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Ephedra decoction, Mahuangtang (MHT), is a traditional herbal formula comprising Ephedrae
sinica (ES), Prunus armeniaca (PA), Cinnamomum cassia(CC), and Glycyrrhiza uralensis (GU).
MHT is used to treat colds, influenza, and other respiratory conditions. This study investig-
ates the anticoronaviral effect of MHT and elucidates its mode of action and the active antivir-
al components of MHT. UHPLC-MS/MS analysis showed the holistic quality and equivalency
between MHT and a mixture of four herbal components and identified nine representative
compounds in MHT. The inhibitory activity of MHT and its components was examined with
HCoV-0C43, SARS-CoV-2, its omicron variants, and pseudotyped lentiviruses. Time-of-addi-
tion assay, viral attachment assay, viral penetration assay, virucidal assay, and SARS-CoV-2
Mpro, PLpro, and RdRp activity assay were performed. MHT and its components, ES, CC, and
GU, except PA, inhibited coronavirus infection. While MHT, and its components ES, and CC ex-
hibited the suppression of virus entry with a virucidal activity, GU demonstrated inhibition of
viral infection in the late stage. PA and its compound, amygdalin, did not inhibit coronavirus
infection. Furthermore, Cinnamic aldehyde in CC and liquiritin, liquiritigenin, glycyrrhizin,
and glabridin in GU were the active compounds of MHT but not ephedrine alkaloids in ES.
MHT and its components inhibited the activity of Mpro and PLpro proteases and RdRp. Mo-
lecular docking analysis showed the binding affinity between RdRp and glabridin and
between RBD-ACE2 and cinnamic aldehyde. Additionally, we showed that MHT induced the
expression of IFN-related antiviral genes by activating the STAT1 pathway. MHT exhibited the
potential to function as a multifaceted therapeutic candidate for treating broad-spectrum
coronavirus infection by targeting multiple stages of viral infection.

1. Introduction

including main protease (Mpro, or 3CL protease) and papain-like
protease (PLpro) for the proteolytic process of polyproteins, and

Since the COVID-19 outbreak in December 2019, human
coronaviral infectious diseases have been considered a global
healthcare challenge. While human coronaviruses (HCoVs), HCoV-
0C43, HCoV-229E, HCoV-HKU1, and HCoV-NL63 have usually
caused seasonal and mild common colds, the recently emerged
SARS-CoV, MERS-CoV, and SARS-CoV-2 have caused severe res-
piratory diseases. HCoVs are positive single-stranded RNA vir-
uses comprising the envelope, membrane, spike, and nucleo-
capsid structural proteins and the 15-16 nonstructural proteins,
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RNA-dependent RNA polymerase (RdRp) for the viral RNA syn-
thesis, which are crucial proteins for viral replication and serve
as critical targets for viral inhibitors ". The Food and Drug Admin-
istration-approved COVID-19 antiviral agents, remdesivir, inhib-
it RARp activity, while Paxlovid targets Mpro “ Although thera-
peutic drugs and vaccines against COVID-19 have been de-
veloped since the pandemic onset, unsolved issues persist re-
garding their efficacy and safety amid the continuously emerging
SARS-CoV-2 variants of concern °. Therefore, thereis a compel-
ling need to discover new broad-spectrum anti-coronaviral thera-
peutic agents.

Ephedra decoction, Mahuangtang (MHT), is a traditional
herbal formula that expels external pathogenic cold, known for
its efficacy in inducing sweating, dispelling cold, promoting lung

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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function, and relieving wheezing, as recorded in the Treatise on
Cold Pathogenic Diseases (Shanghan lun) by Zhangzhongjing in
the Han Dynasty ‘. MHT comprises four crude drugs : Ephedra
Herb, Apricot Kernel, Cinnamon Bark, and Glycyrrhiza. Their
botanical origins are listed in Table 1. MHT has been widely used
to treat external wind-cold patterns with symptoms such as
fever, aversion to cold, body aches, headache, absence of sweat,
wheezing, asthma, thin white tongue coating, and floating-tight

pulses °. In East Asia, it is commonly used to treat respiratory in-

Table 1 Composition of Mahuangtang (MHT).
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fectious diseases. Recent reports have shown that MHT reduces
influenza virus titers, regulates inflammatory responses, pos-
sesses antipyretic properties, and alleviates influenza virus-in-
duced pneumonia °’. MHT ameliorated asthma symptoms
through its anti-inflammation mechanism in an asthma mouse
model >, In clinical studies, MHT-combined neuraminidase in-
hibitors proved more effective in reducing fever duration to alle-
viate flu symptoms and exhibited an antipyretic effect in children
infected with influenza ' **.

Scientific name [Family] (abbreviation) Crude drug name

Contents (g)

Weight ratio (%) Compounds

Ephedra sinica Stapf [Ephedraceae] (ES) Ephedra Herb

Prunus armeniaca L. [Rosaceae] (PA) Apricot Kernel

Cinnamomum cassia (L.) ].Presl [Lauraceae] (CC) Cinnamon Bark

Glycyrrhiza uralensis Fisch. [Fabaceae] (GU) Glycyrrhiza

Ephedrine (alkaloids)

50 323 Pseudoephedrine (alkaloids)
5.0 8288 Amygdalin (cyanoglucosides)
Cinnamic acid (coumarin)
40 258 Cinnamic aldehyde (coumarin)
Liquiritin (flavonoids)
Liquiritigenin (flavonoids
15 9.6 ! g ( )

Glycyrrhizin (triterpene saponins)
Glabridin (isoflavonoid)

This study explores the effect of MHT on HCoV infections, fo-
cusing on HCoV-0C43, SARS-CoV-2, and its variants. It elucidates
the active components of MHT and the mode of action in target-
ing various stages of the virus life cycle, host immune response,
and viral proteins, including Mpro, PLpro, and RdRp, of SARS-
CoV-2. These study findings reveal that MHT is a potential thera-
peutic candidate for treating broad-spectrum coronavirus infec-
tious diseases.

2. Materials and methods

2.1. Reagents

MHT was kindly provided by Kracie Pharmaceutical, Ltd.
(Tokyo, Japan). 1.6 g MHT was extracted at 100 °C for 3 h by
adding 10 times distilled water (155 mL) to 5.0 g Ephedra Herb,
5.0 g Apricot Kernel, 4.0 g Cinnamon Bark, and 1.5 g Glycyrrhiza,
centrifuged at 6000 m-s~, concentrated under reduced pressure
below 60 °C, sterilized at 120 °C, and then lyophilized. The final
yield (W/W) of MHT was 10.3%.

