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The outbreak of COVID-19 raises an urgent need for the therapeutics to contain the emerging pandemic.
However, no effective treatment has been found for SARS-CoV-2 infection to date. Here, we identified
puerarin (PubChem CID: 5281807), quercetin (PubChem CID: 5280343) and kaempferol (PubChem
CID: 5280863) as potential compounds with binding activity to ACE2 by using Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Platform (TCMSP). Molecular docking analysis
showed that puerarin and quercetin exhibit good binding affinity to ACE2, which was validated by sur-

Iég;"}'gi‘g face plasmon resonance (SPR) assay. Furthermore, SPR-based competition assay revealed that puerarin
SARS-CoV-2 and quercetin could significantly affect the binding of viral S-protein to ACE2 receptor. Notably, quercetin

Chinese herb medicine (CHM) could also bind to the RBD domain of S-protein, suggesting not only a receptor blocking, but also a virus
ACE2 neutralizing effect of quercetin on SARS-CoV-2. The results from network pharmacology and bioinformat-
Network pharmacology ics analysis support a view that quercetin is involved in host immunomodulation, which further renders
Surface plasmon resonance (SPR) it a promising candidate against COVID-19. Moreover, given that puerarin is already an existing drug,
results from this study not only provide insight into its action mechanism, but also propose a prompt

application of it on COVID-19 patients for assessing its clinical feasibility.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction opacity lesion of lung in CT findings. Thereafter, as the disease pro-

gresses, in severe cases, patients may show dyspnea, respiratory

The emergence of a novel and highly pathogenic coronavirus
SARS-CoV-2 caused an outbreak of acute infectious pneumonia in
Wuhan, China, in late 2019. At the early stage of infection, patients
generally present with flu-like clinical manifestations, such as fati-
gue, fever and dry cough, with a characteristic ground-glass
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distress syndrome, septic shock and even death [1,2]. Recent phy-
logenetic analysis result showed that SARS-CoV-2 virus belongs to
Beta coronavirus, which is an enveloped, single-stranded RNA virus
with the ability to infect animals and humans, causing sporadic
zoonotic outbreaks and occasional epidemics [3]. SARS-CoV-2
shares a common bat coronavirus ancestor with the human-
infecting SARS-CoV, and its S-protein shows high structural homol-
ogy to that of SARS-CoV in the receptor-binding domain (RBD) that
mediates the interaction with the host receptor [3,4]. So far, the
known human receptor of beta coronaviruses includes
angiotensin-converting enzyme 2 (ACE2) for SARS-CoV and dipep-
tidyl peptidase-4 (DPP4) for MERS-CoV [5,6]. Recent studies have
demonstrated that ACE2 is the human receptor for SARS-CoV-2,
and the cell entry of SARS-CoV-2 depends on ACE2, suggesting that
ACE2-targeting strategy holds great promise for the drug discovery
against COVID-19 [710].

2001-0370/© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Traditional Chinese medicine (TCM) has been applied on pro-
tection against plagues in China since ancient times. As an integral
part of TCM, Chinese herb medicine (CHM) shows a unique thera-
peutic effect on various infectious diseases, including the SARS epi-
demic of 2003, owing to its holistic treatment concept and multi-
component, multi-target pharmacological characteristics [11].
More recently, the combined use of TCM and modern Western
medicine has benefited the COVID-19 patients with shorter hospi-
talization and improved symptoms [12]. However, due to the vast
diversity of components in CHM and the complexity of the interac-
tion between those components and the disease, it is still a consid-
erable challenge to uncover the mysteries of CHMs at the
molecular level, which to a great extent hampers the general
acceptance of TCM worldwide. Recently, a series of computational
methods under the umbrella of TCM network pharmacology have
been devised, such as the network platform-based prediction of
the active compounds from CHMs, which opens up a new path
for unraveling the action mechanism of CHM and thereby greatly
accelerate the process of CHM-based new drug discovery [1317].

In this study, we first screened out puerarin as the candidate
compound targeting human ACE2 from the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) database, and identified
the potential effective herbs containing puerarin through TCMSP
analysis platform. Next, according to the TCM theory that the com-
pounds existing in the same CHM may have related and synergistic
pharmacological activities [18], we screened all the active com-
pounds contained in the above-obtained herbs and identified two
other compounds with great anti-SARS-CoV-2 potential. The possi-
ble interaction of these compounds with ACE2 was further investi-
gated by molecular docking and surface plasmon resonance assays,
and the results support the view that puerarin and quercetin could
significantly impair the binding of viral S-protein to its human
ACE2 receptor, shedding light on CHM-based new drug discovery
against COVID-19 (See workflow scheme in Fig. 1).

