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h i g h l i g h t s

� Systemic approach to discover SARS-
CoV-2 inhibitors from the herbal
medicine licorice.

� Licorice-saponin A3 and
glycyrrhetinic acid inhibit SARS-CoV-
2 by targeting nsp7 and the S-RBD,
respectively.

� Drug potential of these compounds
was confirmed by cell models and PK
studies.

� The ‘‘multi-component, multi-target”
mode of action was demonstrated for
herbal medicines.

� Licorice triterpenoids could be
promising candidates for anti-SARS-
CoV-2 drug development.
g r a p h i c a l a b s t r a c t

This work screened 125 compounds from the Chinese herbal medicine licorice. Licorice-saponin A3 and
glycyrrhetinic acid potently inhibit SARS-CoV-2 infection, targeting the nsp7 protein and the spike pro-
tein receptor binding domain, respectively, with EC50 of 0.075 and 3.17 mM.
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Introduction: The COVID-19 global epidemic caused by severe acute respiratory syndrome coronavirus
(SARS-CoV-2) is a great public health emergency. Discovering antiviral drug candidates is urgent for
the prevention and treatment of COVID-19.
Objectives: This work aims to discover natural SARS-CoV-2 inhibitors from the traditional Chinese herbal
medicine licorice.
Methods: We screened 125 small molecules from Glycyrrhiza uralensis Fisch. (licorice, Gan-Cao) by virtual
ligand screening targeting the receptor-binding domain (RBD) of SARS-CoV-2 spike protein. Potential hit
100191,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2021.11.012&domain=pdf
https://doi.org/10.1016/j.jare.2021.11.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kxiang@bjmu.edu.cn
mailto:yangh@wh.iov.cn
mailto:yemin@bjmu.edu.cn
https://doi.org/10.1016/j.jare.2021.11.012
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare


Y. Yi, J. Li, X. Lai et al. Journal of Advanced Research 36 (2022) 201–210
SARS-CoV-2
Licorice
Licorice-saponin A3
Glycyrrhetinic acid
Fig. 1. Screening of licorice compounds by molecular
active pocket of SARS-CoV-2 spike protein RBD and AC
(C) Inhibitory activities of GA, GA-g, GA-gg, and A3 ag
incubation with test drugs (1 h), ACE2 (0.5 mg/mL) w
activities of GA, GA-g, and A3 at 10 mM at different st
inhibition efficiency. (E) Inhibition of pseudovirus infe
8 assay. For each group, n � 3.
compounds were further evaluated by ELISA, SPR, luciferase assay, antiviral assay and pharmacokinetic
study.
Results: The triterpenoids licorice-saponin A3 (A3) and glycyrrhetinic acid (GA) could potently inhibit
SARS-CoV-2 infection, with EC50 of 75 nM and 3.17 mM, respectively. Moreover, we reveal that A3 mainly
targets the nsp7 protein, and GA binds to the spike protein RBD of SARS-CoV-2.
Conclusion: In this work, we found GA and A3 from licorice potently inhibit SARS-CoV-2 infection by
affecting entry and replication of the virus. Our findings indicate that these triterpenoids may contribute
to the clinical efficacy of licorice for COVID-19 and could be promising candidates for antiviral drug
development.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Coronaviruses (CoVs) represent the largest RNA viruses identi-
fied thus far, and are a group of enveloped viruses with a positive
single-stranded RNA genome [1–3]. The COVID-19 pandemic
caused by the severe acute respiratory syndrome coronavirus
(SARS-CoV-2) has been a great threat to global public health.
Specifically, SARS-CoV-2 Lambda and Delta variants exhibit higher
infectivity and immune resistance [4,5] and Delta variant possess-
ing highly transmissible contains mutations that confer partial
immune escape [5]. To develop clinically available SARS-CoV-2
inhibitors, a number of repurposed chemical or biological drugs
have been evaluated [6,7]. Unfortunately, recent clinical trials
organized by the World Health Organization indicated that several
promising drugs including remdesivir, hydroxychloroquine, and
lopinavir had little effect on hospitalized patients with COVID-19
docking, ELISA, and pseudovirus in
E2, showing the binding of glycyrrh
ainst SARS-CoV-2 spike protein by
as added and incubated with the
eps of pseudovirus infection in Ver
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[8]. Therefore, the development of antiviral drugs is still a great
demand.

In China, traditional Chinese medicine (TCM) treatment has
been playing an important role in the effective control of COVID-
19 [9–12]. Glycyrrhiza uralensis Fisch. (licorice, Gan-Cao) is the
most frequently used Chinese herbal medicines (top 1 among
179 herbs) for the treatment of COVID-19, and appears in 84% of
166 clinical herbal formulas [13]. Its major compound glycyrrhizic
acid have been reported to possess antiviral activities against
H1N1 influenza and SARS-CoV viruses [14–16]. However, little is
known on the inhibitory activities of licorice compounds on
SARS-CoV-2.

