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Thuja orientalis Folium (TOF) has been prescribed traditionally as an expectorant for inflammatory airway dis-
ease. In this study, we evaluated the anti-influenza A virus (IAV) activity of TOF by detecting GFP expressed by
influenza A virus (A/PR/8/34-GFP) infection. The fluorescence microscopy and fluorescence-activated cell
sorting analysis showed that TOF potently inhibited IAV infection, dose-dependently. Consistently, immuno-
fluorescence and Q-PCR analysis results confirmed TOF significantly represses IAV protein and RNA expression.
TOF inhibited IAV infection at the binding and entry step upon viral infection and interferes with HA protein.
Further, TOF exhibited a virucidal effect and inhibited the neuraminidase activity of IAV. Additionally, TOF
prevented the cytopathic effect caused by HIN1 and H3N2 IAV infection. Amentoflavone among the constituents
in TOF exerted the strongest anti-IAV effect. Myricetin, quercetin, and quercitrin also inhibited IAV infection.
However, the potent anti-IAV effect of TOF may be related to the synergistic effect of constituents, not by a single
specific compound. Our results suggest TOF exhibits a significant inhibitory effect against IAV infection at multi-
stages via the blockage of viral attachment and entry, inhibition of neuraminidase, and induction of virucidal
effects.

1. Introduction

Influenza A viruses are a major cause of respiratory infection in
humans and are responsible for a significant amount of morbidity and
mortality worldwide (Cox and Subbarao, 2000). The most common
circulating subtypes are the influenza A (HIN1) viruses that cause sea-
sonal epidemics, which are responsible for 290,000-650,000 deaths
annually (Liu et al., 2020). Many vaccines and treatments have been
developed to prevent the spread of the influenza virus, and these provide
the backbone for the current preventive treatment strategy. These vac-
cines must be modified annually due to the viral tendency to mutate to
escape detection in the immune system (Cline et al., 2017). However,
the development of new vaccine strains is difficult to predict, which
means that it takes time to provide virus pandemic losses (Boltz et al.,
2010). The most fundamental countermeasure against the outbreak and
pandemic preparation is to develop antiviral drugs to suppress and treat

viral infections. Influenza treatments include M2 ion channel blockers
(e.g., amantadine, rimantadine), which inhibit virus proliferation by
interfering with the process of removing the skin of host cell infection,
and neuraminidase inhibitors (e.g., oseltamivir, zanamivir), which
inhibit the spread of virus particles by reducing their release from host
cells and increasing the formation of virus aggregates (McKimm--
Breschkin, 2005; Radosevic et al., 2019). Oseltamivir (Tamiflu), an NA
inhibitor, is a successful example of an anti-influenza drug synthesized
from natural products, as it was researched and developed using quinic
acid and shikimic acid, which were obtained from plants (Gong and Xu,
2008). However, the 2008-2009 seasonal HIN1 influenza virus strain
showed almost complete resistance to oseltamivir (Ojcius, 2007).
Baloxavir marboxyl was approved for influenza treatment in 2018, but
recent studies have shown that virus resistance remains a concern
(Lampejo, 2020). It is thus necessary to develop a new agent to treat
influenza A with a clear mechanism of action. Natural products have
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unlimited potential for new drug discoveries because of their chemical
diversity. The dried leaf of TOF is a traditional herb, widely used for the
treatment of Bronchitis, psoriasis, pancreatitis, and diarrhea (Cho et al.,
2000; Naser et al., 2005). TOF contains a lot of chemical components
including amentoflavone, quercitrin, myricetin, afzelin, and Kaemp-
ferol. Several studies have reported that TOF has a variety of biological
functions such as an antioxidant (Ju et al., 2010), anti-inflammatory
action (An et al.,, 2014), anticancer activity (Biswas et al., 2011) as
well as reducing fever (Srivastava et al., 2012). The essential oil, in
particular, has been used for mycotic infection and the treatment of
roundworms (Srivastava et al., 2012). The previous studies showed that
TOF contains antiviral activity against influenza virus A/PR8/34 (Won
et al., 2013), but the report only demonstrated the inhibitory effect on
the cytopathic effect and viral M2 gene expression. In this study, we
elucidate the underlying mechanism of antiviral properties of TOF using
RAW 264.7 macrophages infected with GFP-expressing HIN1 influenza
virus to confirm the potential as an antiviral drug capable of inhibiting
the proliferation of influenza viruses.