2. Material and methods

2.1. Screening of potential herbs and their active compounds targeting
ACE2

To screen the potential CHMs and their compounds targeting
ACE2, we input angiotensin-converting enzyme 2 to the search
window of target name in TCMSP online platform. The parameters
for selection of active compounds were set as oral bioavailability
(OB) 30% and drug-likeness (DL) 0.18 as standard.

2.2. Selection of the key active compounds against COVID-19

Statistical analysis of the overlapped compounds existing in the
five individual herbs was presented in a Venn diagram. Prediction
of potential targets for the selected compounds was performed
using TCMSP database. Based on the selected candidate com-
pounds and putative targets, a compound-target network was con-
structed by using Cytoscape. Then, the topological parameters of
each candidate compounds in the network, including Degree,
Betweenness Centrality and Clossness Centrality, were calculated
by using a Cytoscape plugin CytoNCA.

2.3. Molecular docking analysis

Flexible docking process between chemical compounds and tar-
get proteins were conducted by the software AutoDock 4.2. A total
of 30 docking conformations were extracted and ranked according
to the docking energy value. The detailed docking process was per-
formed as follows: (a) amino acids within 14 é distance of the
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Fig. 1. Workflow scheme. This work was composed of four main parts, including
natural compound selection, molecular docking, SPR verification, and PPI network
construction & enrichment analysis.

binding region on the receptor ACE2 were placed into the grid
box for docking, and the different types of atoms were then used
as probes to scan and calculate the grid energy, which was per-
formed by AutoGrid program; (b) conformational searching for
ligands within the box was performed by using Autodock program.
The ultimately rankings were resulted according to the scorings
based on the conformation, orientation, position and energy of
the ligands. The top 1 conformation with the lowest binding
energy was selected for further binding modes analysis.

2.4. Surface plasmon resonance assay

Surface plasmon resonance (SPR) analysis was conducted with
Open SPR instrument (Nicoyalife, Canada). The COOH sensor chip
was firstly installed on the OpenSPR instrument in accordance with
the standard procedure. 1) Run the buffer at the maximum flow
rate and exhaust the bubble after reaching the signal baseline. 2)
Inject HCI (10 mM) to clean the chip surface and run for 1 min.
3) Slow down the flow rate of buffer solution (PBS) to 20 ¢L/min,
then load 200 ¢L EDC (400 mM)/NHS (100 mM) (1:1) solution to
activate COOH sensor chips and run for 4 min. 4) The ACE2
(40 ¢g/ml) and the S-protein (100 nM) were diluted with activation
buffer (total 200 ¢L). 5) The injection port was rinsed with buffer
solution and emptied with air. 6) Fill with 200 ¢L blocking solution
(20 ¢L/min, 4 min), wash the sample ring with buffer solution and
empty it with air. 7) Observe baseline for 5 min to ensure stability.
Next, the selected compounds were diluted into a series of solu-
tions with different concentration, which were then injected into
the chip with the concentration from low to high. In each cycle,
the sample (200 ¢L) was flowed through the chip for 7 mins at a
constant flow rate of 20 ¢L/min (The binding time of the com-
pounds and ACE2 was 240 s, and naturally dissociate for 180 s).
After detection, 0.05% SDS was added as the regeneration buffer



B. Pan, S. Fang, J. Zhang et al.

to dissociate the compounds from the target protein. The kinetic
parameters of the binding reactions were calculated and analyzed
by using Trace Drawer software (Ridgeview Instruments AB, The
Kingdom of Sweden).

2.5. PPI network and module analysis

The PPI systematic network was constructed and visualized
using Search Tool of Retrieval of Interacting Genes (STRING; ver-
sion 11.0; https://stringdb.org) database and Cytoscape software
3.2.1, respectively. The proteins with a combined score > 0.7 were
selected for PPI analysis. Molecular Complex Detection (MCODE)
was used to screen the modules of the PPI network. The top mod-
ules were defined as having Degree cutoff > 5 and K-core > 5. The
core subnetwork extraction from each of the parent PPI network
was performed using the MCODE plugin with the same parameter
settings as the above.

2.6. Screening of disease targets

The GeneCards database (http://www.genecards.org/) was used
to acquire COVID-19 disease targeted genes. Novel Coronavirus
was input as the keywords for searching, and the result was
exported to an excel document. All the obtained targets were fur-
ther confirmed by using Uniprot database.

