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Influenza A virus (IAV) continues to threaten human health. To date, two classes of antiviral drugs have been
approved to treat IAV infection, but the continuous emergence of the drug-resistant IAV mutant reinforces the
need to develop new antiviral drugs. In this study, we aimed to investigate the anti-IAV activity of an aqueous
mixture of Agrimonia pilosa and Galla rhois extracts (APRG64). We demonstrated that APRG64 significantly
reduced the IAV-induced cytopathic effect, the transcription/expression of viral proteins, and the production of
infectious viral particles. Among nine major components of APRG64, apigenin was identified as the main
ingredient responsible for the anti-IAV activity. Interestingly, APRG64 and apigenin inhibited the cell attachment
and entry of virus and polymerase activity. Importantly, intranasal administration of APRG64 or apigenin
strongly reduced viral loads in the lungs of IAV-infected mice. Furthermore, oral administration of APRG64
significantly reduced the level of viral RNAs and the expression level of pro-inflammatory cytokines in the lungs,
which protected mice from IAV-induced mortality. In conclusion, APRG64 could be an attractive antiviral drug to
treat IAV infection.

1. Introduction

The influenza virus is a major infectious pathogen causing acute
respiratory disease. Due to its high transmissibility and mortality, the
influenza virus imposes a huge global burden on public health and the
economy [1,2]. The World Health Organization (WHO) estimates that
seasonal flu causes 290,000-650,000 deaths annually [3]. Influenza A
virus (IAV) is known to have greater potential to cause deadly pandemic
outbreaks than influenza B or C viruses [1]. For example, the 1918
Spanish flu and 2009 swine flu pandemics have resulted in substantial

morbidity and mortality [4].

Under the continuing threat of IAV, annual vaccination is the most
effective strategy to prevent IAV infection [5,6]. However, the effec-
tiveness of the IAV vaccine is frequently compromised due to antigenic
drifts or shifts caused by mutations in the viral RNA genome. Subse-
quently, new IAV variants often emerge that are capable of escaping
from vaccine-induced immunity [7]. To treat [AV-infected patients,
antiviral drugs, such as the neuraminidase inhibitor oseltamivir and the
IAV M2 protein inhibitor rimantadine, are clinically used to alleviate
symptoms and related complications [8]. Despite the effectiveness of

Abbreviations: AP, Agrimonia pilosa; APRG64, 50% ethanol aqueous extract mixture of Agrimonia pilosa and Galla rhois in a 6:4 ratio; CPE, cytopathic effect; C,,
cycle threshold; c.c., column chromatography; dpi, days post-infection; FBS, fetal bovine serum; hpi, hours post-infection; IAV, influenza virus type A; MDCK, Madin-
Darby canine kidney; MEM, minimum essential medium; mpk, milligram per kilogram; ODS, octadecyl silica gel; pfu, plaque-forming units; RG, Galla rhois; SiO,,
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Fig. 1. The inhibitory effect of APRG64 on IAV-induced CPEs. (A) MDCK cells were infected with IAV at a multiplicity of infection (MOI) of 0.1 for 1 h, then
untreated or treated with APRG64 (2.5, 5 or 10 pg/mL) or 10 pg/mL of oseltamivir phosphate for 24 h. Cells were stained with 1 % crystal violet solution to analyze
the percentage of attached cells. Representative images and the percentage of attached cells are presented. (B) MDCK cells were infected with IAV at an MOI of 0.1 for
1 h, then treated with APRG64 (2.5, 5 or 10 pg/mL) or oseltamivir phosphate (10 pg/mL). After 12 hpi, cells were stained with 7-AAD and Annexin V to analyze
apoptosis by flow cytometry. (C) MDCK cells were infected with IAV at an MOI of 0.1 for 1 h, then treated with 0, 1.25, 2.50, 5.00, 10.00, or 20.00 pg/mL of APRG64.
At 24 hpi, cells were stained with 1% crystal violet solution to determine the ECso of APRG64. (D) MDCK cells were untreated or treated with 200 nM of staur-
osporine (STS) in the presence or absence of APRG64 (10 pg/mL), after which cell viability was analyzed using 1 % crystal violet staining. Images were processed by
ImageJ software to quantify attached cells on the plate. Water was used as solvent control for APRG64. All graphs represent the average of three replicates. Sig-
Eiﬁcance was determined by Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. APRG: APRG64; Osel: Oseltamivir phosphate.

these drugs at reducing influenza-related morbidity and mortality, the
emergence of the drug-resistant variants poses a critical limitation to
their application. Antiviral drug-resistant variants have long been
associated with an increasing rate of seasonal influenza, probably due to
the widespread or indiscriminate use of antiviral drugs [9]. Thus, the
development of new antiviral drugs alongside the evolution of IAV is
essential to control IAV infections.

Agrimonia pilosa Ledeb. (Rosaceae) (AP), which belongs to the
Rosaceae family, reportedly possesses diverse biological activities, such
as antimicrobial [10], antihemostatic [11], antitumor [12], and anti-
viral properties [13-16]. Galla rhois (Anacardiaceae) (RG), the gall
produced by the aphid Schlechrendalia chineneis (Bell), reportedly has
antidiarrheal [17] and antimicrobial effects [18]. Interestingly, our
previous studies showed that an aqueous mixture of AP and RG extracts
in a 6:4 ratio (APRG64) exhibited potent antiviral activities against RNA
viruses, including hepatitis C virus (HCV) [19] and severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) [20]. Considering the
impact of influenza on public health, we further investigated whether
APRG64 also has antiviral activity against IAV infection.

2. Materials and methods
2.1. Plant materials, reagents, and instruments

Dried aerial parts of AP (place of origin: Korea) and RG (place of
origin: Korea) were purchased from BioKorea Co., Ltd. (Seoul, Korea).
Each sample was identified and authenticated based on its micro- and
macroscopic characteristics. Voucher specimens (BMRI-AP-1601 and
BMRI-RG-1602) were deposited in the Bio-Medical Research Institute,
Kyung Hee University. Extraction process and validation of each extract
was reported in our previous publication [21]. Each sample (20 kg) was
extracted with 50 % aqueous ethanol at 80 + 2 °C for 6 h and filtered.
The extracts of AP and RG were concentrated in vacuo. The resultant
final product yields of AP and RG were 1.57 and 11.59 kg, respectively.
The mixture of AP and RG, APRG64 was composed of the two extracts at
a 6:4 ratio. All samples were stored at 4 °C prior to use. Oseltamivir
phosphate (Sigma-Aldrich, St. Louis, MO, USA) was used as a positive
control.

