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ABSTRACT

Zika virus (ZIKV) is an emerging flavivirus that is causing significant public health concerns
worldwide because of its association with severe neurological disorders in both newborns and
adults. At present, the search for effective antiviral drugs for ZIKV infection is intense. Melatonin
is a molecule that influences a wide variety of physiological processes. Melatonin is a direct free
radical scavenger, an indirect antioxidant due to its stimulation of antioxidant enzymes and an anti-
inflammatory and immunoregulatory molecule; recent studies also have shown melatonin to have
anti-viral activity. Here, we are the first to show that melatonin inhibits ZIKV replication in both
Vero cells and SK-N-SH cells. The suppressive actions of melatonin pretreatment on ZIKV
infection was found to be time- and dose-dependent. The inhibitory effect of melatonin was more
pronounced in human SK-N-SH neural cells than in Vero cells. Molecular docking experiments
showed that melatonin exhibited high binding affinity to ZIKV nonstructural 3 (NS3) protein, the
possible underlying inhibitory mechanism of melatonin on ZIKV replication. The results suggest
that melatonin may have potential prophylactic and treatment effects against ZIKV infection.

Key words: Melatonin; Zika virus; flavivirus; viral replication; mechanisms of action; antiviral
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1. INTRODUCTION

Zika virus (ZIKV) is a mosquito-borne virus belonging to the genus Flavivirus (family
Flaviviridae) which includes other members such as dengue virus (DENV), Japanese encephalitis
virus (JEV), yellow fever virus (YFV) and West Nile virus (WNV). ZIKV infection is usually
asymptomatic or causes mild self-limiting symptoms of a dengue-like illness (low-grade fever,
headache, rash, conjunctivitis, arthritis and myalgia) (1). ZIKV was recognized as an emerging
health problem when it caused an outbreak in Yap Island, French Polynesia in 2013 (2). An
uncommonly severe complication associated with a ZIKV infection, Guillain-Barre syndrome,
was first reported during this outbreak (3-5). In 2016, World Health Organization (WHO) declared
ZIKV infection a major public health concern because of an unusual increase in the number of
congenital microcephalic newborns, a consequence of ZIKV infection in pregnant women during
early gestation (6). Unfortunately, neither an effective vaccine nor a prophylactic or therapeutic
treatment against ZIKV exists to control the future outbreaks.

ZIKVs are enveloped, spherical particles 40-60 nm in diameter (7). The virion contains a
positive sense, single-stranded RNA genome of 10.7 kilobases in length. The viral genome
encodes 3 structural proteins, i.e., capsid, precursor membrane, and envelope, together with seven
nonstructural proteins (NS) i.e., NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (8). ZIKV enters
cells via the mechanism of receptor-mediated endocytosis, replicates in the cytoplasm within insect
and human hosts and is then released from the cytoplasmic membrane. ZIKV can be found in
numerous body fluids including blood, saliva, urine, breast milk, cerebrospinal fluid, semen and
amniotic fluid (9, 10). Crucial concerns about ZIKV infection have arisen particularly considering
the neurological damage in maturating fetuses. Since ZIXV infections currently lack treatment,
the development of effective and potent antivirals against ZIKV is urgently needed.

Melatonin (N-[2-(5-methoxy-1H-indol-3-yl)ethyl]) (Figure 1A), is a secretory product of the
pineal gland of vertebrates from which it is released into the blood and cerebrospinal fluid (CSF)
(11, 12) in a cyclic manner under the control of circadian biological clock, the suprachiasmatic
nucleus in the basal hypothalamus (13). Additionally, melatonin is produced in many other organs
from which it is not released into the vascular system (14). The circadian rhythm of melatonin in
the blood and CSF provides chronobiotic information that synchronizes and stabilizes bodily
physiological and behavioral rhythms such as the sleep/wake cycle (15). As to its biological
modulatory actions, melatonin functions as strong free radical scavenger (16) and anti-
inflammatory agent (17) and has inhibitory actions against several pathogens including bacteria,
parasites and viruses (18-21). The antiviral activity of melatonin both in vitro and in vivo was
previously observed on several RNA viruses belonging to families Togaviridae,
Orthomyxoviridae, Caliciviridae, Flaviviridae and Coronaviridae (22-25). The antiviral
properties of melatonin against these viruses may rely, in part, on its potent antioxidant, anti-
inflammatory, immunoregulatory, and cellular protective effects (20, 24, 26, 27). Considering that
melatonin has demonstrated antiviral activity together with the need for a drug to combat the
ZIKV, we investigated the potential antiviral effect of melatonin in Vero cells and SK-N-SH
human neuronal cells infected with the ZIKV.
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2. MATERIALS AND METHODS
2.1. Cell lines.

