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Abstract

The HIN2 subtype of avian influenza virus (AlV) causes severe immunosuppression and high mortality in view of its
frequent co-infection with other pathogens, resulting in significant economic losses in the poultry industry. Cur-

rent vaccines provide suboptimal immune protection against HON2 AlV owing to antigenic variations, highlight-

ing the urgent need for safe and effective antiviral drugs for the prevention and treatment of this virus. This study
aimed to investigate the inhibitory effects of Hypericum japonicum extract on HON2 AIV. Our findings revealed

that the extract obtained through resin column separation using 60% ethanol (S06-60%) inhibited HON2 AIV replica-
tion in Madin-Daby canine kidney cells in a dose-dependent manner. The maximum safe concentration of the water-
soluble S06-60% extract was determined to be 0.05 mg/mL. Time-course experiments indicated that S06-60%
primarily exerted its antiviral effects during the viral pretreatment and adsorption stages. Furthermore, in vivo experi-
ments conducted on specific pathogen-free chickens confirmed the effectiveness of S06-60% in inhibiting HON2 AlV
infection and mitigating associated damage to tracheal and lung tissues. Overall, our study highlights the therapeutic
potential of Hypericum japonicum extract S06-60% as a viable antiviral candidate against HON2 AlV, offering promising
implications for its application in poultry health management to reduce the economic impact on the poultry industry.
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1 Introduction

Discovered in China in 1994, the HIN2 subtype of avian
influenza virus (AIV) has become a significant patho-
gen threatening the poultry industry (Chen 1997). As
a member of the influenza A virus family, HON2 AIV is
an enveloped virus with single-stranded, negative-sense
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RNA composed of eight segments encoding ten viral
proteins (Ghoke et al. 2018; Samji 2009; Wang et al.
2021a, b). Clinical signs of HON2 outbreaks in chickens
are typically mild and include lethargy, reduced appetite,
decreased egg production in layers, and slower growth in
broilers (Gu et al. 2008). However, HON2 infections fre-
quently lead to secondary infections by pathogens such
as Escherichia coli, Newcastle disease virus, infectious
bronchitis virus, and other respiratory pathogens, result-
ing in severe respiratory symptoms, diarrhea, and vis-
ceral inflammation, including hepatitis, pericarditis, and
peritonitis (Barbour et al. 2009; Monto et al. 2000). Co-
infections worsen symptoms, significantly increase mor-
tality rates, and cause substantial economic losses in the
poultry industry (Erfan et al. 2019).

Inactivated vaccines have been developed using exist-
ing viruses to effectively prevent HI9N2 infections.
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Although these vaccines play a crucial role in preventing
and controlling HIN2 epidemics, their efficacy is lim-
ited by the ongoing evolution and antigenic drift of the
virus (Xu et al. 2018). In this context, traditional Chinese
medicines, known for their abundant resources and low
potential for the development of resistance, offer a prom-
ising alternative for the development of anti-HIN2 AIV
drugs. Previous studies have demonstrated the antiviral
activity of various medicinal plant components, including
isatis root, andrographolide and its derivatives, aqueous
extracts of Radix ilicis asprellae, and hypericin, against
HON2 AIV (Pourghanbari et al. 2016; Wei et al. 2020).
However, only a few effective traditional Chinese antivi-
ral medicines have been widely adopted in poultry pro-
duction so far.

In recent years, awareness of the antiviral properties of
plant extracts and their derivatives has grown (Fang et al.
2018; Sharma and Gupta 2015). With over 40% of modern
medicines derived from plants, plant-based compounds
may offer an effective approach to controlling HON2
AIV in chickens (Rajasekaran et al. 2013). Hypericum
japonicum, also known as Herba hyperici japonici from
the Hypericum species, was first mentioned in the 1848
Illustrated Catalogue of Plants (Lin et al. 2004). Extracts
from Hypericum japonicum have shown inhibitory
effects against porcine epidemic diarrhea virus (PEDV)
both in vitro and in vivo (Rao et al. 2023). Polyterpe-
noids isolated from Hypericum japonicum have demon-
strated anti-herpesvirus activity (Wu et al. 2018a), and
newly identified a-pyrones from the plant exhibit poten-
tial inhibitory effects on the cleavage and replication of
Kaposi’s sarcoma-associated herpesvirus (Hu et al. 2016).
In addition, oral administration of Hypericum japoni-
cum significantly reduced inflammatory lung lesions
caused by H3N2 influenza virus infection and decreased
mortality in infected mice (Liu et al. 2008). Hypericum
japonicum extract also effectively inhibited the prolifera-
tion of duck hepatitis B virus, reducing aspartate ami-
notransferase and alanine transaminase activity as well as
viral surface antigen levels (Li et al. 2011). Despite these
proven antiviral properties, the efficacy of Hypericum
japonicum and its derivatives against HON2 AIV remains
unknown. Therefore, this study aimed to investigate the
potential inhibitory effects of Hypericum japonicum
extract on HON2 AIV in vitro and in vivo. The findings
suggest that Hypericum japonicum could be applied to
prevent and treat HON2 AIV infections.

2 Materials and methods

2.1 Cells and viruses

Madin-Daby canine kidney (MDCK) cells, generously
provided by Wen’s Foodstuffs Group Co., Ltd (Guang-
dong, China), were cultured in Dulbecco’s modified
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Eagle’s medium (DMEM) (Hyclone, USA) supplemented
with 10% fetal bovine serum (FBS) (Thermo Scientific),
penicillin (100 U/mL), and streptomycin (100 U/mL) in
5% CO, at 37 C.

HON?2 strains (A/Chicken/Guangdong/69/2009) (Gen-
Bank accession no. KF514116.1) were isolated from
Guangdong Province, China. Virus propagation followed
a previously described method with some modifications
(Zhang et al. 2017). Briefly, the viruses were propagated
in 10-day-old specific pathogen-free (SPF) embryonated
chicken eggs. After 72 h, the allantoic fluids were col-
lected and stored at -80 “C. Viral titers were determined
using the Reed-Muench method (Table S1) (Reed and
Muench 1938) and a hemagglutination assay (Fig. S1).
The cells were then seeded into T75 flasks and incubated
at 37 °C until they reached 90% confluency. After discard-
ing the medium, 10 mL of DMEM, 10 pL of propagated
allantoic fluid, and 10 pL of N-tosyl-L-phenylalanine
chloromethyl ketone-treated trypsin (TPCK-trypsin;
1 pg/mL) (Sigma, USA) were added to each flask. After
2 h of incubation, the liquid was discarded, and 10 mL
of maintenance medium, consisting of DMEM supple-
mented with TPCK-trypsin (1 pg/mL), was added. The
flasks were incubated at 37 ‘C for 48—72 h until the cyto-
pathic effect (CPE) was observed in more than 90% of the
cell monolayer. The flasks were subsequently frozen at
-80 C and thawed twice to harvest the virus. Viral titers
were determined using the Reed-Muench method (Reed
and Muench 1938) and expressed as 50% tissue culture
infective dose (TCIDg).