The silica gel (SiO2) and the octadecyl silica gel (ODS) resins used for
column chromatography (c.c.) were Kieselgel 60 (Merck, Darmstadt,
Germany) and LiChroprep RP-18 (40-60 pm; Merck), respectively.
Sephadex LH-20 was purchased from Amersham Biosciences (Uppsala,
Sweden). Thin-layer chromatography (TLC) was carried out using Kie-
selgel 60 Fos4 and RP-18 Fas4s (Merck) TLC plates, and spots were
detected using a Spectroline Model ENF-240 C/F ultraviolet (UV) lamp
(Spectronics Corp., Westbury, NY, USA) and 10 % sulfuric acid (H2SO4)
solution. Deuterium solvents were purchased from Merck and Sigma-
Aldrich Co., Ltd. Nuclear magnetic resonance (NMR) spectra were
recorded on a 600 MHz FT NMR spectrometer (Bruker Avance 600,
Rheinstetten, Germany). Infrared (IR) spectra were obtained using a
Perkin Elmer Spectrum One FT-IR spectrometer (Buckinghamshire,
England). Fast atom bombardment mass spectrometry (FAB/MS) spectra
were recorded on a JEOL JMS-700 (Tokyo, Japan). Melting points were
obtained using a Fisher-Johns melting point apparatus (Fisher Scientific,
Miami, FL, USA) with a microscope; the obtained values were
uncorrected.

2.2. Cell and virus

Madin-Darby canine kidney (MDCK) cells were maintained in a hu-
midified incubator at 37 °C in the presence of 5 % CO,. Cells were
cultured in minimum essential medium (MEM, GenDEPOT, Katy, TX,
USA) containing 10 % fetal bovine serum (FBS, GenDEPOT) and 1 %
penicillin-streptomycin (PS, Welgene, Daegu, Korea). Trypan blue dye
solution (Thermo Scientific) was used for the trypan blue exclusion
assay. Influenza A/California/07,/2009 (H1N1) virus, A/Puerto Rico/8/
34 (HIN1, PR8) virus, and A/Aichi/2/68 (H3N2) virus were kindly
provided by Dr. Sang-Myeong Lee (Chungbuk National University,
Korea). For the infection, MDCK cells were incubated with IAV for 1 h in
MEM containing 0.3 % bovine serum albumin (BSA) (Thermo Scienti-
fic), and 2 pg/mL of TPCK-treated trypsin (Sigma-Aldrich). Amplifica-
tion and titration of the virus were performed in accordance with the
previously described method [22].

2.3. Cytopathic effect (CPE) assay

The CPE caused by influenza virus infection was visualized by crystal
violet staining. Briefly, IAV-infected MDCK cells were untreated or
treated with APRG64 for 24 h. Cells were subsequently fixed with 3.5%
formaldehyde (Samchun, Seoul, Korea) for 10 min and then stained with
a 1% crystal violet solution (Sigma-Aldrich). Each assay was performed
at least three independent times in triplicate with similar results.

2.4. Apoptosis analysis

To analyze apoptosis, MDCK cells were stained with 7-AAD and
Annexin V conjugated with Allophycocyanin (APC) (BioLegend, San
Diego, CA, USA). The data collected on the Attune™ NxT Acoustic
Focusing Cytometer (Thermo Scientific) were analyzed by FlowJo soft-
ware (BD Biosciences, Franklin Lakes, NJ, USA). Each assay was per-
formed three independent times with similar results.

2.5. Real-time quantitative PCR (RT-qPCR)

To extract total RNA from cells, NucleoZOL (Macherey-Nagel, Diiren,
Germany) was used in accordance with the manufacturer’s instructions.
Three hundred nanograms of RNA was used to synthesize cDNA using
the ReverTraAce qPCR RT kit (Toyobo, Osaka, Japan). Forward (F) and
reverse (R) primer sequences for amplification of genes were as follows:
viral matrix protein M1, (F) 5-AAGACCAATCCTGTCACCTCTG-3' and
(R) 5'-CAAAACGTCTACGCTGCAGTCC-3'; viral nucleoprotein (NP), (F)
5'-CCAGATCAGTGTGCAGCCTA-3' and (R) 5-CTTCTGGCTTTGCACTT
TCC-3/, positive (+) strand of viral M1, (F) 5'-AAGACCAATCCTGT-
CACCTCTG-3 and (R) 5-CAAAACGTCTACGCTGCAGTCC-3'; positive
strand of viral NP (F) 5-CCAGATCAGTGTGCAGCCTA-3' and (R) 5'-
CTTCTGGCTTTGCACTTTCC-3'; glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) for MDCK, (F) 5'-AACATCATCCCTGCTTCCAC-3' and
(R) 5'-GACCACCTGGTCCTCAGTGT-3/, tumor necrosis factor-alpha
(TNF-a) for mouse, (F) 5-GCCTCTTCTCATTCCTGCTTG-3’ and (R) 5'-
CTGATGAGAGGGAGGCCATT-3/, interferon-gamma (IFN-y) for mouse,
(F) 5-GGCCATCAGCAACAACATAAGCGT-3/, and (R) 5-TGGGTTGTT
GACCTCAAACTTGGC-3/, interleukin-6 (IL-6) for mouse, (F) 5-ACGG
CCTTCCCTACTTCACA-3' and (R) 5'-CATTTCCACGATTTCCCAGA-3/,
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Fig. 2. The suppressive effect of APRG64 on IAV replication. (A, B) MDCK cells were infected with IAV at a multiplicity of infection (MOI) of 0.1 for 1 h and then
treated with APRG64 (0, 2.5, 5 or 10 pg/mL). After 6 h, the expression level of viral M1 (A) and viral NP (B) was analyzed by RT-qPCR (n = 3). (C) Expression level of
IAV M1 and NS1 protein was analyzed by western blot. Actin was used as a loading control. (D) MDCK cells were infected with IAV at an MOI of 0.001 for 1 h, then
untreated or treated with APRG64 (2.5, 5 or 10 pg/mL) or oseltamivir phosphate (10 pg/mL) for 24 h, followed by titration of infectious viral particles using the
plaque assay (n = 3). (E) MDCK cells were infected with IAV at an MOI of 0.1 and then treated with APRG64 (0, 2.5, 5 or 10 pg/mL) for 6 h. Viral NP proteins (green)
and nuclei (DAPI", blue) were visualized by immunocytochemistry analysis (n = 3). Representative images (left panel) and the percentage of NP™ cells relative to
DAPI" cells are shown. Water was used as solvent control for APRG64. All graphs represent the average of three replicates. Significance was determined by Student’s
t-test. **, p < 0.01; ***, p < 0.001. APRG: APRG64; Osel: Oseltamivir phosphate.
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Fig. 3. Identification of anti-IAV components of APRG64. (A) Chemical structures of active components (1-9) isolated from APRG64 are shown. (B, C) MDCK cells
were infected with IAV at an MOI of 0.1 for 1 h, followed by treatment with afzelin (1, 10 pg/mL), apigenin (2, 5 pg/mL), apigenin 7-O-glucuronide (3, 10 pg/mL),
astragalin (4, 10 pg/mL), nicotiflorin (5, 10 pg/mL), quercetin (6, 2.5 pg/mL), quercitrin (7, 10 pg/mL), rutin (8, 5 pg/mL), or ursolic acid (9, 10 pg/mL). The
relative transcription levels of viral M1 and viral NP were analyzed by RT-qPCR (n = 3). Significance was determined by Student’s t-test. ns, not significant; *,

p <0.05; *** , p <0.001.

