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Chikungunya virus (CHIKV) is an emerging arbovirus, which has recently become globally important. In
recent years, it has posed a progressive threat to humankind, causing the development of possibly life-
threatening and incapacitating arthritis. Currently, there is no available effective antiviral drug for
chikungunya infection. Thus, finding and developing lead compounds with anti-CHIKV activity that could
be further developed into a practical treatment is urgently required. Several studies have reported the
wide-ranging antiviral activities of flavanones; however, an inhibitory effect of selected compounds has
yet to be shown against CHIKV. In this study, we investigated the antiviral properties of two types of
flavanones, namely naringenin and hesperetin, against CHIKV in vitro replication. Our data have shown
dose dependent inhibitory effects for naringenin and hesperetin against CHIKV intracellular replication
using different assays, including the CHIKV replicon cell line, time-of-addition and virus yield assays. The
antiviral activity of the compounds was further investigated by the evaluation of CHIKV protein
expression using a quantitative immunofluorescence assay and western blotting. In brief, these
compounds presented significant antiviral activity against CHIKV, reducing both the CHIKV replication
efficiency and down-regulating the production of viral proteins involved in replication. Naringenin with
ICs0 = 6.818 uM (SI = 80.27) and hesperetin with ICsg = 8.500 uM (SI = 23.34) inhibited the post entry
stages of CHIKV replication activity. In conclusion, the obtained data from the current study suggest that
naringenin and hesperetin could be potential candidates to be developed further as anti-CHIKV
therapeutic agents.
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Serologically, CHIKV belongs to the Semliki Forest Virus

Introduction NP :
(SFV) complex of the genus Alphavirus, within the family Toga-

Chikungunya virus (CHIKV) is an arthropod-borne virus that viridae." CHIKV is an enveloped virus with icosahedral

has re-emerged as a prominent public health threat in many
parts of the world in recent years. CHIKV was first recognized in
a febrile individual during an outbreak in Tanzania (East Africa)
in the 1950s."* In 2005-2006, CHIKV came into focus due to
large outbreaks, with nearly a million suspected cases reported
in the Indian Ocean island of La Reunion.** Since then, further
recurrent outbreaks have been observed periodically in Africa,
the Indian Ocean islands and many parts of South-East Asia.>*
In 2013 and 2014, huge outbreaks of over of 1.2 million cases
were reported in the Caribbean island of Saint Martin and
America.”® Worldwide, millions of cases of CHIKV have been
reported in over 50 countries including India, Thailand, Indo-
nesia, Malaysia, Singapore, the United States and some Euro-
pean countries like Italy and France.>'®
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symmetry, possessing a genome of approximately 11.8 kb in
size. It consists of single-stranded, positive-sense RNA with two
open reading frames (ORFs)."”* The 5’ ORF is translated from
genomic RNA and encodes four non-structural proteins (nsP1,
2, 3 and 4), which together form the virus replicase,'* whereas
the 3’ OREF is translated from a subgenomic RNA and encodes
the capsid protein (C), the two surface envelope glycoproteins
(E1 and E2) and two small peptides named (E3 and K6).***
Similar to other alphaviruses, CHIKV enters the host cells by
receptor-mediated endocytosis in a clatherin coated vesicle, via
a pH-dependent mechanism, which induces an irreversible
conformational change in the glycoproteins and the release of
a nucleocapsid into the cytoplasm.'” Afterwards, nonstructural
protein precursors are translated from viral mRNA to initiate
the replication. PE2 and E1 are translated in the endoplasmic
reticulum and processed in the Golgi apparatus, and then
removed to the plasma membrane, where pE2 is cleaved into E2
and E3 in the host cell by furin-like protease activity.'® The
virion assembly arises in the cytoplasm and buds at the cell
membrane as a spherical particle of 65 to 70 nm in diameter,
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Fig.1 The chemical structure of naringenin and hesperetin.

which comprises genomic RNA molecules and the capsid
protein along with the lipid bilayer envelope derived from the
host cell membrane.*>*

