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ABSTRACT

Marcetia taxifolia is a neotropical plant present in South America and it has been evaluated in several biological
models due to the presence of active metabolites. Nevertheless, there is a limited quantity of studies related to
the antiviral activity of the compounds present in this genus. In our work, the antiviral effect of the compounds
isolated from the aerial parts of Marcetia taxifolia was evaluated against Hepatitis B virus (HBV), Herpes Sim-
plex Virus type 1 (HSV-1), and Poliovirus type 1 (PV-1). The cytopathic effect and viral quantification by qPCR
were determined as indicative of antiviral activity. Our data show that myricetin thamnoside (MyrG), myricetin-
3-0-O-ramnosil (1—6)-a-galactoside (MyrGG), 5,3'-dihydroxy-3,6,7,8,4’-pentamethoxyflavone (PMF), 5-
hydroxy-3,6,7,3',4'pentamethoxyflavone (PMF-OH) had antiviral activity without cytotoxic effects. The meth-
oxyflavones PMF and PMF-OH were the most active compounds, showing an antiviral effect against all the
evaluated viruses. Computational studies showed that these compounds could interact with the Reverse Tran-
scriptase. Altogether, these results suggest that the flavonoids (related to myricetin and methoxyflavones) are the
main antiviral compounds present in the aerial parts of Marcetia taxifolia. Furthermore, our results showed that
the methoxyflavones have a broad antiviral activity, which represents an opportunity to evaluate these flavonoids
as lead molecules to develop new antiviral compounds.
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INTRODUCTION ral drugs. In fact, several biological com-
pounds are found in plants and some of these
plant extracts have shown broad antiviral
properties. These inhibitory effects could be

Emergence, resistance and spreading of
viral strains promote research for new antivi-
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related to blocking main viral enzymes di-
rectly or in some cases, to be modulating a
cellular pathway (Arena et al., 2004; Jassim
and Naji, 2003; Sharma et al., 2009). These
molecular mechanisms are similar to the
drugs used in antiviral therapy: direct-acting
antiviral and drugs that block a host cellular
process avoiding viral replication (Ortega et
al., 2013).

Marcetia is a Neotropical genus distrib-
uted from Venezuela to Uruguay (Berry and
Luckana, 2001). Baptista et al. (2016) de-
scribed for the first time the compounds pre-
sent in the aerial parts of Marcetia taxifolia.
These compounds are: marcetol (1), 5-a-
cholestan-3-B-ol (2), 5-a-cholestan-7-en3-3-
ol (3), 24,25-dehydropollinastanol (4), lupa-
12,20(29)-dien-3-0l (5), 5,3'- dihydroxy-
3,6,7,8,4’-pentamethoxyflavone  (6), 5-
hydroxy-3,6,7,3' 4'pentamethoxyflavone (7),
myricetrine  (8) and  myricetin-3-a-O-
ramnosil (1—6)-a-galactoside (9). Previous
reports have shown that these methoxyfla-
vones and myricetrine have antiviral activity
against HIV-1 (Ortega et al., 2017 a,b). Ad-
ditionally, Leite et al. have reported the anti-
bacterial and antifungal activities of Mar-
cetia taxifolia extract. These activities are
principally associated with polymethoxylat-
ed flavonoids (Leite et al., 2012). However,
the antiviral activity of these compounds has
been scarcely evaluated. Thus, in this study
the compounds obtained from the aerial parts
of Marcetia taxifolia were evaluated against
three different viral families of public health
concern: Hepatitis B virus (HBV), Herpes
simplex virus (HSV) and Poliovirus (PV).
HBV affects around 240 million people
worldwide and is related to hepatic cirrhosis
and hepatocellular carcinoma (WHO, 2019).
HSV may produce oral or genital lesion de-
pending on the virus type (HSV-1 and HSV-
2 respectively) (Whitley and Baines, 2018)
and Poliovirus is associated with paralysis in
unvaccinated children (Menant and Gande-
via, 2018). These viruses exhibit many dif-
ferences in the replicative cycle. Therefore,
the aim of this study was to evaluate the an-
tiviral activity of compounds isolated from

Marcetia taxifolia against these different vi-
ral families.

MATERIAL AND METHODS

Cell culture, viruses, and compounds

HepG2.2.15 cells were kindly donated by
Dr. Isabelle Chemin (Team leader Hepato-
carcinogenesis and viral infections) from
INSERM, France. These cells were grown in
RPMI medium supplemented with 10 % fetal
bovine serum (Gibco), 100 IU/mL penicillin
G, 100 pg/mL streptomycin, 0.25 pg/mL
amphotericin B and 200 pg/mL G418 and
Vero cells in Eagle medium supplemented
with 10 % fetal bovine serum (Gibco), 100
IU/ml penicillin G, 100 pg/mL streptomycin
at 37 °C under 5 % COz2 in a COz incubator.
Herpes simplex type 1 F strain (HSV-1), po-
liovirus type 1 Sabin strain (PV-1) of viral
repository stocks from “Catedra Virologia,
Facultad de Farmacia y Bioquimica, UBA,
Argentina”.