The entry step of the SARS-CoV-2 viral particles — encompass-
ing attachment to the host cell membrane and fusion — are medi-
ated by the spike protein [17–19]. The RBD is a key functional
component within the S protein that is responsible for binding of
fection assay. (A) Picture of the Chinese herbal medicine licorice (Gan-Cao). (B) The
etinic acid (GA) and licorice-saponin A3 (A3) with surrounding amino acid residues.
ELISA, n � 3. Spike protein (0.5 mg/mL) was coated onto 96-well microplates. After
spike protein for 1 h. Structures of the test compounds are shown. (D) Inhibitory
o E6 cells, n � 3. Luminescence was captured to display the viral infection and the
cking assay. Cytotoxicities of the drugs against the Vero E6 cells were tested by CCK-
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SARS-CoV-2 with ACE2 [20]. The complex crystal structure of the
SARS-CoV-2 spike protein receptor-binding domain (RBD) bound
to its receptor ACE2 (angiotensin-converting enzyme 2) has been
resolved [20–22]. Meanwhile, it has been reported that certain
peptides such as dalbavacin [23] and human intestinal defensin 5
[24] could directly bind to ACE2 with high affinity (KD 147 nM
and 76.2 nM, respectively) to block its interaction with the SARS-
CoV-2 spike protein. However, very few small molecules have been
reported to target the RBD, thus far.

Natural and biosynthetic SARS-CoV-2 inhibitors against 3CLpro

and PLpro have been reported in recent years [25]. This work aims
to discover small-molecule inhibitors targeting SARS-CoV-2 spike
protein RBD from licorice (Fig. 1A). Here we report two licorice
triterpenoids, namely licorice-saponin A3 (A3) and glycyrrhetinic
acid (GA), which could potently inhibit SARS-CoV-2 with EC50 val-
ues of 75 nM and 3.17 lM, respectively. This finding reveals that
triterpenoids from licorice could be promising drug candidates
for COVID-19.
Materials and methods

Virtual screening

Density functional theory (DFT) approach was used to optimize
small molecules [26–29]. All the structures were simulated by
B3LYP/6-311G(d) method in the gas phase. All calculations for
these small molecules were performed by utilizing the Gaussian09
suite of codes [30] and GaussView. Structures of the RBD (PDB ID:
6M0J) and nsp7 (PDB ID: 7JIT) were applied for protein-ligand cal-
culations. Molecular Docking was performed by AutoDock Vina
and AutoDocktools v1.5.6 softwares [31].

Cell strains, virus, and reagents

Vero E6 cells (ATCC) and Caco-2 cells were cultured in high glu-
cose DMEM (GIBCO) supplemented with 10% FBS (GIBCO), peni-
cillin (100 IU/mL), and streptomycin (100 lg/mL) in a 5% CO2

incubator at 37 �C, and were passaged every 2-3 days. Luciferase
Assay System (E1500) was purchased from Promega (USA), and
CCK8 kit (CK04) was purchased from Dojindo (Japan) for cytotoxi-
city test. SARS-CoV-2 strain (nCoV-2019BetaCoV/Wuhan/WI
V04/2019) was propagated in Vero E6 or Caco-2 cells and titrated
by standard plaque assay following the standard procedure. All
experiments related to authentic SARS-CoV-2 were conducted at
the Zhengdian Biosafety Level 3 (BSL3) facility of Wuhan Institute
of Virology. S-trimer protein, ACE2 and 3-chymotrypsin-like pro-
tease (3CLpro) were from Novoprotein Technology Co., Ltd. RBD,
RBD mutant (Y453F), RBD (L452Q, F490S), RBD (L452R), RBD
(T478K) and nsp12 proteins were from Sino Biological Inc. All the
drugs used in this study were from the compound library of the
authors’ laboratory.

Protein expression and purification of nsp7 and nsp8

The cDNA encoding residues 11843-12091 (nsp7) and 12092-
12685 (nsp8) of ORF1ab inserted into pET-28b vector was synthe-
sized. Then it was expressed in E. coli strain BL21 (DE3) as soluble
proteins at 37 �C for 10 h, until OD600 reached 0.5–0.7. Then,
isopropyl-b-D-thiogalactopyranoside was added (final concentra-
tionwas 0.1mM). Express the protein at 18 �C for 18–20h. Thenhar-
vest the cells at 7,000 rpm, 3min, 4 �C. Lysis buffer (50mMNaH2PO4

pH 8.0, 300mMNaCl, 10mM imidazole) was used for resuspension,
and sonication in an ice bathwas applied to disrupt cells. Finally, the
cell debriswas removed by centrifugation at 9,000 rpm for 30min at
4 �C. The supernatant was collected and Ni-NTA affinity chromatog-
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raphy (Transgen, China)was used for protein purification. His-tag of
the protein was digested and cut by thrombin. Then Ni-NTA was
used to purify the protein for the second time. After ultrafiltration
centrifugation, solvent of the protein solution was changed to the
molecular sieve buffer (20 mM Tris-HCl, 100 mM NaCl, pH 7.5). A
Superdex column (SuperdexTM 200 Increase 10/300 GL) was used
for further purification, eluted with a buffer (20 mM Tris-HCl,
100 mM NaCl, pH 7.5) at a flow rate of 0.5 mL/min.