2.7. Enrichment analysis

The functional and pathway enrichment analyses of the
obtained putative and core targets were performed using The Data-
base for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8 (https://david.ncifcrf.gov/). The analyses were mainly
divided into two types, GO biological functional and KEGG signal-
ing pathways. A p < 0.05 was considered as statistically significant.
Meanwhile, WebGestalt (http://www.webgestalt.org) was also
used as the enrichment method for quercetin and COVID-19 co-
targeted over-representation analysis (ORA).

3. Results

3.1. Screening of potential CHMs and their active compounds targeting
ACE2

To screen the potential CHM compounds targeting human ACE2
receptor, Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP) was employed. From
the above database, puerarin (PubChem CID: 5281807) was identi-
fied as the compound with potential binding activity to ACE2. Next,
we screened out a total of five CHMs containing puerarin from the
TCMSP database, namely Radix Bupleuri (Chinese name: Chaihu),
Radix Puerariae (Chinese name: Gegen), Puerariae flower (Chinese
name: Gehua), Radix Cyathulae (Chinese name: Chuanniuxi), and
Radix Hemerocallis (Chinese name: Xuancaogen). According to the
TCM theory, the compounds present in the same CHM generally
have related and synergic pharmacological activities. We therefore
expanded the screening range to all compounds contained in the
five CHMs, with a screening criteria of oral bioavailability (OB) 30%
and drug likeness (DL) 0.18 (Table 1). As such, a total of 41 com-
pounds were obtained after removal of overlapped ones (Supple-
mentary Table 1).
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3.2. Puerarin, quercetin and kaempferol were selected as the key
compounds with anti-SARS-CoV-2 potential

Of the selected compounds from the five herbs, quercetin or
kaempferol ranked the second in frequency (3 times), while puer-
arin ranked the highest, existing in all of the five herbs. Statistical
analysis of the overlapped compounds existing in each of the five
herbs was shown in a Venn diagram (Fig. 2A). Then the potential
drug targets of the selected compounds from the five herbs were
predicted using the online TCMSP analysis platform, which led to
identification of 240 putative targets and subsequent construction
of a compound-target network. Next, the topological parameters of
each selected compound in the constructed network above, includ-
ing Degree, Betweenness Centrality and Clossness Centrality, were
calculated and scored by using a Cytoscape plugin CytoNCA. The
higher the score, the higher the core degree and importance of a
compound in the network. The top 10 compounds with the scores
from high to low were listed in Table 2 (the rest compounds were
listed in Supplementary Table 2). Among these, the top 2 com-
pounds were quercetin and kaempferol. According to the above
results, in addition to puerarin, quercetin and kaempferol were
also selected as the key compounds for further analysis. The molec-
ular formulas and chemical structures of puerarin, quercetin and
kaempferol are shown in Fig. 2B.

3.3. Molecular docking analysis showed the binding affinities between
the key compounds and ACE2

Molecular docking was performed to determine the potential
binding sites and binding affinity between the key compounds
and ACE2 (PDB ID: 6ACG). The results showed that all of the three
compounds could fit into a common binding pocket on ACE2 pro-
tein, which located at some distance from the binding interface of
ACE2-SARS-CoV (Fig. 3A). Further docking analysis based on the
recently resolved structure of ACE2 (PDB ID: 6M18) evaluated
the binding affinity of ACE2 with all three compounds. Among
these, quercetin displayed the highest binding affinity to ACE2
with an estimated binding free energy of 7.92 kcal/mol. It could
form strong hydrogen bonds with the surrounding polar amino
acids residues within the pocket, such as R273, D269 and N149,
and form a weak hydrogen bond with the hydroxyl group of
Y127. Meanwhile, the dihydroxyl group at the top of quercetin
could forma double hydrogen bond with the C=0 group on the
backbone 0fN149. The hydrophobic interactions formed between
the planar ring and ACE2 residues M270 and W271 play also an
important role in stabilization of the complex (Fig. 3B).

Puerarin interacted with the residues D269 and N149 of ACE2 to
form strong hydrogen bonds. Also, its top phenol group could form
a hydrophobic interaction with L144, while the hydroxyl group
forming a hydrogen bond with S128. However, compared to quer-
cetin, puerarin had much less hydrophobic interactions with the
surrounding residues within the pocket, due to a position shift
caused by its hexose ring. Thus, the overall binding affinity of puer-
arin to ACE2 was lower than that of quercetin, with an estimated
binding free energy of 7.46 kcal/mol (Fig. 3C).