2.2 Preparation of Hypericum japonicum extracts

The traditional Chinese medicine “Tianjihuang” (speci-
men number: WZ01) was purchased from Yulin, China,
and identified as the dried whole herb of Hypericum
japonicum by senior pharmacist Wei Peng. The plant
material was stored at the Guangzhou Quality Research
and Development Center of Traditional Chinese Medi-
cine, Sun Yat-sen University, Guangzhou, China. Dried
whole herbs (500 g) of Hypericum japonicum were
extracted using a traditional Chinese extracting machine
(PYJ-13, Wenzhou Dingli Medical Equipment Co., Ltd,
Wenzhou, China) under optimal conditions: a material-
to-water ratio of 1:12 and an extraction time of 30 min.
The extraction process was repeated three times. The
resulting aqueous extract was filtered through a 400-
mesh filter cloth and purified using D101 macroporous
resin (Zhengzhou Hecheng New Materials Technology
Co., Ltd).

The optimal purification process involved packing the
resin column with a medicinal herb-to-resin ratio of 1:2.
The extract was applied to the column, which was ini-
tially eluted with 6 bed volumes (BV) of water to remove
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impurities, followed by elution with 4 BV of 20% ethanol
and 4 BV of 60% ethanol. Each eluent was concentrated
using a rotary evaporator (R-200, BUCHI) and freeze-
dried (TFDO0.6, Guangdong Zhensheng Intelligent Equip-
ment Co., Ltd) to yield three fractions: 44.30 g from the
water elution (S06-0%), 8.96 g from the 20% ethanol elu-
tion (S06-20%), and 23.70 g from the 60% ethanol elution
(S06-60%).

One hundred grams (100 g) of dried whole herb of
Hypericum japonicum was extracted with water fol-
lowing the method described above, yielding 16.03 g of
residue (S06-0) after concentration and freeze-drying.
Ethanol extraction of the same amount of dried herb pro-
duced 15.05 g of crude extract (S06-CE). Oseltamivir was
purchased from Roche Pharmaceutical Company.

To prepare the concentration liquid, 20 mg of each
extract (S06-CE, S06-0, and S06-0%) was dissolved in
10 mL of sterile water, resulting in solutions with a con-
centration of 2 mg/mL. S06-20% and S06-60% were
prepared using sterile water and 50% absolute ethanol,
respectively. The oseltamivir solution was prepared by
dissolving 4 mg of oseltamivir in 0.1 mL of dimethyl sul-
foxide (DMSO), followed by 100-fold dilution in DMSO
to reach a final concentration of 40 pg/mL. All solutions
were sterilized by filtration through a 0.22 um pore size
filter and stored at 4 C.

2.3 CCK-8 assay

The cytotoxicity of Hypericum japonicum extracts
(S06-CE, S06-0, S06-0%, S06-20%, and S06-60%) and
oseltamivir in MDCK cells was evaluated using the Cell
Counting Kit-8 (CCK-8; Yeasen Biotech, China) assay.
Briefly, MDCK cells were seeded into 96-well plates and
incubated at 37 °C until they reached 90% confluency.
The extracts and oseltamivir were diluted with DMEM to
various concentrations and added to the 96-well plates,
along with control DMEM or DMEM containing 0.1%
solvent (DMSQO, sterile water, or 50% ethanol). After 24
and 48 h, 10% CCK-8 solution in DMEM was added to
the plates. The plates were then incubated in the dark for
1 h, after which optical density (OD) values were meas-
ured at 450 nm. The relative viability of the cells was
calculated using the following formula: cell survival rate
(%) = [(ODsample - ODblank) / (ODcontrol - ODblank)] x100.

2.4 Inhibition of viral infection: in vitro assay

MDCK cells were seeded into 12-well plates and incu-
bated until they reached 90% confluency. The cells were
then treated for 1 h with various concentrations of
Hypericum japonicum extracts (S06-CE, S06-0, S06-0%,
S06-20%, and S06-60%) and oseltamivir, control DMEM,
or DMEM with 0.1% solvent. After incubation, the cells
were infected with HON2 AIV at a titer of 2.15 x 10’
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TCIDg, for 2 h. The viral inoculum was subsequently
removed, and fresh maintenance medium containing
TPCK-trypsin (1 pg/mL), along with different concen-
trations of the extracts and oseltamivir, was added. After
24 h of incubation, indirect immunofluorescence analy-
sis (IFA) was performed. The expression of nucleocap-
sid (N) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) proteins was assessed using western blotting,
and the relative transcription levels of matrix (M) genes
were evaluated using quantitative reverse transcription
polymerase chain reaction (RT-qPCR). Viral titers were
determined by TCIDq analysis.

2.5 Immunofluorescence assay

IFA was performed on MDCK cells infected with HON2
AIV, following a previously described method with
minor modifications (Xu et al. 2020). Briefly, the cells
were washed three times with phosphate-buffered saline
(PBS) with Tween 20 (PBST) and fixed in 4% pre-cooled
paraformaldehyde at 4 °C for 15 min. The cells were then
permeabilized with 0.5% Triton X-100 for 15 min and
blocked with 3% bovine serum albumin (BSA) at room
temperature for 1 h or overnight at 4 °C. Subsequently, the
cells were incubated with anti-HON2 AIV N monoclonal
antibody (Abcam) at a 1:1000 dilution in 1% BSA at 37 C
for 1 h or overnight at 4 “C. Following primary antibody
incubation, the cells were incubated with fluorescein
isothiocyanate-conjugated secondary antibody at a 1:500
dilution in 1% BSA at 37 °C for 1 h in the dark. To visual-
ize the cell nuclei, the cells were stained with 4,6-diami-
dino-2-phenylindole (Genview, Beijing, China) at a 1:20
dilution in PBST for 15 min. After three washes with
PBST, viral N protein expression was observed under a
fluorescence microscope (LEICA DMi8, Germany).

