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Abstract The development of drug-resistant influenza and new pathogenic virus strains underscores

the need for antiviral therapeutics. Currently, neuraminidase (NA) inhibitors are commonly used antiviral

drugs approved by the US Food and Drug Administration (FDA) for the prevention and treatment of influ-

enza. Here, we show that vitisin B (VB) inhibits NA activity and suppresses H1N1 viral replication in

MDCK and A549 cells. Reactive oxygen species (ROS), which frequently occur during viral infection,

increase virus replication by activating the NF-kB signaling pathway, downmodulating glucose-6-

phosphate dehydrogenase (G6PD) expression, and decreasing the expression of nuclear factor erythroid

2-related factor 2 (Nrf2) antioxidant response activity. VB decreased virus-induced ROS generation by

increasing G6PD expression and Nrf2 activity, and inhibiting NF-kB translocation to the nucleus through

IKK dephosphorylation. In addition, VB reduced body weight loss, increased survival, decreased viral

replication and the inflammatory response in the lungs of influenza A virus (IAV)-infected mice. Taken

together, our results indicate that VB is a promising therapeutic candidate against IAV infection,
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complements existing drug limitations targeting viral NA. It modulated the intracellular ROS by G6PD,

Nrf2 antioxidant response pathway, and NF-kB signaling pathway. These results demonstrate the feasi-

bility of a multi-targeting drug strategy, providing new approaches for drug discovery against IAV infec-

tion.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Influenza A virus (IAV) is a major respiratory pathogen according
to the World Health Organization that readily mutates or rear-
ranges into new strains. It causes high morbidity, mortality, and
significant economic loss worldwide each year1. Influenza viruses
are RNA viruses consisting of eight segments, including neur-
aminidase (NA) and hemagglutination (HA), which may yield
new strains through mutation and gene rearrangement, and
sometimes result in deadly strains2,3.

Vaccines and antiviral agents are essential for mitigating the
deleterious effects of the influenza virus. Antiviral drugs may be
broadly classified into the amantadine class, polymerase in-
hibitors, and neuraminidase (NA) inhibitors (NAIs)4,5. Most US
Food and Drug Administration (FDA)-approved drugs belong to
NAIs, such as oseltamivir phosphate, zanamivir, and peramivir6,7.
NAI is a class of drugs that block the viral NA protein and inhibit
the release of the virus from the host cell, thereby preventing the
subsequent infection of a new host cell8. Thus, NA has emerged as
an attractive antiviral treatment target.

The development of drug resistance remains a concern for
existing NAIs. The H274Y mutation is primarily found in
oseltamivir-resistant clinical strains, such as seasonal A(H1N1),
A(H1N1)pdm09, and the highly pathogenic A(H5N1) strains, and
exhibits decreased NA enzymatic activity and oseltamivir
resistance9e11. For the IAV strain, E119G is the most commonly
associated with zanamivir resistance, although E119A and E119D
have been reported to mediate resistance to other NAIs. For
influenza B virus, E119G and E119D/A/V/G variants exhibit
reduced susceptibility to zanamivir and peramivir, respectively. In
addition, the R152K and R292K variants show reduced suscepti-
bility to both12e15. Peramivir resistance is mainly conferred by an
H274Y substitution in seasonal A(H1N1), A(H3N2), and
A(H1N1)pdm09 viruses. Therefore, the development of new NAIs
is warranted12,16e19.

Redox homeostasis regulates the production of reactive oxygen
species (ROS) through enzymatic antioxidant systems including
superoxide dismutase (SOD), catalase (CAT), glutathione perox-
idase (GPx), and glutaredoxin (GR)20,21. Increased expression of
viral M2 protein during viral infection activates protein kinase C
and increases ROS production22,23. In addition, IAV causes an
imbalance in oxidative stress characterized by glutathione (GSH)
depletion and upregulation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX)24e26. Moreover, proapopto-
tic influenza A virus protein (PB1-F2) suppresses ROS scavenging
activity by decreasing SOD1 expression. Therefore, ROS are
produced during IAV infection, which results in the activation of
virus replication and promotes apoptosis, lung injury, and
abnormal inflammation21,27,28. Excessive ROS production result-
ing from viral infection activates nuclear factor (NF)-kB signaling,
which regulates the expression of viral and host genes involving in
viral replication and the inflammatory response29,30. Nuclear
factor kappa B (NF-kB) upregulates inflammatory cytokine levels,
including interleukin (IL)-1b, IL-6, interferon (IFN), and tumor
necrosis factor (TNF)-a, and triggers a cytokine storm31e34.

The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway
is the principal protective oxidative stressor in host cells. Accu-
mulation of oxidative stress led to Nrf2 translocating to the nu-
cleus and then binding to antioxidant response elements.
Activation of Nrf2 signaling increased the expression of genes
associated with antioxidant enzymes, such as CAT, SOD, and
GSH syntheses, which are related to glucose-6-phosphate dehy-
drogenase (G6PD). In contrast, previous report has shown that
influenza A virus (H5N1 and H7N9) reduced phosphorylated Nrf2
within the nucleus, leading to enhanced viral replication and ROS
induction35,36. Antioxidant therapy reduces viral load and prevents
lung damage resulting from viral-induced ROS over-
production37,38. Therefore, regulating ROS plays a modulatory
role in antiviral therapy. Developing effective therapeutic agents
with fewer side effects may be possible by establishing synergistic
effects. Thus, multi-targeting, rather than targeting a single protein
or process to regulate viral proteins or oxidative stress, may be
achieved.

Natural products have been shown to contribute to the drug
development process for various diseases and the study has
continued in the field of antiviral therapeutics34. Strong antiviral
activity of traditional natural products has been demonstrated for
preventing and treating viral infections, including severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and influ-
enza39e43. Recently, we demonstrated that natural products,
including Geranii Herba, Ohwia caudata, Rhus verniciflua, and
Aloe vera, exhibit antiviral activity against the influenza
virus44e47. Therefore, these natural sources may contribute to the
development of novel, effective antiviral agents.

