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Abstract

Background: In recent years, an increase in the occurrence of illnesses caused by two clinically- important
arboviruses has been reported: Zika virus (ZIKV) and Chikungunya virus (CHIKV). There is no licensed antiviral
treatment for either of the two abovementioned viruses. Bearing in mind that the antiviral effect of indole alkaloids
has been reported for other arboviral models, the present study proposed to evaluate the antiviral in vitro and in
silico effects of four indole alkaloids on infections by these two viruses in different cell lines.

Methods: The antiviral effects of voacangine (VOAC), voacangine-7-hydroxyindolenine (VOAC-OH), rupicoline and 3-
oxo voacangine (OXO-VOAC) were evaluated in Vero, U937 and A549 cells using different experimental strategies
(Pre, Trans, Post and combined treatment). Viral infection was quantified by different methodologies, including
infectious viral particles by plating, viral genome by RT-qPCR, and viral protein by cell ELISA. Moreover, molecular
docking was used to evaluate the possible interactions between structural and nonstructural viral proteins and the
compounds. The results obtained from the antiviral strategies for each experimental condition were compared in all
cases with the untreated controls. Statistically significant differences were identified using a parametric Student’s t-
test. In all cases, p values below 0.05 (p < 0.05) were considered statistically significant.

Results: In the pre-treatment strategy in Vero cells, VOAC and VOAC-OH inhibited both viral models and OXO-
VOAC inhibited only ZIKV; in U937 cells infected with CHIKV/Col, only VOAC-OH inhibited infection, but none of the
compounds had activity in A549 cells; in U937 cells and A549 cells infected with ZIKV/Col, the three compounds
that were effective in Vero cells also had antiviral activity. In the trans-treatment strategy, only VOAC-OH was
virucidal against ZIKV/Col. In the post-treatment strategy, only rupicoline was effective in the CHIKV/Col model in
Vero and A549 cells, whereas VOAC and VOAC-OH inhibited ZIKV infection in all three cell lines. In the combined
strategy, VOAC, VOAC-OH and rupicoline inhibited CHIKV/Col and ZIKV/Col, but only rupicoline improved the
antiviral effect of ZIKV/Col-infected cultures with respect to the individual strategies. Molecular docking showed that
all the compounds had favorable binding energies with the structural proteins E2 and NSP2 (CHIKV) and E and NS5
(ZIKV).
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Conclusions: The present study demonstrates that indole alkaloids are promising antiviral drugs in the process of
ZIKV and CHIKV infection; however, the mechanisms of action evaluated in this study would indicate that the effect
is different in each viral model and, in turn, dependent on the cell line.
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Background
Arboviruses are viruses that require the presence of a fe-
male hematophagous arthropod to be transmitted be-
tween vertebrate hosts [1]. In recent years, an increase
has been reported in the occurrence of illnesses caused
by two clinically-important arboviruses: Chikungunya
fever caused by Chikungunya virus (CHIKV) and Zika
fever caused by Zika virus (ZIKV). The transmission of
these arboviruses occurs by the same vectors, and their
simultaneous circulation occurs in several regions of the
world, with previously reported cases of co-infections
[2], some of which have been associated with mortality
in some cases [3].
First, CHIKV belongs to the genus Alphavirus and

Togaviridae family. CHIKV is an enveloped icosahedral
virus with a diameter of 60–70 nm, with a positive-sense
single-stranded RNA genome of approximately 12 kb in
length with two open reading frames (ORFs). The first
ORF gives rise to four nonstructural proteins (NSP1,
NSP2, NSP3, and NSP4) that are translated from gen-
omic RNA, and the second ORF encodes five structural
proteins (capsid protein C and glycoproteins E1, E2, E3,
and 6 K) that are translated from subgenomic RNA [4].
This virus has been the cause of major epidemics in re-
cent decades. One of the most significant epidemics oc-
curred in late 2014 in the Pacific Islands, and it caused
more than one million cases in less than 4 months in the
Caribbean Islands, Latin American countries, and the
United States in the same year [5]. Although CHIKV in-
fection is an acute debilitating self-limiting sickness
characterized by intense polyarthralgia, it may leave
chronic long-term articular and rheumatic manifesta-
tions with a significant loss of quality of life in some
cases [6]. Over time, unexpected delayed rheumatic
complications can manifest years after acute CHIKV in-
fection, particularly with the development of potentially
destructive rheumatism [7] .
On the other hand, ZIKV is an icosahedral virus that

belongs to the Flaviviridae family. It has a lipid envelope
and a positive-sense single-stranded RNA genome com-
posed of a single ORF that encodes a single polyprotein
[8]. This one is cleaved into three structural capsid pro-
teins (C), the membrane precursor (prM), the envelope
protein (E), and seven nonstructural proteins (NS1,
NS2a, NS2b, NS3, NS4a, NS4b, and NS5) [9]. In 2016,

the WHO declared ZIKV infection an international pub-
lic health emergency because of the rise in the number
of cases [10]. As in other arboviruses, the illness pro-
duced by this virus is characterized by a mild fever, but
it can lead to the development of serious sequelae such
as microcephaly, brain calcifications [11], and Guillain–
Barré syndrome [12].
As described above, the importance of infection-

transmitting vectors (A. aegypti and A. albopictus) in
the tropical and subtropical areas of the world has
led to the main strategy of control and prevention of
these illnesses, community-based interventions to pre-
vent their reproduction [13]. However, the emergence
of resistance to insecticides and the lack of coverage
of the programs implemented by government agencies
for the control and eradication of the vector lead to
control that is not entirely effective [14]. The second
control strategy should be vaccination, but although
progress has been made, with the development and
clinical evaluation of several candidates, none of them
has passed Phase III; therefore, no vaccine has been
approved [15–17]. Finally, the third strategy to con-
trol the infection of these viruses is the search for
compounds with antiviral activity [18]. Despite a
growing number of studies in this area, there are still
no licensed drugs available [17, 19].
Although several antiviral approaches have been devel-

oped in recent decades, the evaluation of compounds
obtained from natural sources is promising as the basis
for the production of new treatments against some vi-
ruses [20], including alkaloids. One of the most alkaloid-
rich plant families is the family Apocynaceae [21], which
includes the species Tabernaemontana cymosa (T. cym-
osa) [22]. Indole alkaloids (which possess a pyrrole adja-
cent to the benzene ring) are compounds that originate
from the tryptophan-derived secondary metabolites of
some plants and have shown antiviral potential, such as
the drug arbidol (umifenovir), which is effective against
influenza A [23], TMC647055, a compound that inhibits
the hepatitis C virus [24] and INDOPY-1, an inhibitor of
human immunodeficiency virus type 1 [25]. Additionally,
our research team has shown that voacangine derived
from the plant T. cymosa inhibits the replication of the
viral genome of DENV-2 [26] and that some of its struc-
tural analogs (VOAC-OH and rupicoline) have antiviral
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and virucidal effects depending on the serotype and/or
DENV strain [27] .
Considering the antecedents, the prevalence in ZIKV

and CHIKV cases worldwide, the lack of therapeutic al-
ternatives for these viral infections, and the use of alka-
loids as a source of antivirals, this study proposed to
evaluate the antiviral in vitro and in silico effects of four
indole alkaloids against CHIKV and ZIKV in different
cell lines.

