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Abstract

Resveratrol (RES) is a polyphenol with increasing interest for its inhibitory effects on a wide variety of viruses. Zika virus
(ZIKV) is an arbovirus which causes a broad spectrum of ophthalmological manifestations in humans. Currently there
is no certified therapy or vaccine to treat it, thus it has become a major global health threat. Retinal pigment epithelium
(RPE) is highly permissive and susceptible to ZIKV. This work explored the protective effects of RES on ZIKV-infected
human RPE cells. RES treatment resulted in a significant reduction of infectious viral particles in infected male ARPE-19
and female hTERT-RPE] cells. This protection was positively influenced by the action of RES on mitochondrial dynam-
ics. Also, docking studies predicted that RES has a high affinity for two enzymes of the rate-limiting steps of pyrimidine
and purine biosynthesis and viral polymerase. This evidence suggests that RES might be a potential antiviral agent to treat
ZIKV-induced ocular abnormalities.
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Introduction

Nature is an inexhaustible source of bioactives. At the pre-
sent time, there is growing trend of returning to a natural
medicine which has been used throughout thousands by
different civilizations. As consequence, an increase in the
demand to find natural bioactive substances with therapeu-
tic properties with the aim to replace synthetic compounds
results mandatory. In line with this, various natural bioac-
tive molecules with beneficial properties for health have
been isolated and identified, which forces modern medicine
to a paradigm change [1]. Notably, this century has been
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witnessing of an innovation in natural polyphenolic bioac-
tives due to their myriad of benefits for health (e.g. neuro-
degenerative disorders) [2].

Polyphenols have been of interest to researchers around
the world as potential antiviral agents due to their low toxic-
ity profile and high abundance in nature. So far, more than
10,000 polyphenols have been identified, among which
resveratrol (RES) exhibits increasing attention. In recent
decades, a wide variety of active phytochemicals exhibited
antiviral activities [3]. Resveratrol (RES) is a natural poly-
phenolic compound that occurs as both trans and cis iso-
mers. RES is mainly found in red wine, skin of red grapes,
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berries, dark chocolate peanuts, and seeds. Polyphenols were
postulated to have antiviral properties [4]. In this sense, RES
exerted inhibitory effects against influenza A, herpes sim-
plex type 1, rotavirus, Middle East respiratory syndrome,
severe acute respiratory syndrome coronavirus-2, dengue
(DENV) and Zika (ZIKV) viruses [5-10].

ZIKV is an arbovirus that consists of an envelope, pos-
itive-sense, single-stranded RNA. As well as DENV, yel-
low fever, West Nile, Japanese encephalitis, and tick-borne
encephalitis viruses, ZIKV is member of the Flaviviridae
family and is transmitted to humans primarily by infected
Aedes mosquitoes. Also human to human infection can occur
via blood transfusion, sexual contact and vertically during
pregnancy, causing severe neurological damage to the foetus
[11]. In 2016, the World Health Organization declared ZIKV
epidemic as a public health emergency. Nevertheless, cur-
rently there is no treatment or vaccine available [11]. ZIKV
occular infection could occur in both, infants and adults as
congenital or acquired diseases, respectively. Ophthalmo-
logical manifestations includes conjunctivitis, optic nerve
hypoplasia, retinal pigmentation changes, haemorrhagic
retinopathy, and abnormal retinal vasculature, among oth-
ers [12].

The RPE is a specialized cell monolayer situated in the
interface between the neuroretina and the choriocapillaris
where it forms the outer blood-retinal barrier. The RPE plays
various physiological roles that are critical to retinal homeo-
stasis, such as: nutrients and ions transport, light absorp-
tion, recycling compounds associated with the visual cycle,
phagocytosis of photoreceptor outer segments, immune
modulation and trophic factors secretion, among others.
Hence, the RPE is vital for photoreceptor survival and vis-
ual function [13]. The occurrence of viruses or bacteria in
RPE cells has been detected in animals, including humans.
Additionally, pathogen replication and toxin production can
trigger RPE cell death. Accumulating evidence suggest that
pathogen-induced chronic infection could be a risk factor
in the aetiology of retinal diseases, like age-related macular
degeneration [14]. Importantly, it has been indicated that
RES treatment might exert positive effects in several ocular
pathologies [15].