Sequence analysis of genomes isolated from different
geographical areas has revealed that CHIKV has three genotype
variants, which are so-called West African, East, Central and
South African (ECSA) and Asian.”® CHIKV is primarily trans-
mitted to humans by several species of mosquitoes of the genus
Aedes including Aedes Aegypti and Aedes albopictus, found both
in rural and urban areas.?>* It is the common cause of chi-
kungunya fever (CHIKF) in humans, a viral disease marked by
excruciating and persistent myalgia, sudden-onset fever,
nausea, headache, fatigue, lymphadenitis and maculopapular
rashes. In addition, many patients suffer from severe joint pain,
which may persist in 10-30% of patients and may last for
months or even years beyond the acute stage. The name itself
reveals the contorted posture of infected patients: “Chikungu-
nya” in Swahili or Mankonde language means “to walk bent
over”.?»** CHIKV attacks osteoblast cells,> endothelial cells,
epithelial fibroblast cells,* muscle satellite cells,*” monocytes®®
and macrophages.” Since currently no licensed vaccine or
antiviral drugs have been developed against CHIKV infection,
most of the treatment regimens are symptomatic with admin-
istration of non-steroidal anti-inflammatory drugs or cortico-
steroids for the symptomatic relief of arthralgia and myalgia.*

Due to the huge risk of mosquito vectors spreading the
CHIKYV infection in many parts of the world, there is an urgent
demand to prevent the spread of CHIKV and develop safe and
effective antivirals to control the symptoms and reduce the
occurrence of future incidences. Numerous studies have been
performed toward the development of CHIKV antiviral therapy
in recent years. Chloroquine phosphate, an antimalarial drug,
was reported to be effective in the treatment of chronic CHIKV
arthritis symptoms.** However, there is still no endorsement for
the effectiveness of chloroquine to treat the chikungunya
infection, owing to unsuccessful clinical trial results.** It was
also shown that the viral replication and pathogenesis of the
disease increases due to the effects of chloroquine in a mouse
model trial®*. The antiviral drug arbidol (ARB), licensed for
influenza A and B, and acute respiratory infections, was found
to be a potent inhibitor of an in vitro CHIKV infection®**.
Ribavirin, a licensed antiviral agent for the treatment of the
respiratory syncytial virus, displayed good inhibitory effects on
an in vitro CHIKV infection and was found to be beneficial in

relieving CHIKV induced joint pain®. Ribavirin® in
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combination with interferons®*® and mercaptopurine* were also
shown to have antiviral activity against CHIKV. Currently, none
of these antiviral agents have been permitted for treating CHIKV
infection and the status of drug discovery is still in the
premature stages.

In recent years, extensive studies have been conducted on
a wide variety of active phytochemicals to develop new antiviral
drugs, as they can be less toxic (or non-toxic), cost effective and
have minor adverse effects*. Flavonoids (polyphenolic plant
secondary metabolites) are naturally found in various plants
and are responsible for flower and fruit pigmentation®.
According to their molecular structure, flavonoids can be
divided into a variety of classes such as flavones, flavonols,
flavanones and others.*” Flavanones are highly and almost
exclusively found in citrus fruits and in some aromatic herbs
including mint, parsley, hot peppers and celery, which are
widely and frequently consumed in the world. Citrus flavanones
mostly occur in the glycoside or agylcone form. Naringenin and
hesperetin are the most essential flavanones in the agylcone
form (Fig. 1), and possess promising anti-oxidant, anti-
inflammatory, anti-carcinogenic, antimicrobial and immune-
stimulatory properties both in vitro and in vivo.** Up to now,
many studies have evidenced that naringenin and hesperetin
exhibit effective antiviral activity against many different viruses.
Hesperetin was shown to inhibit the replication of poliovirus
type 1, herpes simplex virus type 1, parainfluenza virus type 3,
influenza, respiratory syncytial virus and sindbis virus.***’
Naringenin was also shown to have a great inhibition on
hepatitis C virus (HCV) and the CHIKV replicon cell system,
along with a slight inhibition of HIV-1 virus.***° More recently,
it has also been reported that hesperetin and naringenin also
inhibit the replication of yellow fever virus.>

Therefore, in this study we evaluate the in vitro antiviral
activity of naringenin and hesperetin against a clinical isolate of
CHIKYV in a cell culture system. Our results suggest that the anti-
viral effects of these compounds may support the development
of effective therapeutics to deal with CHIKV infection.