The Marcetia taxifolia (A.St.-Hil.) DC.,
plant collection, verification, and compound
isolation were previously described (Baptista
et al., 2016). The Marcetia taxifolia (A.St.-
Hil.) DC. (Melastomataceae) was collected
in the Amazonanian state in Venezuela. The
chemical constituents were separated
through organic extraction, further isolation
was developed by chromatographic tech-
niques and the compounds were character-
ized using spectroscopic and spectrometric
methods.

Cytotoxicity assay

The cytotoxicity assays were determined
by the MTT method (Mosmann, 1983). Also,
the cells were seeded in 96-wells plate at a
density of 1.5 x 10* cells/well. The next day,
different concentrations of the flavonoid
compounds were added to the cells and 24 h
later, the cell viability was evaluated using
the MTT (ThermoFisher, USA) cell prolifer-
ation assay as previously described (Ortega
etal., 2017a).
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HBYV antiviral assay

HepG2.2.15  constitutively  produces
HBYV particles and is broadly used to evalu-
ate the antiviral activity (Sells et al., 1988).
The HBV production was quantified through
a real-time PCR methodology, using as tar-
get the X gene. The sequence of specific
primers was forwarded-1608-1627: ATG
GAG ACC ACC GTG AAC GC and re-
versed-1887-1868 AGG CAC AGC TTG
GTG GCT TG. The amplification product
was of approximately 260 bp. Briefly, 24 h
prior to the antiviral assay, the cells were
seeded at a density of 1.2 x 10* cells / well
for each condition. The cells were incubated
with “Infection medium” (RPMI with 2 %
FBS and 1 % DMSO) (Quintero et al., 2011)
with and without the compounds at the de-
scribed concentrations. After 72 h, the medi-
um and the compounds were refreshed by
replacing them and incubated by 72 h. The
supernatant was collected and viral DNA ex-
tracted using High Pure Viral Nucleic Acid
Kit (Roche Life Science, Germany). The de-
velopment of qPCR was done on Applied
Biosystems 7300 by using a Sybr green
commercial kit (Luna® Universal qPCR, Kit
NEB Co. USA). The amplification condi-
tions were the following: 3 min at 95 °C, 40
cycles of 15 sec. at 95 °C, 30 sec. at 61 °C
and 30 sec. at 72 °C. The viral inhibition rel-
ative to control ( %) was calculated. Statisti-
cal analyses of at least three independent ex-
periments were performed.

Herpes virus and polio antiviral assay

To determine the antiviral activity
against Herpes and Polio, a plaque reduction
assay, on 24 well culture plates was per-
formed. The Vero cells were infected with
100 plaque forming units (PFU) of HSV-1 or
PV-1. After 60 min adsorption at 37 °C and
5% COz2 the virus was removed. Then, the
monolayers were washed twice with PBS
and overlaid with plaque medium (0.5 %
Methylcellulose). Next, the compounds were
added at different concentrations in each
well and incubated by 24 or 48 h for PV-1
and HSV-1 respectively. Finally, cells were

fixed with 10 % formalin and stained with
0.4 % crystal violet. Viral infection, cellular
morphology, and cytotoxic controls in each
assay were all performed.

3D model building and refinement

Homology modeling

A homology model of the Hepatitis B vi-
rus Reverse Transcriptase (HBV-RT) was
generated by using the crystallographic
structure of HIV-1 Reverse Transcriptase
(HIV-1-RT) (PDB 3V81) as the template
(Daga et al., 2010; Das et al., 2012). The ini-
tial model was obtained with the SWISS-
MODEL modeling server (Arnold et al.,
2006) and the tools of DeepView/Swiss-
PdbViewer 4.01 software (Guex and Peitsch,
1997). In this model, hydrogen atoms were
added, and the partial charges were assigned
for energy refinement. After that, the protein
model was embedded in a 100 A water box.
Then, energy minimization preserving the
enzyme folding and optimizing the relative
position between the water molecules and
the fixed backbone atoms was performed.
The obtained system underwent a one nano-
second (ns) molecular dynamic (MD) simu-
lation with the following characteristics: (a)
Periodic Boundary Conditions (PBC) were
introduced to stabilize the simulation space;
(b) the long-range electrostatic potential was
treated by the Particle Mesh Ewald summa-
tion method (PME) (Toukmaji et al., 2000);
(c) Newton’s equation using the r-RESPA
method (Masella, 2006) (every 4 femtosec-
onds (fs) for long-range electrostatic forces,
2 fs for short-range non-bonded forces, and 1
fs for bonded forces) was integrated; (d) the
temperature was maintained 300+ 5 K by
means of Langevin’s algorithm (Izaguirre et
al., 2012); (e) Lennard-Jones (L-J) interac-
tions were calculated with a cut-off of 14 A,
the switching distance was 10 A, and the
non-bonded pair list distance was 14 A; (f) a
frame every 5 pico seconds (ps) was stored,
yielding 2000 frames; (g) constraints with a
force constant of 1000kcal/mol/A? were ap-
plied to the backbone atoms (N, Ca, C, O)
and gradually decreased during the simula-
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tion. The simulations were carried out in
three phases: an initial period of heating
from zero to 300 K over nine ps; an equili-
bration MD simulation of 0.1 ns, and moni-
tored MD phase of simulation of one ns. The
lowest energy frame of the MD simulation
was further minimized and represented in the
final structure. MD simulations described in
the study were performed with NAMD 2.8
(Phillips et al., 2005)/Vega ZZ 3.1.0.21, us-
ing the CHARMM force field (Va-
nommeslaeghe et al., 2010) and the Gastei-
ger charges. All reported minimizations were
performed using the conjugate gradient algo-
rithm until a root-median square (rms) gradi-
ent was smaller than 0.01 kcal/mol/A. The
final model validation was carried out with
ProSA (Wiederstein and Sippl, 2007) and
PROCHECK programs (Laskowski et al.,
1993).