Methods
Compounds
In this study, no plant parts were used. All evaluations
were performed with four compounds from the seeds of
T. cymosa that had been previously isolated and re-
ported: VOAC [26], VOAC-OH, rupicoline and OXO-
VOAC [27]. These compounds are subject to contracts
for access to genetic resources and derived products
#130 of 2016 (RGE0176) and #292 of 2020 (RGE0343)
signed with the Ministry of Environment and Sustain-
able Development of the Republic of Colombia. Suramin,
ribavirin, or heparin were used as positive inhibition
controls depending on the antiviral strategy, the type of
virus and the cell line.

Cell and virus maintenance
C6/36 cells were donated by Dr. Raquel Ocazionez (Uni-
versidad Industrial de Santander. Bucaramanga,
Colombia) and kept at 28 °C and cultured in Leibovitz
medium (L-15) supplemented with 10% fetal bovine
serum (FBS, GIBCO®) and 20 mM HEPES. The Vero cell
line was donated by Dr. Jorge Osorio, Department of
Pathobiological Sciences, University of Wisconsin
(Madison, WI, United States) and used as a screening
model for the compounds; the U937 and A549 cell lines
were donated by Dr. Jaime Castellanos (Universidad El
Bosque. Bogotá, Colombia) and Dr. Carolina Quintero
(Universidad Nacional de Colombia. Medellin,
Colombia), respectively, were used as models for some
antiviral assays. These cell lines were cultured in Dulbec-
co’s modified Eagle’s medium (GIBCO®) supplemented
with 2% FBS and a 1% antibiotic/antimycotic solution
(10 mg/ml streptomycin, 10,000 U/ml penicillin, and
0.025 mg/ml amphotericin B, GIBCO®) and kept in a
humid environment with 5% CO2 at 37 °C. The main-
tenance of the cultures corresponded to standard proto-
cols recommended by the cell supplier. All experiments
were performed at a multiplicity of infection of one (1)
with two Colombian clinical isolates. CHIKV/Col [26]
and ZIKV/Col [28] previously reported.

Determination of the viability of indole alkaloids
The 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazo-
lium bromide (MTT) assay [29] was used to evaluate the

viability of the indole alkaloids and inhibition controls at
a single concentration for each compound on Vero,
U937 and A549 cells seeded in 96-well plates for 48 h.
These concentrations were defined based on previous re-
ports obtained by our investigation group [27]. Absorb-
ance reading was performed on a Multiskan™ FC
Microplate Photometer (Thermo Scientific) at 450 nm.
In all cases, compound-free cultures were used to repre-
sent 100% viability. Each experiment was performed by
two independent experimental units with three replicas
each (n: 4).

In vitro evaluations
The evaluation of in vitro antiviral activity was per-
formed using four previously described strategies: Pre,
Trans, Post and combined treatment [27]. In all cases,
6.0 × 104 cells were seeded per well, a single noncyto-
toxic concentration of the compounds was used, and the
monolayers were inoculated for 2 h with each virus eval-
uated in all the treatment strategies. Viral replication
was allowed for 48 h for the individual strategies and 24
h for the combined strategy. The supernatants and
monolayers were collected and stored at − 80 °C until
processing. The compounds that demonstrated antiviral
activity in the pre-treatment or post-treatment strategies
were evaluated using the same strategies in the U937
and A549 cell lines. For the compounds that showed
post-treatment activity, the number of genomic copies/
mL and viral protein were quantified by qPCR and in-
cell enzyme-linked immunosorbent assay (Cell ELISA),
respectively.

Quantification of infectious viral particles by plaque assay
Serial dilutions of the supernatants were inoculated for
2 h on monolayers of Vero cells (1.2 × 104/well). After-
wards, the viral inoculum was removed, and 1.5% car-
boxymethylcellulose (Sigma-Aldrich) was added. The
monolayers were fixed with 4% paraformaldehyde
(Sigma-Aldrich) and stained with crystal violet after 4 or
7 days of incubation depending on the virus (CHIKV/
Col or ZIKV/Col, respectively).

Quantification of intracellular viral genome by qPCR
RNA was extracted from the infected and treated mono-
layers following the manufacturer’s instructions (Zymo
Quick-RNA Viral Kit). Reverse transcription was per-
formed from 500 ng of RNA using the M-MLV Reverse
Transcriptase kit. qPCR was performed with the
POWERUP™ SYBR™ Green Master Mix kit (Thermo
Fisher Scientific) in QuantStudio 3 using previously de-
scribed primers and protocols [28]. For the absolute
quantification of the genomic copies, we used standard
curves of plasmids previously constructed by our group.
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Intracellular quantification of viral protein
The monolayers were fixed with PFA 4% and then
permeabilized with Triton X-100 (0.1%) for 30 min and
then treated with 0.3% H2O2 prepared in 10% methanol
for 30 min; nonspecific sites were then blocked with FBS
(10%) for 30 min. Subsequently, the primary anti-ZIKV
and anti-CHIKV antibodies previously reported [28]
were incubated overnight at 4 °C. The secondary anti-
body coupled to horseradish peroxidase was then added
for 30 min, and TMB was finally added to read the ab-
sorbance at 620 nm (Multiskan™ FC Microplate Photom-
eter, Thermo Scientific).

In silico evaluations
The three-dimensional structures of one structural
protein and one nonstructural protein for each viral
model were obtained from the Protein Data Bank
(PDB) database with a resolution of less than 3 Å. En-
velope domain III (PDB: 5JHM) and the NS5 poly-
merase domain (PDB: 5 U04) were used for ZIKV; the
E2 protein (PDB: 3 N44) and NSP2 protease (PDB:
3TRK) were used for CHIKV and treated with Python
Molecular Viewer (PMV) [30] as previously reported
[31]. The site of interaction of the compounds with
the proteins was identified using the PeptiMap tool
[32, 33]. The compounds were obtained and treated
as previously reported [27]. The binding free energies
of the compound–protein interactions were obtained
by AutoDock Vina software [34]. The intermolecular
interactions (hydrogen bonds and hydrophobic inter-
actions) were identified from two-dimensional dia-
grams using LigPlot® software v1.4.5 (https://www.ebi.
ac.uk/thornton-srv/software/LIGPLOT/) [35]. Finally,
molecular dynamics was performed using GROMACS
software to evaluate the stability over time (50 ns) of
the complex formed with virucidal compounds and
the favorable energy of binding in AutoDock Vina for
the E protein [27]. The results obtained include the
evaluation of the resulting trajectories and a plot of
distances during the evaluated time.