Material and methods
Cell lines, virus and virus titration

Baby hamster kidney cells (BHK-21) and African green monkey
kidney cells (Vero) from American Type Culture Collection
(ATCC) were grown in Eagle's Minimum Essential Medium
(EMEM, Gibco, NY, USA) supplemented with 10% inactivated
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fetal bovine serum (FBS) and penicillin-streptomycin. BHK-
CHIKV replicon cells* were grown in Dulbecco's Minimum
Essential Medium (DMEM, Gibco, NY, USA) supplemented with
8% fetal bovine serum (FBS), 2% tryptose-broth phosphate and
penicillin-streptomycin. Both cell lines were cultured at 37 °C
under 5% CO,. The CHIKV (ECSA) genotype E1-226V, isolated
from an outbreak in Johor in 2008 (coded as MY/065/08/
FN295485),°>** was used in this study. CHIKV was further
propagated in the BHK-21 cell line, titrated using the tissue
culture infectious dose 50 (TCID5,) method* and stored at —80
°C in a freezer. During the time of virus propagation and the
antiviral assay, the FBS concentration of the cell culture
medium was reduced to 2%.

Chemicals

Hesperetin and naringenin were purchased from Sigma-Aldrich
Corporation (Sigma-Aldrich, St. Louis, MO, USA) and dissolved
to completion in 0.1% dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO, USA), to prepare stock solutions at
66.16 and 183.65 pM, respectively. The stock solutions were
then stored at —20 °C until use. Ribavirin (Sigma-Aldrich, St.
Louis, MO, USA) was proposed as a control compound with well-
known anti-CHIKV activity.***”

Cell viability assay

The in vitro cytotoxicity of the compounds was studied against
Vero and BHK-21 cells using MTS (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium)
assay kit (Promega, WI, USA), and following the manufacturer's
instruction. Confluent Vero cells in a 96-well cell culture
microplate were exposed to different concentrations of each
compound in triplicate wells for 2 days at 37 °C under 5% CO,.
At the end of the incubation period, MTS solution was added to
each well and the cells were maintained for 4 hours at 37 °C
under 5% CO,. The absorbance of each well was measured at
a wavelength of 570 nm using an Infinite 200 Pro multiplate
reader (Tecan, Ménnedorf, Switzerland). Graph Pad Prism 5
(Graph Pad Software Inc., San Diego, CA, USA, 2005) was used to
calculate the half maximal cytotoxic concentration (CCs).

In vitro antiviral assays

Primary screening - CHIKV replicon cell system. BHK-
CHIKYV replicon cells were seeded onto an opaque-white 96-well
plate with a clear bottom at a confluency of approximately 80—
90% (Corning Inc., NY, USA). The cells were exposed to different
concentrations of each compound for 48 hours at 37 °C under
5% CO,. After the incubation period, the expression of Renilla
luciferase (Rluc) activity of the CHIKV replicon was detected
using a Renilla luciferase assay kit (Promega, WI, USA),
following the manufacturer's protocol. The resulting lumines-
cence signals were measured using a GloMAX 20/20 Lumin-
ometer (Promega, WI, USA), and plotted against the log
transformation of the concentrations of each compound.
Moreover, a sigmoidal curve fit with variable slope was created
to calculate the half maximal inhibitory concentration (ICs)
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value for each compound using Graph Pad Prism 5 (Graph Pad
Software Inc., San Diego, CA, USA, 2005).

Time-of-addition. Vero cells were grown in a 96-well micro-
plate. Then, the confluent cell monolayers were treated with the
highest concentration of naringenin, hesperetin and ribavirin
at different time intervals before and after virus infection. The
plate was then incubated at 37 °C under 5% CO, for 48 hours,
which was followed by conducting a virus yield assay on the
collected supernatant from each well.