Molecular docking with HBV-RT

The 3D structure of each inhibitor was
obtained from the PubChem database (Kim
et al., 2016) or generated by parent structure
modification with VegaZZ 3.1.0.21 (Pedretti
et al., 2004). The molecular docking was

performed with  AutoDock 4/VegaZZ
3.1.0.21 and 30 runs conducted for each
compound. Sampling in a cube of 10 A sides
around the ligand was carried out. The re-
sults were prioritized according to the pre-
dicted free energy of binding. Then the final
complexes, keeping the backbone atoms of
the protein fixed and improving the mutual
adaptability between ligand and enzyme
were minimized.

RESULTS

The antiviral activity of the compounds
isolated from the aerial parts of M. taxifolia
in in vitro models of HBV, HSV-1, and PV-1
was assayed. Table 1 summarizes the results
for cytotoxicity and viral inhibition for the
evaluated compounds. As indicated in this
table, only: myricetin rhamnoside (MyrG),
myricetine-3a-O-rhamnosyl (1—6)-a-galac-
toside (MyrGG), 5,3'-dihydroxy-3,6,7,8,4'-
pentamethoxyflavone (PMF) and 5-hydroxy-
3,6,7,3' 4'-pentamethoxyflavone (PMF-OH),
were active against at least one of the evalu-
ated viruses. Additionally, these compounds
showed a scarce or non-cytotoxic effect.

Table 1: Cytotoxic concentration and Inhibitory concentration of the tested compounds

CCso144h’

(UM)
HepG22

Compound

ECso (M)
HBV

Sl
HBV

ECso

(M)
=AVA]

SI
PV-1

ECso

(uM)
HSV-1

Sl
HSV-1

Myricetin >100 >100 0.015+0.0008 6667 NA - NA -
rhamnoside (MyrG)
myricetin-3-a-O- >100 >100 12+0.59 8,3 NA - NA -
ramnosil (1—6)-a-
galactoside (MyrGG)
5,3'-dihydroxy-3,6,7,8,4'- >100 10£0.1  0.001+0.0005 10000 1+0.05 100  6.8+0. 14.7
pentamethoxyflavone 2
(PMF)
5-hydroxy-3,6,7,3',4'- >100 10+0.58 0.098+0.0001 102 1.1#0.03 90.9 5.9+0 16.9
pentamethoxyflavone 1
(PMF-OH)
Marcetol >100 >100 NA - NA - NA -
5-a-cholestan-3-$-ol >100 >100 NA - NA - NA -
5-a-cholestan-7-en3-3- >100 >100 NA - >10 - NA -
ol
24,25- >100 >100 NA - NA - NA -
dehydropollinastanol
Upa-12,20(29)- >100 >100 NA - NA - NA -
dien-3-ol

2 HepG2.2.15. NA: non-active
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Antiviral activity on HSV-1 and PV-1 mod-
els

The antiviral activity of each compound
against Polio-1 and HSV-1 was assayed. The
myricetin related compounds did not show
antiviral activity against these viruses. How-
ever, methoxyflavones exhibited activity
with an ECso near to 1 pM against PV-1
(Figure 1). An inhibitory effect of 90 %
(PMF) and 60 % (PMF-OH) against HSV-1
was observed at a concentration of 10 pM
(Figure 1).

Antiviral activity on the HBV model

The selectivity index (SI) of the metho-
xyflavones (PMF and PMF-OH) against
HBV was 10,000 and 102 respectively, with
ECso values of 0.001 pM for PMF and 0.098
uM for PMF-OH. These compounds showed
the highest antiviral activity against HBV
(Figure 2A). Additionally, MyrG presents an
SI of 6667 and an ECso= 0.015 uM while
MyrGG showed an SI of 8.3 and ECso= 12
uM (Figure 2B).

Previous reports show that glycosylated
flavonoids related to myricetin, as well as
methoxyflavones, can inhibit the HIV-1-RT
(Ortega et al., 2017b). Thus, the interaction

100-

of these compounds with the HBV reverse
transcriptase (HBV-RT) as a potential target
was evaluated in silico. To date, there is no
experimental crystal structure of HBV-RT
available. For this reason, a homology model
of the HBV-RT was constructed by using the
crystal structure of HIV-1-RT as a template.