Although there is knowledge about the clinical manifesta-
tions at the ocular level, the amount of scientific background
related to the intracellular steps of ZIKV in retinal cells, as
well as potential new treatments with natural compounds,
remains poorly explored. Therefore, the aim of the current
study was to evaluate the potential anti-ZIKV bioactivity of
RES in human RPE cells from female and male origin by
paying particular attention to the mitochondrial morphol-
ogy status.

Materials and methods
Biological and chemical reagents
Cell lines

ARPE-19 (ATCC®, CRL-2302TM) (karyotype XY) and the
human-Telomerase Reverse Transcriptase immortalized RPE
cell line (hRPE-1, ATCC® CRL-4000TM) (karyotype XX)
were cultured in DMEM (GIBCO) supplemented with 2 mM
L-glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin,
2.5 pg/ml amphotericin and 10% fetal bovine serum (FBS)
(Sigma-Aldrich).

African green monkey kidney epithelial cells (Vero,
ATCC®, CCL-8 ITM) were cultured in minimal Eagle essen-
tial medium (MEM, GIBCO) supplemented with 100 pg/ml
gentamicin, 100 pg/ml streptomycin and 5% FBS.

Virus

ZIKV Argentine isolated INEVH116141 (ZIKV-AR) (Insti-
tuto Nacional de Enfermedades Virales Humanas (INEVH)
Pergamino, Argentina). All work was performed under strict
level 2 biosafety working conditions. Infection protocols
were approved by the Office of Environmental Health and
Safety at the IQUIBICEN-UBA-CONICET.

Chemicals

trans-RES (RES) (3,5,4'-trihidroxi-trans-estilbeno)
(purity >99% from Zhejiang Chempharm was provided by
Temis Lostal6é SA [2]. RES stock of 5 mM was prepared by
dissolving the drug in a mixture of 40% v/v ethanol (EtOH)
and 60% v/v phosphate-buffered saline (PBS). Other chemi-
cals used were of analytical grade.

Cell viability assay

ARPE-19 or hRPE-1 cell lines were seeded at a density
of 15,000 cells per well on 96-well culture plates for 24 h.
When cell cultures yield a 70-80% confluence, treatments
were applied for another 48 h. Cell viability was assessed by
MTT assay (Sigma-Aldrich) reduction assay as previously
described [2]. Absorbance measurements were performed
with an ELISA reader (BIO-RAD).

Viral infection
ARPE-19 or hRPE-1 cells were grown in 24-well plates.

After the medium was removed, 100 pl of a dilution of
the viral stock in PBS were inoculated to infect with a
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multiplicity of infection (MOI) of 0.5 for 1 h at 37 °C/5%
CO,, moving the plate every 20 min. Afterwards, the inocu-
lum was removed and 500 pl of culture medium was placed
in the presence or in the absence RES for 48 h.

Immunofluorescence assay (IFA)

Cells were fixed with 4% paraformaldehyde, permeabilized
with 0.25% Triton X-100-PBS 10 min, at room tempera-
ture (RT) washed with PBS and incubated in 1% bovine
serum albumin -PBS for 30 min at RT. Cells were incubated
with primary anti-bodies rabbit polyclonal anti-TOM-20 at
1:500 (Santa Cruz Biotechnology, Inc.) and mouse mono-
clonal anti-E at 1:300 (Abcam, ab155882) for 1 h at 37 °C.
After washing, cells were incubated with the mixture of
secondary antibodies: anti-rabbit IgG Alexa Fluor 488 and
anti-mouse IgG Alexa Fluor 555 at 1:1000, for 1 h at 37 °C.
Then, washed samples were incubated with DAPI during
10 min for nuclei labelling. Finally, samples were analysed
with an Olympus IX71 epifluorescence microscope and with
an Olympus FLUOVIEW FV1000 (Olympus Corporation).
Image co-location analysis was performed using the ImageJ
(NIH) program. One-hundred cells per sample were quan-
tified and categorized as cells displaying tubular or frag-
mented (rounded and globular) mitochondria agreeing to
Alaimo et al., with slights modifications.