Entry inhibition assay

Confluent Vero cells in a 24-well plate were exposed to CHIKV
(MOI = 1) for 1 h at 4 °C to allow for viral attachment. The
infected cells were then washed twice with PBS to remove the
unabsorbed viruses and treated with the compounds at various
concentrations for 2 h at 37 °C. The cells were then washed with
PBS and treated with citrate buffer (pH = 3) to inactivate the
non-internalized viral particles. Finally, the cells were overlaid
with EMEM containing 2% FBS and incubated for 48 h at 37 °C
under 5% CO.,.

Post-entry assay

Vero cells were grown in a 24-well microplate. Confluent cells
were infected with CHIKV (MOI = 1) for 2 h. After incubation,
the cells were washed twice with PBS, treated with the
compounds and incubated for 48 h at 37 °C under 5% CO,.

Anti-adsorption assay

Confluent Vero cells in a 24-well microplate were infected with
CHIKV (MOI = 1), followed by the addition of the compounds.
Cells were then incubated for 1 h at 4 °C. The treated Vero cells
were then rinsed with PBS three times to remove the free viral
particles, supplemented with EMEM containing 2% FBS and
incubated for 2 days at 37 °C under 5% CO,.

Virus inactivation assay

A suspension of CHIKV (MOI = 10) with different concentra-
tions of hesperetin and naringenin were mixed and incubated
for 2 h at 37 °C. In order to reduce the potential effect of the
compounds on the virus adsorption, the Vero cells were infected
and incubated with a 1000 fold diluted virus suspension for 1 h
at 37 °C. Afterwards, the cells were washed twice with PBS,
supplemented with EMEM containing 2% FBS and incubated
for 2 days at 37 °C under 5% CO,.

Quantitative real time RT-PCR

For each antiviral analysis, a qRT-PCR was performed to
measure the virus yield. For this, the extracellular CHIKV RNA
was harvested from the supernatant of the infected Vero cells
and the 136 base region of the nsP3 encoding sequences
underwent amplification as described by Chiam and
colleagues.”® The actual primers were nsP3-F (5'-
GCGCGTAAGTCCAAGGGAAT-3') and nsP3-R (5-AGCATC-
CAGGTCTGACGGG-3'). The cDNA was consequently produced
from the earlier extracted RNA (QIAGEN, Germany) by utilizing
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the nsP3-R primer and Superscript III Reverse Transcriptase
(Life Technologies, USA) according to the manufacturer's
protocol. The unincorporated primers were then digested with
20 U of Exonuclease I (New England Biolabs, USA). The qRT-
PCR assay was performed with a Step-OnePlus Real-Time PCR
System (Life Technologies, USA) with 2x Power SYBR Green
PCR Master Mix (Life Technologies, USA), following the
manufacturer's protocol. Cycling parameters were 95 °C for 10
min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
Melting curve analysis was performed to validate the amplified
RNA. The viral RNA in each sample was measured with a stan-
dard curve that was designed from CHIKV inoculums of known
titer. The standard curve contained 12 points of concentration
ranging from 10> to 10> FFU ml~" and each concentration was
assayed in triplicate.

Immunofluorescence assay (IFA)

CHIKYV infected and treated Vero cells in a 96-well plate were
fixed using 4% paraformaldehyde for 30 min and were then air-
dried for 5 min. The cells were then washed three times with
PBS and subsequently stained with monoclonal rabbit anti-
CHIKV E2 antibody (1 : 300) and incubated for 1 h at 37 °C.
Following washing with PBS, the cells were stained with
secondary antibody (1 : 1000 anti-rabbit IgG Fab2 conjugated
with Alexa Fluor (RT) 488 - Cell Signaling Technology, MA,
USA), and were incubated for 1 h at 37 °C. The cells were then
covered with DAPI (Thermo Scientific, MA, USA) for 15 min at
room temperature before being washed 3 times with PBS.
Images were captured using a high content screening system
(Operetta, PerkinElmer, Hamburg, Germany) and the immu-
nofluorescence signals were measured and analyzed using
Harmony Software Version 3.5.1 (PerkinElmer, Hamburg,
Germany).