2. Materials and methods
2.1. Materials, chemicals, and preparation of TOF water extract

The High-Performance Liquid Chromatography (HPLC) system,
Thermo Dionex UltiMate 3000, is equipped with a binary pump, an auto-
sampler, a column oven, and a diode array UV/VIS detector (Thermo
Fisher Scientific, San Jose, CA, USA). HPLC-grade acetonitrile and
methanol were purchased from Fisher Scientific (Pittsburgh, PA, USA)
and ACS reagent-grade formic acid was obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). Ultrapure water used for the HPLC analysis
was purified by the Puris-Evo UP Water system with Evo-UP Dio VFT
and Evo-ROP Dico20 (Mirae ST Co., Ltd., Anyang, Gyeonggi-do, Korea).
Reference standard compounds, amentoflavone, and quercetin were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Quercitrin was
obtained from ChemFaces (Wuhan, China). The purity of all reference
standards was above 95%. TOF was purchased from the Yeongcheon
Oriental Herbal Market (Yeongcheon, South Korea) and verified by Prof.
Kihwan Bae at the College of Pharmacy, Chungnam National University.
To prepare TOF water extract, TOF was boiled in the water using a
medical heating plate (Gyeongseo Extractor Cosmos-600, Inchon, South
Korea). The solution was filtered using standard testing sieves (150 pm;
Retsch, Haan, Germany), freeze-dried, and stored at —20 °C. For in vitro
antiviral study, the powder of HSF water extract (WHSF) was dissolved
in 50% DMSO at the concentration of 100 mg/ml.

2.2. Preparation of standards and sample solution for HPLC-DAD
analysis

Five standard compounds, such as amentoflavone, afzelin, myricetin,
quercetin, and quercitrin, were prepared by dissolving in methanol at a
concentration of 1000 pg/ml. Then, each compound was diluted to a
final concentration of 100 pg/ml for preparing the mixed working so-
lution. The water extract of Thuja orientalis Folium (TOF), an analytical
sample, was prepared by dissolving in methanol at a concentration of 20
mg/ml. All solutions of standards and samples used for analysis were
filtered using 0.22 ym PTFE membrane filters (Whatman International
Ltd., Maidstone, UK) and stored at 4 °C until analysis.

2.3. Cells and viruses

RAW 264.7 cells (Mouse Leukemic Monocyte Macrophage cell line;
ATCCTIB-71) and MDCK cells (Madin Darby canine kidney; ATCC CCL-
34) were acquired originally from ATCC (Manassas, VA, USA) and were
passaged in Le Roswell Park Memorial Institute medium (RPMI;
Hyclone, Logan, UT) and Eagle’s Minimum Essential Medium (EMEM.,
Lonza, Basel, Switzerland) supplemented with 10% (v/v) heat-
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inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)
and antibiotic/ antimycotic solution (Gibco) at 37 °C and 5% COs. Green
fluorescent protein (GFP)-tagged Influenza A (A/PR8/34(H1N1))-GFP
and A/PR/34/(H1N1) viruses were provided by Dr. Jong-Soo Lee
(Chungnam National University, Daejeon, South Korea). HBPV-VR-32
(H3N2, A/Korea/33/2005) virus was purchased from the Korea Bank
for Pathogenic Viruses). The viruses were propagated in the allantoic
fluid of 10-day-old chicken embryos.

2.4. Cytotoxicity test

The cell counting kit-8 (CCK-8) assay was used to evaluate the
cytotoxicity of TOF in the cells, according to the manufacturer’s
recommendation (Dojindo, Rockville, MD, USA). The cells were seeded
into 96-well plates at a density of 1 x 10° cells/well for RAW 264.7 cells
or 5 x 10* cells/well for MDCK cells. The cells were cultured overnight
before the TOF treatment. TOF was added to the wells at various con-
centrations (0, 10, 100, 200, 500, and 1000 pg/ml). After 24 h of in-
cubation, 10 pl CCK-8 was added to the cells, and they were then
incubated for 2 h at 37 °C, after which the absorbance at 450 nm was
measured using a spectrophotometer (BioTek, Winooski, VT, USA).