interferon-alpha (IFN-a) for mouse, (F) 5'-GGACTTTGGATTCCCGCAG-
GAGAAG-3' and (R) 5-GCTGCATCAGACAGCCTTGCAGGTC-3', interf
eron-beta (IFN-B) for mouse, (F) 5-AACCTCACCTACAGGGCGG
ACTTCA-3' and (R) 5'-TCCCACGTCAATCTTTCCTCTTGCTTT-3/, interle
ukin-1 alpha (IL-1a) for mouse, (F) 5-TCTCAGATTCACAACTGTTCG
TG-3' and (R) 5-AGAAAATGAGGTCGGTCTCACTA-3', GAPDH for
mouse, (F) 5-TCAAGCTCATTTCCTGGTATGACA-3' and (R) 5'-TAGGGC
CTCTCTTGCTCAGT-3'. RT-qPCR was performed on a CFX Connect real-
time system (Bio-Rad, Hercules, CA, USA). Each cycle threshold (C,) was
normalized to calculate AC; by GAPDH. Each assay was performed at
least three independent times in triplicate with similar results.

2.6. Western blot analysis

Cells were lysed using NP-40 buffer (ELPIS Biotech, Daejeon, Korea)
in the presence of protease inhibitors (Thermo Scientific). Cell extracts
were loaded onto a sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and then transferred onto a nitrocellulose
membrane (GE Healthcare, Chicago, IL, USA). For blocking, the mem-
brane was incubated with 2% BSA in TBST solution for 1 h and then
incubated with a primary antibody for viral M1 (Abcam, Cambridge,
UK), NP (Abcam), Actin (Santa Cruz Biotechnology, TX, USA), ERK (Cell
Signaling Technology, MA, USA), p-ERK (Cell Signaling Technology),
SAPK (Cell Signaling Technology), and p-SAPK (Cell Signaling Tech-
nology) overnight at 4 °C. The membrane was incubated with a sec-
ondary antibody conjugated with horseradish peroxidase (HRP; Cell
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Fig. 4. Inhibitory activity of apigenin on IAV-induced CPEs. (A) MDCK cells were infected with IAV at an MOI of 0.1, then treated with or without 1.25, 2.50, or
5.00 pg/mL of apigenin or 10 pg/mL of oseltamivir phosphate. After 24 h, cells were stained with 1 % crystal violet solution to analyze attached cells. Representative
images and the percentage of attached cells are shown. (B) MDCK cells were infected with IAV at an MOI of 0.1 for 1 h, then untreated or treated with apigenin (1.25,
2.5, or 5 pg/mL) or oseltamivir phosphate (10 pg/mL). After 12 hpi, cells that were stained with 7-AAD and Annexin V were analyzed by flow cytometry. (C) MDCK
cells were infected with IAV at an MOI of 0.1 and then treated with apigenin (0, 0.625, 1.25, 2.50, or 5.00 pg/mL). At 24 hpi, attached cells were quantified to
calculate the ECs of apigenin. (D) MDCK cells were untreated or treated with 200 nM of staurosporine (STS) in the presence or absence of apigenin (5 pg/mL). A CPE
assay was conducted to determine cell viability. Images were processed by ImagelJ software to quantify attached cells on the plate. Water was used as solvent control
for apigenin. All graphs represent the average of three replicates. Significance was determined by Student’s t-test. ns, not significant; * , p < 0.05; **, p < 0.01; *** ,

p < 0.001. Api: Apigenin; Osel: Oseltamivir phosphate.

Signaling Technology) for 1 h at room temperature. SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Scientific) was used to
detect blotted proteins. Each assay was performed at least three inde-
pendent times with similar results.

2.7. Plaque assay

The plaque assay was performed as previously described [22].
Briefly, MDCK cells were infected with IAV for 1 h, followed by incu-
bation with MEM containing 0.3 % BSA and 0.5 % agarose (Affymetrix,
Santa Clara, CA, USA) for 2 days. Cells were then fixed with 3.5 %
formaldehyde and removed from the agarose gel. Plaques were visual-
ized by staining cells with a 1% crystal violet solution.

2.8. Immunocytochemistry

MDCK cells were fixed with 4 % formaldehyde, followed by per-
meabilization with 0.5 % Triton X-100 (Sigma-Aldrich). After treatment
with anti-IAV NP antibody (Abcam), cells were incubated with Alexa
Fluor 488-conjugated secondary antibody (Thermo Scientific). DAPI
(4',6-diamidino-2-phenylindole) solution (Sigma-Aldrich) was used to
detect nuclei. Cell images were captured by an N-SIM S Super Resolution
Microscope (Nikon, Tokyo, Japan) and analyzed by an N-SIM image
acquisition software browser (Nikon). Each assay was performed at least
three independent times in triplicate with similar results.

2.9. Molecular docking analysis

The structural data of apigenin and the various viral protein
including M1 (PDB ID: 4PUS), NP (PDB ID: 6J1U), NS1 effector domain
(PDB ID: 3M5R), NS1 RNA-binding domain (PDB ID: 3M8A), HA
receptor-binding-domain (PDB ID: 3UYW), NA (PDB ID: 6HPO), PA (PDB
ID: 2ZNL), PB1 (PDB ID: 2ZNL), PB2 C-terminal domain (PDB ID:
3CW4), PB2 middle domain (PDB ID: 4J2R), and PB2 cap-binding
domain (PDB ID: 4ENF) were used for molecular docking analysis. The
crystal structure of proteins was retrieved from the Research Collabo-
ratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB).
Molecular docking carried out to predict binding affinity and structural
conformation between apigenin and 11 viral proteins by using Autodock
Vina [23] and Autodock tools 1.5.2 [24]. The structure of apigenin was
converted into the PDB format using Open Babel (Ver. 2.4.1, http://o-
penbabel.org). Subsequently, the 11 IAV proteins were imported into
MGL tools (1.5.6), and polar hydrogens were added to each structure,
and Kollman charges was introduced to the proteins. The ligand and IAV
proteins were converted into the PDBQT (Protein Data Bank, Partial
Charge (Q), and Atom Type (T)). The grid size was set to cover the entire
IAV proteins with grid spacing of 1 A. The molecular docking was per-
formed by autodock vina with following parameters; exhaustiveness =
8, num_modes = 9, energy_range = 0.5. Five times of repeated calcu-
lation between ligand and IAV protein was performed, and the highest
negative binding energy was adopted to calculate the mean binding
energy and standard deviations.

2.10. Animals

All animal experiments were performed in accordance with protocols

approved by the Institutional Animal Care and Use Committee at Institut
Pasteur Korea (Approval No.: IPK-21,003). Six- to seven-week-old
C57BL/6 male mice were used for all experiments. For oral adminis-
tration, mice were intragastrically treated with 200 uL of distilled water
(H20)-containing APRG64 (25 or 50 mg/kg) once per day. Viral RNAs,
cytokines, and infectious viral particles in mouse lungs were analyzed by
RT-qPCR, ELISA, or plaque assay. Each experiment was performed at
least two independent times in triplicate with similar results.

