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Baicalin, a bioactive flavone found in Scutellaria baicalensis Georgi has anti-SARS-CoV-2 infection by targeting
viral 3C-like protease (3CLpro). However, little is known about the antiviral activity of its 7-deoxy analogue, 5,6-
dihydroxyflavone (5,6-DHF), especially against betacoronaviruses (beta-CoVs). We found that 5,6-DHF exhibited
more potent anti-SARS-CoV-2 Omicron variant EG.5.1.1 activity than baicalein by microneutralization test
(MNT) and plaque reduction neutralization test (PRNT). 5,6-Dihydroxyl (catechol) groups at A ring of 5,6-DHF is
essential for its suppression on SARS-CoV-2 Omicron variant EG.5.1.1 infection because blocking them with
methyl or methylene groups obsolesce the activity. 3CLpro inhibition assay showed that the antiviral activity of
5,6-DHF is distinctive with baicalein. Time of addition test, molecular docking and spike-bearing pseudotyped
virus entry assay suggested that 5,6-DHF interferes the spike-ACE2 interaction by targeting at receptor binding
domain (RBD) of spike and hence inhibits the virus replication. In addition to SARS-CoV-2 Omicron variant
EG.5.1.1, 5,6-DHF was also found effective against another common human beta-CoVs, HCoV-OC43, by blocking
their entry to host cells. Taken together, the present study demonstrated the potential function of 5,6-DHF as a

therapeutic candidate against beta-CoVs.

1. Introduction

Coronaviruses are enveloped, single-stranded, positive-sense RNA
viruses that infect and spread between mammals and birds (Chang et al.,
2020). Entering the twenty-first century, three highly pathogenic and
deadly human coronaviruses (HCoV) including severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome
coronavirus (MERS-CoV) and severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) have emerged. Particularly, coronavirus disease
2019 (COVID-19) caused by SARS-CoV-2 has caused a devastating
pandemic of acute respiratory disease, resulting in huge losses of human
lives and economy (Zhu et al., 2020). As an RNA virus with high mu-
tation rate, HCoV evolves rapidly from the wild-type virus to multiple
variants of concerns (VOCs). These variants possess distinct phenotypic
characteristics including elevated transmissibility, pathogenicity and
immune evasion (Markov et al., 2023). Omicron variant with high
transmissibility and immune evasion had emerged in November 2021
due to high number of mutations especially in the spike protein (Liu
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et al., 2024). Several Omicron subvariants like EG.5.1, FL.1.5.1 and
XBB.1.1.16.6 had become the dominant strains globally and resulted in
increased hospitalization and mortality in children or older people with
comorbidities (da Silva, 2022).

Additionally, many other HCoVs such as HCoV-229E, HCoV-NL63
HCoV-0C43, and HCoV-HKU1 generally lead to epidemics with mild to
moderate respiratory symptoms (He et al., 2020). According to the
taxonomy of coronaviruses, SARS-CoV, SARS-CoV-2, MERS-CoV, HCo-
V-0C43 and HCoV-HKU1 are betacoronavirus, while HCoV-229E and
HCoV-NL63 belong to alphacoronavirus (Yadav and Mohite, 2020).
Currently, there is no specific treatment for HCoV infection. Several
therapeutic agents, in the form of small molecular compounds or
monoclonal antibodies (mAbs), with antiviral and immunomodulatory
activity were candidates for curing COVID-19 (Drozdzal et al., 2021).
Nonetheless, high cost, insufficient efficacy, immune evasion and
unpredicted side effects limited their large-scale therapeutic application
(Hashemian et al., 2023). Thus, there is urgent demand for the devel-
opment of anti-betacoronavirus agents with low toxicity and high
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Fig. 1. Anti-SARS-CoV-2 Omicron variant EG.5.1.1 activity (A) and chemical structures (B) of 5,6-DHF, baicalein and chrysin. Antiviral activity of compound at 5 uM
was evaluated using MNT. Data points and bar represent arithmetic shown are the mean + SD of two independent tests performed. **P < 0.01, ****P < 0.0001 as

compared with DMSO group. *###P < 0.0001 as compared with 5,6-DHF groups.

Table 1
Materials used in the research.

Materials Manufacturers

5,6-dihydroxyflavone Indofine Chemical Co., Inc
(Hillsborough, NJ, US)
Shanghai Yien Chemical

Technology Co., Ltd (Shanghai,

Chrysin (5,7-dihydroxyflavone, purity: 97 %),)

China).
Baicalein (5,6,7-trihydroxyflavone, purity: 98 Sigma-Aldrich Co., Ltd.
%), potassium carbonate, iodomethane (Singapore).