2.5. Anti-viral activity against influenza viruses

The influenza PR8-GFP viruses (10 MOI) were mixed with TOF and
incubated for 1 h at 4 °C and the mixtures were then added to RAW
264.7 or MDCK cells for 2 h at 37 °C. After washing with PBS, the cells
were further incubated for 24 h until GFP expression. To investigate the
effects of TOF, the levels of GFP expression in the cells infected with
PR8-GFP IAV were observed under fluorescence microscopy (Nikon
ECLIPSE Ti-U, Nikon Co., Japan) and photographed or assessed using
fluorescence-activated cell sorting (FACS) analysis. The ECs5y of TOF on
IAV infection was calculated using online tool: MLA-"Quest Graph™
IC50 Calculator" by AAT Bioquest Inc., https://www.aatbio.com/tools
/ic50-calculator.

2.6. Time of addition assay

Time-of-addition assay was performed as previously reported (Cho
et al., 2022b). Briefly, for attachment stage, TOF and PR8-GFP IAV (10
MOI) were coinfected to the Raw 264.7 cells for 30 min at 4 °C. After
washing with PBS to remove free virus, the cells were further incubated
for 24 h at 37 °C. For entry stage, the IAV was infected to RAW 264.7
cells at 4 °C for 30 min. After washing with PBS, TOF was added to the
cells for 30 min at 37 °C. The cells were further incubated for 24 h at
37 °C after washing with PBS to remove TOF. For the virucidal stage,
IAV and TOF were coincubated at 4 °C for 30 min, and then the mixture
was added to the cells for 30 min at 37 °C. The cells were further
incubated for 24 h at 37 °C. The cells were analyzed using a fluorescence
microscope and FACS.

2.7. Fluorescence-activated cell sorting (FACS) analysis

TOF was incubated with PR8-GFP IAV (10 MOI) for 1 h at 4 °C and
then treated with the RAW 264.7 cells for 24 h at 37 °C. The cells were
harvested by centrifugation at 5000 rpm for 10 min at 4 °C, washed
thrice with cold PBS, and fixed with 4% paraformaldehyde. The cells
were resuspended in PBS and analyzed for GFP expression using a
CytoPLEX flow cell counter (Beckman Coulter Inc., Pasadena, CA, USA)

2.8. Immunofluorescence staining

Immunofluorescence staining was performed as previously
described. RAW 264.7 cells (5 x 104) grown on 12-well tissue culture
slides, were incubated at 37 °C for 12 h. The medium was then removed,
and the cells were washed with cold PBS three times and infected with
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PR8-GFP IAV for 2 h. The virus and medium were then removed and the
cells were washed with PBS three times. A complete medium was then
added to the cells, and the cells were incubated at 37 °C with 5% CO,, for
24 h, cells were washed with cold PBS and fixed with cold absolute
methanol for 10 min and 4% paraformaldehyde for 30 min at RT and
permeabilized with 1% Triton X-100 in TBS for 15 min at RT. After
washing with PBS containing 0.05% Tween 20 (PBST), the cells were
subjected to blocking with 1% BSA-PBS for 30 min and incubated with
antibodies against influenza viral protein for 1 h at room temperature.
After washing with PBS containing 0.05% Tween 20 (PBST), the cells
were incubated with Alexa Fluor 594-tagged secondary antibody in
PBST for 1 h in the dark, followed by incubation with Hoechst 33,342 for
5 min. The images of the red viral proteins and blue nuclei were visu-
alized under fluorescent microscopy.

2.9. Quantitative reverse transcription polymerase chain reaction

Total RNA from RAW 264.7 cells was precipitated using an Easy spin
RNA extraction kit (iNtRON, Seongnam, Korea). After confirmed RNA
concentration by Nanodrop DS-11 spectrometer (DeNovix, Wilmington,
DE USA), total RNA was reverse-transcribed with iScipt cDNA synthesis
kit (Bio-rad, USA) using random primers according to the manufac-
turer’s instructions. Real-time PCR was performed on the Bio-rad real-
time PCR system (Bio-rad, USA) with SsoAdvanced™ Universal SYBR®
Green Supermix (Bio-rad). Primer sequences used in real-time PCR were
indicated in supplemental Table 1. Target mRNA expression in each
sample was normalized to the housekeeping gene GAPDH. The 2-2“Ct
method was used to calculate relative mRNA expression levels.