Vitisin vinifera L. is used to treat various diseases including
diarrhea, hemorrhage, varicose veins, hemorrhoids, inflammatory
disorder, pain, and hepatitis. It also exhibits anti-inflammatory
properties48. Although several studies have demonstrated the
antiviral activity of V. vinifera against herpes simplex virus type 1
(HSV-1), severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), and hepatitis C virus, no reports exist regarding the
antiviral effects of V. vinifera stem bark extracts for treating
influenza viral infections49,50.

Therefore, we evaluated the anti-influenza activity of 12
compounds isolated from V. vinifera stem bark using an NA in-
hibition assay. In addition, this is the first study to identify vitisin
B (VB) as the active compound of V. vinifera stem bark that in-
hibits NA. The results suggest that VB is an emerging candidate
for the development of novel antiviral agents that prevent and treat
influenza virus infections.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Reagents

RPMI 1640 and Dulbecco’s modified Eagle’s media (DMEM)
were purchased from Hyclone (Pittsburgh, PA, USA) and an
enhanced chemiluminescence (ECL) reagent was purchased from
ThermoFisher Scientific (Waltham, MA, USA). MitoSOX and
DCF-DA were purchased from Invitrogen (Carlsbad, CA, USA).
The PRO-PREP protein extraction solution was purchased from
Intron Biotechnology (Seoul, Republic of Korea). Antibodies
against M1, M2, PA, and NS1 were obtained from GeneTex, Inc.
(Irvine, CA, USA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from
SigmaeAldrich (St. Louis, MO, USA).

2.2. Cells and viruses

The A549 human lung epithelial cell line and MadineDarby
canine kidney (MDCK) cells were obtained from the American
Type Culture Collection (Manassas, Virginia, USA). The A549
cells were grown in RPMI 1640 containing 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA) and 1%
antibioticeantimycotic at 37 �C in a 5% CO2 atmosphere,
whereas MDCK cells were cultured in DMEM containing 10%
FBS and 1% antibioticeantimycotic at 37 �C in a 5% CO2 at-
mosphere. The GFP-encoding influenza A strains (A/PR8/34-
GFP) and Puerto Rico/8/34 viruses have been used in previous
studies39. Oseltamivir-resistant Puerto Rico/8/34(A/PR8/34) vi-
ruses were obtained from Prof Hyun-Jeong Ko (Kangwon Na-
tional University, Chuncheon, Republic of Korea)51. KBPV-VR-
32 (H3N2; A/Korea/33/2005) and influenza B (B/Korea/72/
2006) viruses were purchased from the Korea Bank for Pathogenic
Viruses.

2.3. Plant materials

The stem bark of V. vinifera was harvested in October 2008 from a
vineyard in Yuseong, Korea. A voucher specimen (KR0331) was
deposited at the herbarium of the Korea Research Institute of
Chemical Technology (Seoul, Republic of Korea).

2.4. Extraction and isolation

The stem bark of V. vinifera (10 kg) was extracted twice with
ethanol by maceration for seven days. The resulting filtrate was
combined and evaporated to dryness to yield a 708.8 g extract.
The ethanol extract was suspended in water and sequentially
partitioned with an equal volume of CH2Cl2, EtOAc, and n-BuOH.
The EtOAc-soluble fraction (463.8 g) was separated by silica gel
(5.0 kg) column chromatography (MeOH/CH2Cl2 1%e50%) to
yield six fractions. Lupenone (15 mg), lupeol (25 mg), and botulin
(20 mg) were isolated from fraction (Fr. 1). Vitisin A (90 mg), cis-
vitisin A (8.1 g), VB (9.1 g), malibatol A (48 mg), and ε-viniferin
(230 mg) were isolated from Fr. 2. Ampelopsin A (15 mg),
(þ)-viniferether B (13 mg), caraphenol B (15 mg), and resveratrol
(9 mg) were isolated from Fr. 3 (Supporting Information Table S1
and Scheme S1).
2.5. NA assay

The NA-Fluor Influenza Neuraminidase Assay Kit (Applied Bio-
systems, Foster City, CA, USA) was used to measure the NA
activity according to the manufacturer’s instructions. Briefly, VB
was combined with an assay buffer in a 96-well plate at
0e100 mmol/L for H1N1, H3N2, and influenza B viruses. Next,
H1N1, H3N2, or influenza B were added to the VB-containing
wells and incubated at 37 �C. Oseltamivir was used as a positive
control in the assay. After 30 min, NA-Fluor substrate was added
to each well and incubated for extra 2 h followed by measurement
(excitation: 365 nm; emission: 415e445 nm) with a fluorescence
spectrophotometer (Promega, Madison, WI, USA).

For the NA-XTD influenza neuraminidase assay, VB or osel-
tamivir carboxylate were added to the assay buffer in 96-well
plates at 0e100 mmol/L for oseltamivir-resistant A/PR8/34. Sub-
sequently, oseltamivir-resistant A/PR8/34 in assay buffer was
added to VB or oseltamivir carboxylate-containing wells and
incubated at 37 �C. Oseltamivir carboxylate was considered as the
positive control in the assay. After 20 min, NA-XTD substrate was
added to each well and incubated for an additional 30 min. Next,
NA-XTD accelerator was added to each well, followed by
recording the luminescence using a luminescence plate reader
(Promega, Madison, WI, USA).

2.6. In vitro assessment of antiviral effect

The antiviral effect of VB was determined based on the inhibition
of viral cytopathies, and the degree of cell viability was measured
using MTT assay. MDCK cells were infected with H1N1, H3N2,
and IBV, and A549 cells were infected with oseltamivir-resistant A/
PR8/34 virus at a VB concentration of 0.1, 1, 10, and 20 mmol/L.
After 24 h, 0.5 mg/mL MTT solution was added and formation of
purple formazan was dissolved using DMSO. The absorbance at
540 nm was recorded using Microplate Reader (BioTek, USA).