(Mel), diiodomethane (CH,ly),
dimethylformamide (DMF), Silica gel
(230-400 mesh particle size),
paraformaldehyde (PFA),
tetramethylbenzidin (TMB), formalin
solution, crystal violet, Nirmatrelvir (PF-
07,321,332) and dimethyl sulfoxide (DMSO)

3CL protease, MBP-tagged (SARS-CoV-2) assay
kit (catalog #79,955-1)

Anti-HCoV-0C43 nucleoprotein antibody,
clone 542-7D (Cat. MAB9013)

Horseradish peroxidase (HRP) conjugated
secondary antibody

BPS Bioscience Inc. (San Diego,
CA, USA)
MilliporeSigma (Singapore)

Thermo Fisher Scientific Co., Ltd.
(Singapore)

therapeutic efficacy in preparation for the future.

Baicalein (Bai, Fig. 1A) is a natural flavone primarily exists in the
root of Scutellaria baicalensis Georgi (Huangqin in Chinese) which is a
traditional Chinese medicine (TCM) with broad biological and phar-
macological activities (Zhao et al., 2019). It has been reported that
baicalein showed anti-SARS-CoV-2 effect in Vero cells by targeting the
viral 3-chymotrypsin-like protease (3CLpro) (Liu et al., 2021). The
interaction of baicalein and SARS-CoV-2 3CLpro revealed by crystal
structure suggested baicalein was a non-covalent, non-peptidomimetic
inhibitors of SARS-CoV-2 3CLpro (Su et al., 2020). Also, baicalein
significantly inhibited the replication of the SARS-CoV-2 in lung tissue
and relieved the lung lesions caused by SARS-CoV-2 in hACE2 transgenic

mice (Song et al., 2021). Previously, we found the number and position
of hydroxyl group, especially the catechol group, strongly influence on
the bioactivity of flavone aglycones (Wang et al., 2022). Moreover, there
are flavones possessing one less OH groups than baicalein on A ring
include 5,7-dihydroxyflavone (chrysin, Chr) and 5,6-dihydroxyflavone
(5,6-DHF). They have been reported to be much less potent than bai-
calein in inhibiting SARS-CoV-2 3CLpro activity (Liu et al., 2021).
However, their abilities to inhibit the replication of live SARS-CoV-2
have not been determined. In addition, molecular docking study
demonstrated the binding of chrysin to the spike protein of SARS-CoV-2,
suggesting its potential antiviral activity (Jantan et al., 2023). This
difference between baicalein, 5,6-DHF and chrysin attracted our interest
in finding impact of subtle chemical structural variations of flavonoids,
especially the number and position of hydroxyl groups at the A ring, on
their anti-coronavirus efficiency.

In this study, the antiviral activity of baicalein, 5,6-dihydroxyflavone
and chrysin was evaluated against SARS-CoV-2 Omicron subvariant,
EG.5.1.1 in vitro. Structure modification of flavones was conducted to
further study the structure-activity relationship of flavones on the anti-
coronavirus activity. The extensive anti-betacoronavirus activity of 5,6-
dihydroxyflavone against HCoV-OC43 was also assessed.

2. Materials and methods
2.1. Materials
Materials used in the current study are listed in Table 1. 1A9 anti-

body with cross-reaction with SARS-CoV-2 spike protein was generated
using spike protein on SARS-CoV (Lip et al., 2006; Zheng et al., 2020).

2.2. Synthesis of 5,6-DMF and 5,6-MDF

'H and '3C nuclear magnetic resonance spectroscopy (NMR) were
conducted on Bruker AVANCE I 500 NMR spectrometer. NMR spectra
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were collected by TopSpin 4.0.5 and analysed by MestReNova v12.0.0.
Chemical shifts are recorded with solvent resonance as the internal
standard: 'H (DMSO-dg: § 2.50 ppm), 13C (DMSO-dg: & 39.52 ppm). Data
are reported as follows: chemical shift (5 ppm), integration, multiplicity
(s = singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet), and
coupling constants (Hz). Thermo Scientific LCQ Fleet ion trap mass
spectrometer or Waters Radian ASAP direct mass detector in electro-
spray positive and negative mode were employed. Reactions were
monitored using thin layer chromatography (TLC).