2.10. Hemagglutination assay

The influenza A (H1N1) viruses were incubated with TOF for 1 h at
4 °C, and the mixture was added to RAW 264.7 cells for 2 h at 37 °C.
After washing with PBS, the cells were incubated for another 24 h, then
the supernatants were collected for the HA assay. Briefly, the superna-
tant was subjected to a serial two-fold dilution and added to a round-
bottom 96-wellplate. The blank medium was used as a negative con-
trol. Each sample was mixed with 1% chicken RBCs (Innovative
Research, Inc., Southfield, MI, USA) in PBS buffer. After incubation for 1
h at room temperature, the incubated plates were photographed.

2.11. Neuraminidase inhibition assay

NA-Fluor Influenza Neuraminidase Assay Kit (Life Technologies,
Carlsbad, CA, USA) was used to investigate the effect of TOF against
neuraminidase activities of HIN1 and H3N2 influenza viruses. TOF or
oseltamivir carboxylate was serially diluted in assay buffer and mixed
with HIN1 or H3N2 IAV at 96-well black plate. After incubation for 30
min at 37 °C, 200 pM of NA-Fluor Substrate was added to the mixture
and incubated for 1 h at 37 °C. Subsequently, the reaction was termi-
nated by NA-Fluor stop solution and monitored using a fluorescence
spectrometer (Promega) with an excitation wavelength of 365 nm and
an emission wavelength of 445 nm.

2.12. Cytopathic effect inhibition assay

TOF at 10, 50, 100, 200 pg /ml and HIN1 or H3N2 IAV (20 MOI)
were incubated for 1 h at 4 °C. The mixtures were added to RAW 264.7
cells for 2 h at 37 °C. After washing with PBS, the cells were further
incubated until cytopathic effect formation. To measure the viability of
cells infected by HIN1 and H3N2 IAV with or without TOF, 10 pL CCK-8
was added to cells, and incubated for 2 h at 37 °C. The absorbance at
450 nm was determined by a spectrophotometer (Promega, Madison,
WI, USA).
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2.13. HPLC analysis conditions

To identify the components from TOF, HPLC analysis was performed
via Thermo Dionex UltiMate 3000 HPLC system. The analysis conditions
were conducted by referring to and modifying the method of the re-
ported literature (Lu et al., 2006). Chromatographic separation was
carried out on a Phenomenex Gemini® C18 column (250 x 4.6 mm, 5
pm), and the mobile phase composition consisted of 0.1% formic acid
(v/v) in water (A) and 0.1% formic acid (v/v) acetonitrile (B). To
improve chromatographic separation capacity, the gradient elution
system was programmed at a flow rate of 1.0 ml/min as follows: 10% B,
0.0 min; 10-60% B, 0.0-40.0 min; 60% B, 40.0-45.0 min; 60-100% B,
45.0-50.0 min; 100% B, 50.0-55.0 min; 100-10% B, 55.0-55.5 min;
10% B, 55.5-60.0 min. The temperature of the column was maintained
at 30 °C, and the injection volume of each sample was 10 pL. The
detection wavelengths for all analytes, including amentoflavone, afze-
lin, myricetin, quercetin, and quercitrin were set at 365 nm. Data
acquisition and analysis were performed via Dionex Chromelon software
(Thermo Fisher Scientific).

3. Results
3.1. The cytotoxicity of TOF

The cytotoxic effects of the TOF on RAW 264.7 and MDCK cells were
evaluated using cell viability with the Cell counting Kit-8. The cells were
treated with TOF and CCK-8 was added 24 h after the treatment to
determine the optimal concentration that would provide anti-viral ac-
tivity with minimum toxicity. The results showed that < 200 pg/ml of
TOF did not affect cell viability. Therefore, the subsequent experiment
was performed up to 200 pg/ml TOF (Fig. 1).