The binding mode of kaempferol was similar to that of querce-
tin, except that only one hydrogen bond could be formed between
the top mono-hydroxyl group of kaempferol and the N149 back-
bone -C = O group, which thereby changed the mutual position
of kaempferol and the pocket. This structural shift resulted in an
overall reduction of hydrogen bond formation. Thus, it formed a
single hydrogen bond with R273 residue, instead of forming a dou-
ble hydrogen bond with the same residue as quercetin did. As such,
kaempferol displayed the lowest binding affinity to ACE2 among
the three key compounds, with an estimated binding free energy
of 7.21 kcal/mol (Fig. 3D).
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Table 1
Specific information on the five chosen herbs and their potential active ingredients obtained from a virtual screening (TCMSP database).
Name of herbs MOL Number Name of potential active ingredients OB/% DL
Radix Bupleuri(Chaihu) MOL004718 o-spinasterol 42,98 0.76
MOL000354 isorhamnetin 49.60 0.31
MOL004644 sainfuran 79.91 0.23
MOL000490 petunidin 30.05 0.31
MOL000449 stigmasterol 43.83 0.76
MOL001645 linoleyl acetate 42.10 0.20
MOL013187 cubebin 57.13 0.64
MOL004624 longikaurin A 47.72 0.53
MOL000098 quercetin 46.43 0.28
MOL000422 kaempferol 41.88 0.24
MOL004628 octalupine 47.82 0.28
MOL004598 3, 5, 6,7-tetramethoxy-2-(3, 4,5-trimethoxyphenyl) chromone 31.97 0.59
MOL004648 troxerutin 31.60 0.28
MOL004653 (+)-anomalin 46.06 0.66
MOL004609 areapillin 48.96 0.41
MOL002776 baicalin 40.12 0.75
MOL004702 saikosaponin c_qt 30.50 0.63
MOL012297 puerarin 24.03 0.69
Radix Puerariae (Gegen) MOL000392 formononetin 69.67 0.21
MOL000358 beta-sitosterol 36.91 0.75
MOL003629 daidzein-4,7-diglucoside 47.27 0.67
MOL002959 3’-methoxydaidzein 48.57 0.24
MOL012297 puerarin 24.03 0.69
Puerariae flower (Gehua) MOL011791 kakkalide 46.91 0.67
MOL011793 kakkatin 55.25 0.24
MOL001749 ZINC03860434 43.59 0.35
MOL000392 formononetin 69.67 0.21
MOL001792 DFV 32.76 0.18
MOL000449 stigmasterol 43.83 0.76
MOL003629 daidzein-4,7-diglucoside 47.27 0.67
MOL002959 3’-methoxydaidzein 48.57 0.24
MOL005916 irisolidone 37.78 0.3
MOL000422 kaempferol 41.88 0.24
MOL000098 quercetin 46.43 0.28
MOL000468 8-o-methylreyusi 70.32 0.27
MOL012976 coumestrol 32.49 0.34
MOL004957 HMO 38.37 0.21
MOL000358 beta-sitosterol 36.91 0.75
MOL000359 sitosterol 36.91 0.75
MOL008400 glycitein 50.48 0.24
MOL013305 garbanzol 83.67 0.21
MOL012297 puerarin 24.03 0.69
Radix Cyathulae (Chuanniuxi) MOL000098 quercetin 46.43 0.28
MOL000358 beta-sitosterol 36.91 0.75
MOL012286 betavulgarin 68.75 0.39
MOL012298 rubrosterone 32.69 0.47
MOL012297 puerarin 24.03 0.69
Radix Hemerocallis (Xuancaogen) MOL001255 boswellic acid 39.55 0.75
MOL000422 kaempferol 41.88 0.24
MOL001243 3alpha-hydroxy-olean-12-en-24-oic-acid 39.32 0.75
MOL002268 rhein 47.07 0.28
MOL013343 hemerocallone 63.01 0.54
MOL000471 aloe-emodin 83.38 0.24
MOL001771 poriferast-5-en-3beta-ol 36.91 0.75
MOL013345 picraquassioside C 53.99 0.69
MOL012297 puerarin 24.03 0.69

3.4. Interactions between the three compounds and ACE2 were
validated by SPR assay

The interactions of the selected compounds and ACE2 were fur-
ther evaluated by real-time biomolecular interaction analysis with
SPR. The kinetics of the binding reaction was determined by inject-
ing different concentrations of the compounds over a recombinant
human ACE2 immobilized on the chip surface. The data were fitted
to a monovalent binding model by non-linear regression, and the
equilibrium dissociation constants (KD) for quercetin and puerarin
were 4.83x10° M and 6.70x10™* M, respectively, according to the
obtained association and dissociation rates (Fig. 4A & 4B). Despite
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both compounds could bind to ACE2, quercetin exhibited a much
higher affinity than puerarin with a KD value at the micromolar
level. Unfortunately, attempts to dissolve kaempferol in 1% DMSO
buffer to induce a significant response signal were unsuccessful,
thus we failed to obtain the KD value for kaempferol (data not
shown).