ELISA

Briefly, the spike protein (0.5 lg/mL) was diluted with coating
solution (Na2CO3, 1.59 mg/mL; NaHCO3, 2.93 mg/mL; pH 9.6) and
seeded on 96-well microplates at 4 �C overnight. After washing
the microplates using the wash buffer (PBS buffer with 0.05%
Tween-20 (v/v)) three times, 2% bovine serum albumin in the wash
solution was used to block the plates for 40 min at 37 �C. The small
molecules at a final concentration of 80, 40, 20, 10, 5, 2.5 lM were
then added (one hour before ACE2) after washing the microplates
three times. ACE2 (0.5 lg/mL) was added and incubated for
another one hour. Then enzyme-linked antibody SA-HRP
(1:15000) (Sangon Biotech Co., Ltd, Shanghai) was added after
ACE2 was washed. Tetramethyl benzidine (TMB) was used as the
chromogenic agent. Finally, 1 M HCl was used to stop the reaction
and the enzyme activity was determined at OD450 nm.

Cell viability assay

Cell viability was measured by Cell Counting Kit-8 (CCK-8,
Dojindo, Japan) assay. Firstly, Vero E6 cells were planted in 96-
well plates. The density was 1 � 104 cells/well (in DMEM + 10 %F
BS). Vero E6 cells were incubated under conditions of 5% CO2 at
37 �C for 24 h. Then, testing molecules (maximum concentration
at 100 lM, less than1% DMSO) were diluted in DMEM culture med-
ium and added to each well for another 24 h. The organic solvent in
DMEM was less than 0.1%. 24 h after drug addition, the contents of
the wells were substituted with fresh medium containing 10%
CCK-8 solution and incubated at 37 �C for 3 h. The final optical den-
sity at OD450 was determined using Synergy Microplate reader.

Pseudovirus infection assay

SARS-CoV-2 pseudovirus preparation and infection assay were
conducted according to published literature [32]. Vero E6 cells
were planted in 96-well plates with 20,000 cells/well and then
cells were infected with viral inocula of 650 TCID50/well. After
24 h, the cells were lysed, then the mixture was prepared by
20 mL of samples and 100 mL of Luciferase Assay Reagent (Promega,
USA). Luminescence was measured with a microplate luminometer
(PerkinElmer, USA).

Pseudovirus blocking, attachment, and entry assays

For the ‘‘blocking” assay, Vero E6 cells were planted at 96-well
plates with 20,000 cells/well. 4 mg/mL breastmilk A17 and drugs at
the following concentration 80, 40, 20, 10, 5, 2.5 lM were added
into the wells. After 24 h, free drugs were washed away by PBS.
The cells infected with viral inocula of 650 TCID50/well were inoc-
ulated with SARS-CoV-2 pseudovirus and incubated for other 24 h.
Luminescence was measured to exhibit viral infection efficiency.
For the ‘‘attachment” assay, the drugs were mixed with the pseu-
dovirus at 4 �C for 1 h. The complex of drugs-pseudovirus was then
added to the cells and incubate at 4 �C for 2 h for viral attachment
to cells. PBS was used to wash away the free viruses and cells were
then incubated at 37 �C for 24 h. For the ‘‘entry” assay, the drugs
were mixed with the pseudovirus at 4 �C for 1 h. And Vero E6 cells
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were infected to the mixture at 37 �C for 1 h for viral entry into
cells. PBS was used to wash away the free viruses and cells were
then incubated at 37 �C for 24 h. All assays of blocking, attachment
and entry assay were evaluated by a microplate luminometer (Per-
kinElmer, USA).

Pseudovirus-based neutralization assay

SARS-CoV-2-EGFP pseudovirus was provided by Prof. Ningshao
Xia (Xiamen University, China) [33]. Vero E6 cells were planted in
96-well plates at 20,000 cells/well. The drugs at different concen-
trations and skimmed breastmilk A17 (4 mg/mL, the positive con-
trol) were respectively grouped with diluted VSV-SARS-CoV-2-
EGFP virus (MOI = 0.5 PFU/ml) and cultivated at 37 �C for 1 h.
The mixture was put into to seeded Vero E6 cells. After 36 h of
incubation, fluorescence images were captured by an Echo Labora-
tories fluorescence microscope (Revolve, FL, USA).