Homology modeling

The alignment between HBV-RT and
HIV-1-RT (UniProtKB O11885 and P03366)
was performed using the structural alignment
tool of Swiss-PdbViewer/DeepView (Figure
3). The HIV-1-RT and HBV-RT share many
of the residues involved in key protein-
ligand interactions (Daga et al., 2010). These
include the YMDD motif and the catalytic
triad of aspartic acid residues, Aspl07,
Asp229, Asp230. Some differences in the
putative hydrophobic NNRTI-binding pocket
were found. However, the insertion of 4
amino acids in the HBV enzyme was the ma-
jor difference observed. Altogether, data
suggest that HIV-1-RT and HBV-RT share
enough structural and functional similarity to
serve as a putative predictor for the interac-
tion with RT inhibitors.

-e- PMF_PV
-8- PMF-OH_PV
- PMF_HSV

% Viral inhibition

-¥- PMF-OH_HSV

0 2 4 6
Concentration (uM)

8 10

Figure 1: Antiviral activity of methoxyflavones against PV-1 and HSV-1
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Figure 2: Antiviral activity of Marcetia taxifolia flavonoids against HBV. (A) methoxyflavones: PMF and

PMF-OH, (B) Myricetin glycosides: MyrG and MyrGG

A structural model of the HBV-RT using
the SWISS-MODEL package was generated
(Figure 4). Three main subdomains in the
HBV-RT structure were identified: the fin-
ger, residues 1-49 and 90-172, the palm, res-
1dues 50-89 and 173-267 and the thumb, res-
idues 268-351. Nevertheless, differences be-
tween the models were found (Figure 4).
Homology comparison between HBV-RT
model and HIV-1-RT template suggested a
similar structural conformation with a root
mean square deviation (rmsd) of 2.1 A for
the Ca atoms (Table 2).

The conformational differences related to
the secondary structure between HIV-RT
and HBV-RT were determined. The main
HBYV features were the elongations in 4 and
5 residues occurring in the protein loops
(Figure 4 B). The palm contains the poly-
merase active site and the non-nucleoside
pocket located ~10 A apart. No differences
were observed around the three aspartate res-
idues of the catalytic triad: Asp107, Asp229,
and Asp230, in HBV and corresponding in
HIV-1 RT to Aspl10, Aspl185, and Asp186.

1042



EXCLI Journal 2019;18:1037-1048 — ISSN 1611-2156

Received: September 20, 2019, accepted: October 29, 2019, published: November 05, 2019

nl al
model _-'.'_:LQ _Q‘_!:Lﬁ‘_fc‘. rr
011885
P03366
o2 nl Bl
model pooQQo L00 —
50 60 7o a0 20 100
011885 R'.‘T?iE?E:;F{?{[:'ﬁ.E —EE‘ oFERGlYRVEWE ':;.—‘}'-.';‘E:.‘i.::?t::. 55 ;:_E-.: -
P03366  TTE .«  IKRIR . - DIST KWEIE]L REL :"|.'«|;-::rt:r:'-. QLGIEHPAGHEK . .. . KKEBVTV
n3 n4 ns ol
model =% TT 000 T LO000000000000 000
110 120 130 140 150 160
011885 rﬂ ___,,L..- LVG .zE |: :q, MENLHDYCSRMNLY
P03366 LDVs P _..........,:: TTT HIPEIIHAN . : s e s s s s s w s oo s o m % 5 %
a4
model TT
170 180 190
011885 VSLLLLYQ :_E.:\_j:.:-..“' HPITILG [E E EF
P03366 2+ = =+ = = = = EFNE IRIYO . i}
B3 nl ab B4 PBs
model =T Te——— Mﬂm TT =i T T i
23& 24@‘ 25 24@‘ 27 ﬂ 280
YMDDI :E .KSV ELE::.EIATT H_E :E E R w :'r::..fE’ GSYGS
011885 S e i ey b i —— el | e
P03366 EI TKEI. EELIRIOHPPAR SKEEPFF LN ;L: .
p6 n7 a7
model — Lo TT
zs0 300 3ic 3z0 330 340
011885 '-".5' r’“"‘l-"i':‘:.“'x:' rowEveoR B LPcFRarFrToccfalive L yFlecz . . gs
P03366 DEWT e . . . . .V s DS HTVNHD I Cp B0 . . . B EVROLSKLLRG
s
model TT
3s0 360 370
011885 E E"“"‘\ .-'a-’.ﬂ?“*.'. :'LY.:“T:-;EC::.T-:E .
P03366 h WELELBENRE|LI LE . EjRV . H¢ IYDF

Figure 3: Sequence alignment of HBV-RT and HIV-1-RT polymerases. Secondary structure prediction
of HBV-RT. Predicted amino acid sequences of HBV-RT (011885) and HIV-1-RT PDB code 3v81
(P03366) were accordingly to Daga et al. (2010) conserved residues, which are highlighted with a red

background.

Docking at the NNRTI binding pocket
Some flavonoids have been characterized
as HIV-1-RT inhibitors. Furthermore, previ-
ous reports showed that these compounds,
particularly myricetin and myricetin 3-
rhamnoside, could occupy the NNRTI pock-
et (Li et al.,, 2011; Ortega et al., 2017a).