The Vero epithelial cell line (ATCC No. CCL-81) (originally derived from the African green
monkey kidney cell line), and the SK-N-SH human neuroblastoma cell line (ATCC No. HTB-11)
were used in this study. Vero and SK-N-SH cells were grown in Eagle’s Minimum Essential
Medium (EMEM) (Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco),
amphotericin B, and antibiotics, and maintained in 2% FBS in a 5% CO> incubator incubated at
37 °C in a humidified chamber.

2.2. Virus propagation.

ZIKV strain MUMT-1/2016 (NCBI accession no: MT377392) of the Asian lineage was isolated
and propagated in Aedes albopictus C6/36 cell lines (ATCC No. CRL-1660) and maintained in in
Leibovitz's L-15 Medium (Gibco) supplemented with 5% FBS at 28 °C for approximately 6 days.
The culture supernatants were pooled, aliquoted, and stored at -80 °C until use.

2.3 Foci-forming unit (FFU) assay.

Viral titration was performed by FFU assay in Vero cell monolayers in 96-well plates. The
virus suspension was serially diluted 10-fold and a volume of 50 pL of each dilution was inoculated
onto Vero cell monolayers. After virus absorption for 2 h, the inoculum was removed, overlaid
with culture medium containing 3% FBS and 1.5% carboxymethyl cellulose, and incubated at 37
°C in a COz incubator for 3 days. Then, the reaction plates were stained with the 4G2 monoclonal
antibody (Millipore Sigma, Burlington, MA, USA) targeting the flaviviral envelope protein,
followed by goat anti-mouse immunoglobulin conjugated with horseradish peroxidase (Millipore
Sigma). In addition, 3,3’-diaminobenzidine was used as a chromogenic substrate. The dark brown
foci of the virus infected cells were counted and expressed as foci-forming unit (FFUs)/mL.

2.4. Cytotoxicity assay.

Melatonin of analytical grade (Sigma-Aldrich, St. Louis, MO, USA) was used in this study.
Melatonin solution was freshly prepared and protected from light during usage. Melatonin was
dissolved in a small volume of 40% ethanol to yield a stock of 10 mM solution and then further
serially diluted in culture medium with 2% FBS to obtain the desired concentration. The
cytotoxicity of melatonin to Vero cells and SK-N-SH cells was investigated using the MTS method
using CellTiter 96® AQueous One Solution Cell Proliferation (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. The percentage of cell viability was calculated relative
to control cells designated as 100% viable cells. The 50% cytotoxic concentration (CCso) of
melatonin was defined as the concentration that reduced half of the cells, was calculated.

2.5. Antiviral activity experiment.

Melatonin was tested for its antiviral activity against ZIKV infection. Vero cells or SK-N-SH
cells were seeded on 96-well plates to reach 80-90% confluence in 24 h at 37 °C in 5% CO.. Cells
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were pretreated with melatonin for 1 h. After that, cells were infected with ZIKV at multiplicity of
infection (MOI) of 0.1 after melatonin was removed. Then, the infection mixtures were removed
and washed with culture medium to eliminate the excess virus. The infected cells were further
incubated in medium containing the indicated concentration of melatonin during the treatment
periods. A schematic of the treatment procedure is shown in Figure 1B. Supernatants from each
treatment were collected 1, 2 and 3 days after infection. ZIKV-induced cytopathicity (CPE) was
observed and photographed under a microscope. The antiviral effect of melatonin on virus yields
in cell culture supernatant was determined by a FFU assay in both types of cell lines. The
concentration that results in a 50% inhibitory effect (ICso) of melatonin, which is defined as the
concentration that inhibits half of ZIKV infection, was calculated.