2.6 Western blot analysis

Proteins were extracted by treating the cells with lysis
buffer (Beyotime, China) containing 1% protease inhibi-
tor (Yatai Hengxin, China) on ice for 30 min, followed
by centrifugation. The supernatant was then boiled
in 5xsodium dodecyl sulfate (SDS) loading buffer for
5 min. Equal volumes of protein samples were sepa-
rated using 12.5% SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, USA). The
membranes were blocked with 4% non-fat milk, then
incubated overnight at 4 °C with either anti-HIN2 AIV
N monoclonal antibody (1:500 dilution) (Abcam) or anti-
GAPDH antibody (1:1000 dilution) (Proteintech Group,
Inc., USA). Afterward, the membranes were incubated
with horseradish peroxidase-conjugated goat anti-mouse
IgG (1:5000 dilution) (Proteintech, USA) at room tem-
perature for 1 h. The chemiluminescent signals emitted
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from the protein blots were visualized using enhanced
chemiluminescence (ESL) reagents (NMC Biotech) and
captured with a GelView 6000 Pro imaging system fol-
lowing the manufacturer’s instructions (BLT, Guang-
dong, China).

2.7 Time-of-addition assay

MDCK cells were cultured overnight in 12-well plates
before being infected with HON2 AIV at a titer of 2.15 x
107 TCIDy,. The plates were incubated at 4 C for 1 h to
allow for virus adsorption. After removing the inoculum,
each well was supplemented with DMEM containing
TPCK-trypsin (1 pg/mL), and the plates were placed at
37 °C. S06-60% was added at a concentration of 0.05 mg/
mL at various time points (Fig. 4A). After 12 h, the
expression levels of viral N protein were determined by
western blot analysis, and viral titers were assessed using
the TCID;, assay. The relative transcription levels of the
viral M gene were determined using RT-qPCR.

2.8 RNA extraction, RT-PCR analysis, and RT-qPCR analysis
Total viral RNA was extracted from throat and cloacal
swabs collected from the animals using a viral nucleic
acid extraction kit (Magen, Guangzhou, China). The
extracted RNA was then subjected to complementary
DNA (cDNA) synthesis using a RT-PCR kit (TaKaRa,
Dalian, China). PCR was performed using primers spe-
cific for the HON2 AIV hemagglutinin (HA) gene. The
sense primer sequence was 5-CCAGCAAAAGCAGGG
GAATTTC-ACA-3; and the antisense primer sequence
was 5 -TTAGTAGAAACAAGGGTGTTTTTGCCAA-
3" The PCR reactions were carried out in 20 pL volumes,
which included 0.8 pL of PrimeScript 1 Step Enzyme
Mix, 10 pL of 2x1 Step Buffer, 0.8 pL of the HA gene-
specific primers, and 8.4 pL of template RNA. The reac-
tion conditions were as follows: 50 °C for 30 min; 94 C for
2 min; 30 cycles of 94 °C for 30 s, 55 °C for 30’ s, and 72 ‘C
for 100 s; followed by a final step at 4 “C. After preparing
a 1% nucleic acid gel, PCR samples were loaded and elec-
trophoresed at 190 V for 30 min.

For RT-qPCR, viral RNA was extracted from MDCK
cells, and swabs were collected from the animals. The
RNA was used for cDNA synthesis with a one-step
transcription kit (TaKaRa, Dalian, China). qPCR was
performed using primers specific for the HON2 AIV M
gene, with GAPDH as the internal reference gene. The
sense primer sequence for the HON2 AIV M gene was
5-CTTCTAACCGAGGTCGAAACG-3, and the anti-
sense primer sequence was 5-AGGGCATTTTGG
ACAAAKCGTCTA-3. The sense primer sequence for
GAPDH was 5-TGCCATCACAGCCACACAGAAG-
3, and the antisense primer sequence was 5-ACTTTC
CCCACAGCCTTAGCAG-3. The reactions were carried
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out in 10 pL volumes, which included 5 pL of 2x Color
SYBR Green qPCR Master Mix (ROX2 plus), 0.4 uL of
each gene-specific primer, and 1 pL of cRNA. qPCR was
performed using a LightCycler 480 instrument (Roche,
Basel, Switzerland). The reaction conditions were as fol-
lows: 95 °C for 5 min; 40 cycles of 95 “C for 10 s and 60 C
for 30 s; followed by a final step at 4 ‘C. To confirm the
specificity of the amplification, melt curve analysis was
performed with the following conditions: 95 °C for 15 s,
60 °C for 1 min, and 95 °C for 30 s. The messenger RNA
(mRNA) transcription level of the HON2 AIV M gene
was quantified using the cycle threshold (Ct) value, nor-
malized to that of GAPDH.

2.9 Animal experiments

The aim of this study was to investigate the effects of S06-
60% on SPF chickens infected with HON2 AIV. The chick-
ens were housed in individual isolators under positive
pressure. Eighty 22-day-old SPF chickens were randomly
divided into four groups. The S06-60% group received
1 mL of S06-60% orally for 10 consecutive days at a dos-
age of 1.4 g/kg of body weight. The positive control group
was orally administered oseltamivir at a dosage of 20 mg/
kg. At 32 days of age, all groups except the negative con-
trol group were intranasally inoculated with 200 pL of
HON2 AIV (A/Chicken/Guangdong/69/2009 (HON2)) at
a titer of 10%° 50% egg infectious dose (EIDy,), whereas
the negative control group received 200 pL of 1XPBS
buffer instead. Body weight was recorded every two days.
Blood samples were collected from the S06-60% and
negative control groups one day before the viral chal-
lenge for enzyme-linked immunosorbent assay (ELISA)
analysis. Throat and cloacal swabs were collected from
five chickens in each group at 1, 2, 3, and 4 days post-
infection (dpi) for RT-PCR and RT-qPCR analyses. Blood
samples were also collected at these time points, and
serum was separated for interferon gamma (IFN-y) and
interleukin-6 (IL-6) detection using ELISA. At the end of
the experiment (15 dpi), lung and tracheal samples were
collected for hematoxylin and eosin (H&E) staining and
microscopic observation.