Individual water extracts of ES, PA, CC, and GU were made by
boiling 10 times (V/W) distilled water to dried crude drugs
(Kwangmyungdang Pharmacy Co., Ltd., Ulsan, Korea). The reflux
extraction at 94 °C for 3 h, the 53 pm pore filtration, the concen-
tration under reduced pressure at 50 °C, and lyophilization were
conducted. ES, PA, CC, and GU final yields (W/W) were 17.57%,
13.98%, 7.96%, and 24.72%, respectively. Holistic quality and
equivalency analysis between MHT and the mixture of 4 herbal
components (Table S1) was performed by non-targeted investig-
ation based on chemical profiles as fingerprints using Ultra-High-
Performance Liquid Chromatography-Tandem Mass Spectro-
metry (UHPLC-MS/MS) coupled with correlation analysis as de-
scribed in supplementary methods. The Pearson correlation coef-
ficient was > 0.9 (Fig. S1, Tables S2 and S3). Ephedrine HCI (Pub-
Chem CID: 65326, =2 99.96% purity) and pseudoephedrine HCl
(PubChem CID: 9581, = 99.95% purity) were obtained from the
National Institute of Food and Drug Safety Evaluation (Cheongju,
Korea). ChemFaces Biochemical Co., Ltd. (Wuhan, China) sup-
plied amygdalin (PubChem CID: 656516), cinnamic acid (Pub-
Chem CID: 444539), cinnamic aldehyde (PubChem CID: 637511),
liquiritin (PubChem CID: 503737), liquiritigenin (PubChem CID:
114829), glycyrrhizin (PubChem CID: 14982), and glabridin
(PubChem CID: 124052), each with purity of = 98%. These com-
pounds were prepared and stored as 100 mmol-L™ solutions in
DMSO (Sigma-Aldrich, St. Louis, MO, USA) at -80 °C.
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2.2. Cells and viruses

MRC-5 (ATCC, Manassas, VA, USA) and A549-hACE2-TM-
PRSS2 cells (InvivoGen, San Diego, CA, USA) were cultured in
MEM (Corning, NY, USA) with 10% FBS (Thermo Fisher Scientific,
Sunnyvale, CA) and 1% penicillin/streptomycin (PS; Thermo).
Vero E6 cell (ATCC) and HEK293T cell (ATCC) were cultured in
DMEM (Corning) with 10% FBS and 1% PS. HCoV-0C43 (ATCC)
was propagated, titrated, and infected in MRC-5 cells as previ-
ously described . Pseudovirus expressing EGFP and VSV-G en-
velope, or Spike protein (S) of SARS-CoV-2 variants (501Y.V2,
B.1.617.2, and B.1.617.2.1 variant) were obtained from Vector-
Builder Inc. (Guangzhou, China). The SARS-CoV-2 strains (NCCP
43326: S Clade, NCCP 43412: GRA Clade omicron BA.2, NCCP
43417: GRA Clade omicron BA.2.75, NCCP 43425: GRA Clade
omicron BA.4, NCCP 43426: GRA Clade omicron BA.5) were gif-
ted by the National Culture Collection for Pathogens (NCCP,
Cheongju, Korea). SARS-CoV-2 was amplified, titrated, and infec-
ted in Vero E6 cells as previously described '**°.

2.3. Viral cytopathic effect (CPE) reduction assay

HCoV-0C43-infected MRC-5 cells (1 x 10* cells/96-well plate)
were incubated for 4 d. A colorimetric compound, 3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo
phenyl)-2H-tetrazolium, inner salt (MTS, Promega Corporation,
Madison, W1, USA) was administered into culture media, and the
optical density at 490 nm was detected after 2 h with a GloMax®
Microplate Reader (Promega Corporation). After a 2-day incuba-
tion of SARS-CoV-2-infected Vero E6 cells, cells were fixed with
4% formaldehyde solution, stained with 0.4% crystal violet solu-
tion, and then treated with a solubilization solution (Sigma). Ab-
sorbance at 550 nm was measured.

2.4. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

The total RNAs of the infected cells extracted by the RNeasy®
Mini Kit (Qiagen N.V., Hilden, Germany), or the extracellular
RNAs of the culture supernatant collected by a QlAamp viral RNA
mini kit (Qiagen), and the primers for the HCoV-0C43 nucleo-
capsid protein (N) (5'-AGCAACCAGGCTGATGTCAATACC-3' and 5'-
AGCAGACCT TCCTGAGCCTTCAAT), or SARS-COV-2 receptor
binding domain (RBD, 5'-CAATGGTTTAACAGGCACAGG-3' and 5'-
CTCAAGTGTCTGTGGATCACG) were reacted in the One Step TB
Green® PrimeScript™ RT-PCR kits (Takara Bio Inc., Kusatsu, Ja-
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pan) using CFX Opus 96 Real-time PCR (Bio-Rad Lab., Hercules,
CA, USA). Serially diluted HCoV-0C43 N or SARS-CoV-2 RBD
standards (10'-10" copies/uL) were employed to calculate viral
RNA copy numbers. The primers for interferon-alpha 1 (IFNA1),
interferon-beta 1 (IFNB1), interferon-lambda 1 (/FNL1), myxovir-
us resistance protein 1 (MX1), and beta-actin (ACTB) have been
described previously .

2.5. Immunofluorescence staining

4% paraformaldehyde fixation solution and 0.2% Triton X-
100 permeabilization solution were used. After blocking, cells
were reacted with the anti-HCoV-0C43 S antibody (Ab) (CusaBio,
Houston, TX, USA), anti-HCoV-0C43 N Ab (Merck & Co., Inc. Rah-
way, NJ, USA), or anti-SARS-CoV-2 N Ab (Sino Biological Inc.,
Beijing, China), and then reacted with the AlexaFluor488 or
555-conjugated secondary Ab (Thermo Fisher), followed by
mounting with SlowFade™ Gold Antifade Mountant with DAPI
(Thermo Fisher). The cells were visualized using a fluorescence
microscope and CellSens Dimension software (Olympus, Tokyo,
Japan).

2.6. Western blot analysis

The proteins of cell lysates were separated by SDS-PAGE and
transferred to membranes, followed by blocking with EveryBlot
blocking buffer (Bio-Rad Lab). The anti-HCoV-0C43 S Ab (Cusa-
Bio), anti-HCoV-0C43 N Ab (Merck & Co., Inc.), anti-total Signal
transducer and activator of transcription 1 (STAT1) Ab (Cell Sig-
naling Technology, Danvers, MA, USA), anti-phospho-STAT1 Ab
(Cell Signaling Technology), or anti-B-actin Ab (Cell Signaling
Technology) was incubated, and then the HRP-conjugated sec-
ondary Ab was incubated. Chemidoc™ MP Gel Imaging System
and ImageLab program (Bio-Rad) were used to detect and
quantify the proteins.