Western blot analysis

Vero cells were added to 75 cm? tissue culture flasks and
infected with CHIKV (MOI = 1). Then they were treated with
different concentrations of selected compounds and incubated
at 37 °C. After 48 h of incubation, the treated cells were scraped,
washed with PBS and lysed using 1% Triton X100 (Sigma-
Aldrich, St. Louis, MO, USA) containing a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 45 min.
Cellular debris was removed by centrifugation at 16 000 x g for
5 min. Protein concentrations of each sample were quantified
using a Micro BCA™ Protein Assay Kit (Thermo Scientific,
Rockford, IL). Total proteins were then prepared in 0.5 ml of
10x Laemmli sample buffer (100 mM Tris-HCl, pH 6.8, 40%
glycerol, 8% SDS, 40 mM DTT, 0.04 mg ml~* bromophenol blue)
and separated onto 10% SDS-PAGE. The gels were equilibrated
in Towbin buffer (0.025 M Tris, 0.192 M glycine 20% methanol)
for 10 min and the proteins were transferred to a PVDF
membrane using the Bio-Rad wet transfer system (Bio Rad, San
Francisco, CA). The membranes were blocked with PBS 1%
Casein Blocker (Bio Rad, San Francisco, CA) for 1 h at room
temperature. The membranes were then rinsed three times with
PBS Tween 20 before being incubated with primary anti-CHIKV
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nsP1 and anti-CHIKV nsP3 rabbit polyclonal antibodies in 1%
casein solution. After washing the membranes three times with
PBS containing Tween 20 for 15 min each time, they were then
incubated with the secondary goat anti-rabbit IgG (Abcam,
Cambridge, UK) antibodies conjugated with horseradish
peroxidase (HRP) for 1 h at room temperature. The membranes
were then washed three times with PBS containing Tween 20 for
15 min each time. Primary anti-B-actin mouse monoclonal
antibody conjugated with HRP (Cell Signaling Technology, MA,
USA) dissolved in 1% casein was used for the detection of
loading control. The membranes were then washed again three
times with PBS containing Tween 20 for 15 min each time and
developed by a colorimetric method using appropriate
substrates (Thermo Scientific, Rockford, IL).

Results
Determination of potential cytotoxic activity of compounds

The cytotoxic effects of the compounds on the Vero cells and/or
BHK-21 cells were first evaluated using an MTS assay and
microscopic observations. Table 1 shows the 50% cytotoxic
concentration values (CCs,) of each compound against Vero and
BHK-21. 0.1% DMSO, as a vehicle control, did not show any
cytotoxicity against the cells.

Primary screening assays. The CHIKV replicon cell line was
used to study the antiviral activity of the compounds. The
replicon was constructed from a non-infectious replicon of
CHIKV as well as the virus replicase proteins together with
puromycin acetyltransferase, EGFP and Renilla luciferase
marker genes.* The replicon was then transfected into BHK
cells to yield a stable cell line. The Rluc activity in the CHIKV
replicon is proportional to the viral replicon RNA replication. In
this experiment, it was found that hesperetin and naringenin
inhibited the Rluc activity with IC5, = 85.0 £ 5.104 and 93.27 +
11.150 uM, respectively (Fig. 2). Hesperetin (P = 0.0027) and
naringenin (P = 0.0014) showed a moderate inhibitory effect
against the CHIKV replicon, which validates that both
compounds affect the post-entry steps of CHIKV infection.
These data also indicate that they can interfere with CHIKV RNA
replication by affecting the viral replicase system. Since these
compounds showed inhibitory activity against CHIKV in vitro

Table 1 The CCsq values of the tested flavanones and nucleoside
analogue on Vero cells and BHK-21 cells. MTS assay was used to
evaluate the cytotoxicity of the compounds. Different concentrations
of the compounds of up to 500 pM were used to treat the Vero cells
and BHK-21 cells for 2 days. All experiments were conducted in
triplicate

Vero cells BHK-21 cells
Compounds CCs (1M) CCso (LM)
Naringenin 547.3 + 6.60 831.3 + 4.085
Hesperetin 198.4 + 4.40 >125
Ribavirin >500 NA“