The synthesis of 5,6-dimethoxyflavone (5,6-DMF) was carried out
based on precious method with slight modification (Wang et al., 2011).
5,6-dihydroxyflavone (20.0 mg, 0.0787 mmol, 1 eq), K2CO3 (27.2 mg,
0.1969 mmol, 2.5 eq), and Mel (85.8 mg, 0.6058 mmol, 7 eq) were
dissolved in dimethylformamide (DMF, 1.5 mL). The reaction mixture
was then heated under reflux at 60 °C for 8 h. Afterward, the solvent was
evaporated under reduced pressure, and the resulting residue was pu-
rified using silica gel chromatography, yielding the methylated product
as a yellow solid (3.3 mg, 15 % yield). 1H NMR (500 MHz, DMSO-d6):
8.07 (dd, J = 7.0, 2.1 Hz, 2H), 7.64 — 7.50 (m, 5H), 6.84 (s, 1H), 3.87 (s,
3H), 3.77 (s, 3H); 13C NMR (126 MHz, DMSO-dg): 6 176.89, 160.88,
150.67, 149.77, 146.49, 131.77, 131.04, 129.22 (2C), 126.26 (2C),
119.38, 118.53, 113.98, 107.25, 61.20, 56.66. HRMS (ESI-TOF) calcd
for C1704H14Na [M+Na]™ = 305.0784, found at 305.0789.

The synthesis of 5,6-methylenedioxyflavone (5,6-MDF) was carried
out based on a precious method with slight modification (Wang et al.,
2011). 5,6- Dihydroxyflavone (20.0 mg, 0.0787 mmol), K2CO3 (27.2 mg,
0.1969 mmol, 2.5 eq), and CHsI5 (15.88 uL, 0.1969 mmol, 2.5 eq) were
dissolved in DMF (1.5 mL). The reaction mixture was stirred for 5 h at
room temperature and diluted with dichloromethane (DCM), and then
washed with diluted HCI and brine sequentially. The organic phase was
concentrated in vacuo and the crude product was further purified by
silica gel chromatography to afford the pure product as white solid (3.8
mg, 18 % yield). H NMR (500 MHz, DMSO-dp): 6 8.04 (dd, J =7.5,1.5
Hz, 2H), 7.58 (m, 3H), 7.37 (d, J = 8.7 Hz, 1H), 7.24 (d, J = 8.6 Hz, 1H),
6.85 (s, 1H), 6.22 (s, 2H); 13¢ NMR (126 MHz, DMSO-dg): & 176.33,
162.61, 150.65, 144.69, 144.65, 132.12, 131.16, 129.39 (2C), 126.51
(20), 113.76, 110.53, 110.28, 106.41, 103.44. HRMS (ESI-TOF) calcd
for C1604H;oNa [M+Na]™ = 289.0471, found at 289.0475.

2.3. Cells and viruses

Vero E6 cells and H1299 were obtained from the American Type
Culture Collection (ATCC) and cultured in Dulbecco’s modified eagle
medium (DMEM, Cytiva) with 10 % fetal bovine serum (FBS) and 1 %
non-essential amino acid (NEAA, Thermo Fisher Scientific). CHO cell
line stably expressing the human ACE2 (CHO-ACE2) was established
previously (Lip et al., 2006). All cell lines were maintained in the hu-
midified incubator with 5 % CO, at 37 °C. HCoV-OC43 was obtained
from ATCC while SARS-CoV-2 Omicron variant EG.5.1.1 was
patient-derived and propagated in Vero E6 cell (hCoV-19/Singapor-
e/NUS0001,/2023, GISAID accession: EPI ISL,_19,016,298).

2.4. Cell cytotoxicity

H1299 cells, Vero E6 cells and CHO cells were seeded in a 96-well
plate and incubated until the wells were filled with a monolayer of
cells. After finishing the treatment with samples, cell viability was
measured using CCK-8 assay kit (Dojindo Molecular Technologies, Inc.,
Japan) according to manufacturer’s instructions. The absorbance at 450
nm was measured with the Tecan Spark multimode microplate reader.
Cell viability was calculated as compared to the untreated group.