2.7. Time-of-Addition assay

To assess pretreatment effects against HCoV-0C43 infection,
MRC-5 cells were exposed to MHT for 24 h before virus inocula-
tion, followed by washing and subsequent viral infection. For the
cotreatment assay, MHT was simultaneously treated with the vir-
us for 4 h, followed by cell washing. For the posttreatment assay,
cells were initially infected with the virus, 4 h after which MHT
was added. At 4 dpi, the CPE reduction assay was conducted. For
SARS-CoV-2 infection experiments, Vero E6 cells were treated
with MHT for 1 h before, during infection for 1 h, or at 1 h after
infection, and a plaque reduction assay was subsequently con-
ducted at 2 dpi, as described below.

2.8. Viral attachment assay, viral penetration assay, and virucidal
assay

MRC-5 cells were pre-incubated with HCoV-0C43 and MHT at
4 °C for 1 h and subsequently washed and incubated for 24 h for
the attachment assay. In the penetration assay, the HCoV-0C43
virus was added to pre-chilled cells at 4 °C for 1 h to render virus
attachment. The cells were washed and treated with MHT at
33 °C for 1 h, followed by further washing and incubation at 33 °C
for 23 h. For the virucidal assay, the virus was pretreated with
MHT for 1 h at 4 °C, after which the cells were infected with the
pretreated virus and MHT mixture at 33 °C for 1 h. The cells were
finally washed and incubated for an additional 23 h, followed by
harvesting for viral RNA copy number analysis.

2.9. Plaque reduction assay

The Vero E6 cells were infected with 0.01 MOI SARS-CoV-2
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for 1 h. Then cells were washed, overlaid with 0.5% agarose me-
dia, and incubated for 48 h. The 4% formaldehyde solution was
used for cell fixation, and the 0.4% crystal violet solution was
used for cell staining.

2.10. Pseudovirus infection assay

Pseudotyped lentiviruses (10 MOI) were introduced into
A549-hACE2-TMPRSS2 cells with MHT for 4 h at 33 °C. Sub-
sequently, the cells were incubated for 68 h. The images were
photographed by a fluorescence microscope (Olympus Corpora-
tion, Tokyo, Japan), and the fluorescence intensity was detected
using FACS (LSRFortessa X-20, BD Biosciences, San Jose, CA,
USA).

2.11. UHPLC-MS/MS analysis

The holistic quality and equivalency analysis between MHT
and 4 components mixture (Table S1) was performed by non-
targeted investigation based on chemical profiles as fingerpr-
ints using UHPLC-QTOF-MS/MS coupled with correlation analys-
is as described in supplementary methods. The UHPLC-MS/MS
analysis using the Thermo Scientific Vanquish UHPLC system
hyphenated with a 3200 QTRAP mass spectrometer system (SCI-
EX, Foster City, CA, USA) was conducted to quantify the nine
chemical markers in MHT as described in the supplementary
methods.

2.12. SARS-CoV-2 Mpro assay and PLpro assay

Mpro (SARS-CoV-2) assay kits (BPS Bioscience, San Diego,
CA, USA) and PLpro (SARS-CoV-2) assay kits (BPS Bioscience)
were used to measure the viral protease activity following the
manufacturer’s instructions. The fluorescence intensity at 360
nm/460 nm excitation/emission wavelengths was detected with
a SpectraMax® iD5 microplate reader (Molecular Devices, San
Jose, CA, USA).

2.13. Cell-Based SARS-CoV-2 RdRp activity assay

HEK293T cells were co-transfected with the nsp12 expres-
sion plasmid, pCI-SARS-CoV-2 nsp12, and the reporter plasmid,
p(+)FLuc-(-)UTR-NLuc with transIT®-LT1 transfection reagent
(Mirus Bio LLC., Madison, WI, USA). After 24 h, the expression ra-
tio of firefly luciferase and nano luciferase was determined with
the Nano-Glo® Dual-Luciferase® Reporter Assay System (Pro-
mega) and GloMax® Microplate Reader (Promega), as previously

described *°.

2.14. Molecular docking analysis

Binding features between RdRp (PDB ID: 7BV2, resolution:
2.50 A) and remdesivir triphosphate (RTP; ligand ID: F86) or
glabridin were analyzed. Non-essential ligands/ions were re-
moved while preserving the catalytic pocket, including the NTP
entry channel, using PyMOL (Schrdédinger LLC, New York, USA).
To analyze binding between the SARS-CoV-2 RBD-ACE2 complex
(PDB ID: 6MO0], resolution: 2.45 A) and cinnamic aldehyde, the
crystal structure was converted to PDBQT format containing both
ACE2 (chain A, 614 residues) and RBD (chain E, 193 residues),
and cinnamic aldehyde was energy-minimized using Open Babel
and converted to PDBQT format using AutoDockTools. Docking
was carried out using AutoDock Vina '” with the following para-
meters: exhaustiveness = 16, number of modes = 20, and energy
range = 4 kcal-mol ™ for RdRp, and with the following parameters:
exhaustiveness = 32, number of modes = 20, energy range = 4 kc-
al-mol ™" for RBD-ACE2 complex.
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2.15. Statistical analysis

Statistical analysis was conducted using GraphPad Prism
Software V.10.4.1 (GraphPad Software, Inc., San Diego, CA, USA).
Data were expressed as mean * standard error of the mean
(SEM). Probability (P) values were obtained through one-way
analysis of variance (ANOVA), followed by Bonferroni’s post hoc
test (P < 0.05, “P < 0.01, "'P < 0.001 and ""P < 0.0001 vs
Control).

3. Results

3.1. MHT inhibited the infection of HCoV-0C43, SARS-CoV-2, and
omicron variants

To evaluate the antiviral efficacy of MHT, MRC-5 cells were
incubated with MHT for 48 h during infection, and the HCoV-
0C43-induced CPE was determined using the MTS assay at 4 dpi
(Fig. 1A). MHT exhibited protection against HCoV-0C43-induced
CPEs, with 233.57 pgmL™ ICsy and a selectivity index (SI,
CCs0/1Cs) of > 4.3 (Fig. 1B). To examine the MHT effect on virus
replication, the viral RNA copy numbers were quantified in virus-
infected MRC-5 cell lysates (intracellular) and supernatants (ex-
tracellular) treated with MHT (500, 750, and 1000 pg-mL™") us-
ing qRT-PCR at 1 and 2 dpi. Compared with the viral RNA copy
numbers of virus-infected cells, MHT treatment led to a reduc-
tion in the intracellular and extracellular viral RNA copy num-
bers at 1 and 2 dpi (Fig. 1C). Immunofluorescence staining ana-
lysis revealed the decreased levels of S and N in MHT-treated
cells at 2 dpi (Fig. 1D). Western blot analysis was performed to
confirm the decreased expression level of viral proteins, reveal-
ing a dose-dependent reduction in the levels of S (145 kDa) and N

A Day 0 Day 1 Day 2 Day 4

| >

| >
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(50.4 kDa) expression by MHT at 2 dpi (Fig. 1E). Collectively,
these data suggest that MHT exhibits anti-HCoV-0C43 activity by
protecting against virus-induced CPE and inhibiting viral replica-
tion and the expression level of viral proteins.