Statistical analysis
The normality of the data was evaluated using the
Shapiro–Wilk test. The results obtained from the
antiviral strategies for each experimental condition
were compared in all cases with the infected un-
treated controls. Statistically significant differences
were identified using a parametric Student’s t-test
(data with normal distribution). All statistical analyses
were performed using the Prism® 7.01 package for
Windows™ (GraphPad Software, San Diego, CA). In
all cases, p values below 0.05 (p < 0.05) were consid-
ered statistically significant.

Results
The viability of different cell lines was not affected by
indole alkaloids
The viability of indole alkaloids and inhibition con-
trols was evaluated in Vero, U937 and A549 cells by
the MTT method. Rupicoline was the compound with
the best viability percentages in all three cell lines,
94.5, 99.4 and 99.3%, for Vero, U937 and A549 cells,
respectively. The lowest viability percentage in Vero
cells was obtained with VOAC-OH, 75.9%; in U937
cell line with OXO-VOAC, 77.0%; and in A549,
VOAC with 84.7%. Nevertheless, in all cases, the via-
bilities were adequate for subsequent antiviral work.
None of the inhibition controls had viabilities below
75%. (Table 1).

The antiviral effect of VOAC and VOAC-OH in the pre-
treatment strategy was dependent on the cell line in the
CHIKV/col infection model
In Vero cell cultures treated and subsequently in-
fected with CHIKV/Col (pre-treatment strategy to de-
tect possible activity in the early stages of infection or
host-directed activity through modulation of cellular
processes) (Fig. 1A), only the alkaloids VOAC and
VOAC-OH significantly decreased the number of in-
fectious particles compared with the untreated con-
trol, with infection rates of 23.1 and 8.2%,
respectively (Fig. 1B). The evaluation of the two most
promising compounds for CHIVK/Col with this strat-
egy (VOAC and VOAC-OH) in the U937 and A549
cell lines showed different results. Only VOAC-OH
significantly inhibited infection to 4.2% in the U937
cells compared with the untreated control, and none
of the compounds had an antiviral effect in the A549
cell line. Suramin was the positive inhibitory control
in the Vero and U937 lines (5.0 and 51.5%, respect-
ively), and heparin was the positive inhibitory control
in the A549 line (21.9%) (Fig. 1C; Table 2).

Table 1 Viability percentage of indole alkaloids in Vero, U937
and A549 cell lines

Viability Percentages

Compound Concentration Vero cells U937 cells A549 cells

Suramin 125.0 μM 93,5 ± 7,6 93.6 ± 0.9 98.3 ± 2.7

Heparin 17.6 μM 94,3 ± 2,3 95.2 ± 1.6 92.8 ± 0.9

Ribavirin 200.0 μM 92,2 ± 2,9 91.8 ± 1.2 84.5 ± 2.2

VOAC 17.1 μM 86.1 ± 1.9 88.8 ± 0.5 84.7 ± 1.7

VOAC-OH 16.4 μM 75.9 ± 3.8 91.3 ± 1.5 95.0 ± 2.7

Rupicoline 16.4 μM 94.5 ± 3.7 99.4 ± 1.3 99.3 ± 2.8

OXO-VOAC 16.5 μM 90.6 ± 1.3 77.0 ± 1.2 89.8 ± 2.0
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The antiviral effect of VOAC and VOAC-OH in the pre-
treatment strategy was independent of the cell line in the
ZIKV/col infection model
When we evaluated the same strategy (pre-treatment) in
the ZIKV/Col model (Fig. 2A), we found a statistically
significant decrease in the cultures treated with the same
compounds that inhibited CHIKV/Col, VOAC and
VOAC-OH and in those treated with OXO-VOAC com-
pared with the untreated control. In those cases, the

infection rates were 13.8, 11.0, and 56.7%, respectively
(Fig. 2B). In both cases, suramin was used as a positive
inhibition control, decreasing the infection percentage to
9.4% for ZIKV/Col. On the other hand, the evaluation of
the three compounds that had an antiviral effect in the
ZIKV/Col infection model on Vero cells (VOAC,
VOAC-OH, and OXO-VOAC) maintained a significant
antiviral effect on both cell lines: U937 (infection rates
of 0.0, 5.1 and 82.5%) and A549 (infection rates of 15.2,

Fig. 1 Antiviral effects on the production of infectious viral particles from cultures treated and posteriorly infected with CHIKV/Col. A. Schematic
representation of the pre-treatment strategy explained in the Materials and Methods section. B. Infection percentage calculated according to the
results obtained by plaque assay (PFU/ml) of the supernatants collected from Vero cells under each experimental condition. C. Infection
percentage calculated according to the results obtained by plaque assay (PFU/ml) of the supernatants collected from U937 cells (dark purple
bars) and A549 cells (light purple bars). The asterisks indicate statistically significant differences with respect to the untreated control (*p < 0.05,
**p < 0.01 and ***p < 0.001; Student’s t-test), and error bars indicate the standard error of the mean; n: 4. Representative images of plaques
formed under each experimental condition are shown (B and C)
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1.8 and 77.7%), respectively. Suramin was the positive in-
hibitory control in the U937 cell line, and heparin was
the positive inhibitory control in the A549 cell line (27.2
and 7.1%, respectively) (Fig. 2C; Table 2).

Only VOAC-OH was virucidal against ZIKV/col
When the compounds were put in direct contact with
the virus (trans-treatment, Fig. 3A) to evaluate their pos-
sible virucidal activity, CHIKV/Col did not inhibit the
production of infectious viral particles compared with
the untreated control (Fig. 3B). Meanwhile, in the cul-
tures inoculated with the mixture of ZIKV/Col and
VOAC-OH, the number of infectious particles signifi-
cantly decreased to a 7.6% infection rate compared with
the untreated control. Suramin was used as a positive in-
hibition control for both infection models (25.5 and
4.3%, respectively) (Fig. 3C; Table 2).

The antiviral effect of rupicoline in the post-treatment
strategy was dependent on the cell line in the CHIKV/col
infection model
In the Vero cell cultures infected with CHIKV/Col and
subsequently treated (Fig. 4A), only rupicoline signifi-
cantly inhibited the infection to 9.0% compared with the
untreated control (Fig. 4B). In contrast, this same

compound only inhibited CHIKV infection in the A549
cell line to 63.1% but not in the U937 cell line (Fig. 4C).
Ribavirin was the positive inhibitory control in all cell
lines (0.6, 47.6 and 43.0%, respectively). (Table 2).