2.7. MTS assay

According to the manufacturer’s instructions, cell viability was
determined using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI, USA). MDCK
(1 � 105 cells/well) and A549 (1 � 105 cells/mL) cells were
seeded into 96-well plates, and VB was added to the wells at
0e200 mmol/L. After 48 h, MTS solution was added, and the cells
were incubated for an additional 2 h. The absorbance at 490 nm
was recorded using a GloMax Explorer Multimode Microplate
Reader (Promega, Madison, WI, USA). The values from the MTS
assay are presented as the mean � standard error of mean (SEM)
of four independent experiments.

2.8. Detection of GFP expression

MDCK and A549 cells were seeded into 24-well plates (1 � 105

cells/mL) for 24 h. For the co-treatment assay, VB PR8/34-GFP
(multiplicity of infection [MOI] Z 10) was added to VB at
different concentrations (1, 10, and 50 mmol/L) and incubated at
4 �C for 2 h. Cells were infected with a mixture of VB and viruses
at 37 �C for 2 h. Then, the viruses were removed, the cells were
washed with phosphate-buffered saline (PBS), and the medium
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was replaced with a complete media. After 24 h, viral GFP
expression was observed under a fluorescence microscope, and
quantitative analysis was done by flow cytometry (CytoFLEX;
Beckman Coulter Inc., Pasadena, CA, USA).

2.9. Real-time quantitative-polymerase chain reaction (RT-
PCR)

According to the manufacturer’s instructions, total RNA was
extracted from cell lysates using Trizol kit. Also, using the same
technique, RT-PCR was performed using AccuPower 2 � Greenstar
qPCR Master Mix (Bioneer, Daejeon, Republic of Korea) and a
CFX96 Touch Real-Time PCR System (Bio-Rad, Hercules, CA,
USA). The sense and antisense primer sequences are listed in
Supporting Information Table S2.

2.10. Western blotting

Cells were lysed using the PRO-PREP protein extract solution on ice
for 30min. Then, the supernatantwas collected after centrifugation at
13,200 � g for 30 min at 4 �C. The Bradford method was used to
determine the protein concentration. Protein samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, 8%e15% gel) and transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking with 0.5 � Ez-Block Chemi
(Amherst, MA, USA), the blots were incubated with antibodies and
detected using the ChemiDoc imaging system (UVITEC, Cleaver
Scientific Ltd., UK) with an enhanced chemiluminescence reagent
(ThermoScientific, Rockford, IL, USA).

2.11. Hemagglutination (HA) assay

According to studies, chicken red blood cells were diluted to 0.5%
using cold PBS. Then, a mixture containing 0.5% chicken red
blood cells and the diluted sample was incubated on round bottom
plates at room temperature, imaged, and counted.

2.12. Immunofluorescence (IF)

After coverslip coating with poly-D-lysine (Gibco, USA) for
15 min, A549 cells were seeded at 1 � 105 cells/mL for 24 h. The
cells were treated with a virus mixture and incubated at 37 �C for
24 h. They were then fixed with 4% paraformaldehyde in PBS for
10 min at room temperature and washed three times with PBS. The
cells were incubated with a blocking solution (5% BSA in PBS) for
30 min followed by NF-kB and Nrf2 antibodies overnight at 4 �C
for 24 h. After the reaction, the cells were washed with PBS and
incubated with secondary antibody for 30 min on a rocker. Finally,
they were washed with PBS and stained with Hoechst 33342 for
15 min. The coverslips were mounted on slides using a mounting
medium and were visualized using a fluorescence microscope
(Lionheart FX automated microscope, BioTek, USA).

2.13. Isolation of nuclear protein

Cells were lyzed in a lysis buffer with pH value of 7.8 containing Tris
(10 mmol/L), KCl (10 mmol/L), EDTA (0.1 mmol/L), MgCl2
(1.5 mmol/L), Nonidet P-40 (0.2%), dithiothreitol (0.5 mmol/L),
Na3VO4 (1 mmol/L), and phenylmethylsulfonyl fluoride (PMSF,
0.4 mmol/L). The nuclei were pelleted at 1000� g for 5 min at 4 �C
and resuspended in an extraction buffer with pH value of 7.8 con-
taining Tris (20 mmol/L), NaCl (420 mmol/L), EDTA (0.1 mmol/L),
MgCl2 (1.5 mmol/L), glycerol (20%), dithiothreitol (0.5 mmol/L),
Na3VO4 (1 mmol/L), and PMSF (0.4 mmol/L). The nuclear extracts
were then centrifuged at 10,000� g for 5 min divided into aliquots in
chilled tubes, frozen quickly in liquid nitrogen, and stored at�70 �C.
Protein concentration was determined by a BCA kit.

2.14. Antioxidant related enzyme activity

A549 cells were infected with IAV in 20 mmol/L VB for 24 h.
According to the manufacturer’s instructions, GSH/GSSG ratio in
cell lysate was measured using an Ez-glutathion kit (Dogen), and
activities of CAT and SOD in cell lysate were measured using
CAT assay kit and SOD assay kit, respectively (Cayman).

2.15. ROS

A549 cells were infected with IAV and co-treated with various
concentrations of VB (1, 10, or 20 mmol/L) for 24 h. The cells
were incubated with 1 mmol/L MitoSOX at 37 �C for 30 min and
washed with PBS for mitochondrial superoxide activity. The cells
were harvested by trypsinization for ROS quantitation, resus-
pended in 0.5-mL PBS, incubated with 5 mmol/L H2DCF-DA or
2 mmol/L dihydroethidium (HE), and analyzed by flow cytometry
(cytoFLEX, Beckman Coulter Inc., Brea, CA, USA).

2.16. The electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as mentioned above. EMSA for
DNA-binding activity of NF-kB was conducted with a nonradio-
active EMSA kit (Roche, Mannheim, Germany). The binding
activity of NF-kB-p65 in the influenza-infected cells was
confirmed by EMSAwith a DIG-labeled oligonucleotide (NF-kB:
50-AGT TGA GGG GAC TTT CCC AGG C-30). The nuclear
extract and the labeled oligonucleotide (Invitrogen) were incu-
bated in a binding buffer at room temperature for 1 h, and sub-
sequently, the mixture was subjected to electrophoresis on a
nondenatured polyacrylamide gel (6%), followed by an electro-
transfer to a positively charged nylon membrane. The membrane
was subsequently treated with anti-digoxigenin-Ap Fab fragments
(Roche). The chemiluminescent substrate CSPD (Roche) was
added, and the resulting chemiluminescence was detected by
autoradiography. The specificity of the NF-kB-binding complex
was tested by adding excess unlabeled oligonucleotide.