We examined whether MHT inhibited SARS-CoV-2 infection.
MHT markedly reduced SARS-CoV-2-induced CPE, with an ICg,
value of 88.95 pg-mL™" and a CCsq > 2000 pg-mL™ (SI > 22.5) (Fig.
2A and Supplementary Figure S2A). Upon detection of viral RNA
copy numbers and the expression level of viral N subsequent to
treatment with MHT via qRT-PCR and immunofluorescence stain-
ing, respectively, a significant reduction in viral RNA levels (Fig.
2B) and N expression (Figs. 2C and 2D) was observed at 500
pg'mL’. Examination of the antiviral activity of MHT against
newly emerging omicron variants of SARS-CoV-2—BA.2, BA.2.75,
BA.4, and BA.5—revealed its efficacy in reducing their CPEs (Fig.
2E) and its dose-dependent decreasing effects on the level of N
expression in these omicron variant-infected Vero E6 cells (Figs.
2F and 2G). Overall, the MHT suppressing effect on the infection
of HCoV-0C43, SARS-CoV-2, and its omicron variants suggests its
potential as a broad-spectrum anticoronaviral inhibitor.

3.2. MHT exhibited the inhibition of virus entry with a virucidal ef-
fect

A time-of-addition assay was conducted to clarify at which
stage of virus infection MHT exerts its antiviral activity (Fig. 3A).
MHT cotreatment, even for 4 h, protected the virus-induced CPE,
but pretreatment and posttreatment of MHT could not (Fig. 3B).
These data imply that MHT effectively disrupts the early stages.
Viral attachment assay and viral penetration assay were conduc-
ted to identify the specific target stage, revealing that MHT
demonstrated significant dose-dependent suppression of virus
attachment and penetration (Figs. 3C and 3D). MHT itself also ex-
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Fig. 1 Mahuangtang (MHT) inhibited HCoV-0C43 infection in MRC-5 cells. (A) Scheme for the HCoV-0C43 infection experiment. (B) HCoV-0C43-induced cytopathic effect
(CPE) under MHT treatment using MTS at 4 days postinfection (dpi). Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (Fy 2, =
345.8, P < 0.0001). The ICs, of MHT was 233.57 pg'mL™" based on nonlinear regression analysis. (C) Intracellular and extracellular viral RNA levels in virus-infected cells
treated with MHT were determined using qRT-PCR at 1 and 2 dpi. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (intracel-
lular 1 dpi: F3 4 = 51409, P < 0.0001; intracellular 2 dpi: F3 4 = 18947, P < 0.0001; extracellular 1 dpi: F3 4 = 2863, P < 0.0001; extracellular 2 dpi: F54 = 5578, P < 0.0001).
(D) Expression of HCoV-0C43 spike protein (S) (red, upper panel) and nucleocapsid protein (N) (green, lower panel) and nucleus (blue, DAPI) visualized by immunofluores-
cence staining at 2 dpi (200 x magnification; Scale bar = 100 pm). (E) Expression of viral S and N in HCoV-0C43-infected MRC-5 cells treated with MHT at 2 dpi by Western
blot analysis. The B-actin was detected as a control. Data were represented as mean + SEM of three independent experiments.
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Fig. 2 MHT suppressed SARS-CoV-2 and its omicron variant infections. (A) SARS-CoV-2-infected Vero E6 cells were treated with MHT, and the cytopathic effect (CPE) re-
duction rate was determined with crystal violet staining at 2 dpi. NC, normal control, VC, virus infection control. Data were analyzed using one-way ANOVA, followed by
Bonferroni’s multiple comparisons test (Fy 19 = 126.8, P < 0.0001). (B) The viral RNA copy number of SARS-COV-2-infected Vero E6 cells with MHT was detected with qRT-
PCR (F4 19 =132.7, P <0.0001). (C and D) N (green) and nucleus (DAPI, blue) detected in SARS-CoV-2-infected and MHT-treated Vero E6 cells by immunofluorescence stain-
ing (C) and fluorescence intensity of N (D). Data were analyzed by one-way ANOVA with Bonferroni’s multiple comparisons test (F, 1o = 38.36, P < 0.0001). (E) SARS-CoV-2
omicron variants, BA.2, BA.2.75, BA.4, and BA.5, were inoculated into Vero E6 cells under MHT treatment, and the CPE reduction assay was conducted at 2 dpi. (F and G)
Vero E6 cells infected with omicron variants under MHT treatment and N (green) with nucleus (DAPI, blue) detected by immunofluorescence staining (100 x magnification;
Scale bar = 200 um). The fluorescence intensity of N was measured using Image]. Data were represented as mean + SEM of three independent experiments and analyzed us-
ing one-way ANOVA, followed by Bonferroni’s multiple comparisons test (BA.2: Fy 19 = 27.95, P < 0.0001; BA2.75: F, 19 = 66.58, P < 0.0001; BA.4: F, ;5 = 80.91, P < 0.0001;
BA.5: F4 19 = 168.3, P < 0.0001). Data were representative of at least three independent experiments.

hibited virucidal activity. Overall, these results indicate that MHT
possesses antiviral efficacy against HCoV-0C43 by inhibiting vir-
us entry and exerting a virucidal effect.

In the time-of-addition assay with SARS-CoV-2 infection, co-
treatment with 100 pg-mL™" MHT completely blocked SARS-CoV-
2-induced plaque formation, while 500 pg-mL™ MHT pretreat-
ment and posttreatment completely inhibited plaque formation.
This suggests that the optimal working time of MHT was cotreat-
ment, consistent with the findings for HCoV-0C43 (Fig. 3E).