3.5. Puerarin and quercetin impaired the binding of S-protein to ACE2
An SPR-based competition assay was employed to determine

whether puerarin and quercetin could affect the binding of S-
protein to ACE2. We firstly determined the binding affinity of S-



B. Pan, S. Fang, J. Zhang et al.

A

Radix Bupleuri
(Chai Hu)

Radix Hemerocallis
(Xuan Cao Gen)

Radix Puerariae
(Ge Gen)

Radix Cyathulae
(Chuan Niu Xi)
Puerariae flower

(Ge Hua)

Computational and Structural Biotechnology Journal 18 (2020) 3518-3527

quercetin
(C15H1007)
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(C15H1006)
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(C21H2009)

Fig. 2. Selection of the key compounds from CHMs. (A) The Venn diagram of 3 candidate core compounds from 5 herbs. Red box: puerarin; Blue box: quercetin; Green:
kaempferol. (B) The 2D-chemical structure of puerarin, quercetin and kaempferol downloaded from the TCMSP database. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 2
The topological parameters of core candidate compounds (Top 10).

MOL Number Name Degree Betweenness Centrality Closeness Centrality
MOL000098 quercetin 148 0.61714426 0.50391236
MOL000422 kaempferol 61 0.17003082 0.39606396
MOL012297 puerarin 55 0.19113992 0.38470729
MOL000392 formononetin 38 0.05717885 0.37054085
MOL000358 beta-sitosterol 37 0.08285532 0.37311703
MOL000354 isorhamnetin 36 0.05139244 0.37225434
MOL000449 stigmasterol 31 0.06871123 0.36884307
MOL005916 irisolidone 31 0.03081572 0.36800000
MOL000468 8-o-methylreyusi 30 0.02290257 0.36716078
MOL013343 hemerocallone 29 0.02611440 0.36800000

protein RBD to ACE2 by SPR assay, which unsurprisingly showed a
very high KD value of 2.41x10°® M (Fig. 5A). Having obtained the
optimal concentration for each compound and the S-protein RBD
according to their corresponding KD value, we injected either a
mix of puerarin and S-protein RBD or a mix of quercetin and S-
protein RBD over the immobilized human ACE2 for comparison.
The result showed that addition of puerarin significantly attenu-
ated the response signal by more than 20 units comparing to that
of S-protein alone over the immobilized ACE2, indicating puerarin
could indeed affect the binding of S-protein to ACE2. Notably, a
substantial decrease in response signal was observed for quercetin,
with a signal drop of over 100 units, indicating that the interaction
between S-protein RBD and ACE2 was almost completely abro-
gated by quercetin (Fig. 5B).

3.6. Quercetin could also bind to S-protein with a high binding affinity

The striking disruptive effect of quercetin on the binding of S-
protein with ACE2 inspired us to investigate the potential effect
of quercetin on S-protein. The molecular docking analysis result
showed that quercetin displayed a high binding affinity to S-
protein, with an estimated binding free energy of 8.41 kcal/mol.
Specifically, quercetin could form hydrogen bonds with the sur-
rounding polar amino acids residues in the binding pocket of
SARS-CoV-2 (PDB ID: 6VXX), such as K462, E465, R466 and N146,
and its top dihydroxyl group could form a double hydrogen bond
with the C=0 group on the backbone of 1123. Furthermore, the pla-
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nar ring of quercetin could form hydrophobic interactions with
1123 and F464 RBD residues (Fig. 6A). We subsequently carried
out SPR assay again to determine the interaction between querce-
tin and S-protein. Consistent to the molecular docking result, quer-
cetin exhibited a high binding affinity to SARS-CoV-2 RBD domain,
with a KD value of 2.21x107° M (Fig. 6B). It should be noted that the
KD value of quercetin on SARS-CoV-2 RBD domain was even lower
than that of quercetin on ACE2, suggesting that quercetin has both
receptor blocking and virus neutralizing effect on SARS-CoV-2.