2.9.1 Enzyme-linked immunosorbent assay

The levels of cytokines (IFN-y and IL-6) in serum sam-
ples were determined using chicken ELISA kits (CUSA-
BIO, Wuhan, China) according to the instructions of the
manufacturer. Briefly, samples were added to the ELISA
plate, followed by the working solution, and then incu-
bated at 37 °C for 30 min. After washing, substrate solu-
tion was added, and the plate was incubated at 37 °C for
20 min. The reaction was halted with a stop solution, and
the OD value of each well was measured at 450 nm using
a microplate reader to determine cytokine concentrations
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by interpolation of the standard curve based on the OD
values.

2.9.2 Histopathology

In the animal experiments, lung and tracheal tissues from
SPF chickens were collected post-dissection and fixed
in 10% formaldehyde at room temperature. The tissues
underwent standard processing for histological analysis,
which included dehydration, clearing, and embedding in
paraffin wax. Tissue sections were then mounted on glass
slides, stained with H&E, and observed under a light
microscope.

2.9.3 Statistical analysis

All data were analyzed using GraphPad Prism 8 software
and are presented as mean + standard deviation. Statisti-
cal significance between groups was determined using
the t-test, with P<0.05 considered significant.

3 Results
3.1 Evaluation of the cytotoxicity of Hypericum japonicum
extracts

To assess the cytotoxic potential of the Hypericum
japonicum extracts, the viability of MDCK cells was eval-
uated using the CCK-8 assay. The cells were exposed to
various concentrations of S06-CE, S06-0, S06-0%, S06-
20%, S06-60%, and oseltamivir for 24 and 48 h. The OD
at 450 nm was measured in each well of a 96-well plate
using a microplate reader. As shown in Fig. 1, the maxi-
mum safe concentrations for MDCK cells were deter-
mined as follows: S06-0—0.2 mg/mL; S06-0%—0.4 mg/
mL; S06-20% (aqueous solution)—0.05 mg/mL; S06-
20% (dissolved in 50% ethanol)—0.025 mg/mL; S06-60%
(aqueous solution)—0.05 mg/mL; S06-60% (dissolved in
50% ethanol)—0.025 mg/mL; S06-CE—0.034 mg/mL;
and oseltamivir—5 pg/mL.

3.2 Hypericum japonicum inhibits HON2 AlV infection
in vitro

To examine the effect of Hypericum japonicum on HON2
infection, MDCK cells were treated with Hypericum
japonicum extracts at various concentrations, based on
the maximum safe concentrations determined in the
previous cell viability assay. The antiviral activity of these
extracts against HON2 AIV was subsequently evaluated

(See figure on next page.)
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using IFA and western blot analysis. Figure 2A shows
the results of the IFA, indicating that treatment with
S06-0, S06-20% (dissolved in water or 50% ethanol), S06-
60% (dissolved in water or 50% ethanol), S06-CE, and
oseltamivir significantly reduced the expression of the
HON2 AIV N protein after 24 h of incubation. Among
these, S06-60% (dissolved in water or 50% ethanol) exhib-
ited the most pronounced inhibitory effects. However,
treatment with S06-0% did not result in a significant
change in HON2 AIV N protein expression.

To further validate the anti-HIN2 AIV effect of the
extracts, western blot analysis was performed using a
monoclonal antibody against the N protein. Figure 2B
demonstrates that the HON2 AIV N protein could not be
detected after treatment with S06-0, S06-20% (dissolved
in water or 50% ethanol), S06-60% (dissolved in water or
50% ethanol), or S06-CE. Oseltamivir at 4 pg/mL signifi-
cantly reduced the expression of the HON2 AIV N pro-
tein. Conversely, treatment with S06-0% did not induce
a significant change in HON2 AIV N protein expression,
which was consistent with the IFA results. Considering
the higher maximum safe concentration and safety con-
cerns in animal experiments, S06-60% (aqueous solution)
was chosen as the primary focus for further investigation
instead of S06-CE, which is a crude extract.

3.3 S06-60% dose-dependently inhibits HON2 AIV
infection in vitro

The effect of S06-60% (aqueous solution) on HIN2 AIV
infection in MDCK cells was further explored by analyz-
ing M gene mRNA transcription, N protein expression,
and viral titers. Figure 3A shows that lower concen-
trations of S06-60% resulted in higher levels of M gene
mRNA transcription, demonstrating dose-dependent
inhibition of HON2 AIV. Specifically, S06-60% at 50 pg/
mL and 25 pug/mL effectively suppressed M gene mRNA
transcription (P<0.0001). Figure 3B illustrates the fact
that decreasing S06-60% concentrations correlated with
increased N protein expression, with minimal detec-
tion at 50 pg/mL and 25 pg/mL. Furthermore, viral titer
analysis revealed a reduction in viral particles at higher
concentrations of S06-60%, particularly with minimal
detection at 50 pug/mL (Fig. 3C). Overall, these results
indicate that the inhibitory effect of S06-60% on HON2
AIV in MDCK cells is dose-dependent, with optimal

Fig. 1 Viability of MDCK cells in presence of the Hypericum japonicum extracts with different concentrations. MDCK cells were cultured

with or without various concentrations of the extracts, for 24 h and 48 h prior to the CCK-8 assay. A: S06-0; B: S06-0%; C: S06-20% dissolved in water;
D: S06-20% dissolved in 50% ethanol; E: S06-60% dissolved in water; F: S06-60% dissolved in 50% ethanol; G: S06-CE; H: Oseltamivir (W: The extract
was dissolved in sterile water; A: The extract was dissolved in 50% ethanol). Data are represented as mean+SD, n=8. * represents P < 0.05; **

represents P<0.01; *** represents P<0.001; **** represents P<0.0001
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Fig. 1 (Seelegend on previous page.)
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Fig. 2 S06-60% inhibits HON2 AIV replication in vitro. MDCK cells were treated with or without various concentrations of the extracts for 1 h,
followed by infection with HON2 AIV (1:1000). After 2 h, the cells were re-treated with the extract or DMEM as control. (A) At 24 h post-inoculation,
an indirect immunofluorescence assay was performed. CPE and HON2 AlV antigen were indicated by green fluorescence. (B) MDCK cells were
treated as described above. After 24 h, cell lysates were prepared and examined with Western Blot using anti-HON2 AIV N polyclonal antibody. (W:
The extract was dissolved in sterile water; A: The extract was dissolved in 50% ethanol). Data are represented as mean+5SD, n=3

WB:a-HONZ AlV N McAb‘

inhibition observed at concentrations of 50 pg/mL and
25 pg/mL.