2.11. Engyme-linked immunosorbent assay (ELISA)

The mouse lung tissues were homogenized with beadbeater (Biospec
Products, Bartlesville, OK, USA) in the presence of a proteinase inhibitor
(Thermo Scientific). The homogenates were centrifuged at 7679 x g for
5 min at 4 °C, and the supernatant used for ELISA. To detect pulmonary
TNF-a, IFN-y, and IL-6, ELISA MAX™ Deluxe kits (BioLegend) were used
according to the manufacturer’s protocol. Each experiment was per-
formed two independent times in triplicate with similar results.

2.12. Isolation procedure of active components from APRG64

The obtained extract of APRG64 (2 kg) was suspended in HO (1.5 L)
and then successively extracted with ethyl acetate (EtOAc, 1.5 L x 3)
and n-butanol (n-BuOH, 1.5 L x 3). Each layer was concentrated under
reduced pressure to obtain EtOAc (APRG64-E, 178 g), n-BuOH
(APRG64-B, 328 g), and HyO (APRG64-W, 494 g) fractions. The
APRG64-E fraction (178 g) was subjected to a SiO; c.c. (¢ 12 x 20 cm)
and eluted with chloroform—methanol (CHCl3 —MeOH,
30:1-20:1-10:1-3:1; 18 L of each) to yield 25 fractions (APRG64-E-1
to APRG64-E-13). Fraction APRG64-E-13 [609.2 mg, elution volume/
total volume (V,/Vy 0.224 — 0.230] was subjected to ODS c.c. (¢ 3.5 x
5.0 cm) and eluted with acetone—H20 (1:1—-3:1; 10 L of both) to yield
17 fractions (APRG64-E-13-1 to APRG64-E-13-17). Fraction APRG64-
E-13-14 (150.9 mg, V./V,; = 0.315 —0.444) was subjected to an ODS c.c.
(¢ 2.5 x 5.0 cm) and eluted with MeOH—H50 (3:1; 6 L) to ultimately
produce 12 fractions (APRG64-E-13-14-1 to APRG64-E-13-14-12)
together with purified compound 2 [apigenin, APRG64-E-13-14-7,
10.7 mg, V,/V;0.306 — 0.456, TLC (SiO2 F2s4) retention factor (Ry) 0.46,
CHCl3 —MeOH = 20:1] and compound 9 [ursolic acid, APRG64-E-
13-14-10, 44.4 mg, V,/V;0.621 — 0.765, TLC (SiO2 F254) R;0.56, CHCI3
—MeOH = 20:1]. Fraction APRG64-E-23 [7.9 g, V,/V; 0.683 — 0.720]
was subjected to an ODS c.c. (¢ 7.0 x 7.0 cm) and eluted with aceto-
ne—H50 (1:3—1:2; 30 L of both) to yield 12 fractions (APRG64-E-23-1
to APRG64-E-23-12) together with purified compound 7 [quercitrin,
APRG64-E-23-5, 684.5 mg, V,/V; 0.423 — 0.660, TLC (SiO3 Fas4) Ry
0.70, CHCl3 —MeOH = 2:1]. Fraction APRG64-E-23-3 (648.3 mg, V./V,
= 0.015 —0.023) was subjected to an ODS c.c. (¢ 3.0 x 5.0 cm) and
eluted with MeOH—H,0 (1:2; 8 L) to ultimately produce 11 fractions
(APRG64-E-23-3-1 to APRG64-E-23-3-11) together with purified
compound 6 [quercetin, APRG64-E-23-3-9, 24.1 mg, V./V; 0.756 —
0.795, TLC (SiOz Fas4) Ry 0.42, CHCl3 —MeOH = 20:1]. Fraction
APRG64-E-23-6 (258.3 mg, V,./V; = 0.111 —0.153) was subjected to
SiO2c.c. (¢ 3.0 x 15 cm) and eluted with CHCl3 —MeOH-H,0
(20:3:1-10:3:1; 6 L of both) to yield 17 fractions (APRG64-E-23-6-1 to
APRG64-E-23-6-17). Fraction APRG64-E-23-6-3 (81.4 mg, V./V; =
0.078 —0.140) was subjected to an ODS c.c. (¢ 1.5 x 8.0 cm) and eluted
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Fig. 5. The suppressive effect of apigenin on IAV replication. (A, B) MDCK cells were infected with IAV at an MOI of 0.1 for 1 h and then treated with apigenin (0,
1.25, 2.50, 5.00 pg/mL). After 6 h, the transcription level of M1 (A) and NP (B) was analyzed by RT-qPCR (n = 3). (C) Viral M1 and NS1 protein expression level was
analyzed by western blot. Actin was used as a loading control. (D) MDCK cells were infected with IAV at an MOI of 0.001 for 1 h and then treated with apigenin (0,
1.25, 2.5, 5 ug/mL) or oseltamivir phosphate (10 pg/mL). At 24 hpi, a plaque assay was performed to measure infectious viral titers (n = 3). (E) MDCK cells were
infected with IAV at an MOI of 0.1 for 1 h and then treated with apigenin (0, 1.25, 2.50, 5.00 pg/mL) for 6 h. Viral NP proteins (green) and nuclei (DAPI', blue) were
visualized by immunocytochemistry analysis (n = 3). Representative images (left panel) and the percentage of NP cells relative to DAPI" cells are shown. Water was
used as solvent control for apigenin. All graphs represent the average of three replicates. Significance was determined by Student’s t-test. ***, p < 0.001. Api:
Apigenin; Osel: Oseltamivir phosphate.
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Table 1
Binding energy between the 11 IAV proteins and apigenin calculated by mo-
lecular docking analysis.

IAV proteins Apigenin

Binding Energy (kcal / mol)

M1 -6.620 + 0.03742
NP -7.840 + 0.06000
NS1_ED -6.660 + 0.02449
NS1_RBD -6.760 & 0.04000
HA_RBD -8.280 + 0.02000
NA -6.700 + 0.03162
PA -8.000 & 0.00000
PB1 -3.400 + 0.00000