% NA = not applicable.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Evaluation of anti-CHIKV activity of selected flavanones using CHIKV replicon cell line. Both flavanones, hesperetin (a) and naringenin (b),
are able to reduce the percentage of Rluc activity produced by the CHIKV replicon in a dose-dependent manner. The Rluc activity was measured
at 48 h post treatment. Vehicle-treated (0.1% DMSO) cells were used as control ("0" concentration). Data from triplicate assays were plotted and
analyzed using one-way ANOVA (Kruskal-Wallis test), Graph Pad Prism (Version 5, Graph Pad Software Inc., San Diego, CA), P < 0.05. Error bars

represent standard errors of triplicate means.

replication, it is worthwhile to implement further evaluation on
different antiviral assays.

Time-of-addition studies. A time-of-addition assay was per-
formed to determine the effects of varying the time of the
compound addition on CHIKV replication. Hesperetin, nar-
ingenin and ribavirin (as a control) were added at different time
points before and after infection of Vero cells with CHIKV.
Significant inhibition of virus replication was observed when
hesperetin and naringenin were added 2 h before the viral
infection. Fig. 3 shows that hesperetin exerts its antiviral activity
when added prior to the virus infection up until 4 h post infec-
tion, while naringenin exhibits antiviral activity up until 12 h
post infection. Ribavirin also shows antiviral activity at 2 h prior
to infection until 2 h post infection. The antiviral activity of
ribavirin at these hours was confirmed beforehand since it acts
as a RNA replication inhibitor. The results indicate that hes-
peretin and naringenin may inhibit the early to middle stages of
CHIKV. However, naringenin displayed potent antiviral effects
compared to hesperetin. These two compounds were then
selected for further analysis of their anti-CHIKV activity, due to
their significant inhibition of CHIKV infection and minimal
cytotoxicity, as well as their novel status as antiviral agents.

Hesperetin and naringenin markedly inhibit post entry
stages of CHIKV replication. Given that hesperetin and nar-
ingenin were most likely affecting the CHIKV intracellular
replication of CHIKV, their activities on the post entry stages of
CHIKYV infection were investigated. Fig. 4 shows that hesperetin
(P =0.0090) with IC5, = 8.500 £ 0.270 uM, and naringenin (P =
0.0053) with ICs, = 6.818 £ 0.404 uM show potent intracellular
anti-CHIKV activity. However, compared to ribavirin (P =
0.0061) with ICs, = 17.68 &+ 0.503 uM as a positive control with
defined anti-CHIKV activity, it could be concluded that the
tested compounds exert stronger intracellular anti-CHIKV
activity than ribavirin.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Effect of time-of-addition of selected flavanones on CHIKV
RNA copy number. CHIKV viral load was reduced significantly at the
early hour (—2 hpi) of hesperetin, naringenin and ribavirin treatment in
the time-of-addition assay. "VC" refers to the non-treated CHIKV-
infected controls. Statistical significance was analyzed from a one-way
ANOVA (Kruskal-Wallis test) and Dunn's multiple comparisons
post-test.
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Fig. 4 Evaluation of selected flavanones and ribavirin against the post-entry stages of CHIKV infection. Hesperetin, naringenin and ribavirin
displayed potent antiviral activity at the post-entry stage of CHIKV infection. Statistical analysis was performed by using one-way ANOVA
(Kruskal-Wallis test) where P < 0.05 is significant ("0" on the X-axis refers to the non-treated CHIKV-infected controls). Error bars represent

standard errors of triplicate means.

Hesperetin and naringenin do not exhibit antiviral activity
against early stages of CHIKV in vitro replication. Anti-entry,
anti-adsorption and direct virucidal assays were also per-
formed. As Fig. 5 shows, there was no antiviral activity of hes-
peretin and naringenin against these stages of the CHIKV
replicative cycle.