3.4 S06-60% primarily exerts its antiviral effect on HON2
AlV during the pretreatment and adsorption stages
of the viral replication cycle
An experiment was conducted to determine the spe-
cific stage at which S06-60% exerts its antiviral effect by
treating HON2 AIV at different stages of infection. As
illustrated in Fig. 4A, the experiment comprised seven
groups (M1-M7) (Fang et al. 2018; Sharma and Gupta
2015). M1 was the control group, in which no extract was
added during the viral replication stage. M2 involved the

addition of S06-60% throughout all stages of HON2 AIV
infection. M3 entailed premixing S06-60% with HON2
AIV. M4 involved adding S06-60% during the HON2 AIV
adsorption stage. M5 included the addition of S06-60%
during the HON2 AIV invasion stage. M6 involved add-
ing S06-60% during HON2 AIV replication. M7 entailed
premixing S06-60% with the cells.

After 12 h of viral infection, RT-qPCR, western blot-
ting, and TCIDs, assays were conducted to compare
the mRNA transcription levels of the HOIN2 AIV M
gene, N protein expression levels, and viral titers. As
depicted in Figs. 4B-E, the M2, M3, M4, and M7 treat-
ment groups showed significant suppression of HON2
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AIV transcription and protein expression, along with
decreased viral titers (P<0.0001), compared with the M1
control group. These findings indicate that S06-60% pri-
marily exerts its inhibitory effect during the pretreatment
and adsorption stages of HON2 AIV infection.

3.5 506-60% inhibits HON2 AIV infection in SPF chickens
The inhibitory effect of S06-60% was investigated in SPF
chickens challenged with HON2 AIV (Fig. 5A). Figure 5B
shows a consistent increase in the body weights of the
chickens across all groups after the experiment began,
indicating no negative impact of S06-60% on chicken
weight. RT-PCR analysis of throat swabs collected on
day 1 post-challenge (Table 1) revealed no viral bands
in the S06-60% group, suggesting that S06-60% reduced
early viral levels and demonstrated an inhibitory effect on
HON2 AIV infection.

Because no viral bands were detected in throat swabs
at 2, 3, and 4 dpi, or in any cloacal swabs, RT-qPCR was
employed (Fig. 5C-D). The viral loads in the throat swabs
from both the S06-60% and oseltamivir groups were
lower than those in the positive control group post-chal-
lenge. At 1 dpi, both the S06-60% and oseltamivir groups
exhibited significantly reduced viral loads compared
with the positive control group (P<0.05), and this differ-
ence remained significant at 4 dpi (P<0.01). The results
from the cloacal swabs were similar, showing lower viral
loads in the S06-60% and oseltamivir groups after the
challenge, with significantly reduced viral levels in the
oseltamivir group at 4 dpi (P<0.05). These findings indi-
cate that both S06-60% and oseltamivir possess antiviral
effects against HON2 AIV in SPF chickens.

Figures 5E-F illustrate the tracheal and lung damage in
chickens infected with HON2 AIV at 4 dpi. The tracheas
of the positive control group exhibited focal infiltration
of inflammatory cells in the lamina propria, extending

o)

Fig. 3 S06-60% dose-dependently inhibits HON2 AV replication in vitro. MDCK cells were treated with DMEM as a control medium or with various
concentrations of S06-60% for 1 h, followed by infection with HON2 AlV (1:1000). After 2 h, the cells were re-treated with S06-60% of DMEM

as a control. (A) At 24 h post-inoculation, an indirect immunofluorescence assay was performed to detect CPE and HON2 AlV antigen, which

are indicated by green fluorescence. (B) MDCK cells were treated as described above. After 24 h, cell lysates were prepared and examined

using Western Blot with anti-HIN2 AIV N polyclonal antibody. (C) Virus titers in the cell lysates were determined by TCIDs, analysis. The data are
represented as mean + SD, with n=3 replicates

25 50 (pa/mL)

Virus titer (Log, pfu/mL) O
] =

S99 MOOW

3.1'25 5.'25 |2I.5 2'5 5:’
S06-60% concentration (pg/mL)

to the epithelium and causing it to thin. In contrast, the
S06-60% and oseltamivir groups showed reduced inflam-
mation and less tracheal damage. Lung damage was
assessed using previously described criteria (Wang et al.
2021a, b), as detailed in Table 2, with the grading results
presented in Table 3. In the lungs of the positive con-
trol group, lymphoid infiltration was observed around
the secondary bronchial mucosa, leading to thickened
airways and dilated blood vessels. Conversely, the afore-
mentioned treatment groups exhibited less lung damage
and fewer symptoms, such as hemorrhage, inflammation,
and airway thickening.

Figures 5G-H illustrate the use of ELISA to detect
IFN-y and IL-6 levels in different groups before and
after the viral challenge. The initial levels of these two
cytokines in the S06-60% group were comparable to
those in the negative control group. After the challenge,
S06-60% significantly elevated IFN-y levels (P<0.05),
surpassing those in the positive control group at 4 dpi
(P<0.01). IL-6 levels increased at 2 dpi in both the S06-
60% and oseltamivir groups (P<0.05) but remained sig-
nificantly lower than those in the positive control group
(P<0.01), suggesting that S06-60% could reduce inflam-
mation and associated post-infection damage.

In summary, S06-60% was effective against HON2
AIV in SPF chickens, inhibiting viral growth, increasing
serum IFN-y levels, decreasing IL-6 levels, and mitigating
damage to tracheal and lung tissues.

4 Discussion

HON2 AIV has become a major concern in China since
its first outbreak, causing substantial negative effects on
the poultry industry (Jiang et al. 2012; Liu et al. 2014b;
Ma et al. 2018; Shang et al. 2010; Wu et al. 2018b; Zeng
et al. 2017; Zhu et al. 2014). Initially, HON2 AIV leads to
mild respiratory symptoms in chickens; however, it can
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Fig. 4 Time-of-addition experiments. (A) MDCK cells infected with HIN2 AIV were treated with S06-60% at various time points before and after
infection. The presence of S06-60% is indicated by double-headed red arrows. The experiments are identified in the text by the numbers

on the left (M1-M7). Cells were harvested at 12 hpi. (B) The mRNA expression of M was examined with real-time PCR using specific primers. The
expression level of mMRNA was calculated in relation to the expression level of GAPDH. (C) The gray-scale scanning ratio of N protein-specific bands
to GAPDH-specific bands was determined from Western Blot results; (D) The N protein of HON2 AlV was detected using anti-HON2 AIV N polyclonal
antibody in Western Blot. (E) The virus titers in the culture medium were determined by TCID5, analysis. The data are represented as mean +SD
with n=3 replicates. * represents P< 0.05; ** represents P<0.01; *** represents P< 0.001; **** represents P< 0.0001

progress to severe respiratory issues, immunosuppres-
sion, secondary infections, decreased egg production,
and high mortality, resulting in significant economic
losses (Choi et al. 2004; Dong et al. 2011; Sun and Liu
2015). Although vaccination remains the primary pre-
ventive measure against this virus, the ongoing evolution
and mutation of HIN2 AIV undermine the effective-
ness of existing vaccines (Sun et al. 2012). Therefore,

alternative antiviral strategies are urgently needed. In
this study, we report the antiviral properties of Hyperi-
cum japonicum extract against HON2 AIV infection, both
in vitro and in vivo.

