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Abstract

Traditional Chinese medicine (TCM) has exerted positive effects in controlling the COVID-19 pandemic. HuaShi XuanFei
Formula (HSXFF) was developed to treat patients with mild and general COVID-19 in Zhejiang Province, China. The pre-
sent study seeks to explore its potentially active compounds and pharmacological mechanisms against COVID-19 based on
network pharmacology, molecular docking, and molecular dynamics (MD) simulation. All components of HSXFF were har-
vested from the pharmacology database of the TCMSP system. COVID-19-related targets were retrieved from using OMIM
and GeneCards databases. The herb-compound-targets network was constructed by Cytoscape. The target protein—protein
interaction (PPI) network, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed
to discover the potential key target genes and mechanism. The main active compounds of HSXFF were docked with 3C-like
(3CL) protease hydrolase and angiotensin-converting enzyme 2 (ACE2). The MD simulation confirmed the binding stability
of docking results. The herbs-targets network mainly contained 52 compounds and 70 corresponding targets, including key
targets such as RELA, TNF, TP53, IL6, MAPK1, CXCLS, IL-1/4, and MAPK14. The GO and KEGG indicated that HSXFF
may be mainly acting on the IL-17 signaling pathway, TNF signaling pathway, NF-«B signaling pathway, etc. The molecular
docking results indicated that isovitexin and procyanidin B1 showed the highest affinity with 3CL and ACE2, respectively,
which were confirmed by MD simulation. These findings suggested HSXFF exerted therapeutic effects involving “multi-
compounds and multi-targets.” It might be working through directly inhibiting the virus, improving immune function, and
reducing the inflammatory in response to anti-COVID-19. In summary, the present study would provide a valuable direction
for further research of HSXFF.
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MD Molecular dynamic

MF Molecular function

NCP Novel coronavirus pneumonia

OB Oral bioavailability

PPI Protein—protein interaction

QH Qianhu

RMSD Root-mean-square deviation

ROS Reactive oxygen species

SARS-CoV-2  Severe acute respiratory syndrome
coronavirus-2

SYQ Shanyeqing

TCM Traditional Chinese Medicine

TCMSP Traditional Chinese Medicine Systems
Pharmacology Database and Analysis
Platform

Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
[1]. Its global outbreak is attributed to the susceptibility of
the population toward virus infection, acting as a continu-
ous and serious threat to public health [2]. According to
the World Health Organization, 223 countries or regions
have reported 105, 805,951 confirmed cases of COVID-19
by February 8, 2021, including 2,312,278 deaths [3]. How-
ever, vaccines have been developed too late for prevention,
and there has been no drug to cure SARS-CoV-2 infection.

As the country of the initial COVID-19 outbreak,
China has successfully controlled it with multiple active
approaches. Traditional Chinese herbal medicine has made
great contributions to the prevention and control of the epi-
demic [4]. According to the traditional Chinese medicine
(TCM) theory, therapeutic principles and formulas may
differ for different syndromes, regional characteristics, and
populations [5]. HuaShi XuanFei Formula (HSXFF) is a
cipher prescription to treat COVID-19 at Tongde Hospital
of Zhejiang Province (Zhejiang Academy of Traditional Chi-
nese Medicine), which is consists of 6 Chinese herbal medi-
cines: Tetrastigmae Radix (Sanyeqing, SYQ), Schizonepetae
Herba (Jingjie, JJ), Saposhnikoviae Radix (Fangfeng, FF),
Forsythiae Fructus (Lianqiao, LQ), Lonicerae Japonicae
Flos (Jinyinhua, JYH) and Peucedani Radix (Qianhu, QH).
This prescription can remove toxins and resolve dampness,
ventilate the lung and remove pathogenesis. SYQ was the
sovereign drug in this prescription, which is used to treat
throat swelling and pain, pneumonia, and fever. It can exert
numerous bioactivities, including antivirus, anti-inflamma-
tory, immunoregulatory, enhancing immune function, anti-
bacterial, and antioxidant, etc. [6]. Flavonoids of SYQ, such
as kaempferol, quercetin, procyanidin dimmer, and epicat-
echin had an antiviral effect on HIN1 influenza virus [7].

JYH, another effective ingredient of HSXFF, could lower
the release of nitric oxide, IL-6, and TNF-« in macrophages,
which is used in multiple Chinese patent medicines [8]. In
the clinic, HSXFF can effectively relieve the symptoms of
early-stage COVID-19, such as fever, cough, and fatigue [9],
but its active compounds and putative mechanisms remain
unclear.