3.7. Systemically exploring the potential action mechanism of
quercetin through PPI target network and pathway enrichment
analyses

To explore the potential action mechanism of quercetin in a sys-
temic view, we set about to construct a drug-target PPI network to
comprehend the complex interaction among quercetin targets
using the MCODE plugin (the detailed 148 putative targets of quer-
cetin were listed in Supplementary Table 3). Based on a stringent
parameter setting for target screening, the quercetin-target PPI
network with 64 nodes and 250 edges was constructed. Next, we
performed core subnetwork extraction from the PPI network, as
the number of the putative targets (nodes) and the interaction
(edges) were still high and complicated. The top 3 core subnet-
works with the highest MCODE scores, containing a total of 30
nodes and 70 edges, were thus extracted from the parental PPI net-
work (Fig. 7A). The hub targets consisting of subnetwork-1 were
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ACE2

(puerarin)

(quercetin) (kaempferol)

(ii)

(i)

Fig. 3. Molecular docking model. (A) The binding pattern between ACE2 and SARS-CoV (PDB: 6ACG). Red circle: the candidate protein binding pocket in ACE2; Black box:
the protein binding interface between ACE2 and SARS-CoV. (B) Hydrophilic-hydrophobic interaction between (i) puerarin and ACE2 in protein binding pocket, and (ii)
puerarin and relative amino acids residues. (C) Hydrophilic-hydrophobic interaction between (i) quercetin and ACE2 in protein binding pocket, and (ii) quercetin and relative
amino acids residues. (D) Hydrophilic-hydrophobic interaction between (i) kaempferol and ACE2 in protein binding pocket, and (ii) kaempferol and relative amino acids
residues. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Interactions between the three compounds and ACE2 were determined by SPR assay. (A) The KD of the ACE2 protein with a series of concentrations of quercetin
was calculated by SPR. (B) The KD of the ACE2 protein with a series of concentrations of puerarin was calculated by SPR.

mainly the members of cytochrome P450 and glutathione S- subnetwork-2 included various cytokines and molecules involved
transferase superfamilies, including CYP1A1, CYP1A2, CYP3A4, in immunoregulatory and inflammatory processes, such as CXCL2,
CYP1B1, GSTM1, GSTM2 and GSTP1. The hub targets in CXCL10, IL1A, IL1B and ICAM1, whereas the hub targets in
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Fig. 5. SPR-based competition assay. (A) The KD of the ACE2 protein with a series of concentrations of SARS-CoV-2 Spike RBD protein was calculated by SPR. (B) quercetin
(12 M) and puerarin (1 mM) could block the combination of SARS-CoV-2 Spike RBD protein and ACE2 protein.
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Fig. 6. Quercetin could bind to RBD domain of S-protein with a high binding affinity. (A) Hydrophilic-hydrophobic interaction between (i) quercetin and SARS-CoV-2
Spike in candidate protein binding pocket, and (ii) quercetin and relative amino acids. (B) The KD of the SARS-CoV-2 Spike RBD protein with a series of concentrations of

quercetin was calculated by SPR.

subnetwork-3 were mainly composed of apoptosis associated fac-
tors, such as BCL2, BAX, BCL2L1, CASP8 and CASP3. Consistently,
GO functional enrichment analysis based on the 64 targets from
the parental PPI network revealed that quercetin was closely
related to gene transcription and expression, response to drugs,
inflammatory response, signal transduction, apoptosis and oxida-
tionreduction process. Meanwhile, KEGG signaling pathway
enrichment result showed that quercetin was involved in Path-
ways in cancer, Hepatitis B, PI3K-Akt signaling pathway, TNF sig-
naling pathway, Influenza A, and MAPK signaling pathway
(Table 3).

To further investigate the potential mechanism of quercetin
against COVID-19, we performed the ORA pathway enrichment
analysis for quercetin and COVID-19 co-targeted genes. Firstly,
COVID-19 disease-related genes were collected by using Gene-
Cards online database, which resulted in a list of 350 obtained
genes (the detailed information of these disease-targets were listed
in Supplementary Table 4). Then, 37 overlapped targets among 148
quercetin drug-targets and 350 COVID-19 disease-related targets
were obtained and shown in a Venn diagram (Fig. 7B and Supple-
mentary Table 5). Finally, we performed an ORA systematic path-
way enrichment analysis for these 37 co-targets using
WebGestalt. The KEGG pathway and Reactome enrichment results
showed that a total of 10 positively related categories were identi-
fied, which were mainly involved in immuno-modulation and virus

3524

infection activities, including IL-10 signaling, IL-4 and IL-13 signal-
ing, IL-17 signaling, Influenza A, Signaling by Interleukins, Cytokine
signaling in immune system (Fig. 7C & 7D). Together, the above
results suggest that quercetin is a promising candidate against
COVID-19, owing to its multifaceted pharmacological activities.