Chinese herbal medicines, such as Hypericum japoni-
cum, offer several advantages for drug development,
including a broader range of targets, fewer side effects,
and reduced drug resistance. Known as “di er cao,
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Fig.5 The protective effect of oral administration of S06-60% against HON2 AlV infection in SPF chickens. (A) Experimental diagram: 80 SPF
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consecutive days. At 32 days of age, all groups, except the negative control group (administered 200 uL of 1 x PBS buffer), were challenged with 200
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in throat swabs of SPF chickens was quantified using RT-qPCR. (D) The HON2 AV loads in the cloacal swabs of SPF chickens was quantified using
RT-gPCR. (E-F) H&E-stained trachea and lung tissue sections from SPF chickens at 4 dpi were examined under a microscope. (G) Expression levels
of IFN-y and IL-6 were measured by ELISA one day before challenge. (H) Expression levels of IFN-y and IL-6 were measured by ELISA after challenge.
The data are presented as mean +SD with n=5 replicates. * represents P< 0.05; *** represents P < 0.001; **** represents P< 0.0001
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Table 1 Statistics analysis of the RT-PCR results for the presence
of HON2 AIV HA gene in throat swabs collected on the first day
after challenge

Group Positive
samples /Total
samples

S06-60% 0/5

Oseltamivir 1/5

PC 3/5

NC 0/5

Table 2 The criteria for microscopic observation of the lung and

trachea

Grade Microscopic observation

- [tindicates that the organi-
zational structure is normal
and there is no significant change
It indicates occasional histitis cells

++ It indicates a multi-tissue lym-

phoid focal infiltration that is vis-
ible and is clearly visible

Table 3 The effect of S06-60% on histopathological changes in
lung at 4 days post HON2 AlV infection

Group 1 2 3 4 5
S06-60% + ++ +

Oseltamivir + +

pC + ++ ++ + ++
NC - - - - -

Hypericum japonicum has been used for nearly a cen-
tury to treat viral hepatitis and other infectious dis-
eases (Wang et al. 2008a). It contains various bioactive
components, including aliphatic compounds, terpenes,
flavonoids, xanthones, lactones, and phloroglucinol
derivatives (Gao et al. 2009; Hu et al. 2000; Ishiguro et al.
1994; Liu et al. 2014a; Verma et al. 2012; Wang et al.
2008b; Zhang et al. 2007), which exhibit broad pharma-
cological effects (Li et al. 2008). Hypericum japonicum
has demonstrated inhibitory effects against PEDV, her-
pesviruses, Kaposi’s sarcoma-associated herpesvirus,
H3N2 influenza virus, and duck hepatitis B virus, mak-
ing it a valuable resource for antiviral drug development
(Gao et al. 2009; Hu et al. 2000; Ishiguro et al. 1994; Liu
et al. 2014a; Verma et al. 2012; Wang et al. 2008b; Zhang
et al. 2007).

In the present study, we focused on the efficacy of
Hypericum japonicum efficacy against HON2 AIV infection
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in vitro. After determining the maximum safe concentra-
tion of Hypericum japonicum extracts for MDCK cells
using the CCK-8 assay, we evaluated the anti-HIN2 AIV
activity of the extracts at the protein level. The results
revealed that S06-60%, obtained through resin column sep-
aration using 60% ethanol, exhibited the strongest inhibi-
tory action against HON2 AIV. Dose-dependent inhibition
of HON2 AIV by S06-60% was observed across various lev-
els, including mRNA transcription, protein synthesis, and
viral replication. Notably, at a concentration of 0.05 mg/
mL, S06-60% completely inhibited HON2 AIV growth.
Although the exact mechanisms remain unclear, our data
indicated that introducing S06-60% during the viral pre-
treatment and adsorption stages nearly completely inhib-
ited HON2 AIV transcription and expression, resulting in
viral titers in MDCK cells dropping to zero, which suggests
an almost complete prevention of viral replication.

Furthermore, in vivo experiments with SPF chickens
demonstrated that S06-60% could reduce viral loads in
throat swabs, regulate immune responses by increasing
IFN-y levels and decreasing IL-6 levels, and mitigate his-
topathological damage to respiratory tissues compared
with the antiviral drug oseltamivir.

In conclusion, Hypericum japonicum extract S06-60%
exhibits potent activity against HON2 AIV, confirmed
through both in vitro and in vivo studies, with the most
significant effects observed during the viral pretreatment
and adsorption stages. However, to advance the applica-
tion of anti-HIN2 AIV therapeutics, further investiga-
tions are necessary to identify the active compounds
within Hypericum japonicum responsible for its antiviral
effects and to elucidate the exact underlying mechanisms.
Addressing these issues is crucial for developing a new,
safe antiviral medication to control HON2 AIV in poultry.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544307-024-00046-4.

[ Supplementary Material 1. }

Acknowledgements
Not applicable.

Authors’ contributions

HH and CX conceived and designed the experiments; HH performed the
experiments; JL, SZ,YZ, KZ,YX, XW, and MH helped in experimental imple-
mentation. HH and CX analyzed the data; OP, YW, WS, YC, and CX contributed
reagents, materials, and analysis tools; HOH wrote the paper; YW and CX
revised and finalized the manuscript. All authors contributed to the article and
approved the submitted version.

Funding
Not applicable.


https://doi.org/10.1007/s44307-024-00046-4
https://doi.org/10.1007/s44307-024-00046-4

Hu et al. Advanced Biotechnology (2024) 2:41

Data availability
The data that support the findings of this study are available in the supple-
mentary files of this article.