-7.500 + 0.00000
-7.000 + 0.00000
-5.900 + 0.00000

PB2_C terminal domain
PB2_middle domain
PB2_cap binding domain

with MeOH—-H30 (2:3; 2 L) to ultimately produce eight fractions
(APRG64-E-23-6-3-1 to APRG64-E-23-6-3-8) together with purified
compound 1 [afzelin, APRG64-E-23-6-3-6, 6.7 mg, V./V; 0.538 —
0.629, TLC (SiO2 Fas4) Ry 0.54, CHCl3 —MeOH = 20:1]. Fraction
APRG64-E-23-6-3-4 (31.8 mg, V./V, = 0.156 —0.241) was subjected to
a Sephadex LH-20c.c. (¢ 1.5 x 50 cm) and eluted with 100% MeOH (1.5
L) to ultimately produce six fractions (APRG64-E-23-6-3-4-1 to
APRG64-E-23-6-3-4-6) together with purified compound 4 [astragalin,
APRG64-E-23-6-3-4-2, 26.5 mg, V./V; 0.502 — 0.742, TLC (SiO2 Fas4)
Rf0.50, CHCl3 —MeOH—H50 = 7:3:1]. Fraction APRG64-E-23-8 (2.4 g,
Ve/V; = 0.253 —0.423) was subjected to SiO; c.c. (¢ 4.0 x 15 cm) and
eluted with CHCl3 —MeOH—H50 (20:3:1-10:3:1-7:3:1-6:4:1; 6 L of
each) to ultimately produce 24 fractions (APRG64-E-23-8-1 to APRG64-
E-23-8-24) together with purified compound 3 [apigenin 7-O-$-D-
glucuronide, APRG64-E-23-8-3, 175.3 mg, V,/V; 0.056 — 0.209, TLC
(SiO2 Fas4) Rf 0.52, CHCl3 —MeOH—H,0 = 12:3:1], compound 5 [nic-
otiflorin, APRG64-E-23-8-5, 22.9 mg, V,/V; 0.377 — 0.501, TLC (SiO5
Fas4) Ry 0.34, CHCl3 —MeOH—-H20 = 12:3:1], and compound 8 [rutin,
APRG64-E-23-8-16, 7.9 mg, V./V; 0.760 — 0.809, TLC (SiO3 Fas4) Ry
0.61, CHCl3 —MeOH—-H,0 = 6:4:1].

Afzelin (1): Yellow amorphous powder (MeOH); positive FAB/MS m/
Z 433 [M + H]™; IR (KBr, v) 3400, 1660, 1605, and 1500 em L

Apigenin (2): Yellow amorphous powder (MeOH); positive FAB/MS
m/z 271 [M + H]™; IR (KBr, v) 3420, 2935, 1645, and 1605 em L

Apigenin 7-O-f-D-glucuronide (3): Yellow amorphous powder
(MeOH); positive FAB/MS m/z 469 [M + Na]™; IR (KBr, v) 3455, 1645,
1510, and 1365 cm L.

Astragalin (4): Yellow amorphous powder (MeOH); positive FAB/MS
m/z 471 [M + Nal*; IR (KBr, v) 3350, 2930, 2365, 1655, and 1610 em ™

Nicotiflorin (5): Yellow amorphous powder (MeOH); positive FAB/
MS m/z 639 [M + Na]™; IR (KBr, v) 3365, 2940, 2360, 1655, 1600, and
1515 cm ™.

Quercetin (6): Yellow amorphous powder (MeOH); positive FAB/MS
m/z 303 [M + H]™; IR (KBr, v) 3350, 1680, and 1615 cm L

Quercitrin (7): Yellow amorphous powder (MeOH); positive FAB/MS
m/z 449 [M + H]™; IR (KBr, v) 3358, 1659, 1610, and 1500 em L

Rutin (8): Yellow amorphous powder (MeOH); positive FAB/MS m/z
611 [M + H]™; IR (KBr, v) 3405, 3930, 1660, and 1565 cm™".

Ursolic acid (9): White amorphous powder (MeOH); positive FAB/
MS m/z 457 [M + H]*; IR (KBr, v) 3400, 1732, and 1680 cm ™.

2.13. Statistical analysis

All experiments were repeated at least twice, with similar results.
Statistical significance was determined by either Student’s t-test or
Tukey’s post hoc test following analysis of variance (ANOVA). Statistical
analyses were conducted using Prism 5 software (GraphPad Software,
Inc., La Jolla, CA, USA).
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3. Results
3.1. APRG64 protects cells from IAV-induced CPE

Based on the potent antiviral activity of APRG64 against RNA vi-
ruses, such as HCV [19] and SARS-CoV-2 [20], we hypothesized that
APRG64 has antiviral activity against IAV. First, we tested whether
APRG64 protected cells from IAV-induced CPE. To this end, IAV
(A/California/07/2009)-infected MDCK cells were treated with various
concentrations (0, 2.5, 5.0, and 10 pg/mL) of APRG64 that did not
induce significant cytotoxicity (Fig. SIA and S1B). While robust CPE was
observed in IAV-infected, untreated MDCK cells, APRG64 treatment
significantly prevented IAV-induced CPEs in a dose-dependent manner
(Fig. 1A). Similarly, APRG64 was shown to prevent IAV-induced
apoptosis in a dose-dependent manner (Fig. 1B). The 50 % effective
concentration (ECsp) of APRG64 was calculated as 6.274 pg/mL
(Fig. 1C). To exclude the possibility that APRG64 could prevent
virus-independent cell death, MDCK cells were treated with APRG64 in
the presence of staurosporine (STS), a well-known apoptosis inducer
[25]. Although STS treatment potently induced cell death, additional
treatment with APRG64 did not prevent STS-induced cell death
(Fig. 1D). Collectively, these results suggest that APRG64 protects MDCK
cells from IAV infection-induced CPEs.

3.2. APRG64 suppresses IAV replication

As CPEs occur in host cells as a result of IAV replication, the reduced
CPE in APRG64-treated cells (Fig. 1) is possibly due to attenuated viral
replication. To test this possibility, IAV-infected MDCK cells were
treated with APRG64 and then analyzed for the production of viral
mRNAs, proteins, and infectious particles. APRG64 treatment strongly
suppressed the transcription of IAV M1 (Fig. 2A) and NP (Fig. 2B) in a
dose dependent manner. Consistent with these results, the expression of
viral proteins, including M1 and non-structural protein 1 (NS1), was
substantially suppressed by APRG64 treatment (Fig. 2C). Subsequently,
APRG64 treatment significantly reduced the production of infectious
viral particles (Fig. 2D). Furthermore, the number of IAV NP-expressing
cells was significantly reduced by APRG64 (Fig. 2E) in a dose dependent
manner when analyzed by immunocytochemistry. Taken together, these
results strongly support that APRG64 possesses potent anti-IAV activity.

3.3. Identification of antiviral components from APRG64

Next, we attempted to identify the active antiviral components in
APRG64 responsible for its observed potent anti-IAV activity. To this
end, the concentrated extracts (APRG64) were partitioned into EtOAc, n-
BuOH, and H,O fractions. The EtOAc fraction (APRG64-E) was used to
isolate active metabolites because major flavonoid spots were observed
on a TLC plate. The fractions separated by c.c. using SiO, ODS, and
Sephadex LH-20 yielded eight flavonoids (1—8) and one triterpenoid
(9). These compounds were identified as afzelin (1) [26], apigenin (2)
[27], apigenin 7-O-p-D-glucuronide (3) [28], astragalin (4) [29], nic-
otiflorin (5) [29], quercetin (6) [29], quercitrin (7) [26], rutin (8) [30],
and ursolic acid (9) [20] following extensive analysis of data from
various spectroscopic methods, including IR, FAB/MS, one-dimensional
lH, 13C, and distortionless enhancement by polarization transfer (DEPT)
NMR, and two-dimensional NMR experiments, specifically correlation
spectroscopy (COSY), heteronuclear single-quantum correlation spec-
troscopy (HSQC), and heteronuclear multiple-bond correlation spec-
troscopy (HMBC) (Fig. 3A).