Currently, network pharmacology is considered to be
a promising method to elucidate herbal formulas [10],
screen potential bioactive compounds, discover targets, and
explore the mechanisms of TCM formulation [11]. Hence,
this novel approach will help to understand the relationship
among components in TCM, targets, and diseases. Molecu-
lar docking is a significant pathway for drug design, which
refers to the process that a small molecule compound is
spatially docked into a target receptor and has its binding
energy scored [12]. Based on the structures of SARS-CoV-2,
3C-like (3CL) protease hydrolase has been identified as a
potential target against COVID-19, because it can inhibit the
replication of CoV [13]. Meanwhile, angiotensin-converting
enzyme 2 (ACE2) has a great affinity with the spike protein
of SARS-CoV-2[14]. Therefore, ACE2 and 3CL were con-
sidered as receptors in molecular docking.

Network pharmacology is a key method that integrates
computer science and medicine to evaluate the molecu-
lar mechanisms of TCM. Several studies have shown that
network pharmacology, molecular docking, and molecular
dynamic simulation were effective to explore the underly-
ing mechanisms and active compounds of TCM formula
[15, 16]. In this study, we aim to discover the active com-
pounds and explore the potential mechanisms of HSXFF to
cure COVID-19 by integrating network pharmacology and
molecular docking.

Materials and methods

Screening of the potentially active compounds
and the related targets in HSXFF

All compounds of HSXFF were authenticated by herb
names or chemical composition names in the Traditional
Chinese Medicine Systems Pharmacology database and
analysis platform (TCMSP, https://tcmspw.com/index.php)
[17]. The compounds of HSXFF were screened based on
two key parameters of absorption, distribution, metabo-
lism, and excretion (ADME) assessment categories,
namely oral bioavailability (OB) and drug-likeness (DL).
The potential active compounds in HSXFF were screened
with the criterion of OB >30% and DL >0.18 [18]. In
addition, compound-related targets obtained from the
TCMSP database were verified using the UniProt protein
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database (https://www.uniprot.org/) and converted into
their corresponding gene names [19].

Collection of COVID-19 related targets

The targets related to the COVID-19 pathogenesis were
acquired by retrieving GeneCards (https://www.genecards.
org/), [20] OMIM (http://www.ncbi.nlm.nih.gov/omim)
[21], PharmGkb (https://www.pharmgkb.org/) [22], TTD
(http://db.idrblab.net/ttd/) [23], and DrugBank database
(https://www.drugbank.ca/) [24]. All of the collected tar-
gets were merged and had the duplicates deleted to find
the unique items to construct the COVID-19 -related tar-
get set. The targets of active components in HSXFF and
the COVID-19 related targets were mapped by the Venn
Diagram data package. The intersection of the two was
reputed to find the potential targets of HSXFF in treating
COVID-19.

Construction of the herbs-compounds-target
network of HSXFF in treating COVID-19

Cytoscape is a universal open-source software for large-scale
integrated development of molecular interaction networks
[25]. The herb-compounds-target network of HSXFF in the
treating COVID-19 was constructed by the Cytoscape soft-
ware (version 3.8.0), with “herb” being set as a round rec-
tangle, “compounds” being set as an octagon, and “target”
being set as a diamond. The cytoHubba plug-in (version 0.1)
was employed to calculate and rank the degree of all nodes.
The node size in the core network reflects the degree value.

Construction of the protein-protein interaction
(PPI) network

String database (http://string-db.org/) covers the majority
of known human protein—protein interaction information
[26]. The HSXFF and COVID-19 related target sets were
imported into the String tool to obtain the PPI network.
The organism parameter was set as “Homo sapiens,” and
the interaction confidence score was set as high confidence
(0.400). The PPI network from String was then imported
into CytoHubba plug-in in Cytoscape to investigate the
critical subnetworks. Genes were filtered according to their
primary score files calculated by CytoHubba, and only
those with scores of betweenness centrality (BC), closeness
centrality (CC), and degree centrality (DC) higher than the
median value were filtered out. This method was applied
to construct the critical subnetwork without checking the
first-stage nodes.
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Gene ontology (GO) and kyoto encyclopedia
of genes and genomes (KEGG) pathway enrichment
analysis

The “cluster profile” package in R software version 4.0.2 was
used to process data and visualize the enrichment results of
GO enrichment analysis and KEGG pathway analysis [27].
GO enrichment was conducted on the aspects of molecular
function (MF), biological process (BP), and cellular com-
ponents (CC). Besides, the statistical significance threshold
of enrichment analysis was p <0.05.