The antiviral effect of VOAC and VOAC-OH in the post-
treatment strategy was independent of the cell line in the
ZIKV/col infection model
In the post-treated ZIKV/Col-infected Vero cells (Fig. 5A),
the inhibitory compounds were VOAC and VOAC-OH
with infection percentages of 19.2 and 11.6%, respectively,
compared with the untreated control (Fig. 5B). These
same compounds also inhibited ZIKV infection in both
U937 and A549 cell lines to an infection rate of 0.0% in all
cases (Fig. 5C). Ribavirin was used as an inhibitory control
in all three cell lines (0.0% in Vero cells; 27.2% in U937
cells and 38.4% in A549 cells) (Table 2).

The effect of the compounds on genome replication and
viral protein production was cell-dependent according to
the viral model
The number of genomic copies/ml and viral protein pro-
duction were quantified in Vero, U937 or A549 mono-
layers that were infected and after, treated with
compounds that inhibited the production of infectious

Table 2 Viral titers (PFU/ml) obtained in all treatment strategies with indole alkaloids

Treatment Strategy Virus Cell Line Untreated control Inhibition control VOAC VOAC-OH RUPICOLINE OXO-VOAC

Pre-treatment
(UFP/ml)

CHIKV/Col Vero 2,65 × 108 Suramin 1,31 × 107 6,13 × 107 2,18 × 107 2,85 × 108 2,70 × 108

U937 7,40 × 1024 Suramin 3,81 × 1024 6,19 × 1024 3,13 × 1023 N/A N/A

A549 1,98 × 106 Heparin 4,33 × 105 2,02 × 106 1,90 × 106 N/A N/A

ZIKV/Col Vero 4,95 × 103 Suramin 4,65 × 102 6,85 × 102 5,43 × 102 5,90 × 103 2,81 × 103

U937 7,35 × 104 Suramin 2,00 × 104 < 1,00 × 100 3,75 × 103 N/A 6,06 × 104

A549 7,00 × 104 Suramin 1,31 × 104 1,06 × 104 1,25 × 103 N/A 5,44 × 104

Trans-treatment
(UFP/ml)

CHIKV/Col Vero 1,94 × 108 Suramin 4,93 × 107 1,60 × 108 2,18 × 108 2,10 × 108 1,52 × 108

ZIKV/Col Vero 5,17 × 104 Suramin 2,20 × 103 5,95 × 104 3,93 × 103 5,23 × 104 5,58 × 104

Post-treatment
(UFP/ml)

CHIKV/Col Vero 4,33 × 108 Ribavirin 2,43 × 106 4,10 × 108 4,25 × 108 3,90 × 107 4,12 × 108

U937 1,94 × 1012 Ribavirin 9,23 × 1011 N/A N/A 1,73 × 1012 N/A

A549 7,96 × 1011 Ribavirin 3,43 × 1011 N/A N/A 5,03 × 1011 N/A

ZIKV/Col Vero 2,30 × 105 Ribavirin < 1,00 × 100 4,43 × 104 2,68 × 104 1,90 × 105 1,92 × 105

U937 1,01 × 107 Ribavirin 2,75 × 106 < 1,00 × 100 < 1,00 × 100 N/A N/A

A549 8,30 × 106 Ribavirin 3,19 × 106 < 1,00 × 100 < 1,00 × 100 N/A N/A

Post-treatment
(Genome copies/ml)

CHIKV/Col Vero 1,12 × 105 Ribavirin 2,96 × 104 N/A N/A 5,73 × 105 N/A

U937 N/A N/A N/A N/A N/A N/A N/A

A549 1,15 × 103 Ribavirin 6,12 × 102 N/A N/A 1,10 × 103 N/A

ZIKV/Col Vero 1,17 × 107 Ribavirin 6,05 × 105 2,04 × 107 1,18 × 107 N/A N/A

U937 4,76 × 106 Ribavirin 2,05 × 106 1,46 × 105 1,43 × 105 N/A N/A

A549 1,41 × 107 Ribavirin 2,22 × 106 2,30 × 105 2,28 × 105 N/A N/A

Combined
(UFP/ml)

CHIKV/Col Vero 1,97 × 106 Suramin < 1,00 × 100 4,00 × 105 1,50 × 105 1,88 × 105 1,93 × 106

ZIKV/Col Vero 4,22 × 104 Suramin < 1,00 × 100 4,44 × 103 < 1,00 × 100 2,50 × 103 3,09 × 104
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viral particles in the post-treatment strategy in each viral
model (Fig. 6A). As previously shown, rupicoline had
antiviral activity in the CHIKV/Col model in Vero and
A549 cells; then, the number of genomic copies/ml was
measured in these cell line monolayers. In Vero cells,
post-treatment increased the number of genome copies/
ml by 513.5% compared with the untreated control,
while in A549 cells, there were no significant differences
with respect to the untreated control (Fig. 6B). Mean-
while, despite increased genomic copies/ml in Vero cells
with rupicoline post-treatment, viral protein production
in this cell line was not affected since there were no sig-
nificant differences with respect to the control; but in
A549 post-treated monolayers, rupicoline decreased the

production of CHIKV-viral protein to 72.6% (Fig. 6C;
Table 2).
In the ZIKV/Col infection model, VOAC and

VOAC-OH did not inhibit the replication of the viral
genome in Vero cells; in contrast, both compounds
significantly inhibited the viral genome in the U937
(3.1 and 3.0% infection rates, respectively) and A549
post-treated cells (1.6% infection rates in both cases)
(Fig. 6D). Furthermore, post-treatment in ZIKV-
infected monolayers with VOAC and VOAC-OH sig-
nificantly reduced viral protein production in all three
cell lines, Vero, U937 and A549 (Vero 0.0 and 0.0%,
U937 0.0 and 0.0%; and A549 1.2 and 7.1%, respect-
ively) (Fig. 6E; Table 2).

Fig. 2 Antiviral effects on the production of infectious viral particles from cultures treated and posteriorly infected with ZIKV/Col. A. Schematic
representation of the pre-treatment strategy explained in the Materials and Methods section. B. Infection percentage calculated according to the
results obtained by plaque assay (PFU/ml) of the supernatants collected from Vero cells under each experimental condition. C. Infection
percentage calculated according to the results obtained by plaque assay (PFU/ml) of the supernatants collected from U937 cells (dark blue bars)
and A549 cells (light blue bars). The asterisks indicate statistically significant differences with respect to the untreated control (*p < 0.05, **p < 0.01
and ***p < 0.001; Student’s t-test), and error bars indicate the standard error of the mean; n: 4. Representative images of plaques formed under
each experimental condition are shown (B and C)
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In all cases, ribavirin was the inhibition control. In the
CHIKV/Col model, ribavirin in Vero and A549 cells re-
duced the infection rate to 31.3 and 53.2% and protein
production to 24.0 and 30.8%, respectively. In the ZIKV/
Col model, ribavirin in Vero, U937 and A549 cells re-
duced the infection rate to 8.6, 43.1 and 15.7% and pro-
tein production to 3.2, 3.2 and 10%, respectively.