Antiviral assay

Vero E6 or Caco-2 cells were planted in 48-well plates. The den-
sity was 1 � 104 cells/well. Cells were exposed to different concen-
trations of drugs for 8 h, and then inoculated with SARS-CoV-2
(nCoV-2019BetaCoV/Wuhan/WIV04/2019) at an MOI = 0.01. At
24 h post-infection, RNA from the cell supernatant was extracted
by QIAamp viral RNA mini kit (52906, Qiagen) in accordance to
the manufacturer’s instructions. qRT-PCR applying RT-PCR Kit
(E3006, Invitrogen) was performed to quantify the viral RNA with
primers ORF1ab-F (50-CCCTGTGGGTTTTACACTTAA-30) and
ORF1ab-R (50-ACGATTGTGCATCAGCTGA-30) combined with the
probe 50-FAM246 CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-30.

Immunofluorescence assay (IFA)

Vero E6 cells were planted on glass slides. The density was
1 � 105 cells/well. Then Vero E6 cells was infected with SARS-
CoV-2 at an MOI = 0.01 in the presence of various concentrations
of GA (0, 3, and 10 mM) or A3 (0, 0.11, and 0.33 mM). After 24 h
post-infection, cells were exposed with 4% paraformaldehyde for
15 min at room temperature. Cells were incubated with 1:1000
diluted primary antibody against the spike protein of SARS-CoV-2
for 1 h at room temperature. After a thorough wash for 15 min
to remove unbound antibodies, cells were mixed with 1:500
diluted FITC-conjugated goat anti-human IgG antibodies (Invitro-
gen, Thermo Fisher Scientific) for 1 h. The slides were washed for
another 15 min, followed by nuclei staining with 4,6-diamidino-
2-phenylindole (Sigma), then imaged by a confocal fluorescence
microscope (UltraVIEW VoX; PerkinElmer, USA).

Surface plasmon resonance (SPR) assay

ACE2, RBD, the spike protein, nsp7, nsp8, and nsp12 were
respectively immobilized to the sensor chip CM5 according to pri-
mary amine coupling reaction. Biacore T200 was used and running
buffer was PBS containing 5% DMSO with 0.05% P20. The proteins
were diluted with sodium acetate solution at 10 mM, pH 4.5 for
ACE2 and nsp12, and pH 5.5 for RBD, spike protein, nsp7 and
nsp8. The final concentration was 25 mg/mL and the final immobi-
lized levels for ACE2, RBD, and spike protein were
typically � 10000, 10000, 13000, 8700, 10,000 and 6000 RU (re-
sponse units), respectively. For binding tests, analytes were used
at corresponding concentrations as running buffer at a flow rate
of 30 mL/min with a contact time of 60 s and a dissociation time
of 60 s. Data were analyzed by the Biacore evaluation software.
The affinity constant KD values were calculated by the kinetics
analysis or the steady state affinity method.
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3CLpro enzymatic activity assay

The proteolytic activity of SARS-CoV-2 3CLpro was measured by
fluorogenic substrate Dabcyl-KTSAVLQSGFRKME-Edans. The final
reaction mixture contained 12.5 mg/mL purified enzyme, 50 mg/
mL TCM extract or 8 mM compound sample, and 3 mM substrate.
20 mM TRIS-HCl buffer (pH 7.0) was applied in reaction system.
Finally, reactions were detected with continuous monitoring of flu-
orescence at 25 �C for 10 min. The increase of the emission fluores-
cence at a wavelength of 535 nm upon excitation at 340 nm on
FlexStation 3 Multi-Mode Microplate Reader was applied to deter-
mine the enzyme activity. The remaining enzymatic activity was
calculated based on the following logistic derivative equation:

A ¼ ðDODtestÞdf
DODcontrolð2:204092� C � VsÞ

A = enzyme activity, df = dilution factor, DOD = absorption change/
min, Vs = sample volume, C = concentration of 3CLpro.
Pharmacokinetic study

Male Sprague-Dawley rats (8–10 weeks, 180–220 g) were pro-
vided by the Experimental Animal Center of Peking University
Health Science Center (Beijing, China). Lianhua Qingwen Capsules
(1200 mg/kg), licorice extract (200 mg/kg), glycyrrhetinic acid
(GA, 40 mg/kg) and glycyrrhizic acid (GA-gg, 40 mg/kg) were given
by intragastric administration, and licorice-saponin A3 (A3, 20 mg/
kg) was given by intravenous injection.

Blood samples were collected from rat orbit into heparinized
tubes at 1, 4, 8, 10, 12, 24, and 48 h, respectively, and centrifuged
at 15,000 rpm (4 �C) for 30 min to obtain the plasma. Then 100 lL
of plasma sample, 200 lL of methanol and 100 lL IS solution (in-
ternal standard, 5 mg/mL oleanolic acid in methanol) were mixed.
The mixture was vortexed and then centrifuged at 15,000 rpm
for 30 min. The supernatant was separated, dried, and then dis-
solved in 100 lL of 50% methanol. The sample was centrifuged
(15,000 rpm for 30 min), and then analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). For
pharmacokinetic analysis of the plasma samples, the regression
equations for GA-gg, GA-g, GA, and A3 were y = 1.2 � 10-
3x + 0.0175 (r = 0.9990), y = 6.27 � 10-3x + 0.0095 (r = 0.9979),
y = 3.27 � 10-3x + 0.0319 (r = 0.9992), and y = 3.035 � 10-
3x + 0.039 (r = 0.9997), respectively. In these equations, y repre-
sents the peak area, x the concentration (ng/mL), and r the correla-
tion coefficient. Samples were separated on a Waters Xbridge C18

