on Vero cells infected with ZIKV and treated with CHE at different
concentrations (50.0–12.5 µg/mL) (Figure 3), 48 h after infection, compared to cell and
viral controls (Figure 3a–c). The results showed that CHE was effective in protecting cells
infected by ZIKV, reducing viral infection and ensuring the maintenance of cell monolayer
integrity despite the increase in the number of viral particles (MOI 1.0 to 5.0), especially at
concentrations of 25.00 and 50.00 µg/mL (Figure 3d,e,h,i). These results were corroborated
by the EC50 values observed for CHE (Table 1).
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3.3. LC-HRMS/MS and Molecular Networking Analyses

In the molecular network formed by the FBMN workflow, some classes of O-glycosylated
flavonoids were annotated and considered promising candidates for antiviral activity, par-
ticularly, quercetin-O-deoxyhexoside (Figure 4), found in CHE.
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In Figure 4, the colors correspond to the samples tested, the node sizes refer to activity
(a large node is comparable to an ion present in active samples), and the presence of a
border is equivalent to ions present in samples with an SI greater than 2.0 (MOI = 1.0).

O-glycosylated flavonoids show a fragmentation pattern with a neutral loss of sugar
units, i.e., 162 to hexoses, 146 to deoxyhexoses, and 132 to pentoses. All these fragments
were observed in the annotated compounds (Table 2).

Table 2. Metabolites annotated by LC-HRMS/MS and molecular network in the Bauhinia holophylla
extracts and fractions (positive ionization mode).

ID Rt *
(min)

Molecular
Formula

[M + H]+

(m/z)
Theoretical

[M + H]+

(m/z)
Experimental

Error
(ppm)

MS/MS
(MS2) a

Proposed
Compound

Area
CHE b

Area
DCM c

Area
EtOA d

Area
HE e

1 12.23 C20H18O12 451.0865 451.0814 11.3 319
(-Pen)

Myricetin-O-
pentoside - - 8.0E3 4.1E4

2 13.00 C21H20O12 465.1022 465.0927 20.4

303
(-Hex),

153, 125,
121

Dihydroxy-
dimethoxyflavan-

O-hexoside
2.9E3 8.0E5 - -

3 13.19 C21H20O12 465.1022 465.0972 10.8

303
(-Hex),

153, 165,
137

Quercetin-O-
hexoside - - 4.2E5 3.5E5

4 16.36 C22H22O12 479.1178 479.1124 11.3 317
(-Hex)

Isorhamnetin-
3-O-hexoside - 8.3E3 3.2E4 3.8E3

5 16.45 C21H20O11 449.1073 449.0982 20.3

303
(-dHex),
153, 165,

137

Quercetin-O-
deoxyhexoside 1.7E4 - - -

6 16.72 C21H20O11 449.1073 449.1040 7.3 317
(-Pen)

Isorhamnetin-
O-pentoside - - - 3.0E5

7 18.13 C20H18O10 419.0967 419.0902 15.5 287
(-Pen)

Kaempferol-O-
pentoside - 5.6E4 - -

8 18.54 C22H22O12 479.1178 479.1109 14.4 317
(-Hex)

Isorhamnetin-
3-O-hexoside - 2.2E5 3.1E4 3.3E4

9 18.75 C21H20O10 433.1123 433.1047 17.5 287
(-dHex)

Kaempferol-O-
deoxyhexoside - 1.1E5 - -

* Rt: retention time equivalent to acquisition time in base peak chromatogram (Figure 4); a Hex: hexose; dHex:
deoxyhexose; Pen: pentose (sugar residues attached to the aglycone skeleton); b CHE: crude hydroethanolic
extract; c DCM: dichloromethane fraction; d EtOAc: ethyl acetate fraction; e HE: hydroethanolic fraction. (-)
Irrelevant intensities/areas (<1E1) were considered noise and were therefore discarded in the data mining phase.