VOAC, VOAC-OH and rupicoline inhibited the production
of infectious viral particles in the combined strategy for
both viral models
In the combined strategy (treatment before, during and
after the infection) (Fig. 7A), three of the four indole al-
kaloids inhibited the production of infectious viral parti-
cles in both viral models, VOAC, VOAC-OH and
rupicoline. In the CHIKV/Col model, the infection per-
centages were less than 25% in all cases and 20.3, 7.6,
and 9.5%, respectively (Fig. 7B). Meanwhile, in the
ZIKV/Col model, infection rates were less than 11%
(10.5, 0.0, and 5.9%, respectively) (Fig. 7C). In Vero cells,
VOAC and VOAC-OH were the compounds in the
CHIKV/Col model that improved its antiviral activity
with the combined strategy when compared to the indi-
vidual strategies, while in ZIKV, the three alkaloids in
this cell line improved their activity with the combined
strategy. Suramin was the inhibitory control in both in-
fection models, with inhibition rates of 0.0% in both
cases (Table 2).

Indole alkaloids favorably interact with one structural and
nonstructural viral protein of CHIKV and ZIKV
To evaluate the possible activity of the studied com-
pounds on viral proteins, in silico molecular docking
was evaluated for each compound with a structural viral
protein and a nonstructural protein of CHIKV and
ZIKV. In the CHIKV models, all the compounds had fa-
vorable binding energies with the structural protein E2
(− 6.50 ± 0.17 Kcal/mol to − 7.37 ± 0.06 Kcal/mol) and
with the nonstructural protein NSP2 (− 6.00 ± 0.10 Kcal/
mol to − 8.07 ± 0.06 Kcal mol); likewise, for ZIKV pro-
tein E domain III (− 5.30 ± 0.10 Kcal/mol to − 6.23 ± 0.06
Kcal/mol), and ZIKV NS5 RNA-dependent RNA poly-
merase (RdRp) domain (− 6.43 ± 0.06 to − 7.17 ± 0.06
Kcal/mol for protein domain). OXO-VOAC displayed
the best binding energies among all evaluated proteins
(Table 3). For rupicoline, which had the best in vitro
antiviral activity in post-treatment strategy in the
CHIKV model, a binding energy of − 6.00 ± 0.10 Kcal/
mol was obtained with the NSP2 protein, without hydro-
gen bonds but with 15 hydrophobic interactions with
eight amino acids (Fig. 8). Otherwise, when performing
the molecular coupling between Domain III of the ZIKV
envelope protein and VOAC-OH, the only compound
with virucidal activity, the highest binding energies with
this protein were obtained (− 5.57 ± 0.06 Kcal/mol).
Meanwhile, VOAC and VOAC-OH, the compounds
with the best in vitro activity in the post-treatment strat-
egy against ZIKV, had binding energies of − 6.43 ± 0.06
Kcal/mol and − 7.07 ± 0.06 Kcal/mol for the nonstruc-
tural protein NS5 RdRp domain. Of these two, only
VOAC-OH favorably formed 3 hydrogen bonds with
amino acids Arg623 and Gln620, located in the

Fig. 3 Virucidal effect against CHIKV/Col and ZIKV/Col. A. Schematic
representation of the trans-treatment strategy explained in the
Materials and Methods section. B. Infection percentage calculated
according to the results obtained by plaque assay (PFU/ml) of the
supernatants collected from Vero cells infected with CHIKV/Col
under each experimental condition. C. Percentage calculated
according to the results obtained by plaque assay (PFU/ml) of the
supernatants collected from Vero cells infected with ZIKV/Col under
each experimental condition. The asterisks indicate statistically
significant differences with respect to the control without
compound (*p < 0.05, **p < 0.01 and ***p < 0.001; Student’s t-test),
and error bars indicate the standard error of the mean; n: 4.
Representative images of plaques formed under each experimental
condition are shown (B and C)
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hydrophobic pocket of the NS5 protein, and with
Asp665, which is part of the catalytic triad (GDD) (Fig.
8, Table 3).

The interaction between the E protein of ZIKV and VOAC-
OH is partially stable over time via molecular dynamics
The analysis of molecular dynamics included the oscil-
lating distance between the ligand and the target protein
during the time assessed (50 ns). For the complex to be
considered biologically feasible, the distance must be less
than 3 Å or 0.3 nm. The RMSD of the simulation be-
tween domain III of the ZIKV envelope protein and
VOAC-OH was between 0.5 nm and 2.5 nm, indicating
an oscillation of 2 nm (20 Å). Then, the complex was not
stable over 50 ns (Fig. 9A). Despite this, the RMSD be-
tween 28 and 39 ns had an oscillation < 0.3 nm and
could be considered stable at this time (Fig. 9B).

Discussion
Considering that there is still no specific antiviral treat-
ment for infections caused by CHIKV and ZIKV and
that these viruses continue to co-circulate around the
world, research focused on the search for these types of
compounds through different experimental approaches
remains a priority. In this study, we evaluated the
in vitro and in silico antiviral activity of four indole alka-
loids against these two arboviruses.
As indole alkaloids were not cytotoxic, it was possible

to proceed with their antiviral evaluation (Table 1). The
first evaluated antiviral strategy (pre-treatment) showed
significant inhibition only with VOAC and VOAC-OH
in the CHIKV/Col infection model (Fig. 1B). Although
the structural differences between the four compounds
studied were small, these differences could be sufficient
to generate the changes in antiviral activity observed. As
with these tryptophan-derived compounds, other amino

Fig. 4 Antiviral effects on the production of infectious viral particles from cultures infected with CHIKV/Col and posteriorly treated. A. Schematic
representation of the post-treatment strategy explained in the Materials and Methods section. B. Infection percentage calculated according to the
results obtained by plaque assay (PFU/ml) of the supernatants collected from Vero cells under each experimental condition. C. Percentage
calculated according to the results obtained by plaque assay (PFU/ml) of the supernatants collected from U937 cells (dark purple bars) and A549
cells (light purple bars). The asterisks indicate statistically significant differences with respect to the control without compound (*p < 0.05, **p <
0.01 and ***p < 0.001; Student’s t-test), and error bars indicate the standard error of the mean; n: 4. Representative images of plaques formed
under each experimental condition are shown (B and C)
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acid-derived antivirals, such as dihalogenated antivirals
derived from L-tyrosine, have been described that those
small differences in molecules can generate changes in
activity and affinity for their therapeutic mechanism
[28]. Likewise, curcumin and its analogs bisdemethoxy-
curcumin and desmethoxycurcumin, which can increase
or decrease the anti-CHIKV activity with small struc-
tural changes using the same experimental strategy [36].
Nonetheless, it has been previously reported that VOAC
in pre-treatment strategy did not inhibit the production
of viral particles in the CHIKV infection model [26], a
result that contradicts the findings reported in the
present study. However, this difference could be ex-
plained by the fact that in the previous study, the infec-
tion used a different MOI, and it has been reported that
compounds such as chloroquine, with known activity in
the early stages of infection, may have MOI-dependent
activity in the influenza A virus A/WSN/1933(H1N1)
[37]. Additionally, the alkaloid tomatidine has shown a