Declarations

Ethics approval and consent to participate

The animal experiments were approved by the Experimental Animal Welfare
Ethics Committee of South China Agricultural University (SYXK-2022-0136),
and performed following relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests

Author YC is a member of the Editorial Board for Advanced Biotechnology, and
the author is not involved in the journal’s review of and decisions related to
this manuscript.

Received: 6 September 2024 Revised: 23 October 2024 Accepted: 24
October 2024
Published online: 06 November 2024

References

Barbour EK, Mastori FA, Abdel Nour AM, Shaib HA, Jaber LS, Yaghi RH,

Sabra A, Sleiman FT, Sawaya RK, Niedzwieck A, Tayeb IT, Kassaify ZG,
Rath M, Harakeh S, Barbour KE. Standardisation of a new model of
HION2/Escherichia coli challenge in broilers in the Lebanon. Veterinaria
Italiana. 2009;45:317-22.

Chen B. Isolation and preliminary serological identification of avian influenza
virus-type a from chickens. China Poultry. 1997;11:3.

Choi YK, Ozaki H, Webby RJ, Webster RG, Peiris JS, Poon L, Butt C, Leung YH,
Guan Y. Continuing evolution of HIN2 influenza viruses in Southeastern
China. J Virol. 2004;78:8609-14.

Dong G, Xu C, Wang C, Wu B, Luo J, Zhang H, Nolte DL, Deliberto TJ, Duan M,
Ji G, He H. Reassortant HON2 influenza viruses containing H5N1-like PB1
genes isolated from black-billed magpies in Southern China. PLoS ONE.
2011,6:225808.

Erfan AM, Selim AA, Helmy SA, Eriksson P, Naguib MM. Chicken anaemia virus
enhances and prolongs subsequent avian influenza (HON2) and infec-
tious bronchitis viral infections. Vet Microbiol. 2019;230:123-9.

Fang J, Liu C,Wang Q, Lin P, Cheng F. In silico polypharmacology of natural
products. Brief Bioinform. 2018;19:1153-71.

Gao WN, Luo JG, Kong LY. Quality evaluation of Hypericum japonicum by using
high-performance liquid chromatography coupled with photodiode
array detector and electrospray ionization tandem mass spectrometry.
Biomedical Chromatography : BMC. 2009;23:1022-30.

Ghoke SS, Sood R, Kumar N, Pateriya AK, Bhatia S, Mishra A, Dixit R, Singh VK,
Desai DN, Kulkarni DD, Dimri U, Singh VP. Evaluation of antiviral activity of
Ocimum sanctum and Acacia arabica leaves extracts against HON2 virus
using embryonated chicken egg model. BMC Complement Altern Med.
2018;18:174.

Gu CQ, Luo L, Hu XY, Zhang WP, Zhou SQ, Cheng GF. Apoptosis of the immune
organ in layers inoculated experimentally with HON2 subtype avian
influenza virus. Chinese Veterinary Journal. 2008;28:3.

Hu LH, Khoo CW, Vittal JJ, Sim KY. Phloroglucinol derivatives from Hypericum
Jjaponicum. Phytochemistry. 2000;53:705-9.

Hu L, Wang Z, Zhang J, Lu Y, Wang K, Xue Y, Zhang Y, Zhang Y. Two new bioac-
tive a-Pyrones from Hypericum japonicum. Molecules (Basel, Switzerland).
2016;21:515.

Ishiguro K, Nagat S, Fukumoto H, Yamaki M, Isoi K. Phloroglucinol derivatives
from Hypericum japonicum. Phytochemistry. 1994;53:469-71.

Jiang W, Liu S, Hou G, Li J, Zhuang Q, Wang S, Zhang P, Chen J. Chinese and
global distribution of H9 subtype avian influenza viruses. PLoS ONE.
2012;7:e52671.

Li X, Liang J, Chen XH. HPLC determination of isojacareubin in Hypericum
Japonicum. China Practical Medicine. 2008;19:8-9.

Page 12 of 13

Li PB, Yang CP, Wang YG, Peng W. Experimental study on the effect of Hyperi-
cum japonicum extract against duck hepatitis B virus. Journal of Chinese
Medicinal Materials. 2011,34:956-8.

Lin JM, Chen XF, Lin MH. Modern research progress of Hypericum japonicum.
Fujian Journal of TCM. 2004;35:53-4.

Liu N, Hu XL, Meng YR, Zhu YT, Huang BS, Lin PZ. Effect of anti-influenza virus
H3N2 of Hypericum japonicum in vivo. Journal of Chinese Medicinal
Materials. 2008;31:3.

Liu LS, Liu MH, He JY. Hypericum japonicum Thunb. ex Murray: phytochemistry,
pharmacology, quality control and pharmacokinetics of an important
herbal medicine. Molecules (Basel, Switzerland). 2014;19:10733-54.

Liu Q, Chen H, Huang J, Chen'Y, Gu M, Wang X, Hu S, Liu X, Liu X. A nonpatho-
genic duck-origin HON2 influenza A virus adapts to high pathogenicity in
mice. Adv Virol. 2014;159:2243-52.

Ma MJ, Zhao T, Chen SH, Xia X, Yang XX, Wang GL, Fang LQ, Ma GY, Wu MN,
Qian YH, Dean NE, Yang Y, Lu B, Cao WC. Avian influenza A virus infection
among workers at live poultry markets, China, 2013-2016. Emerg Infect
Dis. 2018;24:1246-56.

Monto AS, Gravenstein S, Elliott M, Colopy M, Schweinle J. Clinical signs
and symptoms predicting influenza infection. Arch Intern Med.
2000;160:3243-7.

Pourghanbari G, Nili H, Moattari A, Mohammadi A, Iraji A. Antiviral activity of
the oseltamivir and Melissa officinalis L. essential oil against avian influ-
enza A virus (HON2). Virusdisease. 2016;27:170-8.

Rajasekaran D, Palombo EA, Chia Yeo T, Ley LS, Ley LS D, Lee Tu C, Malherbe F,
Grollo L. Identification of traditional medicinal plant extracts with novel
anti-influenza activity. PLoS ONE. 2013;8:€79293.

Rao HY, SuWW, Zhang XL, Wang YG, Li T, Li JL, Zeng X, Li PB. Hypericumjaponi-
cum extract inhibited porcine epidemic diarrhea virus in vitro and in vivo.
Front Pharmacol. 2023;14:1112610.

Reed LJ, Muench H. A simple method of estimating fifty perfect endpoints.
Am J Epidemiol. 1938;27:493.