Viral yield determination

Serial ten-fold dilutions were made from ZIK V-infected cell
supernatants in PBS. Samples were used to infect Vero cells
using 100 pl/well of each dilution. Cells were incubated for
1 h at 37 °C and shacked every 20 min. Subsequently, the
inoculum was removed and washed. Cells were covered with
1 ml of semi-solid medium (MEM 1% methylcellulose) and
incubated at 37 °C for 3 days. Then, cells were fixed with
10% formaldehyde for 10 min, washed and stained with
0.1% crystal violet in 20% ethanol. Plaques were counted,
and viral yield determined [16].

Bioinformatics analysis
Homology modelling of ligand binding site domain of AHR

Amino acid FASTA sequence of AHR was downloaded from
Protein Database (Protein ID: NP-001612.1). Amino acid
residues of the ligand binding site domain of AHR were
selected (272-389). The modelling of the 3Dstructure of the
domain of AHR was performed by the homology model-
ling program SWISS-MODEL [17, 18]. By using ProMod3,
models were built based on the target-template alignment.
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Template search with BLAST and HHBIlits has been
assessed against the SWISS-MODEL template library. Coor-
dinates were copied from the template to the model. Inser-
tions and deletions were remodelled by using a fragment
library and then, side chains were rebuilt. The geometry of
the resultant model was regularized by applying a force field.
The best homology model was selected according to Global
Model Quality Estimation (GMQE) and Qualitative Model
Energy Analysis (QMEAN) statistical parameters. Model
quality and validation were performed using PROCHECK
[19], Verify3D [20] and ProSA [21]. Further, docking of
known ligands, the agonist TCDD (2,3,7,8-tetrachlorodiben-
zodioxin) and the antagonist CH-223191 [22] was done.

Molecular docking

3D ligand structures were drawn using Avogadro2 1.93.0
[23]. The ligands were optimized at semi-empirical PM6
calculations using Gaussian09 [24] and the pdb files were
generated by Molden [25]. The following protein crystal
structures were obtained from RCSB Protein Data Bank
(PDB): Zika NS5 polymerase domain (RdRp) (PDB ID:
6L.D5), guanosine 5'-monophosphate oxidoreductase 2
(GMPR2) (PDB ID:2C6Q) dihydroorotate dehydrogenase
(DHODH) (PDB ID: 6CJF), and CYP1B1 (PDB ID:3PMO).
Ligands and water molecules were deleted from the origi-
nal protein. Ligands were re-docked into the active site of
each protein as a method of re-validation. RES was docked
into the active site of the proteins. Molecular docking was
performed by AutoDock 4.2.6 software. Protein and ligand
structures were managed before molecular docking studies
using AutoDock Tools 1.5.6 (Scripps Institute, La Jolla,
CA, USA). Gasteiger charges were incorporated into the
proteins and atoms were assigned to AD4. For each protein,
the AutoGrid program was used to create a grid box to cover
the active site of the proteins. Docking simulations were
performed using the Lamarckian genetic algorithm (LGA).
A total of 300 runs along with 5.10° energy evaluations and
1.10° iterations were carried out. Docked poses were chosen
based on scoring functions. Protein—ligand docked complex
structure was visualized using UCSF Chimera [26] and the
LigPlot +v.2.1 software was used to study 2D protein-Res
interactions.

Statistical analysis

Experiments were carried out in triplicate. Results are
expressed as mean + SD values. One-way or two-way
ANOVA were applied followed by the Newman-Keuls a pos-
teriori test. Results were considered significant at p <0.05
(GraphPad Prism 6.01 software).
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Results

Effect of RES on ZIKV-infected RPE cell lines

RPE are highly permissive to ZIKV replication. To explore
the antiviral activity of RES against ZIKV in a retinal cell
model, we employed ARPE-19, which is a spontaneously
arising RPE cell line of male origin that retains normal kary-
ology and hTERT-RPE-1 (from now on, abbreviated hRPE-
1), which is a near-diploid human cell line of female origin.
Both cell lines maintain the morphology and functions of
in vivo human RPE cells [2, 16].

First, we assessed by MTT reduction test the cytotoxic-
ity effect of different concentrations of RES (5-250 uM) on
ARPE-19 and hRPE-1 cell lines for 48 h. Figure la and b
denote that RES concentrations higher than 100 pM signifi-
cantly reduced cell viability (p <0.01 vs control), while at
lower concentrations there were no significant differences in
both cell lines. In accordance with the results obtained, we
decided to work with 25-50 pM of RES.