column (3.5 lm, 2.1 � 100 mm) (Waters, USA). The column tem-
perature was 40 �C. The mobile phase consisted of water contain-
ing 0.1% formic acid (v/v, A) and acetonitrile containing 0.1% formic
acid (v/v, B). The gradient elution programwas as follows: 0–4 min,
15–100%; 4–5 min, 100% B; 5–6 min, 100–15% B; 6–10 min, 15% B.
The flow rate was 0.3 mL/min. The injection volume was 2 lL. Mass
spectrometry analysis was performed on an API 4000 QTRAP mass
spectrometer equipped with a TurboIonSpray source (Foster City,
USA). GA-gg, GA-g, GA, A3, and oleanolic acid (IS) were determined
by multiple reaction monitoring (MRM) in the negative ion mode,
with MRM transitions ofm/z 921.3? 821.4,m/z 645.5? 469.4,m/
z 469.4 ? 425.3, m/z 983.5 ? 821.3, and m/z 455.4 ? 407.1,
respectively. The instrument was controlled by Analyst 1.4.1
software.

The lung tissue samples were collected at 1, 2, 8, 10, 24 and
48 h, respectively. An aliquot of 100 mg sample in 200 lL deion-
ized water was ground with grinding bead for 2 min, then cen-
trifuged at 8,000 rpm (4 �C) for 15 min and the supernatant was
obtained. Then 100 lL sample, 300 lL of pre-cooled methanol (-
80 �C) and 100 lL IS solution (internal standard, 5 mg/mL oleanolic
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acid in methanol) were mixed. The mixture was vortexed and kept
at �20 �C overnight, and centrifuged at 15,000 rpm (4 �C) for
15 min. The supernatant was separated, dried, and dissolved in
100 lL of 50% methanol. The sample was centrifuged
(15,000 rpm for 30 min), and then analyzed by LC/MS/MS. The
regression equation for GA was y = 0.000917x-0.00175
(r = 0.9990). Samples were separated on a Waters Acquity UPLC
BEH C18 (1.7 lm � 50 mm) column at 25 �C. The mobile phase
consisted of water containing 0.1% formic acid (v/v, A) and acetoni-
trile (v/v, B). The gradient elution programwas as follows: 0–1 min,
70–90% B; 1–1.5 min, 90–100% B; 1.5–3 min, 100% B; 3–3.1 min,
100–70% B; 3.1–5 min, 70% B. The flow rate was 0.3 mL/min. The
other parameters were the same as described above.

Ethics statement
All experiments involving animals were conducted according to

the ethical policies and procedures approved by the ethics commit-
tee of the Faculty of Pharmacy, Cairo University, Egypt (Approval
no. MI-2364).
Results

Virtual screening of 125 licorice compounds

Firstly, we screened 125 licorice compounds by molecular dock-
ing using AutoDock VINA (Supplementary Table S1). Structures of
Fig. 2. Structure-activity relationship for the binding of licorice triterpenoids with the sp
constant KD values of GA and A3 with RBD were calculated by kinetics analysis. (B) Mo
hydrogen bonds (magenta dashes). (C) Inhibitory activities of GA, GA-g, GA-gg and A3 (10
Y453F (0.5 mg/mL), ACE2 (0.5 mg/mL) were used.
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the natural products were optimized by density functional theory
(DFT), and the RBD structure extracted from the RBD/ACE2 com-
plex (PDB ID: 6M0J) was used for initial screening [20]. The loca-
tion of residues R403, Q498, and T500 was determined as the
binding site. Noticeably, majority of the compounds with high
binding affinities were triterpenoid saponins (the glycosides of
triterpenoids), together with the free triterpenoid glycyrrhetinic
acid (GA). Then, we set the interactive area of RBD and ACE2 as
the binding site to further screen 21 triterpenoids with high RBD
affinities (<�7.0 kcal/mol or �29.2 kJ/mol) using the RBD/ACE2
complex structure (Fig. 1B, Supplementary Fig. S1; Table S2). Inter-
estingly, GA, 3-O-b-D-glucuronosyl-glycyrrhetinic acid (GA-g), and
licorice-saponin A3 (A3) showed remarkably higher affinities than
glycyrrhizic acid (GA-gg), which had been reported as a SARS-CoV-
2 inhibitor [34].
Inhibition of licorice triterpenoids against SARS-CoV-2 spike protein