MOI-dependent effect in another arboviral infection
model, ZIKV, where inhibition at a higher MOI (10) had
an antiviral effect but did not have significant inhibition
at a lower MOI (5) [38].
In contrast, in the ZIKV infection model, three of the

four alkaloids (VOAC, VOAC-OH, and OXO-VOAC)
had an antiviral effect using this same strategy (Fig. 2B).
The activity of these three compounds and not of rupi-
coline could be associated with the structural differ-
ences, that have also been reported in curcumin,
bisdemethoxycurcumin, and desmethoxycurcumin in the
ZIKV model [36]. Moreover, although the inhibition in
early stages has been associated with larger molecules,
small alkaloid molecules with the ability to inhibit early
infection processes have been also described; for ex-
ample, the adhesion of the particle to the CCR5 cell re-
ceptor in the HIV model with maraviroc [39] and
BMS663068 [40] or the inhibition of endosome acidifica-
tion in the CHIKV model with compounds such as

Fig. 5 Antiviral effects on the production of infectious viral particles from cultures infected with ZIKV/Col and posteriorly treated. A. Schematic
representation of the post-treatment strategy explained in the Materials and Methods section. B. Infection percentage calculated according to the
results obtained by plaque assay (PFU/ml) of the supernatants collected from Vero cells under each experimental condition. C. Percentage
calculated according to the results obtained by plaque assay (PFU/ml) of the supernatants collected from U937 cells (dark blue bars) and A549
cells (light blue bars). The asterisks indicate statistically significant differences with respect to the control without compound (*p < 0.05, **p < 0.01
and ***p < 0.001; Student’s t-test), and error bars indicate the standard error of the mean; n: 4. Representative images of plaques formed under
each experimental condition are shown (B and C)
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niclosamide and chloroquine [41]. Such mechanisms of
action could be proposed for the alkaloids studied here,
which would indicate that the compounds act as cellular
receptor antagonists and block interaction with the en-
velope proteins of both models or modify cellular pro-
cesses involved in the viral replicative cycle.
Next, the compounds that showed antiviral activity

in Vero cells in other biologically relevant human cell
models (monocytes and fibroblasts) were evaluated
using the same antiviral strategy (Fig. 1A). According
to the above, the results revealed that only one com-
pound, VOAC-OH, inhibited infection in U937 cells
infected with CHIKV/Col, whereas none of the com-
pounds had an effect on A549 cells (Fig. 1C). This re-
sult could be supported by the fact that different
types of cells respond in their own way depending on
the viral infection [42, 43]. Thus, the compounds in
each cell type could have different metabolisms,
resulting in a cell antiviral response that is dependent
on the cell line. Contrary to what was observed in
CHIKV/Col, in the ZIKV/Col model, the three com-
pounds effective in Vero cells, VOAC, VOAC-OH
and OXO-VOAC, were also effective in U937 and
A549 cells (Fig. 2C), demonstrating that the activity
of these three indole alkaloids is independent of the

cell line in this in vitro ZIKV/Col infection model.
The differences between the two viral models could
be explained by the differences in the entry receptors
used by both viruses [44, 45] and by the fact that in-
fection by each arbovirus model modulates the signal-
ing pathways of the host cell differently [42].
On the other hand, virucidal activity was found only

with treatment with VOAC-OH against ZIKV/Col (Fig.
3). It has been previously described those natural com-
pounds with a structural relationship may exhibit differ-
ences in their virucidal capacity, as is the case for 4′-O-
methylepigallocatechin and proanthocyanidin against the
Mayaro virus. The first compound does not present ac-
tivity, even at the highest concentrations, whereas the
second presents potent virucidal activity against this
arbovirus [46]. Likewise, it has been reported that epi-
gallocatechin gallate, which is structurally related to the
two previously mentioned compounds, has virucidal ac-
tivity, acting directly on the ZIKV envelope [47]. Fur-
thermore, it has been reported that a given compound
can have opposite effects in two different viral models;
such is the case for the alkaloid harringtonine derived
from C. harringtonia, which has virucidal activity against
ZIKV [48] but not against CHIKV [49]. Moreover, an-
other structurally related alkaloid derived from the same

Fig. 6 Effect on intracellular genomic copies and viral protein using the post-treatment strategy in different cell lines. A. Schematic
representation of the post-treatment strategy explained in the Materials and Methods section. B. The replication percentage was calculated
according to the results obtained by RT-qPCR of monolayers infected with CHIKV/Col. C. Viral protein percentage was calculated according to the
results obtained by Cell-ELISA on monolayers infected with CHIKV/Col. D. The replication percentage was calculated according to the results
obtained by RT-qPCR of monolayers infected with ZIKV/Col. E. Viral protein percentage was calculated according to the results obtained by cell
ELISA on monolayers infected with ZIKV/Col. The asterisks indicate statistically significant differences with respect to the control without
compound (*p < 0.05, **p < 0.01 and ***p < 0.001; Student’s t-test), and error bars indicate the standard error of the mean; n: 4
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plant, cephalotaxine, also appears to have virucidal activ-
ity in the same model (ZIKV) [50].
These results may be related to what has been ob-

tained in studies showing that related compounds may
have different activity within the same viral model, and
related compounds may also have activity on a different
viral model.