Thus, molecular docking study of glycosyl-
ated flavonoids (MyrG and MyrGG) and
methoxyflavones (PMF and PMF-OH) into
the NNRTI pocket on the HBV-RT model
were carried out. Figure 5 shows the docking
representation of the MyrG (A) and PMF (B)
on the HBV-RT model, and Table 3 summa-
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rizes the docking scores for the ligands eval-
uated in this study. The compounds that best
interact with the NNRTI pocket were the
methoxyflavones. However, the best-docked
compound was PMF-OH, with a binding en-
ergy of -5.59 kcal/mol. The compound PMF
shows binding energy of -5.33 kcal/mol.

However, the glycosylated flavonoids
showed lower binding energy than methox-
yflavones. The best ranked binding energy
was for MyrG with a binding energy of -4.61
Kcal/mol. All these results are summarized

in Table 3.

Figure 4: Comparison between the homology model of HBV-RT and the crystal structure of HIV-1-RT.
(A) Ribbon diagram of HBV-RT. Three subdomains are described: Fingers (residues 1—-49 and 90—
172, purple), palm (residues 50-89 and 173-267, blue), and thumb (residues 268-351, green). (B)
HBV-RT (blue) and HIV-1-RT (yellow) are superimposed; regions showing significant differences are
marked (*). Amino acids of the catalytic triad and Nevirapine are displayed in sticks.

Figure 5: Docking results of MyrG (A) and PMF (B) over the HBV-RT model. 3D representations of
the complex interactions categorized by hydrogen bonds (green dashed lines), -stacks (pink-dashed

lines).
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Table 2: Structural comparison between the
HBV-RT model and HIV-1-RT

HBV-RT HIV-1-RT

PDB Code - 3Vv81
Number of amino

acid 375 322
residues

Sequence

identity with - 17 %
HBV_RT

RMSD 211 A
Ca versus 0 (300 Ca
HBV_RT atoms)
Total Area (A?) 39576.3 33618.0
Total Volume (A%) | 33829.1 28323.3
%phi/psi 89.9 93.3
Z-Score -3.7 -3.7

PDB = Protein data bank code; RMSD = root-mean-square
deviation; Ca. = a-carbon

@Phi and psi are torsion angle of all residues of the protein
chain, %phi/psi: the phi-psi combination in favorable regions
of the Ramachandran plot.

DISCUSSION

Plant-derived compounds represent a
broad variety of chemical families. However,
flavonoids have been the most widely stud-
ied as possible antivirals. Indeed, some of
these compounds have been active against
viruses such as HBV, Polio, and Herpes vi-
rus (Zhang et al., 2014; Eggers, 1985; Parvez
et al., 2016; Huang et al., 2017). Marcetia
genus plants are a source of flavonoids and
have been barely studied. Thus, to determine
the antiviral activity of the nine compounds
isolated from the aerial parts of M. taxifolia,
we selected three different in vitro models:
HBV, HSV-1, and PV-1.

The results showed that only the glyco-
sylated flavonoids related to myricetin and
the methoxyflavones exhibited antiviral ac-
tivity. Myricetin related compounds and
methoxyflavones were active against HBV
(Figure 2). However, the most potent com-
pounds were the methoxyflavones (Figure
2A). In our best knowledge, this is the first
report that indicates the antiviral activity of
these compounds on HBV. Interestingly,
other flavonoids related to myricetin such as
quercetin have exhibited an antiviral effect

against HBV (Cheng et al., 2015). The
methoxyflavones have been barely studied
and there are just a few reports related to
their antiviral activity. (Ortega et al., 2017a;
Nagai et al., 1995; Eggers, 1985; De Meyer
etal., 1991).

Flavonoids and related compounds can
interact with polymerases, especially with
the reverse transcriptase (Kuete et al., 2010;
Ono et al., 1990). Ortega et al. (2017a, b) de-
scribed that myricetin and methoxyflavones
may act as non-nucleoside Reverse Tran-
scriptase inhibitors (NNRTI). Indeed, a Re-
verse Transcriptase is involved in the HBV
replication cycle and this enzyme has a high
similarity with the HIV-1-RT. The binding
of MyrG and MyrGG on the reported NNR-
TI binding pocket was shown by molecular
docking. Moreover, the binding energy was
inversely proportional to glycosylation grade
(Figure 5 and Table 3). The methoxyfla-
vones showed lower binding energies com-
pared to the glycosylated compounds. Addi-
tionally, these compounds produce more hy-
drogen bonds, which suggest a more stable
interaction with the HBV-RT. These docking
results are in concordance with the antiviral
activities obtained in the in vitro model of
HBV. Residues that consistently within 5 A
from docked ligands were Val87, ProS88,
Asn89, Leu90, Ser92, Leu 93, Trp 103,
Leu223, Ala224, Phe225, Val232, and
Phe273. As shown, these results suggest the
hydrophobic NNRTI pocket of HBV-RT as a
potential target for new inhibitors.