We further evaluated the effect of MHT on the infection of
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SARS-CoV-2-pseudotyped lentivirus carrying GFP and variants S,
including the 501Y.V2 South Africa variant, B.1.617.2 delta vari-
ant, or B.1.617.2.1 delta plus variant. Upon infecting A549-hACE2-
TMPRSS2 cells with 10 MOI pseudotyped lentivirus and MHT
treatment, we observed the inhibition—independent of viral en-
velope protein—of lentivirus infection, as evidenced by the level
of GFP expression at 3 dpi. Data suggest that MHT effectively sup-
pressed pseudotyped lentivirus infection irrespective of the viral
envelope protein (Fig. 3F and Supplementary Figure S3). There-
fore, MHT inhibits coronavirus infection by blocking virus entry
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at the early stage of its life cycle. ponents of MHT—ES, PA, CC, and GU—against HCoV-0C43 infec-
tion, MRC-5 cells were treated with extracts of each herb at
3.3. Antiviral active herbal components of MHT 100-1000 pg-mL™" for 4 (Fig. 4A) or 96 h (Fig. 4B). Although ES
had a CCsq of 241 pg-mL™, a partial CPE reduction at 100 and 200
To elucidate the antiviral activity of individual herbal com- pg-mL™" concentrations with up to 60% cell viability was ob-
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Fig. 3 MHT inhibited coronavirus infection by impeding the virus entry stage. (A) Scheme for the time-of-additional assay. (B) MRC-5 cells were incubated with MHT for
24 h prior to viral infection (pretreatment 24 h), for 4 h with infection (cotreatment 4 h), or 4 h post infection (posttreatment 4-96 h), and CPE reduction was analyzed by
MTS-based assay at 4 dpi. NC, normal control; VC, viral infection control. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (co-
treatment 4 h: Fy 5, = 55.07, P < 0.0001). (C) Scheme of the viral attachment assay, the viral penetration assay, and the virucidal assay. (D) The viral RNA level was determ-
ined by qRT-PCR at 1 dpi after each assay. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (Attachment: F3, = 319.3, P <
0.0001; Penetration: F3 4 = 2307, P < 0.0001; Virucidal: F3 4 = 1307, P < 0.0001). (E) Time-of-addition assay with SARS-CoV-2 and MHT treatment. Pretreatment, cotreat-
ment, and posttreatment of MHT in SARS-COV-2-infected Vero E6 cells and plaque reduction assay were conducted at 2 dpi. The plaque reduction assay plate was photo-
graphed. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (Pre-treatment: F3 g = 587.2, P < 0.0001; Co-treatment: F3 , = 2403,
P < 0.0001; Post-treatment: F3 4 = 637.7, P < 0.0001). (F) The infection of pseudotyped lentivirus expressing EGFP with VSV-G envelope protein (VSV-G), 501Y.V2 variant S
(South Africa), B.1.617.2. variant S (Delta), or B.1.617.2.1 variant S (Delta plus) was evaluated under MHT treatment. A549-hACE2-TMPRSS2 cells were determined with the
fluorescence intensity (MFI) of GFP using FACS. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (VSV-G: F3 4 = 4270, P <
0.0001; 501Y.V2: F5 4 = 58.45, P=0.0009; B.1.617.2: F3 , = 38.85, P = 0.0020; B.1.617.2.1: F3 4, = 49.53, P = 0.0013). Data were representative of at least three independent ex-
periments.
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served, suggesting its anti-HCoV-0C43 activity. PA exhibited no
CPE reduction. CC showed a 100% CPE reduction at 500 pg-mL™
for 4 h incubation with an ICs; of 165.8 ug-mL™", suggesting its an-
tiviral activity in the early stage, but 96 h incubation with CC
showed cytotoxicity with a CCs of 908.62 pug-mL™, and it still ex-
hibited a CPE reduction with up to 400 ug-mL™" CC. GU treatment
did not show any cytotoxicity up to 1000 ug-mL™", and only 96 h
incubation with GU protected from the HCoV-0C43-induced CPE
with 622.3 ug-mL™" ICs,, suggesting its antiviral activity in the late
stage of the virus life cycle. These data indicate that ES, CC, and
GU, except for PA, mainly contribute to MHT antiviral activity.
Since MHT suppressed virus entry, we also performed the viral
attachment, penetration, and virucidal assays using the four
herbal components (Fig. 4C). Among the antiviral components, ES
and CC inhibited viral attachment and penetration and exhibited
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virucidal activity, but GU did not inhibit virus entry, consistent
with previous findings for the CPE reduction assay for 4 h (Fig.
4A).

To identify the antiviral active herbal component against
SARS-CoV-2, each herbal component was administered to SARS-
CoV-2-infected Vero E6 cells. ES, CC, and GU, except PA, reduced
SARS-CoV-2-induced CPE with ICs, values of 166.4, 145.5, and
228.2 pug-mL™", respectively, and CCso > 500 pg-mL™" (Fig. 4D and
Supplementary Figure S2B), consistent with the findings ob-
tained for the antiviral components against HCoV-0C43.

To further define the antiviral active compounds of MHT,
nine major compounds were identified based on LC-MS/MS ana-
lysis under mass parameters (Table S4). We verified that MHT
comprised nine representative compounds, including cinnamic
aldehyde, glycyrrhizin, liquiritin, glabridin, liquiritigenin, cin-
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Fig. 4 Antiviral active herbal components of MHT. (A and B) CPE induced by HCoV-0C43 infection was detected with treatment of MHT herbal components, Ephedra sinica
(ES), Prunus armeniaca (PA), Cinnamomum cassia (CC), and Glycyrrhiza uralensis (GU) for 4 h (A) or 96 h (B) using an MTS assay at 4 dpi. (C) Viral attachment, viral penetra-
tion, and virucidal assays of the MHT herbal component, ES, PA, CC, and GU, were conducted, and the viral RNA level was measured by qRT-PCR at 1 dpi. Data were ana-
lyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (Attachment ES: F, 3 = 308.0, P = 0.0003; Attachment CC: F, 3 = 273.1, P = 0.0004; Penetra-
tion ES: F, 3 = 155.6, P = 0.0009; Penetration CC: F,3 = 2127, P < 0.0001; Virucidal ES: F, 3 = 723.4, P < 0.0001; Virucidal CC: F, 3 = 1101, P < 0.0001). (D) SARS-CoV-2-in-
duced CPE reduction under treatment with MHT herbal components, ES, PA, CC, and GU, was determined using the crystal violet staining at 48 h. Data were analyzed using
one-way ANOVA, followed by Bonferroni’s multiple comparisons test (ES: Fy 19 = 20.56, P < 0.0001; CC: F4 19 = 9.466, P = 0.0020; GU: F, 1 = 20.42, P < 0.0001). Data were

representative of at least three independent experiments.
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namic acid, amygdalin, L-ephedrine, and D-pseudoephedrine
(Figs. 5A and 5B). The chemical information and contents of these
nine compounds of MHT are described in Fig. 5C and Table S5.