3.2. TOF suppressed influenza A virus infection

To examine the effect of TOF against influenza A virus infection, we
cotreated TOF with various concentrations and influenza A/PR8/34 GFP
virus (PR8-GFP IAV) to the RAW 264.7 cells. Since PR8-GFP IAV express
high levels of GFP from 24 post-infection in RAW 264.7 cells (Fig. 2, lane
V), we could compare the levels of GFP among mock, virus-infected
only, virus and TOF cotreated groups. Fig. 2A shows TOF significantly
represses the GFP expression in a dose-dependent manner. The inhibi-
tory effect of TOF on PR8-GFP IAV infection was verified by FACS
analysis using fixed cells in paraformaldehyde. The levels of GFP
expression in each group were compared with the PR8-GFP virus-
infected control and graphed as relative intensity. Consistent with
Fig. 2A results, TOF significantly reduced the GFP expression by influ-
enza A viral infection (Fig. 2B-C). TOF repressed the GFP expression
with a 50% effective concentration (ECsp) of 23.6 + 0.35 pg/ml.
Further, TOF completely blocked GFP expression at 100 pg/ml. Next, we
cotreated TOF and PR8-GFP IAV to the MDCK cells to confirm the
antiviral effect of TOF, as described in Fig 2A. TOF significantly
repressed the GFP expression (Fig. 2D) and inhibited the cytopathic
effect (Fig. 2E) by PR8-GFP IAV infection in MDCK cells, dose-
dependently. These findings indicate that TOF had a potent inhibitory
impact on the PR8-GFP influenza virus infection.

3.3. TOF reduced influenza viral RNA and protein expression

The effect of TOF on viral RNA and protein expression was examined
by immunofluorescence and q-PCR (Fig. 3). TOF and PR8-GFP IAV were
co-incubated at 4 °C for 1 h before infection to RAW 264.7 cells. The
cells treated with mixtures were incubated at 37 °C for 18 h (for RNA) or
24 h (for protein). As shown in Fig. 3A, TOF decreased HA, M2, and NP
IAV proteins. Consistently, Q-PCR performed using viral RNA-specific
primers showed that the expression of all viral genes was significantly
decreased by TOF in a dose-dependent manner (Fig. 3B).
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Fig. 1. Determination of the cytotoxicity of TOF in RAW 264.7 (A) and MDCK (B) cells. TOF was added to cells with indicated concentrations for 24 h at 37 °C. Cell
viability was examined according to the CCK-8 assay kit. The data represent the mean + SD based on three replicates in three different experiments. *p< 0.05, **p<
0.01, and ***p< 0.001.
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Fig. 2. TOF exhibited a dose-dependent inhibitory effect in influenza A/PR/8/34-GFP virus infection. (A-C) TOF (0, 10, 25, 50, or 100 pg/ml) was mixed with PR8-
GFP IAV for 1 h at 4 °C. The mixture was added to RAW 264.7 cells for 2 h at 37 °C. After washing with PBS, the cells were further incubated for 24 h. (A) Brightfield
and fluorescence images were captured with the fluorescent microscope at 200x magnification. (B) After fixing with 4% paraformaldehyde and resuspending in PBS,
the cells were analyzed for GFP expression by FACS. (C) The levels of GFP expression were depicted as relative intensities compared to the control PR8-GFP IAV. M;
Mock group, V; Virus-only group, and TOF; 10, 25, 50, and 100 pg/ml group. Data are expressed as the mean + SD (n = 3). ***p< 0.001 compared with the virus-
only group. (D-E) TOF (10, 50, 100 pg/ml) was mixed with PR8-GFP IAV for 1 h at 4 °C before infection to MDCK cells for 2 h at 37 °C. (D-E) After further incubation
until GFP expression (D) or CPE formation (E), the images of the cells were captured with a fluorescent microscope, or cell viability was determined using a CCK-8

assay. Data are expressed as the mean + SD (n = 3). ***p< 0.001 compared with the Mock group. *##p< 0.001 compared with the virus-infected group.