Next, we examined the anti-IAV activity of those APRG64 compo-
nents. IAV-infected cells were treated with the concentration of each
compound that did not significantly induce cytotoxicity (Fig. S2), fol-
lowed by analyzing the transcription level of viral M1 and NP. Among
the nine components, eight (afzelin, apigenin, apigenin 7-O-glucuro-
nide, astragalin, nicotiflorin, quercetin, quercitrin, and ursolic acid)



Y.-H. Joo et al. Biomedicine & Pharmacotherapy 155 (2022) 113773

A, B C D

1.27 *kk *kk
127 T ' 127 T '
~1.21 _ £1.01 _ o i
21,01~ < 10 210/
o e 08 208
2 206 kS 2
o6 0.6 0.6 —
2061 g g0 20
T 0.4- B 04 504 50.4
[0} [0) ] Q
& 0.2 @ 0.2 €02 - 0.2
O T T 0 T T O T T O T T
- APRG Api - APRG Api Pre Pre ) Pre Pre
APRG Api APRG Api
- *k — dokk
12, =2 12, 2=
%1.0 %1.0 —
3 0.8 5 0.8
20.6 — 206
= 2
£ 0.4 5 0.4
202 202
: : 0 : :
- APRG Api - APRG Api
1.2 1.2
S 1.0+ 31.04=
2 0 8_ *kk *kk *kk *kk *kk *kk %/0 8_ *kk *kk *kk *kk *kk *kk
3 o
?>’ 0.6+ E 0.6+
% 0.4 2 0.4+
© ©
o 0.2 o 0.2 I_I
T T 0 T T
- APRG Api APRG Api APRG Api - APRG Api APRG Api APRG Api
0 hpi 2 hpi 4 hpi 0 hpi 2 hpi 4 hpi
I *kk J *% K IAV
1 1 - - APR Api
1 2 *kk 1 2 - *kk = SE G pl
1.01 = 01.01 =R
= z
£08- o8 P-ERK
© ©
E 0.6 —_ E 0.6 SAPK
204 204
5 o P-SAPK |
©0.21 20.2
0 T T 3 0 T T N Actin|’ )
- APRG Api - APRG Api s b

(caption on next page)

10



Y.-H. Joo et al.

Biomedicine & Pharmacotherapy 155 (2022) 113773

Fig. 6. The antiviral modes of action of APRG64 and apigenin. (A, B) MDCK cells were untreated or treated with 10 pg/mL of APRG64 or 5 pg/mL of apigenin for 4 h.
After washing with PBS thrice, MDCK cells were infected with a 0.1 MOI of IAV for 1 h. The transcription levels of IAV M1 (A) and NP (B) were analyzed by RT-qPCR
at 6 hpi (n = 3). (C, D) MDCK cells were incubated in the presence or absence of APRG64 (10 pg/mL) or apigenin (5 pg/mL) for 1 h at 37 °C and then infected with
IAV for additional 1 h. At 6 hpi, the transcription levels of IAV M1 (C) and NP (D) were analyzed by RT-qPCR (n = 3). (E, F) The IAV that was incubated with 10 pg/
mL of APRG64 or 5 pg/mL of apigenin for 1 h at 4 °C was added to MDCK cells. After 1 hr incubation at 37 °C, cells were washed with PBS thrice. At 6 hpi, the
transcription levels of IAV M1 (E) and NP (F) were analyzed by RT-qPCR (n = 3). (G, H) MDCK cells were infected with IAV at an MOI of 0.1 for 1 h, followed by
treatment with APRG64 (10 pg/mL) or apigenin (5 pg/mL) at 0, 2, or 4 hpi. At 6 hpi, the transcription levels of IAV M1 (G) and NP (H) were analyzed by RT-qPCR
(n = 3). (I, J) MDCK cells were infected with IAV at a 0.1 MOI for 1 h. At 5 hpi, cells were treated with APRG64 (10 pg/mL) or apigenin (5 pg/mL). The positive (+)
RNA strand expression levels of IAV M1 (I) and NP (J) were analyzed by RT-qPCR at 6 hpi (n = 3). (K) MDCK cells were infected with IAV at a 0.1 MOI for 1 h and
then treated with APRG64 (10 pg/mL) or apigenin (5 pg/mL). At 6 hpi, the expression levels of ERK, p-ERK, SAPK, p-SAPK, and actin were measured by western blot.
All graphs represent the average of three replicates. Water was used as solvent control for APRG64 and apigenin. Significance was determined by Student’s t-test

+ SEM. **, p < 0.01; *** , p < 0.001. APRG: APRG64; Api: Apigenin.

significantly reduced the expression of both viral M1 (Fig. 3B) and NP
(Fig. 3C) mRNAs. Notably, among these components, apigenin had the
most potent anti-IAV activity.

3.4. Apigenin is a major antiviral component of APRG64

Given the potent antiviral activity of apigenin, we performed addi-
tional analyses to ascertain its antiviral mode of action. When IAV-
infected MDCK cells were treated with apigenin at doses (1.25, 2.50,
or 5.00 pg/mL) that did not induce significant cytotoxicity (Fig. S3),
IAV-induced CPEs were notably reduced in a dose-dependent manner
(Fig. 4A). When cells were analyzed for apoptosis, apigenin was shown
to reduce IAV-induced apoptotic cell death (Fig. 4B). Its ECso was
measured as 1.438 pg/mL (Fig. 4C). However, apigenin treatment did
not protect cells from viral infection-independent cell death caused by
STS treatment (Fig. 4D), which was similar to the protective effect of
APRG64 (Fig. 1D).

Consistent with the former screening results (Figs. 3B and 3C), api-
genin treatment greatly reduced the transcription (Fig. 5A and B) and
expression level of viral proteins in a dose dependent manner (Fig. 5C).
In addition, the production of infectious viral particles was dramatically
reduced by apigenin treatment (Fig. 5D). Furthermore, when cells were
treated with apigenin, viral-NP-expressing cells were barely detected
(Fig. 5E), indicating its potent antiviral activity.

In order to further investigate the potential antiviral mechanism of
apigenin, we conducted molecular docking analysis with respect to the
IAV proteins (M1, NP, NS1 ED, NS1 RBD, HA RBD, NA, PA, PB1, PB2 C-
terminal domain, PB2 middle domain, and PB2 cap-binding domain).
Interestingly, apigenin has a potential to interact with viral NP (binding
energy: —7.840 £ 0.06000 kal/mol), HA RBD (binding energy: —8.280
+ 0.02000 kal/mol), and polymerases (PA, binding energy: —8.000
+ 0.00000 kal/mol; PB2 C-terminal domain, binding energy: —7.500
+ 0.00000 kal/mol) with high binding energy (Table 1).

Collectively, these results indicate that apigenin is a major antiviral
component of APRG64.