To determine the antiviral spectrum of
these flavonoids, two additionally viral spe-
cies were selected as models. PV-1 (a single
strain RNA virus) and HSV-1 (a DNA vi-
rus), which diverged from HBV in the repli-
cation mechanisms. Our data show that the
glycosylated flavonoids did not have an in-
hibitory effect against Polio nor Herpes.
These observations are in concordance with
previous reports for these myricetin related
compounds (Lin et al., 2000; Castrillo et al.,
1986). The methoxyflavones displayed a po-
tent effect against Polio and these results are
in agreement with previous reports of similar
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Table 3: Docking results of the evaluated compounds using the HBV-RT model

Mod ID EBa RT interactions

vdW:Trp103, Arg216, Leu223, Phe225,

MyrG -4.61 Val232, Phe273

Residues (H bonds)
Ala224, Pro88, Leu96

Pi interactions: Pro88, Leu93

vdW: Val87, Phe85, Trp103, Leu223, Ala224,

MyrGG -2.65 Phe225, Val232, Phe273

Ala86, Pro88

Pi interactions: Lys84, Pro88, Leu93

vdW: Asn89, Trp103, Leu223, Ser226,
Tyr227, Asp230, Val231, Leu271, Asn272,

PMF-OH  -5.59 Tyr276

Leu90, Ser92, Ser105,
Ala224, Phe225

Pi interactions: Pro88, Leu93, Val232, Phe273,

lle278

vdW: Phe85, Val87, Leu90, Ser92, Trp103,

PMF -5.33 Leu223, Val232, Phe273

Asn89, Pro88, Arg216,
Ala224

Pi interactions: Pro88, Leu93, Phe225

MyrG: Mirecityn rhamnoside,

MyrGG: myricetin-3-a-O-ramnosil

(1—6)-a-galactoside, PMF: 5,3'-dihydroxy-3,6,7,8,4'-

pentamethoxyflavone, PMF-OH:5-hydroxy-3,6,7,3',4'pentamethoxyflavone
EB free energy of binding (kcal/mol), vdW van der Waals interactions
2Note that the more positive the free energy of binding, the less likely the probability interaction

compounds versus this virus (Van Hoof et
al., 1984; De Meyer et al., 1991). However,
the effect of the methoxyflavones against
HSV-1 (Figure 1) was modest compared to
those observed against HBV (Figure 2a). Al-
together, these results showed that the meth-
oxyflavones are active against Polio, Herpes,
and Hepatitis B. Additionally, as previously
mentioned the methoxyflavones can inhibit
influenza virus and HIV-1. These viruses do
not share any replicative step thus; the broad
range of antiviral activity of methoxyfla-
vones may suggest two possible inhibitory
mechanisms: a) inhibiting viral polymerases
by acting as non-selective inhibitors, or b)
modulating a cellular process related to the
viral replication cycle. Indeed, methoxyfla-
vones have been described as inhibitors of
several cellular processes, such as the cell
cycle, apoptosis,  kinases  pathway,
NFKb/AKT pathway and others (Wudtiwai
et al., 2011; Bhardwaj et al., 2016; Faqueti et
al., 2016; Kim et al., 2014; Ma et al., 2015;
Merlo et al., 2015; Shi et al., 2013; Nakao et
al., 2011).

In conclusion, the methoxyflavones
showed antiviral activity against all the eval-
uated viruses, while the glycosylated flavo-
noids related to myricetin were active only
on HBV. In the HBV model, the possible an-

tiviral mechanism could be related to HBV-
RT inhibition. On the other hand, the results
obtained for PMF against HSV-1 and PV-1
suggest that these compounds could have
another mechanism related to a cellular pro-
cess modulation. However, additional phar-
macological studies to establish the target of
the methoxyflavones and further evaluations
of glycosylated flavonoids as RT inhibitors
are needed. Altogether, these results show
the potential of flavonoids as antiviral lead
compounds.

Acknowledgments

This work was supported by the Agencia
Nacional de Promocion Cientifica y
Tecnologica (ANPCyT; PICT2014-1672) to
RC at Catedra de Virologia, Facultad de
Farmacia y Bioquimica, Universidad de
Buenos Aires, IVIC project number 495. To
HR at Laboratorio de Virologia Molecular,
Caracas, Venezuela, and UNU Biotechnolo-
gy Program for Latin America and the Car-
ibbean UNU-BIOLAC to OJT, FP and RC.

1046



EXCLI Journal 2019;18:1037-1048 — ISSN 1611-2156

Received: September 20, 2019, accepted: October 29, 2019, published: November 05, 2019

REFERENCES

Arena A, Bisignano G, Pavone B, Tomaino A, Bonina
FP, Saija A, et al. Antiviral and immunomodulatory
effect of a lyophilized extract of Capparisspinosa L.
buds. Phytother Res. 2008;22:313-7.

Arnold K, Bordoli L, Kopp J, Schwede T. The
SWISS-MODEL workspace: A web-based environ-
ment for protein structure homology modelling.
Bioinformatics. 2006;22:195-201.

Baptista J, Chavez K, Torrico F, Trejo E, Garcia C,
Urbina J, et al. Constituyentes quimicos y actividad
antiinflamatoria de Marcetia taxifolia. Ciencia. 2016;
24:82-94.

Berry PE, Luckana N. Melastomataceae. In: Berry
PE, Yatskievych K, Holst BK (eds). Flora of the Ven-
ezuelan Guayana. Liliaceae-Myrsinaceae (pp 263-
383). 6™ ed. St. Louis, MI: Missouri Botanical Gar-
den, 2001.