2.17. In vivo experiment

This study was performed following the guidelines of and
approved by the Institutional Animal Care and Use Committee of
the Laboratory Animal Center of Daegu-Gyeongbuk Medical
Innovation Foundation (DGMIF, DGMIF- 21010605-00). Female
BALB/c mice (5 weeks old) from Orient Bio Inc. (Seongnam,
Republic of Korea) were acclimated for at least one week under
standard housing conditions at DGMIF. A standard rodent chow
diet and water were administered ad libitum. The mice were
separated into three experimental sets containing three groups of
10 mice per set (PBS, VB [20 mg/kg] with virus infection, osel-
tamivir [OP, 20 mg/kg], and PBS with virus infection). Mice were
infected intranasally with a 50% murine lethal dose (LD50) of A/
PR/8/34 five times in 20 mL of PBS and orally administered with
20 mg/kg VB, OP, and PBS in a total volume of 200 mL, once
daily for 13 days after virus infection. The survival rate was
determined when the mouse died and the bodyweight decreased
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by 20%. Body weights and survival were monitored for 13 days
post-infection (dpi) at fixed time points. At 8 dpi, three mice from
each group were randomly sacrificed to measure lung histopa-
thology, and the remaining were used to examine survival. Lung
tissues were immediately fixed in paraffin-embedded neutral
buffer containing 10% formalin, sectioned to 4e6 mm thickness
using a microtome, mounted onto slides, stained with eosin, and
examined under an optical microscope.

2.18. In silico docking simulation and pharmacophore analysis

The H1N1 NA crystal structure (PDB code: 3TI6) was used as a
receptor for docking simulations. VB (ChemSpider ID: 17290428)
and the positive control, oseltamivir carboxylate (PubChem CID:
449381), were prepared by adding hydrogen to the molecules as
ligands. VB and oseltamivir carboxylate were docked onto a
predefined area with a 25 � 25 � 25 dimension using AutoDock
Figure 1 Effects of the major compounds isolated from Vitis vinifera L.

from Vitis vinifera. (B) Measurement of the antiviral effect of the major co

A virus (A/PR/8/34). Bar graph (mean � SEM) statistics were determined

Tukey’s post hoc test, ***P < 0.001; **P < 0.05, compared with the vir
Vina integrated with UCSF Chimera 1.15. The binding affinity of
VB and oseltamivir carboxylate to H1N1 NA is presented as the
lowest energy score of the docking simulation. In addition, the
molecular interactions between H1N1 NA and VB/oseltamivir
carboxylate were analyzed using the BIOVIA Discovery Studio
Visualizer.

2.19. Cytokines

IL-6 and TNF-a (mouse) levels in mouse blood serum were
measured using ELISA antibody kits (eBioscience), according to
the manufacturer’s instructions.

2.20. Statistical analysis

Data are expressed as mean � SEM. Statistically significant dif-
ferences in the mean values between the treatment and control
on neuraminidase (NA) activity. (A) Twelve major compounds isolated

mponents at 10 mmol/L using an NA inhibition assay against influenza

by the results of experiments (n Z 6) using a one-way ANOVA with

us-infected group (virus).



Figure 2 Determination of neuraminidase (NA) inhibition activity of vitisin B. Influenza viruses, including H1N1(A/PR/8/34), H3N2, and

influenza type B, were treated with the indicated concentrations of (A) oseltamivir carboxylate (OC) and (B) vitisin B. NA inhibition was

measured using NA activity kit. Antiviral activity of vitisin B and OC against various viruses, including H1N1, H3N2, and influenza B virus in

MDCK cells and oseltamivir-resistant A/PR8/34 viruses in A549 cells were conducted. The cells were infected with viruses at various (C) vitisin

B and (D) OC concentrations. Cell viability was analyzed by MTT assay and measured based on the OD of samples at 540 nm. Veh: Vehicle as

virus infection group. Bar graph (mean � SEM) statistical analysis was performed using results of experiments (nZ 6) using a one-way ANOVA

with Tukey’s post hoc test, ***P < 0.001 compared with the untreated group (Control). ###P < 0.001; ##P < 0.01; #P < 0.05 compared with the

virus-infected group (Veh). ns, not significance.
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groups were determined using a Chi-squared test and Bonferroni’s
correction. ANOVA was performed using Bonferroni’s post hoc
test to analyze three or more groups. Survival analysis was per-
formed using the KaplaneMeier method, and the statistical sig-
nificance of differences was determined using the log-rank test.
Analyses were performed using GraphPad PRISM software v.5.02
(GraphPad, La Jolla, CA, USA). Statistical significance was set at
P < 0.05.

3. Results

3.1. Inhibitory effect of VB isolated from Vitisin vinifera L. on
NA activity

NAIs have an important role in preventing the spread of influenza
infection by inhibiting NA activity, a surface glycoprotein of
influenza virus. We evaluated the effect of 12 compounds isolated
from Vitisin vinifera L., including resveratrol and resveratrol
condensation products, on IAV NA activity (Fig. 1A). The results
indicate that vitisin A, cis-vitisin A, and vitisin B inhibited NA
activity by 43%, 35%, and 58%, respectively (Fig. 1B). NA in-
hibition experiments were conducted for the H1N1 and H3N2
types of influenza A and B viruses using vitisin B. The results
indicate that vitisin B treatment resulted in a 50% NA inhibitory
effect on H3N2 and influenza B viruses at 37.7 and 32.6 mmol/L,
respectively (Fig. 2A), whereas it showed a 50% NA inhibitory
effect in H1N1 at 3.76 mmol/L (Fig. 2B). Furthermore, we
investigated whether VB exhibited NA activity against oseltamivir
(OC)-resistant A/PR8/34 viruses. As shown in Fig. 2A and B, OC
had no effect on OC-resistant viruses; however, VB treatment
resulted in a 50% NA inhibition at 12.9 mmol/L. Collectively,
these results indicate that vitisin B significantly inhibited NA
activity of the H1N1 influenza virus and vitisin B exhibited
antiviral effects by inhibiting the release of virus following NA
inhibition.