Then, we explored the antiviral effects of RES on ZIKV
replication. ARPE-19 and hRPE-1 cell lines were infected
with ZIKV and following viral adsorption, cell cultures were
incubated in the presence or absence of 25 or 50 pM RES.
After 48 h of infection, cell morphology was analysed. Fig-
ure 1c and d shows that ZIKV caused an evident cytopathic
effect (CPE) such as cell rounding and lysis. Both cell lines
used were equally susceptible to the infection along with
the fact that presented similar CPE degrees. The addition of
50 pM RES attenuated the CPE in ARPE-19 and hRPE-1
cell lines not only similarly, but also these cells exhibited
equivalent morphologies to the cell control cultures (Fig. 1c
and d).

To evaluate whether the RES-protective effect during
ZIKV infection was due to an in vitro inhibition of viral
replication, we quantified by standard plaque assay the
impact of the RES treatment on the viral particle produc-
tion obtained in the supernatant of these cell cultures. As
it can be observed in Fig. le, in ARPE-19 cells the treat-
ment with 25 and 50 pM RES reduced 44% and 72% of
viral titer, respectively (p <0.001). Similarly, 25 and 50 pM
RES decreased the production of infectious viral particles
by 29% and 75%, respectively (p<0.001) in hRPE-1 cells
(Fig. 1f). Remarkably, viral production was similar in both
cell models, without significant differences in the obtained
viral yield (6-7 X 103 UFP/ml); however, 25 pM RES was
more effective in terms of reducing the viral titer in ARPE-
19 in comparison to hRPE-1, while 50 pM RES inhibited the
viral titer in an equivalent effective manner in both cell lines.
Hence, we decided to carry out next experimental assays
with 50 uM RES.

Our results suggested that RES presented a protective role
for the RPE cells against ZIKYV, since inhibited viral replica-
tion and cellular damage.

Effect of RES on mitochondrial dynamics
in ZIKV-infected RPE cells

RES effect depends rigorously on its concentration in both
in vitro and in vivo models. For instance, at concentrations
lower than 50 uM, RES exerts antioxidant and cell death
protection. In counterpart, RES > 50 pM promotes unstable
redox environment, rise cytotoxicity, as well as mitochon-
drial potential membrane loss and apoptosis. Mitochondria
are greatly dynamic organelles that move continuously
along the cytoskeleton and remodel their morphology by
the antagonistic processes of fusion and fission in accord-
ance with cellular demands. The mitochondrial dynamics
(MD) process is highly regulated and links the fate of the
mitochondria and the cell [2]. The sensitivity of MD to sub-
tle physiological alterations in the cellular redox environ-
ment makes it an interesting event to study in relation to the
mechanism of an antiviral compound [27]. In addition, we
recently proved that ZIKV infection alters the balance of
MD towards the fission process in RPE cells [16]. Hence,
RPE cell cultures were infected with ZIKYV, incubated in
the presence or absence of 50 uM RES and after 48 h post
infection (p.i.) immunofluorescence assay was performed.
Regarding mitochondrial morphologies, as can be seen in
Fig. 2a and b, in non-infected RPE cells these organelles
presented mostly long tubular shape; however, under ZIKV
infection conditions, RPE cells shown rounded, swollen, and
fragmented mitochondria. Notably, ZIKV-infected RES-
treated cells exhibited mitochondrial morphologies similar
to non-infected cells.