In addition, it was possible to differentiate some isomers by analyzing the fragmenta-
tion pattern. For example, compounds 2 and 3, m/z 465 [M + H]+, have the same molecular
formula, although compound 2 shows typical flavans fragments (m/z 153, 125, 121), while
compound 3 shows typical fragments of flavonols (m/z 53, 165, 137), such as quercetin
derivatives [51]. Compound 2 has a slightly lower polarity than compound 3 and was
found mainly in the DCM, while compound 3 was present in the EtOAc and in the HE due
to a slightly higher polarity.

For compounds 5 and 6, with m/z 449 [M + H]+, differentiation was also achieved
through the presence of aglycone fragments: m/z 303 for quercetin in compound 5, and
m/z 317 for isorhamnetin in compound 6.

3.4. Molecular Docking

Quercetin-O-deoxyhexoside showed promising antiviral activity against ZIKV, ob-
served by molecular network analysis. This finding motivated us to study the putative
receptor of these natural compounds using molecular docking tools. Thus, all possible
isomers of quercetin-O-deoxyhexoside were generated considering three different positions
of the O-deoxyhexoside portion in relation to the aglycone. Quercetin (aglycone) was also
used to verify the influence of glycosylation on interactions with ZIKV receptors. The
three-dimensional molecular structures of ligands are represented in Figure 5. As can
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be seen, the geometry of the aglycone structure remains invariable independent of the
O-deoxyhexoside moiety position, due to its aromatic rigid structure.
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The binding energies of these compounds against the ZIKV molecular targets were ob-
tained through docking methodology. Thus, Table 3 shows the binding energy for each crys-
tallographic ligand of the molecular target studied, obtained from the
redocking process.

Table 3. Interaction energy between ligands and selected targets (NS2B-NS3 protease, NS3 helicase,
and NS5 methyltransferase).

Target Ligand Interaction
Energy (Kcal/mol)

NS2B-NS3 protease a

Quercetin-5-O-deoxyhexoside −33.06
Quercetin-3-O-deoxyhexoside −30.23
Quercetin-7-O-deoxyhexoside −29.94

Quercetin −26.88
Benzimidazol-1ylmethanol * −21.63

NS3 helicase b

5′-guanosine-diphosphate-
monothiophosphate * −60.42

Quercetin-5-O-deoxyhexoside −39.02
Quercetin −35.44

Quercetin-7-O-deoxyhexoside −33.62
Quercetin-3-O-deoxyhexoside −7.50

NS5 methyltransferase c

S-adenosylmethionine * −71.34
Quercetin-7-O-deoxyhexoside −50.08
Quercetin-5-O-deoxyhexoside −49.72
Quercetin-3-O-deoxyhexoside −46.25

Quercetin −42.22
a NS2B-NS3 protease (ZIKVPro, PDB: 5H4I); b NS3 helicase (ZIKVHel, PDB: 5K8L); c NS5 methyltransferase
(ZIKVMTase, PDB: 5M5B). * Crystallographic ligands were obtained from PDB.

The binding energies of benzimidazole-1ylmethanol (NS2B-NS3 protease), 5′-guanosine-
diphosphate-monothiophosphate (NS3 helicase), and S-adenosylmethionine (NS5 methyl-
transferase) were −21.63, −60.42, and −71.34 Kcal/mol, respectively. Thus, among the
molecular targets, the natural compounds showed higher affinity against NS2B-NS3
protease. For instance, quercetin-5-O-deoxyhexoside had the lowest interaction energy
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(−33.06 Kcal/mol) among flavonoids, even lower than that of the crystallographic lig-
and benzimidazole-1ylmethanol. In contrast, the crystallographic ligands of NS3 helicase
and NS5 methyltransferase had higher affinity for their respective receptors compared to
flavonoid compounds. In summary, these findings suggest that NS2B-NS3 protease is the
main molecular target of flavonoids due to their higher affinity for this receptor.