3.4. TOF inhibited viral infection at attachment, entry, and virucidal represent TOF dose-dependently inhibits viral attachment and entry and
stages further exerts virucidal effect, implying killing the virus before entering
into the cells. To confirm the effect of TOF on virus entry and virucidal

Since TOF significantly exhibited anti-influenza viral activity, we impact, the level of entered viral genome RNA in cells after 1 h infection
investigate whether the antiviral effect of TOF is related to the inhibitory was checked using q-PCR. The levels of two translated regions (NP and
effect on viral attachment and entry or direct killing at the early stages M2) and one non-translated region, which is located at segment 5 of the
upon viral infection. We performed the time-of-addition experiments viral genome (Seg.5), were significantly decreased by 10 or 50 pg/ml of

using cotreatment of PR8-GFP IAV and TOF at 50, 100, or 200 pg/ml in TOF. These results mean that TOF potently inhibits influenza viral
RAW 264.7 cells, described in materials and methods. Fig. 4A and B infection at an early stage (Fig. 4C).
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Fig. 3. The repressive effect of TOF on influenza A/PR/8/34-GFP viral RNA and protein expression. (A) HA, M2, and NP protein expression. TOF (100 pg/ml) or
mock was co-treated to RAW 264.7 cells. At 24 h post-infection, the cells were fixed with paraformaldehyde, stained with antibodies against (HA, M2, and NP) (Red),
and Hoechst 33,342 for nuclei (Blue). The viral protein and nuclei were observed and captured under a fluorescent microscope. (B) Viral RNA level in RAW 264.7
cells with different dosages of TOF. At 18 h post-infection, total RNA was isolated from cells. After synthesizing cDNA, q-PCR was performed using viral-specific
primers. M; Mock group, V; Virus-only group, V/TOF; Virus and TOF cotreated group. The data represent the mean + SD based on three independent experi-

ments. Statistical significance was assessed via an unpaired Student T-test.
3.5. Effect of TOF on HA activity

Because the time-of-addition assay showed that TOF directly blocks
the IAV infection at attachment and entry, we investigated whether TOF
affects the HA activity of IAV. HA of IAV is a crucial role in viral binding
into the cell at an early stage and cause hemagglutination of red blood
cell (RBC). When we co-incubated the chicken RBC and supernatants of
cells infected by IAV and TOF mixtures, we found that TOF significantly
represses the hemagglutination by IAV, as shown in Fig. 5. In the
absence of TOF, HA units of IAV were 4 units, but 10 ug/ml TOF lowered
HA units by 2-fold compared to virus only group. In the presence of 50 or
100 pg/ml TOF hemagglutination was completely blocked (Fig. 5).
These findings confirm that TOF limits IAV infection by blocking viral
attachment to the cells via inhibiting the HA of influenza virus.

3.6. Effect of TOF on NA activity of IAV

Neuraminidase of IAV plays a critical role in the viral progeny release
from the infected cells. Oseltamivir and zanamivir are the anti-influenza
viral drugs targeting NA activity of IAV currently in use. We investigated
whether TOF affects the NA activity of HIN1 and H3N2 IAV. As shown
in Fig. 6, TOF inhibited NA activities of both HIN1 and H3N2 viruses,
dose-dependently. Oseltamivir carboxylate used as a positive control
exerted a strong inhibitory effect on HIN1 and H3N2 viruses.

3.7. TOF inhibited cytopathic effect by HIN1 and H3N2 IAV infection

We examined the effect of TOF on HIN1 wild type and H3N2 IAV
infection. HIN1 and H3N2 influenza viruses decreased the cell viability
by inducing cytopathic effects (CPE) in RAW 264.7 cells. However, TOF
inhibited the cytopathic effect caused by HIN1 and H3N2 IAV and
increased the cell viability reduced by viruses, dose-dependently
(Fig. 7). TOF at 200 pg/ml suppressed the CPE effect by HIN1 and

P<0.001 compared with the virus-infected group.

H3N2 viral infection up to more than 90% compared to virus-infected
control. These results indicate TOF has a potent antiviral efficacy
against influenza A viruses including PR8, HIN1, and H3N2.

3.8. HPLC analysis of the constituents in TOF

The five components having flavonoid backbone, including amen-
toflavone, afzelin, myricetin, quercetin, and quercitrin (Fig. 8A), were
identified by comparing the maximum UV absorbance and the retention
times (tg) with those of reference compounds. As shown in Fig. 8B,
quercitrin (17.25 min), myricetin (19.00 min), afzelin (19.47 min),
quercetin (23.13 min), and amentoflavone (30.39 min) had a good
selectivity at 365 nm in standard mixture with each compound at
100pg/ml final concentrations. Under the same analytical condition,
quercitrin (17.20 min), myricetin (18.97 min), afzelin (19.43 min),
quercetin (23.15 min), and amentoflavone (30.39 min) contained in
TOF were respectively detected with the comparable retention time and
UV spectrum.