For the post-treatment strategy in Vero cells infected
with CHIKV/Col, only the indole alkaloid rupicoline
inhibited the production of infectious viral particles (Fig.
4B). This inhibitory effect was observed in A549 cells
but not in U937 cells (Fig. 4C). Again, this is related to
what is described above, where small structural changes
in a molecule can lead to the creation or loss of the anti-
viral activity of a compound [51]. This could be related
to the structural difference of rupicoline compared with
the other three alkaloids in the study, as rupicoline pre-
sents a break in the heptagonal ring structure [27]. This
difference appears to be the determining factor in the
anti-CHIKV activity observed in the present study.
Joined to this, the cell dependence of rupicoline could
be related to the differences presented in the signaling
and metabolic processes of each type of cell line infected
with CHIKV [42, 43, 52, 53]. This behavior of the cell
line-dependent anti-CHIKV response has been described
on small molecule compounds such as ribavirin and favi-
piravir. At concentrations below 100 μg/ml, ribavirin
antiviral activity was observed in HUH-7 cells but not in
Vero or A549 cells, and at concentrations below
19.64 μg/ml, favipiravir did not display any anti-CHIKV
activity in A549 cells but displayed this activity in Vero
and HUH-7 cells [54]. In contrast, when evaluating the
viral genome and protein production using this same
strategy, in the Vero cells infected with CHIKV/Col and
subsequently treated with rupicoline, there was an accu-
mulation of viral RNA that did not affect the production
of viral protein, whereas in the A549 cells, there were no
changes in the viral RNA and there was inhibition of the
protein production (Fig. 6B-C). Then, we hypothesize
that the activity of rupicoline is directed not only to viral
proteins but also to cellular processes related to viral
replication. Previous studies on other compounds, such
as statins, have shown that a possible mechanism of
antiviral action occurs during the late stages of infection,
such as the assembly, maturation, or release of the viral
particle [55]; therefore, according to the results obtained
with rupicoline, it is suggested that its effect in Vero
cells is found in steps subsequent to the replication of
the viral genome and translation of the viral proteins in-
volving cellular processes specific to each line.
In the ZIKV model, the inhibition of infectious viral

particles and protein production in cultures post-treated
with VOAC and VOAC-OH was independent of the cell
lines studied (Fig. 5B-C and Fig. 6E), but only in Vero
cells was there no inhibition of the viral genome (Fig.
6D). This same result has been described for the alkaloid
cephalotaxine, for which a post-treatment with concen-
trations of 20 μM ZIKV-infected cultures showed no in-
hibition of ZIKV RNA in Vero cells despite decreasing
the viral load (FFU) [50]. Similarly, post-treatment with
harringtonine at a concentration of 156 μM resulted in

Fig. 7 Antiviral activity on the production of infectious viral particles
from cultures of Vero cells treated with the combined strategy. A.
Schematic representation of the combined-treatment strategy
explained in the Materials and Methods section. B. Infection
percentage calculated according to the results obtained by plaque
assay (PFU/ml) of the supernatants collected from Vero cells infected
with CHIKV/Col under each experimental condition. C. Infection
percentage calculated according to the results obtained by plaque
assay (PFU/ml) of the supernatants collected from Vero cells infected
with ZIKV/Col under each experimental condition. The asterisks
indicate statistically significant differences with respect to the control
without compound (*p < 0.05, **p < 0.01 and ***p < 0.001; Student’s
t-test), and error bars indicate the standard error of the mean; n: 4.
Representative images of plaques formed under each experimental
condition are shown (B and C)
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inhibition of ZIKV (FFU), viral load, and viral protein
but not of RNA in Vero cells [48]. Additionally, it has
been shown that indole alkaloids such as arbidol and
homoharringtonine are capable of activating the type I
IFN response [56, 57] and that Vero is a cell line that
lacks IFN-alpha genes, a fundamental component in the
innate antiviral response. IFN is induced in response to
the presence and identification of viral or double-
stranded RNA within the cell and subsequently activates
INF-stimulated genes, such as PKR, 2′-5′ oligoadenylate
synthetases, and RNase L, among others [58], which
could degrade viral RNA [59]. Taking the above into ac-
count, this could be the reason for the difference found
in the inhibition of the genome between Vero cells and
human cell lines U937 and A549. Future studies of

modulation of the INF response by these compounds
could clarify this hypothesis.
The last in vitro antiviral evaluation was the combined

strategy, which showed that among the four indole alka-
loids evaluated, only VOAC, VOAC-OH and rupicoline
significantly inhibited the output of infectious viral parti-
cles in the two viral models (Fig. 7). The ability of a
compound to inhibit the infection of an alphavirus and a
flavivirus has been previously described, as is the case of
atovaquone [60], quinolone-N-acylhydrazone [61], cou-
marins A and B, also derived from T. cymosa [26] and
dihalogenated derivatives of L-tyrosine [28]. Evidence of
activity in both viral models with multiple factors in
common, such as symptoms in the acute phase, trans-
mission by the same vector, and co-circulation in the

Table 3 Docking scores and in silico interactions predicted for interactions between indole alkaloids and viral proteins from CHIKV
and ZIKV

Ligand Virus Protein Free binding
energy (Kcal/
mol)

Hydrogen
bonds

Residues
forming H
bonds

Distance
between H+
bonds (Å)

Residues participating in hydrophobic interactions

VOAC CHIKV E2 -6,70 ± 0,10 1 Asn72 2,85 Asn72(×3)-Pro176(×2)-His29-Thr175-Met70-Leu16 (× 2)-
Arg13-Val242-Gln236 (× 3)-Tyr15-Pro173

NSP2 −7,03 ± 0,06 0 N/A N/A Gln1241 (×4)-Leu1205 (× 2)-Tyr1079 (× 3)-Cys1013-
Tyr1047-Trp1084-Ala1046 (× 29-Asn1082 (× 3)

ZIKV E DIII −5,30 ± 0,10 0 N/A N/A Thr366-Ile1 (× 2)-Asn163-Gly145-Ser146 (× 2)-Met374
(× 2)-Lys373(× 4)-Glu367-Ser372-Asn371

NS5 −6,43 ± 0,06 0 N/A N/A Val606-Thr608-Ile799-Tyr609-Trp797 (× 2)-Ser798 (× 3)-
Cys711 (× 2)-Asp666(× 2)-Ser712 (× 2)

VOAC-OH CHIKV E2 − 6,87 ± 0,06 2 Leu16-His29 3,18-3,21 Thr175 (× 4)-Leu16 (× 4)-Asn72-Pro176-Leu241-Ala17-
His29 (× 2)-His18 (× 2)-Val242 (× 3)-Pro243

NSP2 −6,63 ± 0,06 4 Tyr1079-
Ser1048(× 2)-
Gln1241

2,86-(2,89-3,25)-
2,96

Glu1050 (×3)-Lys1091 (× 2)-Gln1241-Val1051-Trp1084
(× 2)-Ser1048-Tyr1079 (× 2)

ZIKV E DIII −5,57 ± 0,06 1 Thr366 2,71 Gly145-Ser146-Thr366 (× 2)-Lys373-Met 374(× 3)-Val364
(× 3)-Asn163-Asn362

NS5 −7,07 ± 0,06 3 Arg623-
Gln620-
Asp665

2,91-3,28-3,12 Val689-Lys688-Val619 (× 2)-Ala533-Leu683-Cys667-
Asp665 (× 3)-Gln620-Asn616 (× 5)-Lys688-Ile543-Thr615
(× 2)-Asn612

RUPICOLINE CHIKV E2 −6,50 ± 0,17 1 His29 3,11 Leu16 (×3)-Val242(×2)-Pro176 (× 2)-Pro243-Pro173-
Thr175-Leu241-His29 (× 3)-Ala17-Asn72(× 5)

NSP2 −6,00 ± 0,10 N/A N/A N/A Asp1246-Tyr1079 (× 3)-Gln1241 (× 3)-Tyr1079-Ser1048
(× 4)-Tyr1047 (× 2)-Trp1084-Glu1050

ZIKV E DIII −5,40 ± 0,10 1 Lys373 2,97 Met375 (×5)-Glu 329-Met374 (× 3)-Lys373-Ile1-Ser146
(× 5)-Gly145.