Hence, the molecular interactions between quercetin-5-O-deoxyhexoside and NS2B-
NS3 protease are highlighted in Figure 6. As can be seen, this flavonoid can carry out van
der Waals interactions with Tyr114, Pro115, Ser119, Asn136, and Gly137; hydrogen bonds
with Lys38, Asp113, and Gly135; Pi-interactions with His35, Ala116, and Tyr145 residues. It
is noteworthy that the catalytic residues triad of NS2B-NS3 protease, consisting of His35,
Ser119, and Asp113, are close to the flavonoids, suggesting a competitive inhibition process.
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4. Discussion

Flavonoids correspond to an essential and diversified group of plant secondary
metabolites, widely distributed in the plant kingdom, often in a glycoside form, and
associated with various physiological roles, such as antioxidants, protection against UV
radiation, and chemical defense of plants [52–55]. In addition to this ecological role,
several flavonoids stand out as potent plant bioactive compounds with antimicrobial,
anti-inflammatory, antioxidant, cardioprotective, neuroprotective, and antitumoral ef-
fects [16,38,55–57]. O-glycosylated flavonoids are widely distributed in Bauhinia spp., and
previous studies describe these compounds as one of the main contributors to the antimi-
crobial effect against bacteria, fungi, and viruses in this genus [14,58,59]. The low toxicity,
low cost, and wide distribution in the plant kingdom make flavonoids good candidates
for application in antimicrobial therapy [60]. Extracts and fractions of B. holophylla leaves
predominantly contain flavonoids of the flavonol-3-O-glycoside type, such as myricetin,
quercetin, kaempferol, and isorhamnetin O-glycosylated [14,15,38,61]. A significant antivi-
ral effect of O-glycosylated flavonoids from B. holophylla leaves against some Dengue virus
strains was reported by Dos Santos et al. [14]. Dengue virus is genetically and serologically
related to ZIKV and other flaviviruses [1].

In the current study, we observed that CHE obtained from B. holophylla leaves showed
a significant global viral activity against ZIKV, especially at MOI = 1.0 (EC50 = 11.93
± 4.74 µg/mL and SI = 13.38). However, the same activity was not observed for DCM,
EtOAc, and HE, with EC50 > 25 µg/mL and SI < 10 (Table 1). All samples showed moderate
cytotoxicity according to Niksic et al. [62], as they presented CC50 between 21–200 µg/mL.
Samples with an SI greater than 10.0 are safe, effective and, therefore, more active [44,63].
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Despite moderate toxicity, CHE from B. holophylla leaves has a protective effect attributable
to the presence of flavonoids, which are described as antioxidants, inhibitors of DNA
adduct formation, and activators of detoxifying enzymes [15]. CHE was also able to reduce
structural changes on Vero cells caused by ZIKV infection, minimizing cytopathic effects,
such as cell individualization, rounding, detachment of cells, and cytolysis, maintaining
the cell monolayer integrity even though the MOI increased from 1.0 to 5.0 (Figure 3).
There is limited understanding regarding the mechanisms through which ZIKV causes
these conditions or which viral proteins are responsible for the associated ZIKV-induced
cytopathic effects, including cell hypertrophy, growth restriction, cell-cycle dysregulation,
and cell death [64]. According to Bernardo-Menezes et al. [65], ZIKV proteins are major
virulence factors that modulate the host cell machinery by disrupting and/or blocking
specific cellular systems and organelle functions, such as endoplasmic reticulum stress and
mitochondrial dysfunction.