3.9. Anti-IAV activity of constituents in TOF

To determine which constituents in TOF are related to the antiviral
effect, we compared the anti-viral effect of each constituent in TOF with
the method described in Fig. 2. Fig. 9 represents that amentoflavone
among five constituents exerted the strongest anti-IAV effect. Quercetin
and myricetin also showed a strong inhibitory effect against IAV infec-
tion compared to the virus-infected group. Amentoflavone and quercetin
present in the small peak among the five components in TOF showed
strong antiviral efficacy, whereas Quercitrin and afzelin present in large
amounts showed less efficacy against IAV infection. These results indi-
cate that the potent anti-IAV efficacy of TOF is related to the synergistic
effect of components present in TOF, including amentoflavone and
quercetin.
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Fig. 4. The inhibitory effect of TOF against viral infection at early stages. (A, B) TOF at concentrations of 50, 100, and 200 pg/ml or medium were mixed with HIN1
IAV at 4 °C for 1 h to treat RAW 264.7 cells. The detailed methods for evaluating to effect on attachment, entry, and virucidal stages were shown in the materials and
methods. (A) The brightfield and fluorescent images were captured under fluorescence microscopy at a magnification of 200x. (B) The cells were fixed and analyzed
by FACS. (C) TOF at 10, 50 pg/ml, or medium were mixed with HIN1 IAV at 4 °C for 1 h to treat RAW 264.7 cells for 2 h at 37 °C. The cells were washed with PBS
and subjected to RNA isolation. The relative level of three regions of viral RNA (segment 5, NP, and M2) entered in RAW 264.7 cells. Data are expressed as the mean
=+ SD (n = 3). ***p< 0.001 compared with the virus-only group. M; Mock group, V; Virus-only group, and TOF; 50, 100, and 200 pg/ml group.
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Fig. 5. The inhibitory effect of TOF on hemagglutination against IAV infection. TOF at concentrations of 1, 10, 50, and 100 pg/ml or medium was mixed with HIN1
IAV at 4 °C for 1 h and added to RAW 264.7 cells for 24 h at 37 °C. The supernatant of the cells was 2-fold serially diluted and mixed with PBC cells for 1 h at room
temperature. M; Mock, V; Virus-only, and TOF; 1, 10, 50, and 100 pg/ml.

4. Discussion regular seasonal influenza (Srivastava et al., 2012). It has been
demonstrated to have antibacterial activity against methicillin-resistant
TOF has been widely used as a botanical medicine herb to treat Staphylococcus aureus (Jain and Sharma, 2017), antiviral action on Fig
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Fig. 7. TOF suppresses the CPE by HIN1 or H3N2 influenza viral infection.
TOF (10, 50, 100, and 200 pg/ml) or medium (mock) was incubated with HIN1
or H3N2 IAV at 4 °C for 1 h. The mixtures were added to RAW 264.7 cells at
37 °C for 24 h. The cell viability was detected using a CCK-8 kit. Data are
expressed as the mean + SD (n = 3). ***p< 0.001 compared with the Mock
group, *#*#p< 0.001 compared with virus-infected group. M; Mock, V; Virus-

only group.

leaf mottle-associated virus 1(FLMaV-1) (Aldhebiani et al., 2017),
watermelon mosaic virus (WMV) (Elbeshehy et al., 2015), especially
fungi toxic activity in essential oils (Guleria et al., 2008), as well as
anti-inflammation (Shin et al., 2015; Silva et al., 2017), anti-cancer (R
et al., 2018) and neurotoxicity effects (Park et al., 2014). A previous
report (Won et al., 2013) showed the anti-viral potential of TOF by
reducing the cytopathic effect by the influenza A virus in MDCK cells.
In this study, we demonstrated that the antiviral efficacy of TOF is
closely related to the inhibition of viral binding and release via the
modulation of HA and NA of IAV during viral infection. We confirmed
the antiviral effect of TOF using the PR8-GFP influenza virus. Fluores-
cence microscopy and FACS analysis showed that TOF potently inhibits
IAV infection, dose-dependently. The immunofluorescence staining for
the IAV protein confirmed that TOF substantially reduces IAV protein
expression. Based on the strong inhibitory effects of TOF on IAV infec-
tion, we investigated whether TOF could prevent viral attachment and
entry into cells at early stages during viral infection. The time-of-
addition assay revealed that TOF significantly reduces viral binding
and penetration into the cells, in a dose-dependent manner. HA