3.2. In vitro antiviral effects of VB on influenza and oseltamivir-
resistant A/PR8/34 viruses

Due to examining the antiviral effect of VB on influenza viruses,
including H1N1, H3N2, IBV, and OC-resistant viruses, the data
confirmed that VB showed EC50 values of 11.1 (H1N1), 7.1
(H3N2), and 11.7 mmol/L (IBV). In addition, OC showed EC50

values of 9.5 (H1N1), 6.3 (H3N2), and 5.3 mmol/L (IBV) in
MDCK cells. We analyzed the antiviral effect of VB on OC-
Figure 3 Effects of vitisin B on MadineDarby canine kidney (MDCK)

and then evaluated using an MTS assay. Bar graph (mean � SEM) statistic

way ANOVA with Tukey’s post hoc test, ***P < 0.001; **P < 0.01 com
resistant viruses in A549 cells. VB showed EC50 values of
18.1 mmol/L (OC-resistant A/PR8/34) but OC was not effective
against OC-resistant A/PR8/34 viruses (Supporting Information
Fig. S1). These results suggest that VB is an effective antiviral
agent against influenza A and B viruses and those resistant to the
NA inhibitor OC (Fig. 2C and D).

3.3. Antiviral effects of VB on IAV-infected MDCK and A549
cells

Based on the above results, we determined whether VB inhibits the
viral replication of influenza A of H1N1 virus-infected MDCK and
A549 cells. An influenza virus-encoding green-fluorescent protein
(GFP) was used. Prior to the experiment, an MTS assay was carried
out with various concentrations of VB (0e200 mmol/L) to deter-
mine whether it exhibits cytotoxicity in MDCK and A549 cells
(Fig. 3A and B). VB was cytotoxic at 100 mmol/L in A549 cells and
at 200 mmol/L in MDCK cells. Therefore, we determined whether
VB inhibited viral infection by treatment with a range of concen-
trations below 50 mmol/L, which did not show cytotoxicity in the
MTS assay.

VB inhibits viral GFP expression in MDCK and A549 cells
(Fig. 4A and B). GFP expression was quantified by flow cytom-
etry. VB inhibited viral GFP by 93% and 91% in MDCK and
A549 cells, respectively, at 50 mmol/L (Fig. 4C and D). VB also
inhibited virus infection in a concentration-dependent manner
through HA (Fig. 4E). VB decreased the expression of viral genes
including matrix protein (M1), non-structural protein 1 (NS1),
polymerase acidic protein (PA), and PB1, in MDCK cells
(Fig. 4F). Immunofluorescent images further indicated that VB
decreased the NA viral protein at 50 mmol/L compared with the
virus control (Fig. 4G). The expression of viral proteins in A549
and MDCK cells treated with influenza and VB were confirmed by
Western blot analysis. As shown in Fig. 4HeK, VB decreased
viral protein expression in a dose-dependent manner compared
with that of the influenza virus. Taken together, these results
indicate that VB suppressed viral infection by reducing the
expression of viral genes, including NA, PA, and PB1, in MDCK
and A549 cells.

3.4. Proteineligand docking simulation and pharmacophore
analysis of VB

We evaluated the binding affinity of VB to H1N1 NA (PDB code:
3TI6), which is responsible for releasing progeny virions from
and A549 cell viability. The cells were treated with vitisin B for 24 h

s were determined by the results of experiments (n Z 6) using a one-

pared with the untreated group (0).



Figure 4 Antiviral effects of vitisin B on influenza A virus in MDCK and A549 cells. The cells were co-treated with various concentrations of

vitisin B (1, 10, and 50 mmol/L) and influenza A viruses (A/PR/8/34/GFP and A/PR/8/34) and then the GFP levels were detected under a

fluorescence microscope in (A) MDCK and (B) A549 cells. Scale bar Z 100 mm. (C, D) Quantitative analysis was done by flow cytometry. (E)

Viruses were titrated from the supernatant using a hemagglutinin assay. (F) Expression of M1, NS1, PA, and PB1 mRNAwas measured by qRT-

PCR. (G) Immunofluorescence analysis indicating the level of influenza A virus NA in A549 cells. Scale bar Z 200 mm. Influenza A virus protein

levels in cell lysates were analyzed by Western blot analysis and quantitated using Image J software in (H, I) MDCK and (J, K) A549 cells. Bar

graph (mean � SEM) analysis was determined by the results of experiments (n Z 4) using a one-way ANOVA with Tukey’s post hoc test,

***P < 0.001 compared with the untreated group (CON). ###P < 0.001; ##P < 0.01; #P < 0.05 compared with the virus-infected group (Veh). ns,

not significance.
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infected host cells, using an in silico docking simulation52e54.

The binding affinity of VB and the positive control, oseltamivir
carboxylate, to H1N1 NA was predicted to be �6.6 and
�9.9 kcal/mol, respectively (Fig. 5). Despite the stronger H1N1
NA inhibition of oseltamivir compared with VB (Fig. 2), the high
binding affinity of VB from the docking simulations may have
resulted from a marked interaction of the H1N1 NAeVB com-
plex. Pharmacophore analysis revealed that VB strongly inter-
acted with H1N1 NA by forming 30 interactions (7 conventional/
1 carbon/1 piedonor hydrogen bonds and 13 van der Waals/1
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piecation/1 pieanion/1 piesigma/5 piealkyl interactions) with
H1N1 NA, whereas oseltamivir carboxylate formed 16 (4 con-
ventional hydrogen bonds, and 11 van der Waals/1 alkyl in-
teractions) with H1N1 NA55. The actual NA inhibitory activity
was influenced by various factors, including proteineligand in-
teractions and the binding direction of ligands. Oseltamivir
binding to H1N1 NA resulted in a rotation of E276 to form a salt
bridge with R224, which created a hydrophobic pocket in the
H1N1 NA. The hydrophobic oseltamivir pentyl ether group was
parallel to E276 and interacted with the hydrophobic I222,
enabling strong NA inhibition by oseltamivir46e49. However, VB
did not interact with the critical residues R224 and E2762 during
pharmacophore analysis, which may have contributed to the
difference in NA inhibition between oseltamivir and VB.