3.5. APRG64 and apigenin interfere with multiple steps of IAV replication

Next, we examined whether APRG64 and apigenin also have anti-
viral activity against other IAV strains. To this end, MDCK cells were
infected with another H1N1 strain of influenza (PR8) and treated with
APRG64 or apigenin. Similar to their antiviral effect on the influenza A/
California/07/2009 (H1N1) strain, APRG64 and apigenin strongly
decreased viral protein expression in PR8-infected cells (Fig. S4A).
Furthermore, APRG64 and apigenin displayed strong antiviral activity
on the influenza A/Aichi/2/68 (H3N2) (Fig. S4B). In addition, the anti-
IAV activities of APRG64 and apigenin were comparable to that of
oseltamivir phosphate (Tamiflu), an antiviral neuraminidase inhibitor
used clinically for the treatment of IAV infection (Fig. S4C).

IAV replication begins with viral attachment, followed by viral entry
into cells. Thus, we examined whether APRG64 and apigenin interfere
with these early steps of viral replication. First, we tested whether
APRG64 and apigenin could provide host cell protection. Cells were

11

treated with APRG64 or apigenin for 4 h and then washed out with PBS,
followed by IAV infection. However, the transcription level of viral M1
(Fig. 6A) or NP (Fig. 6B) was not significantly altered by preincubation
with APRG64 or apigenin. Second, we tested whether pre-treatment
with APRG64 or apigenin interferes with IAV infectivity. When cells
were infected with IAV in the presence of APRG64 or apigenin, the
transcription level of viral M1 (Fig. 6C) and NP (Fig. 6D) was signifi-
cantly reduced. Third, we conducted virus binding assay [31] to test
their effect on viral attachment. To this end, IAV that was incubated with
APRG64 or apigenin 1h was added to MDCK cells. Interestingly,
APRG64 and apigenin significantly suppressed the transcription level of
viral M1 (Fig. 6E) and NP (Fig. 6F). Lastly, the treatment with APRG64
or apigenin at 0, 2, or 4 h post-infection (hpi) significantly reduced viral
M1 (Fig. 6G) and NP (Fig. 6H) transcription level. These results suggest
that APRG64 and apigenin inhibit the early steps of IAV replication,
including viral attachment and entry.

The activity of IAV RNA-dependent RNA polymerase (RdRP), which
transcribes viral negative (-) RNA strands into positive (+) RNA strands,
is critical for IAV replication. Therefore, we examined whether APRG64
and apigenin influence IAV RdRP activity. RARP activity could be
measured by the expression level of (+) RNA strands of IAV M1 and NP.
Cells were treated with APRG64 or apigenin at 5 hpi because (+)-strands
of viral M1 and NP RNAs were dramatically increased from 5 hpi [32],
and their expression levels were measured. APRG64 and apigenin
significantly suppressed the synthesis of the (+)-strand M1 (Fig. 6I) and
NP (Fig. 6J) RNAs, indicating their potential to inhibit IAV RdRP ac-
tivity. Finally, we conducted western blot analyses to test whether
APRG64 and apigenin affect the activation of mitogen-activated protein
kinase (MAPK) pathways, which are known to be required for IAV
replication [33,34]. IAV infection dramatically induced phosphoryla-
tion of extracellular signal-regulated protein kinase (ERK) and
stress-activated protein kinase (SAPK), as we expected. However, this
increase was not observed in APRG64- or apigenin-treated cells
(Fig. 6K). Altogether, these results demonstrate that APRG64 and api-
genin inhibit multiple steps of IAV replication, including viral attach-
ment, entry, RARP activation, and the MAPK signaling pathway.

3.6. APRG64 and apigenin suppress IAV replication in vivo

Given the eminent antiviral activity of APRG64 and apigenin in vitro,
we examined whether APRG64 and apigenin are also effective for the
inhibition of IAV in vivo. To this end, mice were infected with IAV,
followed by intranasal treatment with APRG64 or apigenin. Five days
later, the number of infectious viral particles in the lungs was deter-
mined using a plaque assay. Consistent with the in vitro results, APRG64
(Fig. S5A) and apigenin (Fig. S5B) significantly reduced the IAV titers in
the lungs. We next investigated whether oral administration of APRG64
also has an antiviral effect in mice because oral administration is the
most desirable and convenient route for drug delivery. Consistent with
our previous study on the safety of APRG64 [21], oral administration of
APRG64 (25 or 50 mg/kg, mpk) in uninfected mice did not significantly
affect the body weight (Fig. S6). However, when IAV-infected mice were
treated orally with 25 or 50 mg/kg of APRG64, mice were significantly
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Fig. 7. The effects of APRG64 and apigenin on IAV-infected mice. (A) Wild-type C57BL/6 mice were orally administered with 0, 25, or 50 mg/kg of APRG64 for 3
days and then infected with or without 1 x 10° pfu of IAV. Oral administration of APRG64 continued for additional 5 days. Mouse survival was monitored daily for
13 days (n = 5). (B-F) Wild-type C57BL/6 mice were orally administered with 0, 25, or 50 mg/kg of APRG64 or 50 mg/kg of oseltamivir phosphate for 3 days and
then infected with 1 x 10° pfu of IAV. The mice were orally administered with APRG64 or oseltamivir phosphate for an additional 5 days. At 5 dpi, mouse lungs were
harvested to analyze the transcription levels of viral proteins and inflammatory cytokines. The relative transcription levels of IAV M1 (B), NP (C), IFN-y (D), TNF-a
(E), and IL-6 (F) were analyzed by RT-qPCR (n = 5). (G) Wild-type C57BL/6 mice were orally treated with 0, 25, or 50 mg/kg of APRG64 or 50 mg/kg of oseltamivir
phosphate for 3 days and then infected with or without 1 x 10 pfu of IAV. The mice were treated with APRG64 or oseltamivir phosphate for an additional 5 days.
Mice were then sacrificed to analyze lung histopathology. The representative images of hematoxylin and eosin-stained lung tissues are presented (n = 5). Water was
used as solvent control for APRG64 and apigenin. Significance was determined by Student’s t-test. * *, p < 0.01. APRG: APRG64; Api: Apigenin; Osel: Oseltami-

vir phosphate.

protected from IAV-induced mortality (Fig. 7A) in a dose-dependent
manner. In addition, transcription levels of viral M1 (Fig. 7B) and NP
(Fig. 7C) were significantly diminished in the lungs of APRG64-treated
mice compared to those of the untreated mice at 5 dpi, which was
comparable with antiviral activity of oseltamivir phosphate (Fig. 7B and
C). Of note, IAV infection-induced transcription of pro-inflammatory
cytokines, such as IFN-y, TNF-a, and IL-6, in lungs was significantly
suppressed by oral treatment with APRG64 (Fig. 7D-F), which was
similar to the anti-inflammatory effect of oseltamivir phosphate. In
addition, we observed the decreased expression of IFN-y and TNF-a in
the lungs of APRG64-treated mice when analyzed by ELISA (Fig. S7).
Furthermore, the protective effects of APRG64 (25 and 50 mpk) on
influenza virus-induced acute lung injury was analyzed by histopa-
thology. The analyses using hematoxylin and eosin staining indicate that
influenza virus infection-mediated immune cell infiltration into the
lungs was notably decreased by APRG64 treatment in a dose dependent
manner, which was comparable with the effect of oseltamivir phosphate
(Fig. 7G). This protective effect of APRG64 was consistent with the
reduced inflammatory cytokine level in lungs (Fig. 7D-F) and the in vitro
results that APRG64 decreased the expression of pro-inflammatory cy-
tokines in lipopolysaccharide (LPS)-stimulated splenocytes (Fig. S8).
Therefore, these results collectively suggest that APRG64 could be used
to treat IAV infection as a safe and effective orally administrable drug.