4. Discussion

To date, the COVID-19 has been spreading around the world at
an exponential rate, raising an urgent need for effective therapeu-
tics to contain this emerging pandemic. The ultimate solution is
obviously the targeted vaccination against SARS-CoV-2. However,
to develop a vaccine may take months or even years, and the devel-
oped vaccine may not be effective against the newly emerging
strains of the virus, making the efforts futile. Alternatively, CHM
could be a promising approach to combat COVID-19, as the
patients treated with CHM have benefited from shorter hospital-
ization and improved symptoms [19,20]. Combined application of
TCM and modern Western medicine on COVID-19 patients can
effectively relieve symptoms such as fever, cough, sore throat,
myalgia and fatigue, and shorten the course of disease [12]. There-
fore, screening the active compounds from CHM provides a conve-
nient path to the rapid drug discovery against COVID-19.
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Fig. 7. Systematic exploration of the action mechanism of quercetin against COVID-19. (A) PPI network construction and excavation of hub targets. Three core
subnetworks and 30 hub targets was excavated by using the MCODE plugin. PPI: proteinprotein interaction. (B) A Venn diagram of quercetin and COVID-19 co-targeted genes.
(C) The ORA enrichment results in bar chart. (D) The ORA enrichment results in volcano plot.

In this study, taking advantage of the recent advances in net-
work pharmacology and computational methods, we screened
out 3 compounds from CHMs that hold great potential against
SARS-CoV-2 virus. Interestingly, despite identified through differ-
ent approaches, these compounds are all present in a single herb,
Radix Bupleuri, which not only confirms the aforementioned theory
that the key compounds existing in the same CHM are likely to
have related and synergic pharmacological activities, but also val-
idates the appropriateness of our screening strategy. Furthermore,
a recent molecular docking analysis showed that baicalin, another
compound of Radix Bupleuri, could also interact with ACE2 receptor
through ASN-149, ARG-273 and HIS-505 residues, identical to
those recognized by puerarin, quercetin and kaempferol within
the same binding pocket [21]. As a popular CHM in China, Radix
Bupleuri has been widely used for treating various symptoms and
diseases, such as fever, inflammations, malaria, hepatitis B and
influenza A [2226]. A recent study showed that Radix Bupleuri
was among the 26 selected CHMs with great potential to directly
inhibit SARS-CoV-2 infection, and was advised to use at the early
course of infection by senior TCM practitioners [27]. In this connec-
tion, it is not surprising that the multiple compounds it contains
may possess anti-SARS-CoV-2 activity through a similar action
mechanism. Although the common binding pocket shared by these
compounds locates at some distance from the binding interface
between the S-protein and ACE2, the binding of these compounds
significantly compromised the interaction of RBD domain of S-
protein with ACE2, at least in the cases of puerarin and quercetin
as shown by the SPR-based competition assays. Therefore, these
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compounds are likely adopting alternative mechanisms, such as
causing conformational changes to impair the interaction, rather
than binding to the interface to competitively block SARS-CoV-2
virus.

As an efficient drug discovery strategy, drug repurposing could
greatly shorten the time and reduce the cost compared to de novo
drug discovery. Now, in the view of an urgent need to contain the
epidemic, drug repurposing appears to be the best option for
timely drug discovery against COVID-19. Recently, several existing
drugs have been tested for efficacy in inhibiting SARS-CoV-2
in vitro. For example, remdesivir, an experimental drug being
developed against Ebola virus, and hydroxychloroquine, a front-
line drug for treating malarial and autoimmune disease, has shown
a promising inhibitory effect on SARS-CoV-2 [28]. As an exXisting
drug approved by China Food and Drug Administration (CFDA),
puerarin has been widely used in clinical practice for decades in
China. As such, and with its good safety profile, puerarin could
be an ideal repurposable drug for COVID-19. It is worth noting that
the safe dose of puerarin is as high as 0.5 g (~hundreds of mM in
concentration) per day, indicating that puerarin may achieve a
desirable antiviral effect at a safe dose, although the binding ability
of puerarin to ACE2 is relatively low compared with the other
tested drugs. Furthermore, because puerarin has the well-known
beneficial effects on fever, cardiovascular diseases, neurological
dysfunction and liver injury [29,30], it can be co-administrated
as a adjuvant to help improve the symptoms and prognosis of
COVID-19 patients. In this context, the old drug new use of puer-
arin on COVID-19 can minimize the translational gap between
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Table 3
The enrichment analysis of candidate targets of quercetin.
Type Term Gene P-value
count