3.5. NF-kB inactivation contributes to the anti-IAV effect of VB

NF-kB regulates various cellular processes, including the in-
flammatory response, cell survival, and apoptosis50. Furthermore,
NF-kB is a major host signaling pathway implicated in influenza
virus replication. In fact, a previous study demonstrated that
infection with influenza viruses activates the NF-kB signaling
Figure 5 Docking simulation of vitisin B to the active site of the NA pro

prediction for docking between (A) oseltamivir carboxylate (OTC) or (B

evaluated with LigPlot þ v1.4.5.
pathway56,57. In the present study, we examined the effects of VB
on NF-kB translocation to the nucleus. We also determined the
phosphorylation status of p65, a functional subunit of NF-kB
complex, in the cytoplasm and nucleus. As shown in Fig. 6A and
B, VB inhibited NF-kB translocation to the nucleus and reduced
p65/NF-kB protein expression in the nucleus, thus inhibiting
influenza virus infection. The nuclear extracts of A549cells,
incubated in the presence or absence of VB, were analyzed using
DIG-labeled oligonucleotides corresponding to the NF-kB sites.
NF-kBeDNA formation was prominent in nuclear extracts from
influenza-infected A549 cells. However, NF-kB binding activity
was remarkably suppressed in influenza-infected A549 cells
when they were treated with VB (Fig. 6C). Previous studies have
indicated that MAPKs, IkB proteins, and IkB kinase (IKK) are
upstream regulators of NF-kB58. Therefore, we determined
whether VB upregulates these signaling pathways by measuring
total protein by Western blot analysis. Influenza virus infection
dramatically increased the phosphorylation of IKK, JNK, and
STAT1. However, VB decreased virus-induced phosphorylation
of IKK, JNK, and STAT1 (Fig. 6D and E). Collectively, these
data suggest that VB inhibited the translocation of NF-kB
through decreased phosphorylation of the IKK pathway.
tein of influenza virus H1N1 (3TI6 A chain). Computational structure

) vitisin B and the NA protein. The binding interaction was further
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3.6. VB inhibits virus-induced cellular ROS

IAV infection contributes to ROS production by stress in the
endoplasmic reticulum and mitochondria. In particularly, excess
ROS production causes an impaired redox balance, leading to
apoptosis and inflammation in the host cells28,59. In addition, IAV-
mediated ROS regulates signaling pathways, such as p38/JNK/
MAPK and NF-kB53. To determine whether VB decreases cellular
ROS levels in IAV-infected A549 cells, ROS levels were measured
using DCF-DA, HE, and mitoSOX. As shown in Fig. 7A and D,
H2O2 and O2

e were measured using DCF-DA and HE, respec-
tively. VB inhibited the levels of H2O2 and O2

e in IAV-infected
A549 cells in a dose-dependent manner (Fig. 7A and B).
Furthermore, mitochondrial ROS (mtROS) levels were measured
using mitoSOX. The results indicate that VB inhibited mtROS
levels in IAV-infected A549 cells (Fig. 7C and D). Redox ho-
meostasis is maintained by cellular enzymes, such as SOD, CAT,
and GPx, which participate in antioxidant defense systems25.
Western blot analysis was performed to confirm the expression
levels of antioxidant enzymes, such as SOD and CAT. As shown in
Fig. 7E and F, the expression of SOD and CAT decreased during
Figure 6 Vitisin B inhibits NF-kB translocation by influenza A virus inf

various concentrations of vitisin B for 24 h. (A) Cellular NF-kB was analyz

of the levels of cytosolic and nuclear NF-kB in cell lysates. (C) VB supp

DNA-binding activity of NF-kB in nuclear extracts was measured by EMSA

to assess the expression of total and phosphorylated IKK, JNK, and STAT

graph (mean � SEM) analysis was determined by the results of experim

***P < 0.001 compared with the untreated group (CON). ###P < 0.001; ##

not significance.
viral infection, but the expression of both proteins increased
following VB treatment. In addition, VB increased CAT and SOD
activities (Fig. 7G). Altogether, these data demonstrate that IAV
infection induced ROS production and reduces antioxidant
enzyme activity; however, VB marginally suppressed cellular
ROS and increases antioxidant enzymes in IAV-infected A549
cells.

3.7. VB improves Nrf2 expression on IAV-infected A549 cells

We confirmed in our results that VB increased antioxidant en-
zymes, such as SOD and CAT, which were reduced by viral
infection. Therefore, it was investigated whether there was an
effect following Nrf2 expression, which is an up-regulator of SOD
and CAT and a key regulator of redox homeostasis. ROS accu-
mulation induced Nrf2 translocation to the nucleus, leading to
transcription for antioxidant enzymes, such as SOD, CAT, and
GSH synthesis34,35. To determine whether VB increased Nrf2
translocation to the nucleus. As shown in Fig. 8A and B, VB
increased Nrf2 nuclear translocation and phosphorylation, which
was reduced by IAV infection. G6PD regulates oxidative stress
ection in A549 cells. Cells were co-infected with influenza A virus and

ed by immunofluorescence assay. Scale barZ 200 mm. (B) Evaluation

resses the binding activity of NF-kB in influenza-infected A549 cells.