Bhardwaj M, Kim NH, Paul S, Jakhar R, Han J, Kang
SC. 5-Hydroxy-7-methoxyflavone triggers mitochon-
drial-associated cell death via reactive oxygen species
signaling in human colon carcinoma cells. PLoS One.
2016;11(4):e0154525.

Castrillo JL, VandenBerghe D, Carrasco L. 3-Methyl-
quercetin is a potent and selective inhibitor of po-
liovirus RNA synthesis. Virology.1986;152:219-27.

Cheng Z, Sun G, Guo W, Huang Y, Sun W, Zhao F,
et al. Inhibition of hepatitis B virus replication by
quercetin in human hepatoma cell lines. Virol Sin.
2015;30:261-8.

Daga PR, Duan J, Doerksen RJ. Computational model
of hepatitis B virus DNA polymerase: Molecular dy-
namics and docking to understand resistant mutations.
Protein Sci. 2010;19:796-807.

Das K, Martinez SE, Bauman JD, Arnold E. HIV-1
reverse transcriptase complex with DNA and nevi-
rapine reveals non-nucleoside inhibition mechanism.
Nat Struct Mol Biol. 2012;19:253-9.

De Meyer N, Haemers A, Mishra L, Pandey HK, Pie-
ters LA, VandenBerghe DA, et al. 4'-Hydroxy-3-
methoxyflavones with potentantipicornavirus activity.
J Med Chem. 1991;34:736-46.

Eggers HJ. Antiviral agents against picornaviruses.
Antiviral Res. 1985;(Suppl 1):57-65.

Faqueti LG, Brieudes V, Halabalaki M, Skaltsounis
AL, Nascimento LF, Barros WM, et al. Antinoci-
ceptive and anti-inflammatory activities of standard-
ized extract of polymethoxyflavones from Ageratum
conyzoides. J Ethnopharmacol. 2016;194:369-377.

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-
PdbViewer: An environment for comparative protein
modeling. Electrophoresis. 1997;18:2714-23.

Huang H, Zhou W, Zhu H, Zhou P, Shi X. Baicalin
benefits the anti-HBV therapy via inhibiting HBV vi-
ral RNAs. Toxicol Appl Pharmacol. 2017;15;323:36-
43.

Izaguirre JA, Catarello DP, Wozniak JM, Skeel RD.
Langevin stabilization of molecular dynamics. J
Chem Phys. 2012;114:2090.

Jassim SA, Naji MA. Novel antiviral agents: a medic-
inal plant perspective. J Appl Microbiol. 2003;95:
412-27.

Kim HR, Park CG, Jung JY. Acacetin (5,7-dihydroxy-
4'-methoxyflavone) exhibits in vitro and in vivo anti-
cancer activity through the suppression of NF-kB/Akt
signaling in prostate cancer cells. Int J Mol Med.
2014;33:317-24.

Kim S, Thiessen PA, Bolton EE, Chen J, Fu G, Gin-
dulyte A, et al. PubChem Substance and Compound
databases. Nucleic Acids Res. 2016;44:1202-13.

Kuete V, Ngameni B, Mbaveng AT, Ngadjui B, Mey-
er JJ, Lall N. Evaluation of flavonoids from Dorstenia
barteri for their antimycobacterial, antigonorrheal and
anti-reverse transcriptase activities. Acta Trop. 2010;
116:100-104.

Laskowski RA, MacArthur MW, Moss DS, Thornton
JM. PROCHECK - a program to check the stereo-
chemical quality of protein structures. J Appl Crystal-
logr. 1993;26:283-91.

Leite TC, de Sena AR, Dos Santos Silva TR, Dos
Santos AK, Uetanabaro AP, Branco A. Antimicrobial
activity of Marcetia DC species (Melastomataceae)
and analysis of its flavonoids by reverse phase-high
performance liquid chromatography coupled-diode ar-
ray detector. Pharmacogn Mag. 2012;8(31):209-14.

Li S, Hattori T, Kodama EN. Epigallocatechin gallate
inhibits the HIV reverse transcription step. Antivir
Chem Chemother. 2011;21:239-43.

Lin LC, Kuo YC, Chou CJ. Anti-herpes simplex virus
type-1 flavonoids and a new flavanone from the root
of Limonium sinense. Planta Med. 2000;66:333-6.

Ma W, Feng S, Yao X, Yuan Z, Liu L, Xie Y. Nobi-
letin enhances the efficacy of chemotherapeutic
agents in ABCBI1 overexpression cancer cells. Sci
Rep. 2015;5:18789.

Masella M. The multiple time step r-RESPA proce-
dure and polarizable potentials based on induced di-
pole moments. Mol Phys. 2006;104:415-28.

1047



EXCLI Journal 2019;18:1037-1048 — ISSN 1611-2156

Received: September 20, 2019, accepted: October 29, 2019, published: November 05, 2019

Menant JC, Gandevia SC. Poliomyelitis. Handb Clin
Neurol. 2018;159:337-44.

Merlo S, Basile L, Giuffrida ML, Sortino MA, Guc-
cione S, Copani A. Identification of 5-methoxy-
flavone as a novel DNA polymerase-beta inhibitor
and neuroprotective agent against beta-amyloid tox-
icity. J Nat Prod. 2015;78:2704-11.