2.5. Microneutralization test (MNT)

Virus was pre-titrated in plaque-forming units (PFU) by plaque as-
says before testing. Vero E6 cells and H1299 cells were seeded in 96-well
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plate and incubated overnight. A mixture of virus inoculum at the
multiplicity of infection (MOI) of 0.025 to 0.1 and samples was prepared
for cell infection. The same amount of DMEM was topped up after 1 h of
virus absorption in 37 °C. After incubating for another 23 h, cells were
fixed with 4 % PFA, permeabilized with 0.2 % Triton-X-100 (BDH, USA),
and blocked with 10 % FBS in phosphate-buffered saline (PBS, Bio Basic
Asia Pacific Pte. Ltd.). Anti-SARS-CoV spike 1A9 antibody, and HRP-
linked secondary antibody was then incubated with cells. TMB sub-
strate was applied to visualize the enzymic reaction and it was ceased
after 5 min with 1 M sulfuric acid. The absorbance at 450 nm was
measured by Tecan Spark multimode microplate reader. The calculation
for neutralization rate was based on previous report (Amanat et al.,
2020).

Neutralization rate = 100% — (Asample — Amock ) / (Apmso — Amock)
x 100%

where Amock, Apmso and Agample represent the absorbance of the non-
infected, DMSO treated and sample tested group at 450 nm,
respectively.

2.6. Plaque reduction neutralization test (PRNT)

H1299 cells and Vero E6 cells were seeded in a 12-well plate and
incubated overnight for cells to form a monolayer. The mixture of
indicated virus inoculum (160 to 200 PFU/mL) and sample at indicated
concentration was incubated with designed wells. To improve the virus
adsorption, cells were incubated in 37 °C humidified incubator for 1 h
with gently rocked every 10 min. After that, the mixture containing
unabsorbed virus was replaced with the same concentration of samples
diluted using overlay (1 % FBS in minimum essential medium (MEM,
Thermo Fisher Scientific) and 1.2 % Avicel (FMC BioPolymer, USA)). At
the 3 days post infection (dpi), cells were fixed with 10 % formalin and
stained with 0.1 % crystal violet. The neutralization rate was calculated
with reference to reported work (Liu et al., 2012).

Neutralization rate = 100% x [1 — (Ngumple / Npmso)]

where Npyso and Ngample represent the average number of plaques in the
DMSO treated and sample tested group, respectively.

2.7. 3CL protease inhibitory assay

3CL protease MBP-tagged (SARS-CoV-2) assay kit was used to study
the inhibition of 3CLpro according to manufacturer’s recommended
procedure. Nirmatrelvir was included as inhibitor control. Briefly, 100
uM flavones and nirmatrelvir were prepared in an assay buffer con-
taining 1 mM dithiothreitol (DTT) and preincubated with 70 ng 3CLpro
at room temperature for 30 min with gentle shaking. The positive con-
trol was the reaction mixture with DMSO in place of inhibitors. The
reaction was initiated by adding fluorogenic 3CL protease substrate (25
uM), and the sealed plate was incubated overnight. The fluorescence
intensity was measured by BioTek Cytation 5 Cell Imaging Multimode
Reader at the excitation and emission wavelengths of 360 nm and 460
nm, respectively. The percentage of inhibitory activity was calculated
using the following equation:

% ACtiVity =100% — (Fsample - — Fbla.nk)/(Fpositive — Fblank) x 100%

Where Fplank, Fpositive and Fsample represent the fluorescence intensity of
the blank, positive control and sample tested group, respectively.

2.8. Molecular docking
The 3D structure of 5,6-DHF (CID: 14,349,487) were downloaded in

SDF format from PubChem. The Autodock vina was employed for the
molecular docking study. Hydrogen atoms were added and unnecessary
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Table 2
Anti-SARS-CoV-2 Omicron variant EG.5.1.1 properties and cytotoxicity of 5,6-
DHF, baicalein and nirmatrelvir.

Compounds ICso (M) CCso(uM) SI

5,6-DHF 1.716 + 0.2830 > 50 > 29.14
Baicalein 5.570 + 0.2650 > 50 > 8.977
Nirmatrelvir 0.6838 + 0.0955 > 50 > 73.12

Selectivity index (SI) was calculated as the ratio of the CCs, against its ICsq.
Data shown are the mean + SD of two independent tests performed.

water molecules were removed before docking. The crystal structure of
SARS-CoV-2 receptor-binding domain (RBD) (7RBY) was obtained from
the Protein Data Bank (http://www.rcsb.org/pdb/). The top binding
poses with the highest binding energy in the binding pocket were re-
ported. The images were generated using PyMol 2.5.5.