. (D, E) Western blot analysis was performed using whole-cell lysates

1. Quantitative analysis was performed using Image J software. Bar

ents (n Z 4) using a one-way ANOVA with Tukey’s post hoc test,

P < 0.01; #P < 0.05 compared with the virus-infected group (Veh). ns,



Figure 7 Vitisin B inhibits ROS production by influenza A virus infection in A549 cells. Cells were co-infected with vitisin B and influenza A

virus and then ROS was detected using (A) DCF-DA, (B) HE, and (C, D) mitoSOX. The level of ROS was measured flow cytometry. Scale

bar Z 100 mm. (E, F) Antioxidant enzyme activity, such as CAT and SOD levels, in cell lysates were analyzed by Western blot analysis and

quantitated using Image J software. (G) CAT and SOD activities were measured using an assay kit. Bar graph (mean � SEM) analysis was

determined by the results of experiments (nZ 4) using a one-way ANOVAwith Tukey’s post hoc test, ***P < 0.001 compared with the untreated

group (CON). ###P < 0.001; ##P < 0.01; #P < 0.05, compared with the virus-infected group (Veh). ns, not significance.
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through involvement in reduced GSH regeneration from its
oxidized form as GSSG, a reaction catalyzed by glutathione
reductase34. Accordingly, we examined VB effect on G6PD
expression. The data show that VB increased G6PD expression in
reduced IAV-infected A549 cells (Fig. 8C). In addition, it was
confirmed that VB increased the GSH/GSSH ratio reduced by IAV
infection in A549 cells (Fig. 8D). Taken together, virus infection
decreased by the Nrf2-mediated antioxidant response, such as
G6PD downregulation; however, VB treatment increased the
translocation of Nrf2 to the nucleus and G6PD expression. Thus,
the data suggest that VB contributed to improving antioxidant
response in IAV-infected A549 cells.

3.8. VB inhibited IAV infection in BALB/c mice

Next, we determined the antiviral effects of VB against IAV
infection in mice. We measured survival and body weight
following daily administration of VB in IAV-infected mice. The
infected mice exhibited significant bodyweight loss by 5e7 dpi,
which resulted in death within 9 dpi compared with the control
mice. In contrast, VB-treated mice exhibited decreased mortality
and increased survival rates compared with IAV-infected mice
(Fig. 9A). Furthermore, an increase in body weight was observed
in VB-treated mice compared with IAV-infected mice (Fig. 9B).
Furthermore, immunofluorescent images indicate that the NA viral
protein was decreased in the lungs of VB-treated mice compared
with that of IAV-infected mice (Fig. 9C). We dissected the mouse
lungs (n Z 3) and combined them into one sample for RNA and
protein isolated. We confirmed the expression level of the viral
proteins by qRT-PCR and Western blot analysis. Both PCR and
Western blot results indicate that VB markedly reduced the
mRNA levels of NS1, HA, M2, and PB1 in IAV-infected lung
tissues (Fig. 9DeF). These data indicate that VB inhibited viral
replication in IAV-infected mice.

3.9. VB inhibited inflammation response in IAV-infected BALB/c
mice

The mouse lungs were sampled at 8 dpi and stained with hema-
toxylin and eosin (H&E) to identify histopathological changes



Figure 8 Effects of vitisin B on Nrf2-mediated antioxidant response in IAV-infected A549 cells. Cells were co-infected with influenza A virus

and various concentrations of vitisin B for 24 h. (A) Cellular Nrf2 was analyzed by immunofluorescence assay. Scale bar Z 200 mm. (B)

Evaluation of the levels of cytosolic and nuclear Nrf2 in cell lysates. (C) Western blotting was performed using whole-cell lysates to assess G6PD

expression. (D) Intracellular GSH/GSSG ratio measured after 24 h from infection by colorimetric assay as described in the section Methods and

represented as percentage (%) respect to control cells. Bar graph (mean � SEM) analysis was determined by the results of experiments (n Z 4)

using a one-way ANOVAwith Tukey’s post hoc test, ***P < 0.001 compared with the untreated group (CON). ###P < 0.001 compared with the

virus-infected group (Veh).
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caused by viral infection. The histological sections show that the
bronchial epithelial cells had significantly thickened alveolar walls
and pulmonary congestion in IAV-infected mice compared with the
control mice. These changes were ameliorated considerably by
administering VB or OP (Fig. 10A). In addition, the results of
blinded histological patterns after H&E staining revealed that IAV
infection induced inflammation in the lungs. We evaluated in-
flammatory factors, such as TNF-a and IL-6, using mouse serum
and RNA and protein isolated from the lungs. The results indicate
that VB treatment decreased TNF-a and IL-6 levels in the serum
and IAV-infected lung tissues (Fig. 10BeE). Taken together, these
results confirm that the inflammatory response increased by viral
infection was significantly ameliorated by VB.
4. Discussion

Long-term use of anti-influenza virus agents, such as oseltamivir,
results in the emergence of drug-resistant mutated strains as well
as side effects60. Therefore, the development of new drugs is
needed as an anti-influenza strategy based on novel targets and
reinforcement of the existing drug paradigm.

NA is a glycoprotein present on the surface of the influenza
virus that is required for the release of progeny virions from
infected host cells by cleaving sialic acid moieties on the cell
surface that bind to viral hemagglutinin61. NAIs prevent the
release of progeny virions by interacting with the highly
conserved active site of NA. However, a recent study demon-
strated that H274Y, E119G/D/A, H274Y, and mutations of NA
decrease virus susceptibility to NAIs, such as oseltamivir,
zanamivir, and peramivir, resulting in a need for new antiviral
agents9e19. Nevertheless, NA remains an attractive target for the
development of anti-influenza drugs. Novel and effective antiviral
agents for preventing and treating viral infections, such as SARS-
CoV-2 and influenza, may be present in natural products.

In the present study, we observed significant in vitro activity of
VB isolated from V. vinifera stem bark against IAV infection
through the inhibition of NA activity by direct binding to this viral
protein. Upon examining the structureeactivity relationship of VB
and related constituents, we had some interesting discoveries.
Ampelopsin A and ε-viniferin exhibited weak inhibitory effects;
however, when ampelopsin A unit was incorporated along with the
ε-viniferin unit (vitisin A and cis-vitisin A), the antiviral effects
increased significantly. Furthermore, VB, which contains two
units of ε-viniferin, exhibited the strongest inhibitory effect
against NA. Therefore, the ε-viniferin unit conjunction appears to
be a key functional element. These data will be useful in evalu-
ating the structureeactivity relationships of related constituents
and developing new antiviral agents (Fig. 11).