2.6. Molecular docking.

Molecular docking analysis was performed to analyze and to predict potential inhibitory
activities against ZIKV proteins related to viral genome replication, including NS1, NS2B-NS3,
NS3 and NS5. The binding properties of the ligand to each protein were analyzed using AutoDock
Vina. 1.1.2 software (28). Molecular docking of melatonin with each ZIKV protein of interest was
performed in which grid boxes were constructed according to the parameters tabulated in
supplementary Table 1, where quinone reductase 2 (QR2) was used as a reference protein that
shows the interaction with melatonin by molecular docking analysis (29, 30). One thousand
exhaustive searches were performed for molecular docking. The 2D ligand-protein interaction
diagrams of melatonin and ZIKV protein were constructed using LigPlot™ 2.2 software (31).

2.7. Statistical analysis.

The cell viability values and virus titers were fit into nonlinear regression curves and the CCso
and 1Cso values of melatonin on each type of cell were then calculated respectively, using
GraphPad Prism (v6.0, GraphPad software Inc., San Diego, CA, USA) by interpolation. The data
are expressed as the mean + standard error of the mean (SEM) from three independent experiments
performed in triplicate. Significant differences were tested using one- or two-way analysis of
variance (ANOVA) to determine the effect of dose and time; subsequently, post hoc multiple
analysis was performed as appropriate. Values of P < 0.05 were considered significant.

3. RESULTS
3.1. Cytotoxicity of melatonin.

To determine the cytotoxic effect of melatonin for further study on its antiviral activity in the
tested cell lines, different concentrations of melatonin were investigated using the MTS assay. The
cytotoxic effects of melatonin on Vero cells (Figure 1B) and SK-N-SH cells (Figure 1C) were
demonstrated at 24 h posttreatment which corresponded well to the morphological changes and
the decreased survival of both cell lines. The CCso of melatonin was 1.395 mM for Vero cells
(Figure 1D) and 2.935 mM for SK-N-SH cells (Figure 1E). When cells were treated with vehicle
control, ethanol did not show any cytotoxicity against either tested cell lines. Therefore, melatonin
concentration below CCsg values of 0.25, 0.5 and 1 mM for Vero cells and 0.15, 0.3, 0.6 and 1.2
mM for SK-N-SH cells were selected for subsequent antiviral assay experiments.
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Fig. 1. Citotoxicity test of melatonin.

A. Chemical structure of melatonin (MEL). B. Viability of Vero cells. C. Viability of SK-N-SH
cells. Cells were treated with different concentrations of melatonin. Melatonin was serially diluted
to concentrations of 0.15625, 0.3125, 0.625, 1.25, 2.5 and 5 mM. Subsequently, the cytotoxicity of
melatonin was determined by MTS assay. After 24 h of incubation, the optical density of the
reaction was measured at a wavelength of 490 nm. The percentage of cell viability is presented
compared to the cell control. The results are indicated as the mean + SEM of three independent
experiments. One-way ANOVA and the Tukey-Kramer multiple comparisons test were performed
for statistical analysis. * P < 0.05 compared with control. The CCso values of melatonin for D)
Vero and E) SK-N-SH were calculated using GraphPad Prism by interpolation.

3.2. Melatonin pre- and post-treatment reduces the release of infectious ZIKV progeny.

To study whether melatonin had an antiviral effect on ZIKV propagation, cells were pre-
treated with melatonin 1 h before virus exposure. Subsequently, the infected cells were treated
with or without various concentration of MEL for 1, 2 and 3 dpi. The inhibition of viral production
in culture supernatant was determined by foci forming reduction assay.

In the Vero cells (Figure 2B and 2C), the melatonin treatment of ZIKV-infected cells with 0.25
mM showed the lowest effect on the reduction in the virus yield up to ~35% compared to other
concentrations at 1 dpi, while 0.25 mM melatonin failed to suppress viral production as shown at
3 dpi. A medium to high display of an ~50-70% reduction in the virus yield was observed at 0.5
and 1 mM melatonin treatment only at 1 dpi. A significant inhibitory effect of melatonin at both
0.5 and 1 mM was observed at all time points (P < 0.05). However, the reduction in the virus yield
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gradually decreased at 2 and 3 dpi for all doses of melatonin treatment in ZIKV-infected cells
compared to the effect at 1 dpi (P < 0.05). The 50% inhibitory effect (ICso) of melatonin in the
Vero cells, was determined to be 0.2477, 0.3300 and 0.4110 mM for days 1, 2 and 3 of ZIKV
infection, respectively.
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Fig. 2. Inhibitory effect of melatonin (MEL) on ZIKV yields.