Samiji T. Influenza A: understanding the viral life cycle. Yale J Biol Med.
2009;82:153-9.

Shang RF, Liang JP, Na ZY, Yang HJ, Lu Y, Hua LY, Guo WZ, Cui Y, Wang L. In vivo
inhibition of NAS preparation on HIN2 subtype AlV. Virologica Sinica.
2010;25:145-50.

Sharma SB, Gupta R. Drug development from natural resource: a systematic
approach. Mini Rev Med Chem. 2015;15:52—7.

Sun'Y, Liu J. HON2 influenza virus in China: a cause of concern. Protein Cell.
2015;6:18-25.

Sun, Pu J, Fan L, Sun H, Wang J, Zhang Y, Liu L, Liu J. Evaluation of the protec-
tive efficacy of a commercial vaccine against different antigenic groups
of HON2 influenza viruses in chickens. Vet Microbiol. 2012;156:193-9.

Verma RS, Padalia RC, Chauhan A, Chanotiya CS, Yadav A. Chemical composi-
tion of the aliphatic compounds rich essential oil of Hypericum japonicum
Thunb. ex Murray from India. J Essent Oil Res. 2012,24:501-5.

Wang N, Li P Wang Y, Peng W, Wu Z, Tan S, Liang S, Shen X, Su W. Hepatopro-
tective effect of Hypericum japonicum extract and its fractions. J Ethnop-
harmacol. 2008;116:1-6.

Wang XW, Mao Y, Wang NL, Yao XS. A new phloroglucinol diglycoside deriva-
tive from Hypericum japonicum Thunb. Molecules (Basel, Switzerland).
2008;13:2796-803.

Wang S, Jiang N, ShiW, Yin H, Chi X, Xie Y, Hu J, Zhang Y, Li H, Chen JL. Co-
infection of HON2 influenza A virus and Escherichia coli in a balb/c mouse
model aggravates lung injury by synergistic effects. Front Microbiol.
2021;12:670688.

Wang YX, Bao L, Zhao RH, Gen ZH, Bao YY, Sun J, ShiYJ, Zhou LR, Chen MP, Xu
YL. Anti-inflammatory mechanism of Gardenia Jasminoides Ellis extract
on inhibition of viral pneumonia induced by influenza A virus. Chinese
Journal of Pharmacovigilance. 2021;18:6.

Wei JJ, Tian XL, Hu G. Research progress on the anti-HIN2 AlV effect of Chinese
medicine for heat-clearing and detoxifying. Livestock and Poultry Indus-
try. 2020;31:3.

WU R, Le Z,Wang Z, Tian S, Xue Y, ChenY, Hu L, Zhang Y. Hyperjaponol H, a new
biocactive filicinic acid-based meroterpenoid from Hypericum japonicum
Thunb. ex Murray. Molecules (Basel, Switzerland). 2018a;23(3):683. https://
pubmed.ncbi.nim.nih.gov/29562631/.

Wu, Lin J,Yang S, Xie Y, Wang M, Chen X, Zhu Y, Luo L, Shi W. The molecular
characteristics of avian influenza viruses (HON2) derived from air samples
in live poultry markets. Infection, Genetics and Evolution : Journal of


https://pubmed.ncbi.nlm.nih.gov/29562631/
https://pubmed.ncbi.nlm.nih.gov/29562631/

Hu et al. Advanced Biotechnology (2024) 2:41

Molecular Epidemiology and Evolutionary Genetics in Infectious Dis-
eases. 2018;60:191-6.

Xu C, Ye H, QiuW, Lin H, ChenY, Zhang H, Liao M. Phylogenetic classification
of hemagglutinin gene of HIN2 avian influenza viruses isolated in China
during 2012-2016 and evaluation of selected candidate vaccine strains.
Poult Sci. 2018;97:3023-30.

Xu Z, LiuY, Peng P, Liu Y, Huang M, Ma Y, Xue C, Cao Y. Aloe extract inhib-
its porcine epidemic diarrhea virus in vitro and in vivo. Vet Microbiol.
2020;249:108849.

Zeng X, Liu M, Zhang H, Wu J, Zhao X, Chen W, Yang L, He F, Fan G, Wang D,
Chen H, Shu Y. Avian influenza HON2 virus isolated from air samples in
LPMs in Jiangxi. China Virology Journal. 2017;14:136.

Zhang WD, Fu P, Liu RH, Li TZ, Li HL, Zhang W, Chen HS. A new bisxanthone
from Hypericum japonicum. Fitoterapia. 2007,78:74-5.

Zhang Y, Wei Y, Liu K, Huang M, Li R, Wang Y, Liu Q, Zheng J, Xue C, Cao Y.
Recombinant influenza HON2 virus with a substitution of H3 hemaggluti-
nin transmembrane domain showed enhanced immunogenicity in mice
and chicken. Sci Rep. 2017;7:17923.

ZhuY,Hu S, Bai T, Yang L, Zhao X, Zhu W, Huang Y, Deng Z, Zhang H, Bai Z, Yu
M, Huang J, Shu Y. Phylogenetic and antigenic characterization of reassor-
tant HIN2 avian influenza viruses isolated from wild waterfowl in the East
Dongting Lake wetland in 2011-2012. Virology Journal. 2014;11:77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13



	The inhibitory effect of Hypericum japonicum on H9N2 avian influenza virus
	Abstract 
	1 Introduction
	2 Materials and methods
	2.1 Cells and viruses
	2.2 Preparation of Hypericum japonicum extracts
	2.3 CCK-8 assay
	2.4 Inhibition of viral infection: in vitro assay
	2.5 Immunofluorescence assay
	2.6 Western blot analysis
	2.7 Time-of-addition assay
	2.8 RNA extraction, RT-PCR analysis, and RT-qPCR analysis
	2.9 Animal experiments
	2.9.1 Enzyme-linked immunosorbent assay
	2.9.2 Histopathology
	2.9.3 Statistical analysis


	3 Results
	3.1 Evaluation of the cytotoxicity of Hypericum japonicum extracts
	3.2 Hypericum japonicum inhibits H9N2 AIV infection in vitro
	3.3 S06-60% dose-dependently inhibits H9N2 AIV infection in vitro
	3.4 S06-60% primarily exerts its antiviral effect on H9N2 AIV during the pretreatment and adsorption stages of the viral replication cycle
	3.5 S06-60% inhibits H9N2 AIV infection in SPF chickens

	4 Discussion
	Acknowledgements
	References