A detailed observation under confocal microscope
allowed the quantification of the mitochondrial morpholo-
gies in each sample. Selected images of non-infected (data
not shown), ZIKV-infected (Fig. 3a) and ZIKV-infected
RES-treated (Fig. 3b) were reconstructed in 2D and 3D with
Fiji imaging software by applying “3D Volume” in order
to analyse mitochondrial morphologies. In non-infected
ARPE-19 cell line (Mock) 90% of mitochondria were tubu-
lar and only 10% of the cells showed mitochondria with
a fragmented shape (data not shown). As expected, in the
ZIKV-infected cultures these percentages were significant
modified. Only 35% of the cells presented mitochondria
showing tubular morphology (p <0.001). Finally, in ZIK'V-
infected RES-treated cells, 54% of the population presented
tubular morphologies. The latter values were significantly
different in comparison with the infected (p < 0.05) and non-
treated conditions (p <0.01) (Fig. 3c). In accordance, non-
infected hRPE-1 cell line showed 86% of mitochondria with
tubular morphology and only 14% fragmented (Mock), but
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Fig.1 Effect of RES on ZIKV-infected RPE cells. Determination of
the ARPE-19 (a) and hRPE-1 (b) cell viability by the MTT assay.
Data were expressed as a percentage of viable cells compared to
control (mean+SEM). ZIKV and RES effect on cellular morphol-
ogy in ARPE-19 (c¢) and hRPE-1 (d). Analysis of cell morphology
by phase contrast microscopy of RPE cells mock-infected (first col-
umn), ZIKV-infected (second column) or ZIKV-infected and treated
with 50 pM RES (third column). The photographs were obtained at

in ZIKV-infected samples the percentages changed to 35%
of tubular and 65% fragmented mitochondria (p <0.001).
Moreover, RES restored the percentage of cells with tubu-
lar morphologies to 79% (p <0.01) in ZIKV-infected cells.
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48 h p.i (scale bar: 50 um). Cells presenting cytopathic effect (red
arrows). Quantification of the viral yield. Cell cultures of ARPE-19
(e) or hRPE-1 (f) were infected with ZIKV (moi=0.5) and cultured
in the presence or absence of 25 pM or 50 pM RES. The superna-
tants of the cultures were harvested at 48 h p.i and the viral titer was
determined by standard plaque assay (PFU/ml). The statistical analy-
sis by one-way ANOVA with Newman-Keuls post-tests. **p<0.01;
*##%p < 0.001 versus control

Notably, in these samples the RES treatment completely

restored the rate of tubular mitochondria (p <0.05) (Fig. 3d).
Collectively, results evidenced that RES prevented the

ZIKV-induced mitochondrial morphology disruptions.
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a ARPE-19

hRPE-1

Mock

ZIKV+RES

Fig.2 Effect of RES on mitochondrial morphology of ZIKV-infected
RPE cells. Cell cultures of ARPE-19 (a) or hRPE-1 (b) were mock-
infected (first column) or infected with ZIKV (moi=0.5) and cultured
in the absence (second column) or presence (third column) of 50 pM

Mechanism of action of RES against ZIKV infection

To gain some insights on the antiviral mechanism of action
of RES, we applied modelling and docking studies of known
and potential RES cellular and viral targets [28]. Particularly,
it is well described that RES inhibits the cytochrome P450,
family 1, subfamily B, polypeptide 1 (CYP1B1) expression
by preventing the binding of the aryl hydrocarbon recep-
tor (AHR) to promoter sequences that regulate CYP1A1/
CYPIBI transcription [29]. It was suggested that RES might
have a direct action on AHR [30]. Importantly, we recently
showed that during ZIKV and DENYV infection, AHR tran-
scriptional targets CYP1A1 and CYP1BI1 enhanced their
expression. Also, we demonstrated that AHR is a druggable
pro-viral target for Flaviviruses [11]. Certainly, this activity
of RES might represent an important part of the inhibition
of ZIKV replication but is not the only mechanism involved.
RES also interferes with several phosphorylation signalling
pathways, including those activated by protein kinase C
(PKC) and by mitogen-activated protein kinases (MAPKSs)
[31]. Additionally, RES decreased adenosine triphosphate
(ATP) hydrolysis activity of the ZIKV NS3 helicase in vitro
[32]. The molecular docking and structural dynamics

Mock

ZIKV

ZIKV+RES

RES. After 48 h, the cells were fixed and then stained against a mito-
chondrial protein (TOM-20), ZIKV envelope protein (E) and the
nuclei (DAPI). The samples were visualized through epifluorescence
microscopy. Magnification 60x; scale bar: 10 pm

simulations revealed that RES stabilizes the P-loop and trig-
gers the RNA-binding loop to block the RNA-binding pocket
[33]. Thus diverse mechanisms of action would be operating
during the inhibition of ZIKV infection. Also, it has been
extensively studied that mitochondrial enzymes of the rate-
limiting steps of pyrimidine and purine biosynthesis like
the dihydroorotate dehydrogenase (DHODH) and guanosine
monophosphate reductase 2 (GMPR?2) are essential for the
multiplication of RNA viruses [34, 35].