GO GO-BP:positive regulation of transcription 38 1.26E-16
from RNA polymerase Il promoter
GO-BP:positive regulation of transcription, 27 1.31E-14
DNA-templated
GO-BP:response to drug 25 6.40E-18
GO-BP:inflammatory response 22 1.04E-12
GO-BP:signal transduction 22 1.79E-04
GO-BP:positive regulation of gene expression 20 1.17E-13
GO-BP:negative regulation of cell proliferation 19 1.23E-09
GO-BP:apoptotic process 18 1.44E-06
GO-BP:negative regulation of transcription 18 3.32E-05
from RNA polymerase Il promoter
GO-BP:oxidationreduction process 17 1.12E-05
GO-MF:protein binding 102 1.06E-10
GO-MF:identical protein binding 29 1.31E-12
GO-MF:enzyme binding 25 3.80E-17
GO-MF:transcription factor activity, 23 2.66E-06
sequence-specific DNA binding
GO-MF:DNA binding 23 0.0066762
GO-MF:protein homodimerization activity 22 1.16E-07
GO-MF:transcription factor binding 19 4.28E-12
GO-MF:ATP binding 19 0.0310054
GO-MF:sequence-specific DNA binding 18 3.44E-07
GO-MF:protein heterodimerization activity 16 2.20E-06

KEGG KEGG:Pathways in cancer 42 3.31E-23
KEGG:Hepatitis B 27 1.44E-20
KEGG:PI3K-AKkt signaling pathway 25 1.06E-09
KEGG:HTLV-I infection 23 8.94E-11
KEGG:Proteoglycans in cancer 22 6.43E-12
KEGG:MAPK signaling pathway 21 3.60E-09
KEGG:MicroRNAs in cancer 21 2.95E-08
KEGG:HIF-1 signaling pathway 20 4.96E-16
KEGG:TNF signaling pathway 20 4.34E-15
KEGG:Influenza A 20 3.66E-11

drug development and clinical outcomes, providing an optimal
outlet for timely developing effective therapeutics against the
emerging pandemics.

Compared with puerarin, quercetin showed a much higher
binding affinity to ACE2 with a KD at 4.83x10°® M, which is actually
a very good value for an unmodified natural compound. Moreover,
quercetin showed an even higher binding affinity to the RBD
domain of S-protein with a KD value of 2.41x10® M, and more
importantly, the viral binding to ACE2 receptor was almost abro-
gated in the presence of quercetin, as shown in the subsequent
SPR-based competition assay. Molecular docking analysis revealed
that quercetin could form hydrogen bonds with the K462, E465
and R466 residues of SARS-CoV-2 RBD domain to make a stable
complex. Notably, according to the recently resolved cryo-EM
structure of full-length ACE2-RBD-BOAT1 complex [9], the interac-
tion between ACE2 and the virus is to a great extend dependent on
the residues Tyr453 and GIn474 of RBD, which are only several
residues away from the quercetin binding pocket on RBD. These
results support the view that the conformational change of these
RBD residues upon the binding of quercetin plays an important
role in the disrupted binding of S-protein to ACE2. Thus, quercetin
impairs the interaction between S-protein and ACE2 through
simultaneous binding with both of them, and this dual-targeting
approach may generate a synergistic disruptive effect, and there-
fore result in a better anti-SARS-CoV-2 activity.

To further explore the action mechanism of quercetin, we con-
structed a quercetin-target PPI network and performed core sub-
network analysis. Interestingly, a cluster of hub targets from the
extracted subnetwork were mainly composed of various cytokines
and molecules involved in immunoregulatory and inflammatory
processes, suggesting an important role of quercetin in
immunomodulation. Consistently, the subsequent ORA enrichment
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analysis for quercetin and COVID-19 co-targeted genes led to a
similar result, underlying a potential immunomodulation effect
of quercetin on COVID-19 patients. Recent studies have shown that
the levels of cytokines, such as IL-6, IL-10 and TNF, were increased
dramatically in COVID-19 patients with severe symptoms com-
pared to those with mild symptoms [1]. Given that the severe
patients are inclined to form cytokine storm, leading to severe res-
piratory distress syndrome and multiple-organ failure, quercetin
therefore may help improve the symptoms and outcomes of the
COVID-19 patients through immunomodulation. Moreover, a
recent single-cell RNA-Seq study found that multiple functional
genes related to viral assembly and replication were highly co-
expressed with ACE2 in type II alveolar cells [31], among which
ICAM1 and EGFR were also present in the subnetwork as the hub
targets. These results suggest that quercetin may have an adverse
effect on infectiousness of SARS-CoV-2.

5. Conclusions

Taken together, three compounds from CHMs, namely puerarin,
quercetin and kaempferol, exhibit high ACE2-targeting potential.
Among these, puerarin and quercetin were demonstrated to impair
the interaction between S-protein and ACE2 by SPR assays. Further
results showed that puercetin has a dual binding ability to both
ACE2 receptor and the viral S-protein, along with its potential
immunomodulation effect, making it a good anti-SARS-CoV-2 drug
candidate.
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