2.9. Time of addition assay

Vero E6 and H1299 cells were seeded in a 96-well plate and incu-
bated overnight for cells to form a monolayer. The cell was infected with
SARS-CoV-2 (MOI = 0.025), HCoV-OC43 (MOI = 0.1) and treated with
5,6-DHF (5 uM for Vero E6 cells and 12.5 pM for H1299 cells) at indi-
cated timepoints. In standard treatment, virus and 5,6-DHF was added
simultaneous into the cell and incubated for 1 h followed by addition of
50 pL media. In pre-treatment, cells were pre-treated with 5,6-DHF for 1
h and the inoculum was removed prior virus infection. In co-treatment,

Mock DMSO
S ) =

(A) (B)

N

Neuturalization rate (% of DMSO)
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virus and 5,6-DHF were mixed and incubated for 1 h prior addition into
the cells. For post-treatment, cell was infected with virus for 1 h followed
by addition of 5,6-DHF. Except for standard treatment, virus inoculum
with or without 5,6-DHF were removed after 1 h of virus adsorption and
cells were replenished with fresh medium. After 24 h of incubation, cell
was fixed with 4 % PFA and subjected to MNT.

2.10. SARS-CoV-2 spike pseudotyped virus entry assay

SARS-CoV-2 spike pseudotyped virus was generated by co-
transfection of a plasmid encoding the envelop-deficient HIV-1 NL4-3
virus with luciferase reporter gene (pNL4-3.Luc.R-E-) and a pTT5
plasmid expressing the SARS-CoV-2 spike protein, which contains a 19
amino acid C-terminal truncation, into HEK 293FT cell using X-trem-
eGENE 360 transfection reagent (Roche) (Lam et al., 2021). After 48 h of
incubation, culture supernatant was collected and the pseudotyped virus
produced was titered using QuickTiter™ Lentivirus Titer Kit (Cell Bio-
labs) according to the manufacturer’s protocol. For entry assay,
CHO-ACE2 cell was seeded at 1.8 x 10 cell/well in white flat bottom
96-well plate and cultured overnight. 0.125 ng/mL of spike-bearing
pseudotyped virus was incubated with 5,6-DHF at indicated concen-
tration for 1 h at RT. The mixture was added to the cell and incubated for
48 h. Luciferase activity of infected cells in relative light units (RLU) was
measured using Bright-Glo™ Luciferase Assay System (Promega) ac-
cording to the manufacturer’s instruction.
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Fig. 2. PRNT of 5,6-DHF and its structural analogue against SARS-CoV-2 Omicron variant EG.5.1.1 infection at the concentration of 1 uM (A). Neutralization rate of
PRNT was plotted (B). Data points and bar represent arithmetic shown are the mean + SD of two independent tests performed. ****P < 0.0001 as compared with 5,6-

DHF groups.
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Fig. 4. Time of addition assay of 5,6-DHF against SARS-CoV-2. Schematic presentation of time of addition assay (A). Antiviral activity of 5,6-DHF at different
timepoints was evaluated using MNT and the neutralization rate was plotted (B). Data points and bar represent arithmetic shown are the mean + SD of three in-
dependent tests performed. ****P < 0.0001 as compared with corresponding DMSO treatment.

2.11. Viral replication kinetics

H1299 cells were infected with the HCoV-OC43 at the MOI of 0.01
with DMSO or 5 uM 5,6-DHF. After incubation at 37 °C for 1 h, the
inoculum was replaced with fresh medium with DMSO or 5 uM 5,6-DHF.
Cell were then incubated at 37 °C and culture supernatants were
collected at 1, 2, 3, 4 and 5 days post-infection and fresh DMSO or 5 uM
5,6-DHF were replenished every day. Virus titers were determined by
plaque assay in H1299 cells.

2.12. Statistical analysis

Statistical analysis of the data was done by GraphPad Prism (version
9.5.0). Multi-group data comparisons were analysed by Student’s t-test,
one-way analysis of variance (ANOVA) or two-way ANOVA. *P < 0.05
was considered statistically significant. The codes of analysis are listed
in the Table S2.