4. Discussion

The annual epidemic of influenza results in 3-5 million cases and up
to 650,000 deaths globally [3]. Thus, it poses one of the greatest threats
to public health. Plants are a source of numerous phytochemicals, such
as alkaloids, flavonoids, and polyphenols, which are used as medical
agents [35-38], warranting their selection for further studies for the
development of medicinal plant-based antiviral therapeutics against
influenza. In this study, we demonstrated the anti-IAV potential of
APRG64, which is a mixture of extracts from the medicinal plants AP
and RG. To identify antiviral mode of action of APRG64, we attempted
to conduct several diverse experiments. Firstly, we performed cell pro-
tection assay (Fig. 6A and B), demonstrating that APRG64 does not
protect cells from IAV infection. Secondly, pre-treatment experiments
(Fig. 6C and D) and viral binding assays (Fig. 6E and F) suggest that
APRG64 interferes with cell attachment of IAV. Thirdly, post-treatment
experiments (Fig. 6G and H) reveal that APRG64 inhibits early stage of
viral replication after cell attachment. Finally, we performed an exper-
iment to test whether APRG64 affects RARP activity (Fig. 61 and J),
demonstrating that APRG64 suppresses the synthesis of the (+)-strand of
viral RNAs. Thus, these results suggest that APRG64 inhibits multiple
steps of IAV replication. This might allow APRG64 to be used to treat
various influenza virus strains, including drug-resistant strains. In that
regard, our results show that APRG64 displays potent antiviral activity
against HIN1 (A/California/07/2009 and PR8) and H3N2
(A/Aichi/2/68) 1AV strains. Importantly, APRG64 has already shown
antiviral activities against other RNA viruses, such as HCV [19] and
SARS-CoV-2 [20]. Thus, APRG64 could be used to treat a wide array of
RNA viruses; however, this requires further investigation.

Among the major components in APRG64, apigenin was identified as
the most potent antiviral component (Figs. 3 and 4). Apigenin is one of
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the flavonoids of AP and has been reported to display anti-oxidation
activity [39] and anti-inflammation activity [40]. In addition, apige-
nin is known to prevent the development of several diseases, such as
lung fibrosis [41] and liver damage [42]. Interestingly, anti-influenza
viral activity of apigenin-containing herbal extracts has been reported
in several previous studies. For example, the extract of Elsholtzia rugu-
losa, Mosla scabra, or Geranium sanguineum L was demonstrated to have
potent anti-influenza viral activity, and apigenin was one of the major
antiviral components in these extracts [43-47]. Also, Brazilian propolis
(AF-08)-oriented apigenin were shown to exhibit antiviral activity
against oseltamivir- and peramivir-resistant influenza viruses [48,49].
Therefore, plant extracts that contain apigenin have a great potential to
be developed as antiviral phytomedicines to treat influenza virus
infection.

Despite the anti-IAV activity of apigenin reported in previous studies
[47,50,51], its underlying mode of action and in vivo antiviral activity
have rarely been investigated. In this study, we demonstrated that api-
genin interferes with viral attachment, entry, RdRP activity, and
infection-induced activation of the MAPK signaling pathway (Fig. 6).
Furthermore, intranasal administration of apigenin in mice strongly
suppressed IAV replication (Fig. S5). Thus, apigenin could be a prom-
ising candidate for novel anti-IAV therapeutics. Our results may also
lead to the development of novel apigenin derivatives with potentially
more potent anti-IAV activity than apigenin.

Since apigenin, one of the main components in AP, was proved to be
the most potent anti-IAV component, AP extract alone could be devel-
oped as an antiviral drug to treat IAV. This way would be more bene-
ficial for the quality control of the herbal extract as phytomedicine than
using a mixture of AP and RG. Despite this benefit of using AP extract
alone, APRG64 might have potential advantages as a novel anti-IAV
drug. Other components of APRG64 than apigenin such as afzelin, api-
genin 7-O-glucuronide, astragalin, nicotiflorin, quercetin, quercitrin,
and ursolic acid also displayed significant anti-IAV activity (Fig. 3).
Although further investigations are required, each of these components
might have a unique mode of antiviral action for IAV different from that
of apigenin. Considering that broad-spectrum antiviral drugs are
necessary to control newly emerged mutant viruses, APRG64 containing
multiple antiviral components could be potentially effective for treating
IAV variants such as drug-resistant viruses.

As an orally administrable drug, the safety of APRG64 was proved in
our previous study [21]. When IAV-infected mice were orally adminis-
tered with APRG64, they were significantly protected from mortality
(Fig. 7 A). This could be primarily due to the potent antiviral activity of
APRG64, as demonstrated in vitro (Figs. 1 and 2) and in vivo (Fig. 7).
During viral infection, the exaggerated production of IFN-y, TNF-a, and
IL-6 leads to immunopathogenesis and lung injury [52,53]. Thus, the
anti-inflammatory property of antiviral drugs is proposed as an impor-
tant therapeutic aid that reduces symptoms and deaths by cytokine
storms [54]. Interestingly, APRG64 administration strongly down-
regulated the expression levels of IFN-y, TNF-a, and IL-6 in the lungs of
IAV-infected mice (Fig. 7D-F), and apigenin has been reported to
diminish the expression levels of TNF-a and IL-6 in LPS-stimulated
macrophages [55]. Given that the production of pro-inflammatory cy-
tokines is regulated by MAPK signaling [56-58], attenuated activation
of MAPK signaling mediated by APRG64 might cause reduced
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expression of pro-inflammatory cytokines. Therefore, along with the
antiviral activity, the anti-inflammation activity of APRG64 could
ameliorate IVA-associated symptoms and complications, contributing to
the increased survival rate of IAV-infected mice.

5. Conclusions

In summary, we demonstrated that APRG64 and its main component,
apigenin, have prominent antiviral effects against IAV. Their notable
antiviral effect on IAV is attributed to their inhibition of multiple steps in
viral replication. These in vitro antiviral effects were reproduced when
APRG64 or apigenin was intranasally or orally administered to IAV-
infected mice. Furthermore, oral administration of APRG64 showed
strong anti-inflammation properties, which might mitigate symptoms
mediated by IAV infection. Considering these results, APRG64 has great
potential as a novel medication to treat IAV-infected patients.
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