Development of immunofluorescence assay. An immuno-
fluorescence assay was conducted to distinguish the CHIKV
antigen presentation as an indicator for the successful replica-
tion and infection of CHIKV, as well as to discover the degree of
inhibition exerted by the tested compounds. Fig. 6 shows that
all tested compounds display a dose-dependent inhibition of
CHIKYV infection compared to the vehicle control. According to
an automated calculation by a HTS machine, it was discovered
that hesperetin and naringenin at a concentration of 125 and
250 pM, respectively, inhibited =90% of the CHIKV antigen
presentation. Therefore, this screening platform was found to
be beneficial and consistent for testing the compounds effec-
tively and revealing their potential as CHIKV inhibitors.

In order to determine the effect of hesperetin and naringenin
on CHIKYV protein synthesis, western blot analyses on nsP1 and
nsP3 proteins were performed. Fig. 7 shows a dose-dependent
reduction of CHIKV, nsP1 and nsP3 following hesperetin and
naringenin treatment. Using hesperetin at concentrations of
125 and 62.5 uM and naringenin at 250 and 125 uM gave rise to
minimal amounts of nsP3 and nsP1 proteins. This suggested

69426 | RSC Adv., 2016, 6, 69421-69430

that hesperetin and naringenin might inhibit CHIKV protein
production, leading to a decrease in infectious virus titers as
seen above. Nevertheless, there was a general trend of dose-
dependent inhibition of CHIKV infection by hesperetin and
naringenin, supporting the results obtained with the different
experimental approaches reported above. B-Actin was used as
aloading control in the experiment, as well as to ensure that the
concentration of both compounds used in this study did not
affect the synthesis and expression of the host cellular proteins.

Discussion

Since several compounds with anti-CHIKV drugs such as chlo-
roquine, arbidol and ribavirin have not exhibited any beneficial
effects in clinical cases so far, there is an urgent demand to
search for antiviral compounds with high viral inhibitory
activities, low toxicity and high efficiency. To that end, the
current study was designed to evaluate the anti-CHIKV activity
of hesperetin and naringenin, which are well known to exhibit
various medicinal properties including antiviral activity. Several
studies have reported that both flavanones were able to block
the replication of a variety of other viruses.*»*>*”** It has also
been reported that both flavanones are able to reduce the
activity and the expression of the microsomal triglyceride
transfer protein and acyl-coenzyme A cholesterol acyltransfer-
ase 2, which modulate apolipoprotein B (apoB) secretion that is

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Effect of hesperetin and naringenin against early stages of CHIKV replication. There were no antiviral activities of hesperetin (a) and
naringenin (b) against (I) anti-entry, (Il) anti-adsorption and (Ill) direct virucidal stages of the CHIKV replication cycle. Statistical analysis was
performed by using one-way ANOVA (Kruskal-Wallis test) where P < 0.05 is significant (“0" on the X-axis refers to the non-treated CHIKV-
infected controls). Error bars represent standard errors of triplicate means.

vital for HCV budding from the human hepatoma cell line.>**”
Naringenin has been discovered to inhibit virion assembly, and,
more recently, docking studies of HCV nonstructural protein
(NS2) protease as targets have indicated that naringenin is
a successful inhibitor of the virus replications.*®*

In our study, the cytotoxicity assay showed that hesperetin
and naringenin at concentrations of up to 125 and 250 pM can
be used to exert antiviral activity without affecting the cell
viability. It was shown that hesperetin with IC5, = 8.500 £ 0.270
uM and naringenin with ICsq = 6.818 £ 0.404 uM possess
significant antiviral effects that act by inhibiting viral replica-
tion in a post-entry assay. Interestingly, this result is consistent
with our primary data from the time-of-addition study, where
the viral yield was significantly reduced in CHIKV-infected cells
upon treatment with hesperetin and naringenin shortly before
and a few hours post infection (—2.0 and 2 hpi). In addition,