3. Results
3.1. Anti-SARS-CoV-2 properties of selected flavones

Anti-SARS-CoV-2 activity of selected flavones was evaluated using
MNT. At the concentration of 5 uM, baicalein and 5,6-DHF exerted 35.12
% and 82.32 % of neutralization rate against SARS-CoV-2 Omicron
variant EG.5.1.1 infection in Vero-E6 cell respectively. Whereas, chrysin

did not neutralize SARS-CoV-2 Omicron variant EG.5.1.1 infection
(Fig. 1A). This finding suggested that the existence of 7-hydroxyl group
in baicalein attenuated its antiviral activity, while 5,6-dihydroxyl group
at Aring in 5,6-DHF was crucial for the anti-SARS-CoV-2 effect (Fig. 1B).
As baicalein were reported to have inhibitory effect against SARS-CoV-2
3CLpro, their antiviral potency was compared with nirmatrelvir which
has been approved for the treatment of mild-to-moderate COVID-2019
as SARS-CoV-2 3CLpro inhibitor (Hashemian et al., 2023). The
half-maximal inhibitory concentration (ICsp) against SARS-CoV-2 Omi-
cron variant EG.5.1.1, 50 % cytotoxic concentration (CCsp) on Vero E6
cells and selective index (SI) were summarized in Table 2. The ICsg of 5,
6-DHF was about 3 times lower than that of baicalein, indicating much
high potency of 5,6-DHF on SARS-CoV-2 Omicron variant neutraliza-
tion. Additionally, though baicalein could inhibit SARS-CoV-2 3CLpro
shown on a resolved crystal structure, its anti-SARS-CoV-2 activity was
much inferior to nirmatrelvir.

According to previous research, the methylation of hydroxyl groups
on flavones could improve their biological effects (Walle, 2009). With
the aim to further improve the function of 5,6-dihydroxyl group on the
neutralization of SARS-CoV-2 Omicron variant EG.5.1.1, we modified
the structure of 5,6-DHF to 5,6-DMF and 5,6-MDF. Their chemical
structures characterized by nuclear magnetic resonance (NMR) were
showed in Fig S1 & S2. The anti-SARS-CoV-2 activity was measured by
plaque reduction neutralization test (PRNT) against SARS-CoV-2 Omi-
cron variant EG.5.1.1. The cytotoxicity of flavones at tested concentra-
tion on Vero E6 cells was negligible (Fig. S3). Among all tested
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Fig. 5. Molecular docking of 5,6-DHF with RBD of SARS-CoV-2 wildtype strain (PDBID: 7RBY) and its potential neighbor amino acid residues (A). Inhibitory activity
of 5,6-DHF on the entry of spike-bearing pseudotyped virus on ACE2 expressing CHO cells (B). Data points and bar represent arithmetic shown are the mean =+ SD.

**P < 0.01 ****P < 0.0001 as compared with DMSO group.

structural analogues, 5,6-DHF showed the most potent anti-SARS-CoV-2
Omicron variant EG.5.1.1 activity (Fig. 2). This result further supported
the important role of 5,6-dihydroxyl group played in the SARS-CoV-2
neutralization process. Consistent with MNT (Fig. 1A), PRNT
confirmed that the antiviral activity of 5,6-DHF is higher than Bai
(Fig. 2).

3.2. Inhibitory activity of SARS-CoV-2 3CLpro

Previous studies have reported the non-covalent, non-peptidomi-
metic inhibition of baicalein on the SARS-CoV-2 3CLpro. As compared to
baicalein, 5,6-DHF showed lower inhibitory effect (Liu et al. 2021 We
tested their inhibitory activity of the flavones on SARS-CoV-2 3CLpro
with nirmatrelvir as positive control (Fig. 3) and found they did not exert
inhibitory effects on SARS-CoV-2 3CLpro as nirmatrelvir (Fig. 3). All of
flavones tested did not exert the same vigorous inhibitory effects on
SARS-CoV-2 3CLpro as nirmatrelvir. Remarkably, baicalein showed
significant higher suppression on SARS-CoV-2 3CLpro as compared with
5,6-DHF, 5,6-MDF, 5,6-DMF and chrysin, which confirmed the
anti-SARS-CoV-2 effects of baicalein was mainly due to its function on
SARS-CoV-2 3CLpro. Additionally, this result suggested that the more
potent anti-SARS-CoV-2 activity of 5,6-DHF might involve different
mechanism(s) of action than that of baicalein.

3.3. 5,6-DHEF inhibit viral entry of SARS-CoV-2 infection by targeting
spike protein

Time of addition assay was conducted to identify the mechanism of

inhibitory effect of 5,6-DHF against SARS-CoV-2 Omicron variant
EG.5.1.1 infection. Standard treatment and co-treatment of virus with
5,6-DHF significantly inhibited SARS-CoV-2 infection (Fig. 4). In
contrast, pre-treatment and post treatment with 5,6-DHF did not inhibit
virus infection (Fig. 4). These findings indicated that 5,6-DHF targeted
entry stage of virus infection and its inhibitory activity did not involve
host receptor and cellular regulation.