A. The schematic of virus infection and MEL treatment regimens. B, C. Vero cells. D, E. SK-
N-SH Cells. The cells were pretreated with melatonin and then infected with ZIKV at MOI of 0.1,
and post-treated with melatonin for 1, 2 and 3 days. Progeny viruses in cell culture supernatants
were measured by a foci forming unit reduction assay to evaluate the treatment effects of
melatonin. The results are indicated as the mean + SEM of three independent experiments. Two-
way ANOVA and the Tukey-Kramer multiple comparisons test were performed for statistical
analysis. * P < 0.05, compared with untreated infected cells (0 mM) at each time point. # P <
0.05, compared with the same melatonin concentration at 1 dpi.
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In the SK-N-SH cells (Figure 2D and 2E), melatonin at 0.3-1.2 mM showed a strong (~80-
100%) reduction effect as observed by the complete inhibition of foci formation in ZIKV-infected
cells at 1 dpi. The reduction in the virus yield dropped to ~50-70% for 0.6 and 1.2 mM melatonin
at 2 and 3 dpi. The titer of ZIKV decreased to ~35-45% in the presence of 0.15 mM melatonin
only at 1 dpi and 0.3 mM melatonin at 2 and 3 dpi. A significant inhibitory effect of melatonin at
0.6 and 1.2 mM was observed at all time points (P < 0.05). The reduction in the virus yield by
melatonin treatment in the SK-N-SH cells gradually decreased over time for 0.3 mM (P < 0.05).
A significant decrease in the inhibitory effect of 0.6 and 1.2 mM melatonin was found at 3 dpi
compared to the effect at 1 dpi (P < 0.05). The results demonstrated that the ICso of melatonin in
SK-N-SH cells was determined to be 0.1844, 0.2906 and 0.3081 mM for days 1, 2 and 3 of ZIKV
infections, respectively.
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These results revealed that melatonin exhibited antiviral activity against ZIKV production in
both cell types and that prophylactic treatment with melatonin exhibited a time- and dose-
dependent decrease in the amount of infectious progeny released.

3.3. Ligand-receptor interactions of MEL with ZIKV proteins.

To gain deeper mechanistic insight, we screened for possible intermolecular interactions of
melatonin against ZIKV proteins that are vital for successful virus replication via the docking of
melatonin to NS1, NS3 helicase, NS2B-NS3 protease, NS5 methyltransferase (NS5 MTase)
domain and NS5 RNA-dependent RNA polymerase (NS5 RdRp) domain proteins. The binding
affinity energy scores of melatonin against ZIKV proteins are shown in Tablel. Our results showed
that melatonin exhibits the strongest binding affinity against the NS3 helicase at the ATP/Mn?*
binding site (-7.4 kcal/mol) whereas NS5 at the active site of RARP (-6.1 kcal/mol) showed the
weakest interactions with melatonin. As illustrated in Figure 3, an oxygen atom of the N-
acetylaminoethyl side chain in melatonin forms hydrogen bonds with Arg202 and Thr201 by
acting as a hydrogen acceptor of the backbone amide hydrogens from both amino acid residues. In
addition, an oxygen atom of the methoxy group of melatonin can interact with the hydrogen atoms
the guanidinium side chains of Arg459 and Arg462. These extensive hydrogen bonding
interactions between melatonin and the amino acid residues of the NS3 helicase give rise to the
highest affinity among the other targets (i.e., NS1, NS2B-NS3 protease, NS5 MTase and NS5
RdRp) upon the molecular docking (Table 1). Interestingly, the binding affinity of melatonin to
the NS3 helicase is almost as strong as that to QR2, a target of melatonin (29, 30, 32).

Table 1. Parameters for Zika viral proteins and melatonin docking.