NS5 −6,57 ± 0,21 3 Ile797-
Ser712-
Trp797

3,09-3,05-3,13 Val606-Tyr609 (× 3)-Trp797-Ile799 (× 2)-Ser798 (× 4)-
Asp666

OXO-VOAC CHIKV E2 −7,37 ± 0,06 N/A N/A N/A Val242 (×2)-Pro243-Leu241-Leu16 (× 3)-Pro176 (× 3)-
Pro173-His29-Thr175-Asn72 (× 4)-His73 (× 2)

NSP2 −8,07 ± 0,06 2 Tyr1079-
Tyr1047

3,10-3,22 Gln1241 (× 2)-Tyr1047 (× 2)-Asp1246-Tyr1079 (× 2)-
Ala1046-Trp1084 (× 2)

ZIKV E DIII −6,23 ± 0,06 1 Thr366 2,84 Glu367-Ser146 (×4)-Asn163-Thr366 (× 2)-Val364 (× 2)-
Asn362-Met374

NS5 −7,17 ± 0,06 1 Ser798 2,96 Tyr609 (× 4)-Val606 (× 2)-Ile799 (× 3)-Trp797-Ser712-
Asn612-Ser663-Asp666-His800-Cys711-Ser798-Ser798
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Fig. 8 Molecular docking between each compound and structural (E2 from CHIKV and E-DIII from ZIKV) and nonstructural proteins (NSP2 from
CHIKV and NS5-RdRp from ZIKV). The interactions formed were evaluated by LigPlot®. Hydrogen bonds are shown by dashed lines in green and
hydrophobic interactions in red eyelashes

Fig. 9 Complex stability by molecular dynamics. A. The stability of the complex formed by the compound with virucidal effect (VOAC-OH) and
Domain III of ZIKV envelope protein was evaluated during 50 ns of simulation. B. The site with the lowest oscillation of simulation is shown. The
y-axis represents the root mean square deviation (RMSD), which represents the average oscillation of the distance between the atoms of the
complex components in nanometers (nm), and the x-axis represents the timescale in nanoseconds (ns). The complex is considered stable if the
oscillation from the initial position of the complex is below 0.3 nm
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same areas [2, 62, 63], makes this result biologically rele-
vant and encouraging in the search for broad-spectrum
antivirals for these pathologies. Although the combined
antiviral strategy indicates whether the compound has
an inhibitory effect, it does not contribute to the explan-
ation of a possible antiviral mechanism; therefore, des-
pite this model being clinically closer, evaluation of the
previously described strategies is required. Alkaloids
have been described as having multiple antiviral mecha-
nisms of action. Such is the case for the alkaloid lycor-
ine, which can inhibit replication of the flavivirus
hepatitis C virus by inhibiting proteins such as HSP70,
ZIKV RdRp and 2A protease of EV71A [64]. Therefore,
in some cases, the activity in the combined strategy,
such as rupicoline in the ZIKV/Col model, could mean
the synergy of direct mechanisms of action against viral
proteins and of cellular proteins involved in viral replica-
tion in the continuous presence of the compound, con-
trary to the findings in other cases in which the
combined strategy is similar to that of the individual
strategies.
Finally, the use of biocomputational tools, such as mo-

lecular docking, has become increasingly important not
only for the discovery of drugs [65] but also to model
the interaction between a molecule and a protein at the
atomic level. This allows the characterization of the be-
havior of the compounds in reference to the position
and orientation of the ligand in the interaction pocket
and the evaluation of the binding affinity [66], which
helps explain the possible mechanisms of action. To
contrast the in vitro results and to reinforce the already
discussed mechanisms of action, we evaluated the in
silico activity of the indole alkaloids studied here on a
structural protein (envelope) and a nonstructural protein
from each of the viruses (NS5 polymerase domain and
NSP2 protease domain, for ZIKV and CHIKV, respect-
ively). Favorable energies were obtained for rupicoline,
the only alkaloid with post-treatment activity in the
CHIKV model, but the mechanism of action could not
be related to the viral protein because neither the gen-
omic copies nor the viral protein in Vero cells were
inhibited. Cellular processes could therefore be involved
in this compound’s mechanism of action. VOAC and
VOAC-OH were the compounds with the best in vitro
antiviral activity in ZIKV; they interacted favorably with
the polymerase domain of NS5, forming multiple hydro-
phobic interactions and even hydrogen bonds in the case
of VOAC-OH (Fig. 8), which could indicate direct activ-
ity against this protein that could correlate with the de-
crease of the viral genome, as seen in the U937 and
A549 cells (Fig. 6B and D), and that could, in turn, lead
to the decrease of the viral protein observed in all cell
lines (Fig. 6C and E). The importance of envelope glyco-
protein has been described for the entry of the virus into

the cell [67]. In this study, only the result obtained with
VOAC-OH in ZIKV could be related to their in vitro ac-
tivity, given that they had favorable binding energy with
the structural protein and virucidal activity also, which
could be related to the possible mechanism of action of
this compound. To confirm this result, a fluid simulation
of the interaction complex formed by domain III of the
ZIKV envelope (E-DIII) and VOAC-OH by molecular
dynamics was performed. The results indicate that there
was partial stability, with no stability over 50 ns, but sta-
bility for more than 10 ns in part of the simulation (Fig.
9), suggesting that the possible action mechanism could
be related but does not focus solely on the interaction
between protein E-DIII and VOAC-OH (Fig. 8). Further
in silico studies could elucidate whether it is an inter-
action between another domain of protein E or other
conformations.
The methodologies used in this research work demon-

strated the antiviral effect and could bring us closer to
the possible mechanisms of action of the four indole al-
kaloids derived from T. cymosa evaluated. However, fu-
ture studies focused on cellular biology on viral infection
could help to understand the specific mechanisms in-
volved in the differential antiviral effect.

Conclusion
We demonstrated that indole alkaloids derived from T.
cymosa are promising antiviral drugs in the process of
ZIKV/Col and CHIKV/Col in vitro infection. Moreover,
the mechanisms of action evaluated indicate that the
antiviral effect is different in each viral model and, in
turn, dependent on the cell line.
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MOI: Multiplicity of infection; FFU: Fluorescent focus units; PFU: Plaque-
forming units
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