Next, we determined inhibitory activities of the licorice com-
pounds against SARS-CoV-2 spike protein by ELISA. At 10 mM, GA,
GA-g, and A3 exhibited inhibition rates of 51.9%, 50.2% and
45.1%, respectively, which were remarkably higher than the other
licorice compounds including GA-gg (Supplementary Fig. S2A).
We also tested six non-licorice triterpenoids with similar struc-
tures to GA (Supplementary Fig. S2B). Majority of the triterpenoids
ike RBD. (A) SPR analysis of GA and A3 binding to the RBD, respectively. The affinity
lecular docking of GA, GA-g, GA-gg, and A3 with RBD (PDB ID: 6M0J), showing the
mM) against RBD and the Y453F mutant determined by ELISA, n � 3. RBD and RBD-
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showed noticeable inhibitory activities, with ursolic acid and betu-
linic acid as the most potent ones. The IC50 values for GA, GA-g, A3,
betulinic acid, and ursolic acid were 10.9, 14.1, 8.3, 15.1, and
9.0 mM, respectively (Fig. 1C; Supplementary Fig. S2C).

Inhibition of licorice triterpenoids against SARS-CoV-2 pseudovirus

Then we tested the inhibitory activities of the above five hit
compounds against the infection of SARS-CoV-2 pseudovirus on
Vero E6 cells. Skimmed breastmilk A17 was used as the positive
control [32]. Three assays, including ‘‘blocking”, ‘‘attachment”,
and ‘‘entry”, were designed to investigate the inhibition mode.
GA, GA-g, and A3 showed significant inhibitory activities in all
Fig. 3. Glycyrrhetinic acid (GA) and licorice-saponin A3 inhibit the infection of SARS-CoV
Vero E6 cells at 3 lM, n � 3. Remdesivir (3 lM) was the positive control. (B) and (C) Dose-
Caco-2 cells incubated with SARS-CoV-2 at an MOI = 0.01 were treated with increasing c
the copy number of viral ORF1ab RNA in the culture medium. (D) IFA analysis of the inhib
infection after treatment with 3 mM and 10 mM of GA and 0.11 mM and 0.33 mM of A3, re
protein.
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the three procedures at 10 mM (Fig. 1D). In the ‘‘blocking” assay,
GA, GA-g, and A3 exhibited remarkable anti-viral infection activi-
ties, with EC50 values of 4.98, 5.37, and 9.30 mM, respectively
(Fig. 1E). Although ursolic acid and betulinic acid also showed
noticeable effects, they exhibited remarkable cytotoxicity and
were not further evaluated (Supplementary Fig. S3A-B). Consistent
with the ELISA experiments, GA-gg showed weak activities in the
pseudovirus system (Supplementary Fig. S3C-D). We also con-
structed a neutralization assay to visualize the anti-viral infections
caused by GA, GA-g, and A3 in Vero E6 cells (Supplementary
Fig. S4). GA and A3 inhibited SARS-CoV-2 pseudovirus with an inhi-
bition rate of > 90% at 80 mM, which was similar to A17 at 4 mg/mL.
-2 in vitro. (A) Antiviral activities of GA, GA-g, GA-gg, and A3 against SARS-CoV-2 in
dependent inhibition of GA and A3 on SARS-COV-2 infection, n � 3. Vero E6 cells and
oncentrations of GA and A3 for 24 h, respectively. qRT-PCR was applied to quantify
ition of GA and A3 on SARS-CoV-2 replication. Infected cells were fixed at 24 h post-
spectively, and were subjected to IFA using the primary antibody against viral spike
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Given the relatively weak activity of GA-g, we focused on GA and
A3 for follow-up experiments.
Y453 is a key residue for the binding of GA and A3 with spike RBD

SPR (surface plasmon resonance) analysis indicated that GA and
A3 could tightly bind to the RBD of SARS-CoV-2 spike protein, but
GA-g and GA-gg only showed very weak bindings (Supplementary
Fig. S5). The KD values of GA and A3 with RBD were 2.33 and
33.6 lM, respectively (Fig. 2A). Molecular docking analysis indi-
cated that GA, GA-g, GA-gg, and A3 formed three, two, one, and
three hydrogen bonds with surrounding amino acids, respectively
(Fig. 2B). The 3-OH, 11-C@O, and 30-COOH of GA formed hydrogen
bonds with Y453, N501, and G502, respectively. Due to the exis-
tence of 3-O-glucuronyl residue, two hydrogen bonds could be
formed for GA-g, i.e., 40-OH/Y453, and 11-C@O/G502. For GA-gg,
the 3-OH is substituted with two glucuronyl groups, and 11-C@O
and 30-COOH are extruded from the binding pocket. Thus, only
one hydrogen bond was formed, i.e., 40 0-OH and Y453. Interest-
ingly, when the 30-COOH is attached with a glucosyl group, the
structure of A3 exactly matches the binding pocket. The 60 0-
COOH of 20-O-glucuronyl, 60-COOH of 3-O-glucuronyl, and 60 0 0-OH
of 30-glucosyl residue interact with Y453, N501, and G446, respec-
tively. These hydrogen bond interactions determined the binding
affinities, and were consistent with the structure-activity relation-
ships of SPR analysis. We noticed that Y453 could bind to all the
four triterpenoids. Therefore, we determined the inhibitory activi-
ties of the drugs at 10 lM by ELISA against the spike RBD and its
Fig. 4. Binding of A3 with nsp7. (A) and (B) SPR analysis of A3 and GA binding to nsp7, re
by the steady state affinity method and kinetics analysis, respectively. (C) Molecular do
formed by A3 and residues D5, T9, A65, D67 and E74.
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Y453F mutant, respectively. All four triterpenoids showed remark-
ably decreased inhibitions, indicating that Y453 is a key residue for
the binding of triterpenoids with spike RBD (Fig. 2C). Given the
crucial role of L452, we also determined the inhibitory activities
of GA and A3 against RBD L452Q/F490S, L452R and T478K mutants
related to Lambda (C.37) and Delta (B.1.617.2) variants, respec-
tively. Fortunately, both GA and A3 possessed inhibitory activities
against these mutants although the inhibitions decreased by
around 10% compared to RBD (Supplementary Fig. S6).
Inhibition of GA and A3 against SARS-CoV-2 virus