inhibition assay confirmed the inhibitory effect of TOF on the hemag-
glutination (HA) of IAV. HA of IAV is responsible for viral binding on the
cells and main target for antiviral therapies. There are several reports on
natural herbal extracts such as broccoli leaves (Cho et al., 2022a),
Eupatorium perfoliatum (Derksen et al., 2016), cranberry (Luganini et al.,
2018), and jatropha curcas Linn. leaf (Patil et al., 2013), which inhibited
HA activity and viral attachment into the cells. Especially, we have re-
ported that Epimedium Koreanum Nakai (EKN) water extract directly
inhibits influenza virus binding to cells and has virucidal effects before
entering the cell (Cho and Ma, 2022). The virucidal effects of EKN are
due to specific components of the extract which can directly interact
with the virus, and this inhibits viral particles from adhering to the cells.
Viral invasion inhibitors have attracted considerable attention from
synthetic chemists and biochemists as a new type of antiviral drug (Cho
etal., 2015). Zhou et al. found that plant-derived pentacyclic triterpenes
act as highly potent antiviral agents by efficiently preventing viral
attachment to the host cells (Xiao et al., 2018). Additionally, TOF
exhibited an inhibitory effect on neuraminidase (NA), which is respon-
sible for viral progeny release. Our results suggest both HA and NA in-
hibition by TOF are closely related to the potent anti-IAV effect. A
previous report showed that Lotus (Nelumbo nucifera Gaertn.) leaf in-
hibits IAV infection via modulating HA and NA activities (Cho et al.,
2022c). We also confirmed that TOF protects the cells from cytopathic
effects caused by HIN1 and H3N2 IAV infection. HPLC analysis detected
quercitrin, myricetin, afzelin, quercetin, and amentoflavone in TOF.
Several researches showed that quercitrin blocks IAV infection by con-
trolling TLR signaling and inhibiting NA and NS1 proteins in the docking
studies (Ahmad et al., 2015; Ling et al., 2020; Sun et al., 2020; Tang
et al., 2023). Our previous study showed that quercetin inhibits IAV
attachment and entry at an early infection (Cho and Ma, 2022). Myr-
icetin was also reported to have an anti-IAV effect through the inhibition
of PB2 and TLRS3 signaling (Sang et al., 2021). Amentoflavone report-
edly has anti-viral effects on HSV-1 (Li et al., 2019), Coxsackie virus B3
(Wilsky et al., 2012), and respiratory syncytial virus (RSV) (Ma et al.,
2003). In this study, we first found that amentoflavone contains an
anti-influenza viral effect. We identified several anti-IAV compounds in
TOF, but the strong anti-viral efficacy of TOF may be related to the
synergistic effect of them. It remains to be identified which components
in TOF play a critical role in the virucidal effect or HA, NA inhibition.
Our results showed that TOF has strong antiviral efficacy against IAV by
inhibiting viral binding, penetration, and progeny release, and inducing
the virucidal of IAV. Although further study is needed to confirm the
antiviral effects of TOF through in vivo experiments, our results suggest
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Fig. 8. HPLC-DAD analysis of the components in a standard mixture and TOF at 365 nm. (A) Chemical structures of the components in standard mixtures. 1,
Quercitrin; 2, Myricetin; 3, Afzelin; 4, Quercetin; 5, Amentoflavone. (B) Detection of the five components in TOF. Each standard concentration was 100 pg/ml.

the possibility that TOF could be developed as a natural antiviral drug
preventing influenza A viral infection.

5. Conclusion

TOF inhibits IAV infection by preventing early viral binding and
entry by interfering with HA protein and directly killing the virus. TOF
also affects viral progeny release by repression of NA activity. Our re-
sults show the potential of TOF to be used as a natural anti-influenza
viral agent through the synergistic effects of various compounds in TOF.
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