Mosmann T. MTT rapid colorimetric assay for cellu-
lar growth and survival: application to proliferation
and cytotoxicity assays. J Immunol Methods. 1983;
65:55-63.

Nagai T, Suzuki Y, Tomimori T, Yamada H. Antivi-
ral activity of plant flavonoid, 5,7,4'-trihydroxy-8-
methoxyflavone, from the roots of Scutellaria bai-
calensis against influenza A (H3N2) and B viruses.
Biol Pharm Bull. 1995;18:295-9.

Nakao K, Murata K, Deguchi T, Itoh K, Fujita T, Hi-
gashino M, et al. Xanthine oxidase inhibitory activi-
ties and crystal structures of methoxyflavones from
Kaempferia parviflora rhizome. Biol Pharm Bull.
2011;34:1143-6.

Ono K, Nakane H, Fukushima M, Chermann JC, Bar-
ré-Sinoussi F. Differential inhibitory effects of vari-
ous flavonoids on the activities of reverse trans-
criptase and cellular DNA and RNA polymerases.
1990;190: 69-76.

Ortega JT, Rangel HR, Pujol FH. Cellular targets as
an alternative mechanism in antiviral therapy.
Interciencia. 2013;38:836-42.

Ortega JT, Suarez Al, Serrano ML, Baptista J, Pujol
FH, Rangel HR. The role of the glycosyl moiety of
myricetin derivatives in anti-HIV-1 activity in vitro.
AIDS Res Ther. 2017a;14(1):57.

Ortega JT, Serrano ML, Suarez Al, Baptista J, Pujol
FH, Rangel HR. Methoxyflavones from Marcetia tax-
ifolia as HIV-1 reverse transcriptase inhibitors. Natu-
ral Product Commun. 2017b;12:1677-80.

Parvez MK, Arbab AH, Al-Dosari MS, Al-Rehaily
AlJ. Antiviral natural products against chronic hepati-
tis B: Recent developments. Curr Pharm Des. 2016;
22:286-93.

Pedretti A, Villa L, Vistoli G. VEGA - An open plat-
form to develop chemo-bio-informatics applications,
using plug-in architecture and script programming. J
Comput Aided Mol Des. 2004;18:167—73.

Phillips JC, Braun R, Wang W, Gumbart J, Taj-
khorshid E, Villa E, et al. Scalable molecular dynam-
ics with NAMD. J Comput Chem. 2005;26:1781-802.

Quintero A, Fabbro R, Maillo M, Barrios M, Milano
MB, Fernandez A, et al. Inhibition of hepatitis B virus
and human immunodeficiency virus (HIV-1) replica-
tion by Warscewiczia coccinea (Vahl) Kl. (Rubia-
ceae) ethanol extract. Nat Prod Res. 2011;25:1565-9.

Sells MA, Zelent AZ, Shvartsman M, Acs G. Replica-
tive intermediates of hepatitis B virus in HepG2 cells
that produce infectious virions. J Virol. 1988;62:
2836-44.

Sharma M, Anderson SA, Schoop R, Hudson JB. In-
duction of multiple pro-inflammatory cytokines by
respiratory viruses and reversal by standardized

Echinacea, a potent antiviral herbal extract. Antiviral
Res. 2009;83:165-70.

Shi MD, Liao YC, Shih YW, Tsai LY. Nobiletin at-
tenuates metastasis via both ERK and PI3K/Akt
pathways in HGF-treated liver cancer HepG2 cells.
Phytomedicine. 2013;20:743-52.

Toukmaji A, Sagui C, Board J, Darden T. Efficient
particle-mesh Ewald based approach to fixed and in-
duced dipolar interactions. J Chem Phys. 2000;113:
10913-27.

Van Hoof L, Berghe DA, Hatfield GM, Vlietinck AJ.
3-Methoxyflavones as potent inhibitors of viral-
induced block of cell synthesis. Planta Med. 1984;
50:513-7.

Vanommeslaeghe K, Hatcher E, Acharya C, Kundu S,
Zhong S, Shim J, et al. CHARMM general force field:
A force field for drug-like molecules compatible with
the CHARMM all-atom additive biological force
fields. J Comput Chem 2010;31:671-90.

Wiederstein M, Sippl MJ. ProSA-web: interactive
web service for the recognition of errors in three-
dimensional structures of proteins. Nucleic Acids Res.
2007;35:W407-10.

Whitley R, Baines J. Clinical management of herpes
simplex virus infections: past, present, and future.
F1000Res. 2018;7:F1000 Faculty Rev-1726.

WHO. Hepatitis B. Geneva: WHO, 2019. Available at
https://www.who.int/news-room/fact-
sheets/detail/hepatitis-b.

Wudtiwai B, Sripanidkulchai B, Kongtawelert P, Ban-
jerdpongchai R. Methoxyflavone derivatives mo-
dulate the effect of TRAIL-induced apoptosis in hu-
man leukemic cell lines. J Hematol Oncol. 2011;4:52.

Zhang QG, Wei F, Liu Q, Chen LJ, Liu YY, Luo F, et
al. The flavonoid from Polygonum perfoliatum L. in-
hibits herpes simplex virus 1 infection. ActaVirol.
2014;58:368-73.

1048