This journal is © The Royal Society of Chemistry 2016

ribavirin exhibited the most potent antiviral activity forupto1 h
post infection. However, like the other tested compounds, it
showed anti-CHIKYV activity for up to 12 h post infection, which
is consistent with previous findings.*® These findings are also
consistent with the CHIKV replicon cell system, where no virus
entry or exit takes place. In this regard, it was found that both
compounds were capable of eliciting an inhibitory effect against
the activity of the Rluc marker expressed by CHIKV replicon,
which confirms that flavanones suppress CHIKV RNA replica-
tion in a dose dependent manner. While The Rluc is fused to the
nsP3 protein of the virus, a reduction of Rluc activity causes the
reduction of the nsP3-Rluc protein in the CHIKV replicon cell
line. Recently, it has been reported that naringenin consider-
ably reduces the expression of viral RNA levels by utilizing
a CHIKV replicon system. In the same study, the authors
examined different compounds using a different replicon
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Fig. 6 Evaluation of flavanones on CHIKV activity using an immunofluorescence assay. Dose-dependent inhibition of hesperetin and naringenin
on the CHIKV infectivity is shown. Detection of the CHIKV E2 protein is used as the indication of the successful CHIKV infection. Cell nuclei are
stained with DAPI (blue) and CHIKV infection is indicated by Alexa Fluor 488 (green) staining.

system, and showed that naringenin was also capable of
inhibiting the viral entry of Semliki Forest virus.>® Taken
together, the obtained results were extensively explained by the
antiviral assay, where there is no inhibition in anti-entry, anti-
adsorption, or direct virucidal assays correspondingly.

To further confirm the potent anti-CHIKV activity of flava-
nones, we examined the effect of the tested compounds on viral
antigen synthesis in CHIKV infected cells through a quantita-
tive immunofluorescence assay using a monoclonal antibody
against an envelope protein of CHIKV, together with western
blotting which showed a significant reduction in structural and
non-structural protein synthesis. This observation could be due
to the inhibition of CHIKV RNA replication and/or transcrip-
tion, or even the inhibition of viral protein synthesis and pro-
cessing. It is most likely that some of the non-structural
proteins of CHIKV become possible targets for hesperetin and
naringenin. These possible targets may include the nsP1
protein, which participates in the synthesis of the negative
strand of viral RNA and RNA capping, as well as the nsP3
protein, which is another key component of the viral life cycle
which includes viral RNA synthesis, virulence and protein-
protein interactions. Since it has been reported that the nsP3

69428 | RSC Adv., 2016, 6, 69421-69430
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Fig. 7 Hesperetin and naringenin inhibited the accumulation of
CHIKV-encoded proteins. Western blot analyses were performed to
determine the effect of both compounds on the production of nsP1
and nsP3 proteins. Reduction of CHIKV nsP1 and nsP3 proteins was
observed upon naringenin and hesperetin treatment. -Actin was used
as a loading control for each compound.
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protein is the only non-structural protein that contains a large
number of serine and threonine residues in order to be phos-
phorylated by activated host kinases,” both flavanones may
target the phosphorylation status of nsP3 which leads to the
restriction of viral replication and increases host survival.
Reduction of E2 protein expression is possibly due to the
suppression of replication, either directly, or via the inhibition
of ns-protein(s). This viral protein reduction is applicable from
the point of view of the development of effective antivirals, as
the E2 protein plays an important role in viral glycoproteins and
is essential for receptor binding. Nevertheless, to confirm the
direct effect of the compounds against protein synthesis and
processing, further experiments are needed, which could be
considered in future studies. Nevertheless, regarding the
molecular size and the solubility of hesperetin and naringenin,
this might lead to significant penetration of these molecules
through the biological membrane, causing them to enter the
cytoplasm or other subcellular compartments. They therefore
may be noble candidates for further investigation towards
antiviral drug development.**

Conclusion

In summary, we have convincingly shown that hesperetin and
naringenin exhibit significant anti-CHIKV activity by interfering
with virus intracellular replication. These compounds suppress
post-entry stages of viral replication in a dose dependent
manner. In agreement with this, the expression of proteins,
needed for RNA replication, and also the expression of viral
structural E2 protein, were down regulated. These findings
warrant future mechanistic, in vivo anti-viral, toxicity and
pharmacokinetic studies as part of the process to evaluate
hesperetin and naringenin as potential therapeutic candidates
against CHIKV. Another approach for inhibiting CHIKV infec-
tion is by using targeting cellular factors such as protein kinases
and other cellular factors, which are involved in CHIKV repli-
cation, and/or by the induction of immune-based cellular
enzymes that possess antiviral activity.
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