To examine the antiviral activity of these compounds against
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HCoV-0C43, each compound was administered to HCoV-0C43-in-
fected MRC-5 cells, and the viral copy numbers were determined
at 1 dpi (Fig. 5D). L-ephedrine and D-pseudoephedrine in ES and
amygdalin in PA could not reduce viral RNA levels. Cinnamic al-
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Fig. 5 Antiviral active compounds of MHT. (A and B) Representative extracted ion chromatograms of standard compounds (A) and each compound in MHT (B), and chemic-
al structures of compounds. (C) Contents of individual compounds presented in MHT were calculated by LC-MS/MS. (D) The viral RNA level was detected in virus-infected
MRC-5 cells with each compound treatment at 1 dpi by qRT-PCR. Data were representative of three independent experiments and analyzed using one-way ANOVA, followed

by Bonferroni’s multiple comparisons test (Fg ;o = 294.3, P < 0.0001).
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dehyde, but not cinnamic acid, in CC could decrease the viral RNA
level. Liquiritin, liquiritigenin, glycyrrhizin (at 250 ymol-L™), and
glabridin (at 10 pmol-L™") in GU reduced the viral RNA level with
no cytotoxicity (Supplementary Figure S2C).

These data indicate that ES, CC, and GU, except PA, among
the MHT components inhibited coronavirus infections. Further-
more, ES and CC inhibited the virus entry, and GU exhibited sup-
pression of virus infection in the late stage of the virus life cycle.
PA lacked antiviral activity. Moreover, cinnamic aldehyde in CC,
and liquiritin, liquiritigenin, glycyrrhizin, and glabridin in GU
mainly contribute to the antiviral activity of MHT against HCoV-
0C43.

3.4. MHT inhibited the activity of viral proteins—Mpro, PLpro, and
RdRp

To further elucidate the viral target proteins of MHT, we
measured the activity of three main viral proteins of SARS-CoV-
2—Mpro, PLpro, and RdRp—upon MHT treatment. In the viral
protease activity assay, MHT dose-dependently inhibited the
activity of Mpro and PLpro, although it more efficiently inhibited
the activity of PLpro than that of Mpro (Figs. 6A and 6B). Among
the compounds of MHT, cinnamic aldehyde in CC and liquiritigen-
in and glabridin in GU inhibited the activity of Mpro and PLpro,
and glycyrrhizin in GU slightly inhibited Mpro activity but not
PLpro activity (Figs. 6C and 6D).

120

)
S
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To detect the effect of MHT on the activity of SARS-CoV-2
RdRp, a cell-based SARS-CoV-2 RdRp assay system was tested, as
previously published '°. MHT dose-dependently inhibited the
activity of RdRp detected by nano-luciferase (reporter signal) and
firefly-luciferase activities (internal control signal) with an ICs, of
352.16 + 40.28 pg-mL™" (Fig. 6E). Moreover, among the herbal
components, GU most strongly inhibited the RdRp activity of
SARS-CoV-2 up to 70% at 800 pg-mL™", but ES and CC inhibited
only around 30%, and PA could not at all (Fig. 6F). Therefore, we
further determined the effect of GU compounds on SARS-CoV-2
RdRp activity and found that glycyrrhizin, liquiritin, liquiritigen-
in, and glabridin in GU all dose-dependently inhibited the activity
of RdRp, with ICs, values of 67.5, 23.0, 21.3, and 7.25 ug~mL’1, re-
spectively, without cytotoxicity. Cinnamic aldehyde, in CC, could
not inhibit RdRp activity (Fig. 6G and Supplementary Figure S2D).
These data suggest that MHT and its compounds can efficiently
inhibit the activity of viral proteins, including Mpro, PLpro, and
RdRp of SARS-CoV-2, acting as direct-acting antivirals.

3.5. Molecular docking analysis

To reinforce the inhibition of RdRp activity by glabridin, we
further evaluated the binding potential of glabridin with a con-
straint-based docking analysis, focusing the grid on experiment-
ally validated residues (Asp623, Asn691, and Ser759) of the
RdRp functional pocket (NTP-binding sites). Remdesivir triphos-
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Fig. 6 MHT inhibited the activity of SARS-CoV-2 proteases, main protease (Mpro) and papain-like protease (PLpro), and RNA-dependent RNA polymerase (RdRp) activity.
(A and C) Mpro activity under MHT treatment (125-2000 pg-mL™") (A) and its nine compounds treatment (500 pmol-L™) (C) was determined by SARS-CoV-2 Mpro assay.
Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (MHT: Fs ¢ = 35.85, P = 0.0002; 9 compounds: Fy ;o = 64.40, P < 0.0001). (B
and D) PLpro activity under the treatment of a serially diluted MHT (125-2000 pg-mL™) (B) and its nine compounds treatment (500 umol-L™") (D) was determined using the
SARS-CoV-2 PLpro assay. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple comparisons test (MHT: Fs ¢ = 28.81, P = 0.0004; 9 compounds:
Fy 19 =14.99, P = 0.0001). (E) The activity of firefly-luciferase (FLuc) as an internal control and nano-luciferase (NLuc) was measured using the cell-based SARS-CoV-2 RdRp
assay under MHT treatment (62.5-500 pg-mL™), and the NLuc/FLuc ratio was graphed as RdRp activity (left graph). Data were analyzed using one-way ANOVA, followed by
Bonferroni’s multiple comparisons test (F4 ;5 = 18.19, P < 0.0001). The ICs, value of MHT was calculated through nonlinear regression analysis (right graph). (F) SARS-CoV-2
RdRp activity was determined with the indicated concentration of four herbal components of MHT: ES, PA, CC, and GU. Data were analyzed using one-way ANOVA, followed
by Bonferroni’s multiple comparisons test (Fy 6 = 66.10, “P<0.01and "'P < 0.001 vs Control). (G) RdRp activity and ICg, value under treatment with glycyrrhizin, liquiritin,
liquiritigenin, and glabridin based on the cell-based SARS-CoV-2 RdRp assay. Data were representative of at least three independent experiments.
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phate (RTP), the active form of remdesivir, competes with endo-
genous nucleotides in the RdRp of SARS-CoV-2, known as an
RdRp inhibitor. In silico docking analysis showed that both
glabridin and RTP were confirmed to be stably positioned within
the same functional pocket (Figs. 7A-7D). Glabridin forms mul-
tiple proximity-based contacts ranging from approximately 4.5 to
10.1 A (Asp623: 5.8 A, Asn691: 8.8 A, and Ser759: 9.2 A) within
the RdRp NTP-binding pocket, demonstrating a stable binding
pose. Although glabridin lacks triphosphate-mediated electrostat-
ic coordination and the binding affinity shows -6.3 kcal-mol™
compared to RTP (-7.6 kcal-mol™), it maintains reasonable pock-
et occupancy, suggesting competitive binding potential. Data sug-
gest that glabridin possesses structural stability at the NTP bind-
ing site of SARS-CoV-2 RdRp as an RdRp inhibitor.