As the time of addition assay indicated that 5,6-DHF mainly partic-
ipated in the entry stage of SARS-CoV-2 infection, we proposed that it
targeted the spike protein of SARS-CoV-2. Molecular docking suggested
that 5,6-DHF could bind RBD of SARS-CoV-2 wildtype strain at the
active binding pocket with binding energy of —8.3 kcal/mol (Fig. 5A).
Baicalein failed to be docked into that active binding pocket with the top
ten proposed binding poses. And chrysin exhibited much lower binding
affinity compared with 5,6-DHF (Fig. S4). To further understand the
interaction of 5,6-DHF with SARS-CoV-2 spike protein, entry assay of
pseudotyped virus carrying spike protein of SARS-CoV-2 wildtype strain
in CHO-ACE2 cell was conducted. 5,6-DHF at concentration of 25 uM
and below did not affect the cell viability (Fig. S5). Pre-incubation of
pseudotyped virus with 10 yM and 20 pM of 5,6-DHF significantly
reduced the luciferase activity with 8.96 % and 46.62 % of reduction in
RLU as compared to control, respectively (Fig. 5B). This indicated that
5,6-DHF was able to interfere the spike-ACE2 interaction by targeting
RBD and prevented the entry of virus, therefore inhibiting the replica-
tion of SARS-CoV-2 in host cells (Fig. 6).
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Fig. 6. Proposed antiviral mechanism of 5,6-DHF on SARS-CoV-2 replication process by blocking the binding of the virus with host cell receptor.

3.4. 5,6-DHF exhibits anti-betacoronavirus activity against HCoV-OC43

To determine the anti-coronavirus activity of 5,6-DHF against other
beta-CoVs, it was evaluated on H1299 cells against beta-coronavirus
HCoV-OC43 using PRNT. We observed 5,6-DHF could significantly
neutralize HCoV-OC43 infection at 0.5 uM, while the SARS-CoV-2
3CLpro inhibitor baicalein was unable to inhibit the replication of
HCoV-OC43 even at 1 pM (Fig. 7A-B). In agreement with previous
studies, nirmatrelvir exerted antiviral activity against seasonal HCoVs
(Li et al.,, 2023), and baicalein failed to exhibit its potency against
HCoV-0OC43 at low concentrations (Mori et al., 2023) (Fig. 7A-B).
Additionally, MNT results indicated 5,6-DHF could neutralize
HCoV-0C43 with the ICsq of 1.355 + 0.1730 uM (Fig. 7C). The potential
mechanism by which 5,6-DHF neutralized HCoV-OC43 was clarified by
the time of addition assay. Standard, co-treatment and post-treatment of
5,6-DHF showed significantly inhibition on viral replication, impor-
tantly, the inhibitory rate of co-treatment was significantly greater than
pre-treatment and post treatment, suggesting the principal function of 5,
6-DHF on blocking HCoV-OC43 entry to host cells (Fig. 7D). The
HCoV-OC43 growth kinetic activity and long-term anti-HCoV-OC43

activity of 5,6-DHF was also evaluated at the condition where 5,6-DHF
did not show cytotoxicity to H1299 cells (Fig. $6). HCoV-OC43 repli-
cated dramatically after infection, but 5,6-DHF could inhibit the repli-
cation of HCoV-OC43 in H1299 cells for at least 5 dpi (Fig. 7E).

4. Discussion

The perpetual emergence of new variants of SARS-CoV-2 with
increased transmissibility and resistance to current treatments or vac-
cine has raised concerns. It is crucial to develop novel anti-SARS-CoV-2
agents to negate the resistant variants. Flavonoids have been received
extensively interest as therapeutic agents against coronavirus because of
their documented anti-viral, low toxicity and anti-inflammatory activ-
ities (Kaul et al., 2021). Several studies have reported that flavonoids
exhibit inhibitory effect on SARS-CoV-2 replication by interacting with
multiple targets and stages of viral life cycle, including inhibition of
spike-ACE2, viral RNA-dependent RNA polymerase (RdRp),
non-structural protein-15 (Nsp-15) as well as 3CLpro (Yang et al., 2023).

Comparison of anti-SARS-CoV-2 activity of tested flavones revealed
that the importance of 5,6-dihydroxyl group in the suppressive function
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mined by MNT. (E) HCoV-OC43 growth kinetic in H1299 cells with the DMSO or 5 uM 5,6-DHF. Data points and bar represent arithmetic shown are the mean + SD.