To explore if aforementioned relevant mitochondrial
enzymes could also be targeted by RES, we used bioin-
formatics tools. We included the well-characterized RES
target CYP1BI, jointly with AHR, DHODH and GMPR2.
Moreover, we analysed the possibility of RES direct action
on ZIKV NS5 RNA-dependent RNA polymerase (RdRp).
We generated by homology the 3D structure of the ligand
binding domain of AHR (PAS-B domain) using SWISS-
MODEL server. This server was successful in generating
the 3D structure using crystal structure of Heterodimeric
CLOCK: BMALI Transcriptional Activator Complex
(PDB ID: 4F3L) as the template. The QMEAN scoring
function was -1.60 and the GMQE value was 0.66. Valida-
tion of the model using Ramachandran plot available with
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«Fig.3 Study of the mitochondrial dynamics. z-stacks representa-
tive images from confocal microscopy used for 3D reconstruction;
the crosshairs show the xz and yz planes. The images correspond to
ZIKV-infected (a) ARPE-19 (left column) and hRPE-1 (right col-
umn) cells culture samples or ZIKV-infected and RES-treated (b)
ARPE-19 (left column) and hRPE-1 (right column) cells. Different
mitochondrial morphologies are indicated. White arrows: m. tubular;
red arrows: m. fragmented and swollen. Scale bar: 10 pm. Quantifica-
tion of mitochondrial morphologies of ARPE-19 cells (¢) or hRPE-1
(d) cells. 100 cells per treatment were counted, and it was determined
and plotted the number of cells with distinct mitochondrial morpholo-
gies (tubular or fragmented) for each treatment. The statistical analy-
sis was performed through one-way ANOVA *p<0.05; ## p<0.01;
*##%p <(0.001 versus control. (Color figure online)

PROCHECK revealed that 91.3% residues were in the most
favored regions, 7.6% in allowed regions, 1.1% in gener-
ously allowed regions and 0.0% in the disallowed regions.
The parameters plot statistics suggested that the quality of
the predicted model was optimal. According to the Veri-
fy3D server, the quality factor of the AHR domain residues
domain showed that the 94.29% of the residues had an aver-
aged 3D-1D score > 0.2 which represents an optimal score.
ProSA tool allowed to determine that the Z score for the
model was -4.42, which is within the range of scores usu-
ally found for NMR derived structure for the native protein
of comparable size. While the structure assessment reports
were relatively good quality for the predicted structure of
AHR domain, it was not subjected to loop refinement. The
complex AHR domain and the well characterized AHR
agonist 2,3,7,8-tetrachlorodibenzodioxin (TCDD) showed
a binding energy of -8.36 kcal/mol and the complex AHR
domain- and the commercial AHR inhibitor CH-223191, an
energy of — 9.21 kcal/mol.

The possible mechanisms involved in the activity of RES
were carried out through a molecular docking study. The
docking process was performed using AutoDock4. Firstly,
for the validation of the molecular docking, a re-docking was
executed with the co-crystallized ligands and was evaluated
that the binding poses coincided. The poses of the co-crys-
tallized ligands overlapped efficiently with the best poses of
the docked ligands. Both 2D and 3D interactions protein-
RES are represented in Fig. 4a, i-iv. CYPIBI is a known
RES target, therefore its binding energy was considered as
a reference [36, 37]. Furthermore, known ligands for each
protein have been considered as positive controls: TCDD
and CH-223191 for AHR, 4,5-dihydroorotic acid (DHO) for
DHODH, guanosine monophosphate (GMP) for GMPR2
and ATP for RdRp. The binding energies are represented in
Fig. 4b and in Table 1. Affinity values lower than 5 kcal/mol

depicts negligible binding while values closer to 10 kcal/mol
indicates effective binding [38].