Cinnamic aldehyde was reported to inhibit the binding to
RBD to hACE2 ", and we consistently showed that cinnamic alde-
hyde is an antiviral component of CC, which has been shown to
inhibit viral attachment (Figs. 4C and 5D). So, we additionally
evaluated the binding affinity of cinnamic aldehyde to the SARS-
CoV-2 Spike RBD and hACE2 interface (Figs. 7E and 7F). Molecu-
lar docking of cinnamic aldehyde to the RBD-ACE2 interface gen-
erated 20 binding poses, and the best binding affinity was -5.4
kcal-mol™. The best-ranked pose exhibited a 90% interface con-
tact ratio, indicating that 9 out of 10 ligand atoms were posi-
tioned within 4 A of the RBD-hACE2 interface. The interface oc-
clusion analysis revealed that it blocked 12.6% of the total inter-
face (30 out of 238 atoms), supporting a direct inhibitory effect

A

Argd03(E)

Lys353(A) AN
Tyr495(E)

Gly496(E)
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on RBD-hACE2 complex formation. Analysis of critical RBD-ACE2
interactions demonstrated that cinnamic aldehyde disrupted
three key interaction pairs (Lys31-GIn493, Glu35-Gln493, and
Lys353-Gly502). These data demonstrate that cinnamic alde-
hyde effectively binds to the RBD-ACE2 interface and directly
disrupts interactions essential for viral entry.

3.6. IFN-related antiviral gene induction by MHT via the STAT1 sig-
nal pathway

To determine the effect of MHT on the host antiviral re-
sponse, the expression of IFN-related antiviral genes, including
IFNA1, IFNB1, IFNL1, and MX1, in virus-infected MRC-5 cells was
analyzed. At 1-4 dpi, MHT dose-dependently induced the expres-
sion of IFN-related antiviral genes in the absence of HCoV-0C43
infection (Fig. 8A). MHT treatment also resulted in an additive en-
hancement of the expression levels of these antiviral genes in-
duced by HCoV-0C43 (Fig. 8B).

Since STAT1 mediates the IFN signaling pathway, we ana-
lyzed the expression levels of total STAT1 and phospho-STAT1 in
MHT-treated MRC-5 cells (Figs. 8C and 8D). Following a 30-min
treatment of MHT in MRC-5 cells, an increased expression level of
phospho-STAT1 was observed. Additionally, HCoV-0C43 infec-
tion itself induced STAT1 phosphorylation for 30 min, and MHT
treatment further dose-dependently increased the expression
level of phospho-STAT1 during infection. These results suggest
that MHT can induce IFN-related antiviral genes, such as IFNA1,

Fig. 7 Molecular docking analysis. (A) Overall structure of SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) highlighting the NTP-binding pocket. Glabridin (green) and
the RNA duplex (in blue/pink) are displayed. (B) Close-up view of the experimentally validated NTP-binding site defined by Asp623, Asn691, and Ser759, showing docking
poses of remdesivir triphosphate (RTP, orange) and glabridin (green). (C and D) Docking pose and interaction fingerprint of glabridin (C) and RTP (D). (E) 2D interaction
diagram of cinnamic aldehyde at the RBD-hACE2 interface. Hydrogen bonds are shown as dashed lines with distances. Hydrophobic contacts are indicated by arc patterns.
(F) Disruption of critical RBD (pink)-hACE2 (blue) interactions by cinnamic aldehyde (green). ACE2 residues (Lys31, Glu35, and Lys353) (red), RBD residues (GIn493 and
Gly502) (orange). Dashed lines with distance labels indicate disrupted hydrogen bond pairs.
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Fig. 8 MHT induced the expression of antiviral interferon (IFN)-related genes via the STAT1 signaling pathway. (A) IFNA1, IFNB1, IFNL1, and MX1 mRNA levels were quan-
tified under MHT treatment using qRT-PCR at 1-4 days. (B) IFNA1, IFNB1, IFNL, and MX1 mRNA levels were quantified under MHT treatment during HCoV-0C43 infection
using qRT-PCR at 1-4 dpi. Data were normalized to the beta-actin (ACTB) expression level. Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple
comparisons test (*P < 0.05, **P < 0.01 and ***P < 0.001 vs NC or VC at the same day; *P < 0.05, *P < 0.01, **P < 0.001 and ****P < 0.0001 vs mRNA level at Day 1). (C) Ex-
pression levels of total STAT1 (t-STAT1) and phosphorylation of STAT1 (p-STAT1) by western blot analysis. (D) The ratio of p-STAT1 to t-STAT1 expression level. 3-Actin

was used as a control. It was representative of two independent experiments.

IFNB1, IFNL1, and MX1 via the induction of STAT1 phosphoryla-
tion.

4. Discussion

Traditional oriental medicines based on multicomponent and
multitarget approaches have garnered attention as potential
strategies to enhance the synergistic effects of drugs and reduce
toxicities or side effects '°. These combinations can be analyzed
from the perspectives of complementary action, neutralization,
facilitation, and pharmacokinetic potentiation *’. Following the
"Kun-Shin-Choa-Sa" (Emperor-Minister-Assistant-Messenger) the-
ory of the MHT formula, ES plays a key role in the primary effic-
acy of MHT. ES, as the “emperor”, disperses qi, induces sweating,
and alleviates dyspnea. CC, as the “minister,” warms meridians
and assists in ES action. PA, as the “assistant,” lowers the lung’s gi
(Fei qi, a pathological condition in which the lung function is op-
pressed by infections from external pathogens, then the flow of qi
is forced upward) and assists ES and CC actions. GU, as the “mes-
senger,” moderates the strong effects of the other herbs and har-
monizes the formula. The combination of these four herbs in MHT
ultimately induces sweating and disperses lung qi, effectively ad-
dressing symptoms such as aversion to cold, body aches, cough,
and dyspnea. Consequently, MHT has been widely utilized for
treating colds, influenza, bronchitis, asthma, and other respirat-
ory conditions. This study explored the inhibitory effect of MHT
on human coronavirus infection against HCoV-0C43, SARS-CoV-
2, and its variants. We defined the anticoronaviral activity of MHT
by targeting the multistep process, the virus entry, the activity of
viral proteins (e.g., Mpro, PLpro, and RdRp), and the induction of
antiviral cytokines, type I and III IFNs. This comprehensive ana-
lysis also uncovered the role of antiviral herbal components and
their compounds (Fig. 9).