No. | Protein |PDB Function Position Grid dimension Grid center Affinity
X v 7 X v 7 (kcal/m

ol)

1 QR2 2QWX | Quinone Melatonin 45 45 |45 23311 16.390 15.011 |-7.9

reductase 2 | binding site

2 NS1 5K6K Active site| 126 |96 100 -22.038 -33.679 -29.624 |-6.3
(Predicted)
3 NS3 5JMT | Helicase ATP/Mn?* 46 |58 |68  -18.235 19.822  -22511 |-74
binding site
4 NS2B- 5LCO  Protease Active site 52 |72 60 79.850 55.023 152.145 |-7.3
NS3
5 NS5 5KQR | RNA mMRNA cap- 42 59 48 14 -9.369 13.291 -6.4
MTase replication binding site
domain

Putative ~ RNA- 42 65 54 2.731 3.377 10.979 -6.5
binding site

SAM-binding site 52 53 62 10.884 1 4.035 1.355 -6.3

Catalytic site 28 45 40 13.853  -0.438 10.200 |-6.2

6 NS5 5U04 RNA RNA-dependent 100 |86 126 24875 |71.789 114.763 |-6.1
RdRP replication RNA polymerase
domain (active site)
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Fig. 3. Potential Ligand-receptor interactions of MEL with ZIKV proteins.

A two-dimensional diagram shows the proposed interaction between melatonin with ZIKV NS3
proteins consisting of intermolecular bonds and close contact amino acid residues generated from
LigPlot* software. H-bonds formed are shown and indicated by green dashed lines.

4. DISCUSSION

Since the outbreak of ZIKV in several countries, many efforts have been made to search for
effective antiviral drugs for ZIKV infection treatment. Several FDA-approved drugs such as
sofosbuvir (33), bromocriptine (34), ribavirin (35) and other bioactive agents including curcumin
(36), epigallocatechin gallate (EGCG) (37) and bicalein (38), have demonstrated possible antiviral
actions to reduce the consequences of ZIKV infections. Here, we report for the first time that
melatonin, an indoleamine synthesized from tryptophan, has anti-ZIKV activity as evidenced by
the decrease in viral yield in cultured Vero and SK-N-SH by treatment with melatonin prior to
infection and subsequently during incubation with melatonin after exposure to ZIKV.

In this study, the tested concentrations of melatonin were chosen based on the cytotoxicity
assessment and also based on the previous in vitro studies of antiviral effect of melatonin against
several other viruses; the effective melatonin concentrations ranged between 0.1-1.2 mM in
different cell lines (23, 25, 39-42). Our results demonstrated that the pre- and posttreatment effect
of melatonin on ZIKV infection was time- and dose-dependent. The present results showed that at
a high, but a non-cytotoxic concentration, melatonin treatment significantly reduced new viral
progeny production by more than 50% up to 3 days after being infected with ZIKV; the lower
concentrations of melatonin initially caused a gradual decrease in anti-ZIKV activity after 1 dpi
but it was ineffective on day 3 of infection. These results identified the effective concentration and
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duration of treatment with melatonin for ZIKV infection. In addition, the present analysis of the
predicted interaction of melatonin with ZIKV proteins revealed the possible underlying inhibitory
mechanisms by which melatonin negatively impacts viral replication.

Molecular docking experiments indicated that melatonin binds to the ZIKV NS3 protein more
strongly than to any other protein essential for viral replication, with a binding affinity of -7.4
kcal/mol comparable to the reference binding affinity of QR2 [formally the melatonin membrane
receptor 3 (MT3)], a target of melatonin, at -7.9 kcal/mol. From a molecular geometry perspective,
not only do the hydrogen bonds between melatonin and arginine residues located in proximity to
the ATP/Mn?* binding site contribute to high affinity binding (38), but also the similar
configuration of the N-acetylaminoethyl group of melatonin to pyrophosphate (43), in terms of
both geometry and bond length (C — C bond = 154 pm, P — O bond = 152 pm), leads to the excellent
fit insertion of the N-acetylaminoethyl substituent into the binding pocket. The functional domains
of flaviviral NS3 are composed of the N-terminal protease domain that cleaves the viral and host
protein precursor and the C-terminal helicase domain responsible for unwinding the viral genome
(44). The NS3 protein of the ZIKV plays a pivotal role in viral replication in cells which possess
the necessary enzymatic functions together with cooperation of NS5 which then dominates viral
genome amplification (45, 46). Thus, the reduction in viral production can be mechanistically
explained by the binding of melatonin to the ATP binding region of the ZIKV NS3 helicase
domain, which in turn impairs the unwinding ability of NS3 and disrupts the NS3-NS5 interaction.
The predicted interaction of melatonin with ZIKV NS3 was also shown for other ligands including
luteolin, ivermectin, suramin, dasatinib, panduratin A, EGCG, 4-methoxyphenyl 4-chloro-3-
nitrobenzoate and ZINC53047591, which also showed a high binding affinity for the NS3 protein
and good drug likelihood properties (47-50). Clearly, NS3 may be a critical target for drug design
studies for the control of ZIKV infections.