The docking study revealed that RES exhibited a strong
binding affinity (more than 5 kcal/mol) for each protein tar-
gets (Table 1 and Fig. 4b). In all cases, the three hydroxyl
groups of RES established hydrogen bonds with the pro-
tein residues. The most stable complex was RES-DHODH
(— 8.15 kcal/mol), even more stable than the complex RES-
CYPI1BI1. Nevertheless, the control ligand (DHO) showed
more affinity for DHODH (— 8.35 kcal/mol). RES dis-
played three hydrogen bonds with the amino acid residues
of DHODH and ten residues were involved in hydropho-
bic contacts (Fig. 4a, ii). In the same way, eight of these
amino acids coincided with the amino acid that interacted
with DHO (Table 2). On the other hand, the GMPR2-RES
complex showed a binding affinity of -7.65 kcal/mol. The
complex was less stable than CYP1B1-RES complex but
more stable than GMPR2-GMP complex. The higher affin-
ity of RES could be explained by the hydrophobic contacts,
while RES interacted with GMPR2 by eleven amino acids,
GMP only interacted with eight residues (Table 2). The
interactions involved in GMPR2-RES complex were three
hydrogen bonds and eleven hydrophobic contacts (Fig. 4a,
iii). Residues Cys186 and Gly220 were involved in the
GMPR2-GMP complex (Table 2). The AHR-RES complex
had a binding energy of — 7.42 kcal/mol, thus the affinity
is lower than AHR-TCDD complex (— 8.36 kcal/mol) and
AHR-CH-223191 (- 9.21 kcal/mol). The ligand displayed
three hydrogen bonds with the residues Tyr39, Gly50 and
GInl112, and ten residues of AHR were involved in hydro-
phobic contacts (Fig. 4a, i). AHR-TCDD complex interacted
with eight amino acids as well as the AHR-RES complex
(Table 2). Finally, the RdRp-RES complex showed a bind-
ing energy of — 7.45 kcal/mol. Although the affinity was
lower than CYP1BI-RES, it was higher than ATP-RdRp
(— 6.77 kcal/mol). Three RdARp amino acids were involved
in hydrogen bond and eight residues were involved in hydro-
phobic contact (Fig. 4a, iV). In the same way, eleven of
these amino acids were involved in the RARp-ATP complex
(Table 2). It is worth noting that RES might interrupt the
H-bonds of Tyr768, Thr795, Thr796 and Ser798 residues
from RdRp with ATP. In addition, RES has a higher num-
ber of hydrophobic contacts, which could explain its higher
affinity.

Altogether these results suggested that DHODH, GMPR2
and RdRp are RES potential targets that should be consid-
ered as part of it anti-ZIKV action (Fig. 5).
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«Fig.4 Molecular docking of RES with the selected targets. (a)
Molecular interactions of RES with (i) AHR (ii) DHODH (iii)
GMPR2 (iv) RdRp. The 3D structures of the complexes are visual-
ized with UCSF Chimera and the 2D interactions with LigPlot™ v.2.1.
In the 3D images, the surface and the structure of RES are repre-
sented in cyan color. The proteins are graphed as gray ribbons. (b)
Binding energies of the different proteins with RES and the control
ligands. Controls: TCDD for AHR, 4,5-dihydroorotic acid (DHO) for
DHODH, guanosine monophosphate (GMP) for GMPR2 and adeno-
sine triphosphate (ATP) for RdRp. CYPIBI is the reference protein.
(Color figure online)

Discussion

Nowadays, several reports indicates that RES may have a
great potential in the treatment of several ocular patholo-
gies [15, 39, 40]. Indeed, the antiviral effects of RES related
to viral replication inhibition, as well as protein and nuclei
acid synthesis and gene expression for different viruses were
reported [5-8, 36]. Recently, Mohd et al., determined the
ability of RES to inhibit ZIKV replication in the human
hepatocellular Huh7 cells. RES exhibited modest virucidal
activity against ZIKV but showed antiviral activity in a
dose-dependent manner [37]. As far as we know, our report
is the first in focusing on the potential antiviral effect of RES
during ZIKV infection in human RPE cells.