***P < 0.0001 as compared with corresponding DMSO group or between indicated groups.

on SARS-CoV-2 infection. This is further supported by the chemical
modification on 5,6-DHF which eradicated the antiviral activity. On the
other hand, 3CL protease inhibitory assay and time of addition assay
suggested that 5,6-DHF exerted antiviral activity through a mechanism
distinctive from baicalein. Molecular docking and spike-bearing pseu-
dotyped virus entry assay revealed that 5,6-DHF could interrupt spike-
ACE2 interaction by binding to RBD and hence prevent viral entry.
The anti-coronavirus activity of 5,6-DHF was not restricted to SARS-
CoV-2 Omicron variant EG.5.1.1, but also extended to other human
pathogenic coronaviruses HCoV-OC43 which could cause more severe
illness in immunocompromised, young and elderly populations.
Remarkably, HCoV-OC43 was employed as effective surrogate virus for
SARS-CoV-2 research as they shared similar properties (Song et al.,
2021). Further investigation revealed 5,6-DHF also predominantly tar-
geted at the entry stage of viral replication.

Viral life cycle of SARS-CoV-2 consists of five stages including viral
entry, viral genome translation, subgenomic transcription, genome
replication and progeny virion formation. Viral entry is the key step in
the initiation of viral life cycle and serves as an ideal target for antiviral
treatment. It has been reported that post-exposure prophylaxis effec-
tively prevents illness following potential or confirmed exposure to
various microbial pathogens and facilitate to suppress the risk of
infection transmission (Bader and McKINSEY, 2013). Clinical trials have
demonstrated that post-exposure prophylaxis with antiviral agents is
effective in preventing SARS-CoV-2 infection and minimizing the risk of
developing COVID-19 infection related symptoms and death (Shmuelian
et al., 2023; Wischmeyer et al., 2024). A number of therapeutic mAbs

that target RBD have been developed for the post-exposure prophylaxis,
however, the rise of resistant Omicron subvariants has limited the
effectiveness and lead to withdrawal of these mAbs. Spike-targeting
small molecules and natural compounds including flavones that have
better pharmacokinetics, stability and dosage logistics could be an
alternative approach in counteracting new emerging variants (Dong
et al., 2024). In addition, immunomodulatory and anti-inflammatory
properties of flavones are well described and could potentially be
employed in the treatment of complicated COVID-19 symptoms associ-
ated with exaggerated immune responses (Alzaabi et al., 2022; Liskova
et al., 2021). However, due to limited research, few flavonoids have
been advanced to the clinical stage.

Taken together, the present study reported the potent anti-beta-CoVs
activity of 5,6-DHF and its underlying mechanism of action. However,
further investigation on the anti-inflammatory and immunomodulatory
properties of 5,6-DHF is needed to elucidate the potential application of
5,6-DHF in modulating beta-CoV-induced immune response. In addi-
tion, numerous mutations on RBD and rapid evolution of SARS-CoV-2
have been reported and they could attenuate the binding as well as
the antiviral activity of 5,6-DHF (Cosar et al., 2022; Wang et al., 2024),
thus the activities of 5,6-DHF on binding to different RBD mutants and
inhibiting current circulating SARS-CoV-2 variant such as Omicron
variant JN.1 require extensive exploration. Moreover, since 5,6-DHF
predominantly targets at the viral spike protein, it can be applied in a
combination with other functional agents that target different stages of
viral life cycle such as 3CL pro inhibitors to achieve better therapeutic
effect.
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Although some therapeutic agents have been proposed to combat
beta-CoVs infection, more effective and safer alternatives are unmet to
ensure large-scale application. In current study, we found 5,6-DHF
showed promising anti-beta-CoV activity against both SARS-CoV-2
Omicron variant EG.5.1.1 and HCoV-OC43 in microneutralization test
and plaque reduction neutralization test. And the antiviral activity of
5,6-DHF against beta-CoV can last for at least 5 days. It was worth
mentioning that 5,6-DHF inhibited viral replication by principally
blocking viral entry through interfering the spike-ACE2 interaction.
Additionally, the structure-activity study emphasized the importance of
the 5,6-dyhydroxyl group at the A ring for the anti-beta-CoVs activity of
flavonoids.

Our findings paved the way for studying flavonoids as anti-beta-CoV
agents and further exploring the functional potential of 5,6-DHF for
beta-CoV post-exposure prophylaxis in animal models and human clin-
ical trials.
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