Subsequently, we tested inhibitory activities of the triter-
penoids against SARS-CoV-2 virus in Vero E6 cells. Remdesivir
was used as the positive control. Compared to GA-g and GA-gg,
both GA and A3 showed significant inhibitory activities at 3 mM
(Fig. 3A). The viral RNA level in cells decreased in a dose-
dependent manner upon the treatment of GA with EC50 of
3.17 mM (Fig. 3B). Unexpectedly, A3 showed very potent inhibitory
activity with EC50 of 75 nM (Fig. 3B). The inhibition could still be
observed at 48 h post-infection (Supplementary Fig. S7). We fur-
ther tested the antiviral activities of A3 in the human colon adeno-
carcinoma Caco-2 cells. A3 showed an inhibition rate of >75% at
0.3 lM (Fig. 3C). An indirect immunofluorescence assay (IFA)
was conducted to verify the antiviral effects. Consistently, GA
and A3 remarkably inhibited the SARS-CoV-2 virus in a dose-
dependent manner (Fig. 3D), when compared with the drug-free
mock cells.
spectively. The affinity constant K D values of A3 and GA with nsp7 were calculated
cking of A3 with nsp7 (PDB ID:7JIT). Seven hydrogen bonds (yellow dashes) were



Fig. 5. Metabolism and pharmacokinetics of licorice triterpenoids after oral administration in rats. (A) The metabolic pathway of GA and GA-gg. (B) and (C) Time-plasma
concentration curves of GA-gg, GA-g, and GA in rats after oral administration of GA (B, 40 mg/kg, i.g., GA, AUCtotal = 0.026 h*g/L, t 1/2 = 9.91 h), and GA-gg (C, 40 mg/kg, i.g., GA,
Tmax = 8 h, AUCtotal = 0.046 h*g/L, t1/2 = 8.21 h). (D) Time-lung tissue concentration curves of GA in rats after oral administration of GA (40 mg/kg, i.g., Tmax = 2 h,
AUCtotal = 0.006 h*g/L, t1/2 = 18.17 h). For each group, n = 4. (E) Time-plasma concentration curves of GA-gg, GA-g, GA, and A3 in rats after intravenous injection of A3 (20 mg/
kg, i.v., A3, AUCtotal = 0.99 h*g/L, t1/2 = 10.31 h).
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Nsp7 may be the target for A3

Given its nanomolar level inhibitory activity against SARS-CoV-
2, A3 should have other targets than the spike protein [35]. Thus,
we tested the activities of A3 against 3CLpro, the other important
target for SARS-CoV-2 infection [36]. A3 only showed an inhibition
of 14.37% at 10 mM, indicating 3CLpro was not a target for A3. RNA-
dependent RNA polymerase (RdRp) is also a critical target for
SARS-CoV-2. The nonstructural proteins nsp12, nsp7, and nsp8
are essential components of RdRp. Nsp12 is the catalytic subunit,
and nsp7 and nsp8 are cofactors [37]. While we failed to establish
the RdRp assay, we determined the binding of A3 and GA with
nsp12, nsp7, and nsp8, respectively. The SPR results showed that
A3 could bind with nsp7 much more tightly than with the other
two proteins, with KD values of 167 nM, 15.5 lM, and 67.5 lM
for nsp7, nsp8, and nsp12, respectively (Fig. 4A; Supplementary
Fig. S8). In contrast, GA only showed very weak binding affinities,
with KD values of 384, 91.2, and 416 lM, respectively (Fig. 4B; Sup-
plementary Fig. S8). Molecular docking of A3 with nsp7 extracted
from the nsp7-nsp8 complex crystal structure (PDB ID:7JIT)
demonstrated seven hydrogen bonds, and the binding energy
was �8.7 kcal/mol (Fig. 4C). These data indicated that nsp7 may
be the target for A3.
Pharmacokinetics of GA and A3 in rats