As a result of earlier studies, melatonin has been suggested for use as an inhibitor of infections
because it lowered viremia and the virus titer in targeted cells and, additionally, it reduced the
mortality incidence of animals infected with Venezuelan equine encephalomyelitis virus (VEEV)
(51), DENV (42), WNV (52), influenza A virus (23), Semliki Forest virus (SFV) (52), rabbit
hemorrhagic disease virus (RHDV) (53, 54) and protected against four different swine
coronaviruses (25). Moreover, melatonin exhibits several actions against viral infections that
would help to control such infections; these actions include antioxidant (40, 54-57), anti-apoptosis
(40, 54, 57), and anti-inflammation (23, 27, 53, 57, 58), all of which protect against or prevent
viral invasion and the associated molecular and cellular damage. Due to high protective effect and
safety of melatonin, the use of this agent as a treatment for patients with COVID-19 is being tested
in clinical trials (59-61).

In the present study, we demonstrated the antiviral properties of melatonin against ZIKV in
Vero cells derived from the kidney of an African green monkey (Cercopithecus aethiops), which
are widely used to study viral infections and in SK-N-SH, a human neuroblastoma cell line, one
of the permissive targets of ZIKV infection. Clinically, the central nervous system and neural stem
cells are highly permissive to ZIKV infection and exhibit a strong correlation with one of the
mechanisms that causes severe neurological disease and microcephaly (62-64). Here, we found
that although the prophylactic treatment with melatonin exhibited antiviral activity against ZIKV
by reducing the viral yield in both cell types, the two mammalian cell lines were differentially
sensitive to the drug. The reduction in viral yield after melatonin treatment of ZIKV-infected SK-
N-SH cells was better than that for infected Vero cells. The lower 1Cso of melatonin in SK-N-SH
cells than in Vero cells suggested the high inhibitory effect of melatonin against ZIKV infection
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in neurons. As evidence relating to the present of melatonin receptors and other transporters that
facilitate melatonin transportation into the cells including glucose transporter 1 and peptide
transporter 1 and 2 which may potentiate the action of melatonin in the neuronal cells (65-67).
The findings of other studies have also shown that melatonin has a protective role on both Vero
cells (68) and SK-N-SH cells (69, 70) against toxic substance-induced cytotoxicity, probably
through its antioxidative capacity (16, 71).

The results of numerous studies have documented the ability of melatonin to reduce free
radical-mediated damage to the brain in neurological disease models (72, 73). The prophylactic
administration of melatonin has demonstrated neuroprotective effects in several human
neurodegenerative diseases (74, 75) as well as therapeutic potential against many pathogens such
as parasites, bacteria and viruses (26, 76, 77). Melatonin shows to disrupt the coordination of
pathogen life cycle and induces the hosts’ defense mechanisms in order to combat with the
infection (78, 79). No severe or fatal adverse effects have been observed with the consumption of
melatonin; the dose of 1-10 mg/kg is considered a standard dose for threatening circadian rhythm
disruption in patients without any toxicological effects after long-term treatment (80). Much higher
doses of melatonin have also demonstrated the general lack of toxicity of this endogenous
molecule in pregnant animal models (81). Our results show the beneficial effect of melatonin
treatment against ZIKV infection, particularly on neuronal cell types. The present results provide
a promising strategy for the prophylactic treatment of pregnant women or individuals visiting
ZIKV endemic areas with melatonin to prevent or to reduce the development of neurological
diseases and to control ZIKV transmission. Further intensive in vitro and in vivo studies are needed
to confirm the antiviral activity of melatonin and to further clarify the actions of this non-toxic
molecule against ZIKV infection.

5. CONCLUSION

The present results expand the number of viruses that are sensitive to melatonin and support
the general anti-viral activity of this endogenous, no-toxic molecule. The findings reported herein
suggest the inhibitory effects of melatonin on ZIKV replication involves its possible interaction
with the ATP binding region of the ZIKV NS3 helicase. The wide-spread antiviral activities of
melatonin (82) support its use in further experimental studies and clinical trials to identify is
efficacy as a prophylactic or preventive treatment for not on ZIKV but other viral infections as
well.
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