MHT antiviral activity has been reported. MHT inhibited in-
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fluenza virus infection in the entry step by blocking endosome
acidification " and suppressed respiratory syncytial virus attach-
ment to the cell surface by specific interactions with the central
conserved domain of the G protein, obstructing viral attachment
to the cellular receptor CX3CR1 *". We also discovered that MHT
inhibited the entry of coronavirus with virucidal activity in a time-
of-addition assay, as well as in viral attachment, penetration, and
virucidal assays, and a pseudotyped virus infection assay. The
variable inhibition rates of SARS-CoV-2 variants and pseudo-
typed virus infection by MHT could be driven by the structural
evolution of the virus, particularly in the spike protein, which is
the main target of MHT during viral entry. In the time-of-addition
assay, the pre-treatment and post-treatment of MHT showed dif-
ferent effects on HCoV-0C43 and SARS-CoV-2. This apparent dis-
crepancy could be driven by the differences in virus replication
kinetics, cell systems, and/or experimental methods. Neverthe-
less, the optimal working time of MHT was during co-treatment,
which is consistent with the experimental data for both HCoV-
0C43 and SARS-CoV-2. Among MHT herbal components, CC also
exhibited cell-protective effects in the early stage of coronavirus
infection. Its main compounds, cinnamic aldehyde, not cinnamic
acid, markedly reduced the viral RNA levels. An in silico study
demonstrated that cinnamic aldehyde can effectively bind to the
RBD-hACE2 interface and disrupt critical interactions essential
for viral entry. Cinnamic aldehyde could also inhibit the activity
of Mpro and PLpro of SARS-CoV-2 in this study. Cinnamic alde-
hyde demonstrated antiviral effects against the influenza virus in
vitro and in vivo, Herpes Simplex virus type 1, and Respiratory
Syncytial virus as a potent antiviral compound ***,
Post-treatment with MHT inhibited viral infection, indicating
that MHT affected SARS-CoV-2 infection even after viral entry.
Notably, the GU component mainly acted in the late stages of the
viral life cycle. Based on these findings, we examined the effect of
MHT and its components on the activity of viral proteins—Mpro,
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Fig.9 Schematic representation of the inhibitory mechanism of coronavirus infection by Mahuangtang (MHT).

PLpro, and RdRp—essential for viral replication. We found that
MHT and, in particular, GU components, liquiritigenin and
glabridin, inhibited Mpro and PLpro proteases activities. In the
RdRp activity assay, MHT inhibited RdRp activity, and GU showed
the strongest inhibitory activity among MHT components. Com-
pounds in GU (glycyrrhizin, liquiritin, liquiritigenin, and glabrid-
in) showed inhibitory activity on RdRp. The most potent com-
pound, glabridin, possesses structural stability capable of sub-
stantially competing with RTP at the NTP binding site of SARS-
CoV-2 RdRp in the constraint-based docking analysis. We also
verified that the bioactive compounds of GU, liquiritin, liquiriti-
genin, glycyrrhizin, and glabridin exhibited antiviral activity
against HCoV-0C43 by reducing viral copy numbers. Notably, GU
and its glycyrrhizin exhibit potent antiviral activity against vari-
ous viruses, including hepatitis A, B, and C, HIV, Coxsackie, influ-
enza viruses, and SARS-CoV ** %, and have been considered as a
traditional medicine for alleviating the COVID-19 symptoms **,

Although ES showed antiviral activity against HCoV-0C43
and SARS-CoV-2, its main compounds in our experiment, L-
ephedrine and D-pseudoephedrine, with the pharmacological ef-
fects on the cardiovascular and respiratory system *’, could not
inhibit coronavirus infection. This finding corroborated a previ-
ous report in which ephedrine alkaloid-free ephedra herb extract
maintained a comparable level of anti-influenza and SARS-CoV-2
efficacy to ES *”*'. Furthermore, Ephedra przewalskii extract lack-
ing ephedrine alkaloids exhibited higher antiviral activity against
SARS-CoV-2 than ES *. These data suggest that ephedrine alkal-
oids are not responsible for ES antiviral activity. PA and its glyc-
oside derivative, amygdalin, did not show anticoronaviral activ-
ity in our study. However, PA has traditionally been employed to
alleviate asthma and coughs. Additionally, it showcases diverse
pharmacological activities, including antioxidant and anti-inflam-
matory activities, along with protecting the respiratory, digestive,
cardiovascular, and neural systems despite the toxic property of
amygdalin ***. Therefore, PA would be beneficial for COVID-19
treatment.

Virus-infected cells recognize viruses via pattern recognition
receptors and produce type I and III IFNs as the primary antiviral
components contributing to the overall defense mechanism of
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host cells against viruses ** **. When type I IFNs bind to the
IFNa/B receptor, the Janus kinase-STAT pathway is activated,
and the expression of IFN-stimulated genes is upregulated *"*.
We found that MHT itself induced the expression of IFN-related
antiviral genes, including IFNA1, IFNB1, IFNL1, and MX1 via
STAT1 signaling pathway activation, which were markedly up-
regulated during virus infection. Therefore, MHT could enhance
innate immunity as a type I and III IFN inducer by stimulating
the STAT1 signaling pathway, as well as direct-acting antivirals.
The post-treatment with MHT inhibited viral infection, suggest-
ing that MHT still inhibited the SARS-CoV-2 infection after viral
entry.

5. Conclusion

The traditional herbal formula, MHT, has been widely util-
ized for treating cold, influenza, and respiratory disease. To ana-
lyze the antiviral effects and the mode of action of MHT on hu-
man coronavirus infection, HCoV-0C43 and SARS-CoV-2, includ-
ing omicron variants, were examined. We revealed that MHT ex-
hibited the inhibition of virus entry, induced the expression of
IFN-related antiviral genes, and inhibited the activity of the main
viral proteins, Mpro, PLpro, and RdRp in the virus life cycle.
Moreover, cinnamic aldehyde, liquiritin, liquiritigenin, gly-
cyrrhizin, and glabridin were the active compounds among the
nine compounds identified in MHT. Therefore, MHT could be con-
sidered as a potential therapeutic agent for treating broad-spec-
trum coronavirus infectious diseases by targeting the multistep
process of infection. Further in vivo research and clinical trials are
warranted to explore the therapeutic efficacy of MHT.
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