The rats maximum plasma concentration was 5.68, 10.23, 7.70,
and 1.28 mM after oral administration (i.g.) of GA (40 mg/kg), GA-gg
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(40 mg/kg), licorice extract (200 mg/kg), and Lianhuaqingwen Cap-
sules (1,200 mg/kg, a 13-component TCM patent drug containing
licorice popularly used for clinical treatment of COVID-19), respec-
tively (Fig. 5A-C; Supplementary Fig. S9). These results indicated
both GA and GA-gg could be absorbed into circulation, and that
they could be inter-converted. Although the concentration of GA
in licorice or Lianhuaqingwen is very low, the abundant GA-gg
could be readily metabolized into GA, which is active for SARS-
CoV-2. More importantly, the elimination of GA in rats was slow,
and the concentration remained at high levels between 8 and
24 h. GA could also be detected in the lung tissue, which is a key
target organ for COVID-19 (Fig. 5D).

Given that A3 may be metabolized into GA-gg by gastrointesti-
nal microbiota, it was given to rats by intravenous injection (i.v.,
20 mg/kg). A3 showed a first-order elimination and the elimination
rate was slow, with the plasma concentration decreased from
48.9 mM at 1 h to 27.3 mM at 24 h (Fig. 5E). Only a small portion
of A3 was metabolized into GA-gg, GA-g, and GA.
Discussion

Although traditional Chinese medicines have been widely used
in China for the prevention and treatment of COVID-19, very few
antiviral compounds have been discovered and investigated in-
depth. Meanwhile, licorice is the most frequently used herb in
TCM formulas against COVID-19 [13], and its bioactive compounds
remain unknown.
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Our study screened 125 compounds from licorice and showed
that licorice-saponin A3 and glycyrrhetinic acid are potent inhibi-
tory compounds against SARS-CoV-2 virus. Moreover, this work
provides important experimental evidences for presenting the clin-
ical efficacy of licorice and related TCM products.

To our knowledge, A3 (EC50 75 nM) possesses promising anti-
SARS-CoV-2 activity, compared to 11a (0.53 mM), remdesivir
(0.77 mM), calpeptin (72 nM), and MI-30 (0.54 mM in Vero E6 cells,
and 1.1 nM in HPAEpiC cells) [6,36,38,39]. Natural triterpenoids
have been reported to be antiviral agents against a wide spectrum
of viruses including HIV-1 and influenza A [35].While the abundant
licorice compound GA-gg shows weak antiviral activities [40] and
may reduce ACE2 expression in the lung [16], it could be readily
metabolized into the active form GA. This may be one mechanism
for the clinical therapeutic effects of licorice and its compound for-
mulas like Lianhuaqingwen Capsules. Given the significant antiviral
activities and appropriate pharmacokinetic behaviors, both A3 and
GA could be promising drug candidates for the treatment of SARS-
CoV-2. On the other hand, GA-gg is a clinical drug, and its effects
againstCOVID-19asapro-drugofGAdeserve tobe furtherevaluated
in both animal and clinical studies.

Considering that GA, GA-g and A3 could all inhibit S-RBD, and
that GA-gg could be metabolized into the S-RBD inhibitor GA, S-
RBD could be a critical target for licorice to inhibit SARS-CoV-2.
Since S-RBD is responsible for entry of the virus into the host cells,
licorice may be effective for both treatment and prevention of
COVID-19. Our pharmacokinetic data showed the highest plasma
concentration of GA at 7.7 lM when 200 mg/kg licorice extract
was administered. Compared to the EC50 (3.17 lM) of GA, it further
supported the potential of licorice to prevent and treat COVID-19
after oral administration.

Interestingly, although the S-RBD inhibitory effects of A3 and
GA are similar (IC50 8.3 vs 10.9 mM), their antiviral activities are
remarkably different (EC50 0.075 vs 3.17 mM). One possible expla-
nation is that A3 targets other proteins in SARS-CoV-2 besides S-
RBD. Our results suggest that A3 could strongly bind to nsp7, an
essential component of the popular SARS-CoV-2 target RdRp. Thus,
licorice may inhibit SARS-CoV-2 infection by affecting both entry
and replication of the virus. The results also demonstrate the
‘‘multi-component, multi-target” feature of herbal medicines.

Conclusion

In this work, we find that A3 and GA could potently inhibit
SARS-CoV-2 by targeting nsp7 and the spike protein RBD, respec-
tively. Although the potential of GA had been reported by molecu-
lar docking calculations and protein inhibition assay, the anti-
SARS-CoV-2 activities of GA and A3 were reported in this work
for the first time. It is interesting that A3 and GA, which have the
same triterpenoid skeleton, have different targets. This ‘‘multi-
components, multi-targets” mode of action is a unique feature
for herbal medicines and contributes to the overall clinical effects
of licorice in the treatment of COVID-19.
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