Table 1 Comparison of binding energies of RES and known ligands
with the selected proteins

Protein Ligand Binding
energy (kcal/
mol)

CYPIB1 Resveratrol —-17.79

AHR 2,3,7,8-Tetrachlorodibenzodioxin — 8.36

CH-223191 -9.21
Resveratrol —7.42
DHODH 4,5-Dihydroorotic acid —8.35
Resveratrol —8.15
GMPR2 Guanosine monophosphate - 6.59
Resveratrol —17.65
RdRp Adenosine triphosphate —-6.77
Resveratrol —7.45

Viruses could modulate MD in order to favour their
intracellular survival or elude host immunity. Hence, the
interplay between MD and viral pathogenesis represents a
novel antiviral strategy [41]. The impact of Flavivirus infec-
tion on the MD has been mainly focused on DENV. Those
reports showed the existence of a mitochondrial fission and
fusion imbalance in infected cells. However, there are con-
troversies about which process is favoured over the other one
[42-44]. We demonstrated that ZIKV-infected ARPE-19 and
hRPEI cells exhibited a disbalance of MD toward fission
[16]. Notably, there are no other reports that interconnect
any type of virus and the positive impact of polyphenols
on MD in an ocular context. This report is a pioneer in
demonstrating that RES restored the ZIKV-induced frag-
mented mitochondrial network to almost control conditions.
Recently, it was reported that RES positively influenced on
disrupted MD in serum deprived-retinal ganglionar R28
cells [45]. Overall, we confirm that RES would be a useful
addition in ocular nutritional supplements against ZIKV or
related Flavivirus infection, as well as other pathologies in
which MD and cell death are associated.

Regarding the mechanism of action of RES, the direct
molecular target of this bioactive has been explored. Viruses
rely on specific host factors to complete their multiplica-
tion cycles. Inhibition of mitochondrial enzymes involved
in nucleosides biosynthesis represents a successful antivi-
ral strategy. The inhibition of GMPR2 can deplete guanine
nucleotide pools, followed by a decrease in DNA and RNA
synthesis. Moreover, the DHODH is a rate-limiting enzyme
in the de novo biosynthesis pathway of pyrimidines. Thus,
the inhibition of pyrimidines biosynthesis is a potential
approach for the treatment of infectious diseases [46]. The
predicted inhibition of GMPR2 and DHODH mediated by
RES reported here, suggests that these mechanisms may
contribute to the blockade of ZIKV replication.

To conclude, we proved that RES inhibited the ZIKV-
induced CPE on human RPE and restored the ZIKV-induced
MD disruption. Here we suggest a new perspective about
the mechanism of action of RES. This involves the interfer-
ence in the binding of ligand of important cellular enzymes
that are essential for viral replication. Our findings indicates
that RES might be a potential antiviral agent to treat ZIKV-
induced ocular abnormalities.
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Table2 Amino acids interaction with the natural ligands and RES. Amino acids that interact with RES and the known ligand are shown in bold

Protein H-bond Hydrofobic contact
interactions
CYPIB1 RES  Asn265, Asn228, GIn332 Phe231, Leu264, Phe268, Gly329, Ala330, Asp333, Thr334, 11399,
Leu509 and the HEM group
AHR TCDD - Phel6, Thr18, His20, Cys29, Leu37, Tyr39, Leudd4, Phe53, His66,
Leu82, Vall10, GIn112
RES  Tyr39, Gly50, GIn112 Phel6, Thr18, His20, Cys29, Gly33, Arg34, Leu37, Leud4, Leu82,
Vall10
DHODH DHO  Ala96, Ser120, Asn212, Lys255, Thr283, Asn284, Ala95, Gly97, Gly119, Asn145, Thr285, Ser305, Leu309, Val333,
Gly334, Gly335, Tyr356, Thr357 GIn354, Leu355
RES  Ala96, Thr283, Val336 Lys255, Asn284, Gly306, Val333, Gly335, Ser337, Leu355, Tyr356,
Thr357, Ala358
GMPR2 GMP Alal3l, Glyl79, Asp219 Aspl29, Asnl58, Gly220, Ile180, Gly181, Pro182, Cys186, Thr188
RES  Cys222, Met240, Met269 Met55, Gly183, Ser184, Vall185, Cys186, Gly220, Gly221, Leu241,
Gly242, Gly243 Gly268
RdRp ATP Arg731, Tyr768, Thr795, Thr796, Trp797, Ser798 Leu513, Leu736, Arg739, Met763, Leu767, His800, Gly801, Trp805
RES Leu736, Ser798, His800 Leu513, Arg739, Ala740, Tyr760, Met763, Trp764, Leu767, Tyr768,
Thr795, Thr796, Gly801
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