Molecular networks built using the FBMN workflow in the GNPS platform and molec-
ular docking indicated O-glycosylated flavonoids as promising candidates for the antiviral
activity of B. holophylla leaves. Quercetin-O-deoxyhexoside was the main molecule associ-
ated with the significant global antiviral activity against ZIKV, demonstrated particularly
by CHE at MOI = 1.0 (Figure 4), with inhibitory effects on NS2B-NS3 protease (Table 3 and
Figure 6). Currently, molecular networking has become an essential bioinformatics tool to
visualize and annotate the chemical space in non-targeted mass spectrometry data [28,66].
The goal of this platform is to provide as much chemical insight as possible in an untargeted
MS dataset and connect this chemical insight to underlying biological questions [47]. In
this tool, the clusters formed can be considered “molecular families”, since the compounds
should share key chemical characteristics, thereby facilitating node connection. So, through
this concept of molecular networks, unannotated compounds could belong to the same
class of compounds, and they may be contributing to the observed activity through synergy.
Due to chemical analysis by mass spectrometry, we cannot assert that the ion corresponding
to the compound quercetin-O-deoxyhexoside is not present in the other extracts, since the
process of ion suppression may be occurring, thus preventing its detection in the other
samples. Molecular networks have been useful in the discovery of new bioactive molecules
in complex matrices (natural products), correlated with various biological activities, such
as antitumor, antimicrobial, and antiviral, among others [29,67–71]. Some studies indicate
that the glycosylation of flavonoids increases the activity compared to isolated aglycone.
Quercetin-3-β-O-D-glucoside was studied in in vivo models (knockout mice) infected with
ZIKV and post-infection treatment showed a beneficial effect in reducing the viral load com-
pared to the non-glycosylated form [72]. However, some glycosylated forms of quercetin
with sugars such as rhamnose and arabinose have also been indicated as less active in
studies with extracts of B. holophylla [14] and B. longifolia [73] against Dengue virus and
Mayaro virus, respectively. It is known that the activity of these molecules depends on
several factors, and that each type of virus has peculiarities, different molecular targets, and
specific multiplication mechanisms, which can vary between species and strains [18,74,75].

The ability of flavonoids to interact with molecular targets of ZIKV has been assessed
by using in silico molecular docking through the main molecular targets [76]. Molecular
docking studies represent a strategy to clarify and improve the understanding of the
mechanisms that contribute to the antiviral activity of flavonoids [75]. These studies
describe the flavonoid’s affinity for molecular targets and the ligand–receptor interactions
responsible for molecular recognition [77,78]. Myricetin and quercetin (in glycosylated
or aglycone form), in addition to other flavonoids, can inhibit the penetration of ZIKV
into the host cell and inhibit the NS2B-NS3 proteases, preventing the maturation of the
virus [79]. Myricetin, quercetin, isorhamnetin, luteolin, and apigenin, along with curcumin,
compounds commonly found in different vegetables and fruits, act as non-competitive
allosteric inhibitors of the ZIKV NS2B-NS3 protease [80]. Virtual screening and docking
assays identified three compounds from Pterogyne nitens (Fabaceae), a Brazilian medicinal
plant, as potent NS2B-NS3 protease inhibitors. Among them, pedalitin proved to be a potent
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inhibitor of the ZIKV NS2B-NS3 protease, also acting as a non-competitive inhibitor in
kinetic assays. However, this compound showed antiviral activity against ZIKV in Vero cell
cultures at high concentrations, close to the cytotoxic concentration [81]. Two flavonoids,
baicalein (glycosylated flavonoid) and baicalin (aglycone form), as well as quercetin-O-
deoxyhexoside, demonstrated an affinity for ZIKV NS5, showing that flavonoids have in
silico inhibitory activity on proteins essential for the ZIKV multiplication cycle [7].

5. Conclusions

The significant anti-ZIKV activity observed in B. holophylla leaves is particularly asso-
ciated with quercetin-O-deoxyhexoside, which showed affinity with ZIKV target proteins,
especially NS2B-NS3 protease, according to molecular docking assays. These results con-
firm the biotechnological potential of B. holophylla to produce bioactive compounds of
economic and medicinal interest and suggest that other studies be carried out to confirm
the activity and investigate the mechanism of action of quercetin-O-deoxyhexoside on
ZIKV. In addition, stability and pharmacokinetic studies should be conducted, considering
the reactivity of flavonoids and their physicochemical characteristics, which are critical in
biological assays.
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