VB improved cell viability and reduced infection of influenza
viruses, including H1N1, H3N2, IBV in MDCK cells and
oseltamivir-resistant A/PR8/34 in A549 cells. Also, VB reduced
GFP-encoded IAV infection in MDCK and A549 cells. VB also
suppressed mortality and retained body weight compared with
viral infection alone and it reduced the inflammatory response.
These results accentuated the potential of VB against IAV
infection.

NAI (oseltamivir, zanamivir, and peramivir)-resistant influenza
viruses have emerged because of mutations in E119, H274, R292,
and N294 of NA. Therefore, research into the antiviral efficacy of



Figure 9 Effects of vitisin B on influenza A virus infection in BALB/c mice. Mouse nasal cavities were infected with influenza A virus after

oral administration with 20 mg/kg vitisin B. (A) Percent survival and (B) body weight were monitored daily until 7 days post-infection. (C)

Immunofluorescence analysis revealed the levels of influenza A virus NA in virus-infected mouse lung. Scale bar Z 100 mm. (D) Expression of

viral genes were measured using qRT-PCR in mouse lung lysates. (E, F) Influenza A virus protein levels in the cell lysates were analyzed by

Western blot analysis and quantitated using Image J software. Bar graph (mean � SEM) statistics were determined by the results of experiments

(n Z 10) using a one-way ANOVA with Tukey’s post hoc test, ***P < 0.001 compared with the untreated group (CON). ###P < 0.001;
##P < 0.01, compared with the virus-infected group (Veh). ns, not significance.
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natural products, including VB, against these resistant viruses is of
significant interest. Here, OC was ineffective against OC-resistant
viruses; however, VB was effective against them. The results
could be proposed as an attractive treatment for viral strains
resistant to conventional NA inhibitors.

To determine the antiviral mechanism of VB, we evaluated
NF-kB and ROS levels during infection. NF-kB and ROS have
important roles in viral replication and the inflammatory response in
host cells. Studies have demonstrated that overexpression of the
HA, NP, and M1 viral proteins may activate the NF-kB signaling
pathway. Other studies have demonstrated that activation of NF-kB
is required for viral replication and promotes the transcription of
inflammatory genes, leading to a robust inflammatory response.
Therefore, inactivating NF-kB is associated with antiviral effects. In
this study, we demonstrate that VB interferes with NF-kB activation
by inhibiting IKK and JNK phosphorylation, which contributes to
the antiviral effects against IAV infection. Furthermore, influenza
virus infection causes an imbalance of redox homeostasis by
increasing ROS production and GSH depletion in host cells. G6PD
restores NADPH dependent GSH level and is related to the Nrf2
pathway. In addition, decreased G6PD expression leads to increased
viral replication and oxidative stress. Therefore, Nrf2-mediated
G6PD pathway is an interesting target in virus-infection induced
oxidative stress. Moreover, VB reduces ROS generation and in-
creases Nrf2-mediated antioxidant gene expression as G6PD during
IAV infection.



Figure 10 Effects of vitisin B on inflammation in influenza A virus-infected BALB/c mice. (A) A representative H&E image showing the

histopathological damage in sectioned lung tissue of untreated mice and mice treated with vitisin B. (B) Serum TNF-a and IL-6 levels were

measured using an ELISA kit. (C, D) TNF-a and IL-6 levels in the lung lysates were analyzed by Western blot analysis and quantitated using

Image J software. Bar graph (mean � SEM) statistics were determined by the results of experiments (n Z 3) using a one-way ANOVA with

Tukey’s post hoc test, ***P < 0.001 compared with the untreated group (CON). ###P < 0.001; ##P < 0.01; #P < 0.05, compared with the virus-

infected group (Veh). ns, not significance.
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Studies have established that antioxidants, such as glutathione
and N-acetyl-L-cysteine (NAC), increase the host defense against
influenza infection62,63.

However, NAC does not directly exhibit antiviral effects on
influenza infection in vitro and reduces viral mortality in in vivo
Figure 11 Structureeactivity relationship b
experiments. NAC increases survival by reducing the inflamma-
tory response of lung tissues and enhancing the host defense
mechanism and oxidative stress control64. VB alleviated the in-
flammatory response based on mouse lung histology, indicating
that ROS downregulation has no direct effect on antiviral activity,
etween vitisin B and related compounds.
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but may inhibit viral replication and the inflammatory response
through a ROS-mediated NF-kB dual mechanism. However, based
on previous results, VB has a direct effect on NA and significantly
inhibits its activity. The combined administration of the NAI,
oseltamivir, and NAC to IAV-infected mice showed a synergistic
effect compared with either treatment alone65. Based on these
results, we suggest that VB exhibits antiviral effects by multi-
targeting through NA and antioxidative response. In addition, a
recent study indicated that SARS-CoV-2, a type of RNA virus that
has recently emerged as a global issue, increases ROS production
by inducing oxidative stress and cytokine secretion, inflammation,
and cell death through NF-kB activation in host cells66e68.
Therefore, it is anticipated that VB will be effective against the
SARS-CoV-2 virus, but this should be confirmed in future studies.
Therefore, naturally-derived VB has potential as a novel thera-
peutic agent for infectious diseases.

5. Conclusions

Our study indicates that VB is effective against IAV infection. The
antiviral effect of VB was demonstrated by multi-targeting
through the inhibition of the NA viral protein and suppression of
ROS production. In addition, VB ameliorated the inflammatory
response through NF-kB downregulation, decreased ROS gener-
ation, and increased expression of Nrf2-mediated antioxidant gene
as G6PD during IAV infection. Therefore, our study suggests
that VB is a useful drug for treating IAV infection and related
diseases.
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