Molecular docking prediction

The most significant targets for anti-COVID-19 are SARS-
CoV-2 3CL protease hydrolase from 2019-nCoV corona-
virus and ACE2 in host cells [28, 29]. Hence, molecular
docking simulation between the compounds of HSXFF and
the target proteins was performed. The three-dimensional
(3D) protein structures of the 3CL hydrolase (PDB ID: 61u7)
and ACE2 (PDB ID: 1r42) were downloaded from the RCSB
PDB database (https://www.rcsb.org/) and used as receptors,
while the compounds of HSXFF were used as molecular
ligands. The mol2 structures of the compounds were down-
loaded from the TCMSP (https://tcmspw.com/index.php),
minimized energy, and transformed into PDB format using
ChemBio 3D Ultra 12.0 software. AutoDock Tools 1.5.6
software was used to perform the dehydration, hydrogena-
tion, as well as calculating the charges of the receptor protein
[30]. The coordinates and box sizes for molecular docking
were finalized according to the key amino acid residues
Thr24, Thr26, and Asn119 in SARS-CoV-2 3CL protein
[31] and Asp38, GIn42, GIn325, and Glu329 in ACE2 pro-
tein [32]. Autodock Vina 1.1.2 was used to dock molecular
ligands with SARS-CoV-2 3CL and ACE2 protein, respec-
tively. To achieve higher computational accuracy, 20 exhaus-
tiveness parameters were generated for each receptor. The
conformation with the highest affinity was selected as the
final docking conformation and visualized in Pymol 2.3.
Meanwhile, ritonavir and remdesivir, two potential antiviral
drugs for COVID-19, were taken as a positive control [13].

Molecular dynamic (MD) simulation study

The molecular dynamics simulation study was performed
using the AMBER18 software package to evaluate the sta-
bility and interaction of 3CL and ACE2 receptors with Pro-
cyanidin B1 and isovitexin. FF14Sb force field was used to
process the protein system, and the GAFF force field was
used to process the ligands. ANTECHAMBER module was
used to calculate the atomic charge of AM1-BCC. Hydro-
gen atoms and sodium ions were added to protein with the
tleap utility. Solvation of each complex was performed using
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the TIP3P water model. To start the MD simulation, pro-
tein—ligand complexes must be pre-treated as the following:
the system was minimized for 10,000 steps in a constant
number of atoms. The temperature was set to 300 K and,
then a production run for 100 ns in NPT ensemble was per-
formed. The protein-ligand complexes prepared in tleap
were analyzed by a CPPTRAJ module [33]. Furthermore,
the binding free energy of ligands and proteins was calcu-
lated using the MMPBSA .py module.

Results

Identification of potentially active compounds
and related targets in HSXFF

In total, 75 potential compounds in HSXFF were retrieved
from the TCMSP database with the criteria of OB >30% and
DL >0.18, and 59 of them were kept after removing com-
ponents that did not meet the threshold values. These active
compounds were originated from SYQ (5 compounds), JJ
(4 compounds), FF (11 compounds), LQ (3 compounds),
JYH (11 compounds), QH (13 compounds), and 12 common
compounds of 6 herbs in HSXFF (Table S1). Meanwhile,
225 target genes of these 59 compounds were acquired after
removing the duplicates, 188 in SYQ, 201 in JJ, 85 in FF,
441in LQ, 220 in JYH, and 196 in QH. The gene names were
obtained with the species of “Homo Sapiens” through the
UniProt protein database (Table S2).

(A)

GeneCards

PharmGkb

(B)

Prediction results of HSXFF targets in treating
COVID-19

In this study, a total of 728 targets related to COVID-19
were obtained through the keywords of “COVID-19” and
“Novel coronavirus pneumonia” in the GeneCards, OMIM,
PharmGkb, TTD, and DrugBank databases. Then, the com-
pound targets were mapped to COVID-19-related targets.
As a result, 70 targets related to herbal compounds were
identified (Fig. 1). These targets were considered as potential
targets of HSXFF against COVID-19.

Herbs-compounds-target genes network analysis

After removing the 7 compounds without targets, the herb-
compound-target network was developed, involving 130
nodes (including 6 herbs, 52 compounds, and 70 genes) and
396 edges (Fig. 2). Data analysis showed that the compound
nodes had a median DC value of 3, a median CC of 0.3816,
and a median BC of 0.0012. Specifically, the three centrali-
ties of 46 compounds were higher than the median, and
the top five compounds were B1 (MOL000098, quercetin),
E1 (MOLO000006, luteolin), FF2 (MOL000173, wogonin),
D1 (MOL000422, kaempferol), and A1 (MOLO000358,
p-sitosterol), with 54°, 27°,21°, 20°, and 14°, respectively.
These results suggested that these compounds play a crucial
role in HSXFF against COVID-19. Among the 70 targeted
genes, 14 had DC, BC, and CC values twice higher than
the median, which were PTGS2, DPP4, PTGS1, AR, ESR1,
PIK3CG, NOS2, PPARG, NOS3, CDK2, RELA, CASP3,

Drug Disease

Fig. 1 a Identification of the COVID-19-related genes by taking a union of all the results from 5 databases. b Venn diagram of drug targets and

disease proteins
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SYQ4  SYQ3

JJ3

Fig.2 Herbs-Compounds-Target genes network of HSXFF. The
round rectangle nodes represent all the herbs of HSXFF, which are
surrounded by their particular compounds. The octagon nodes repre-

TNF, and BCL2. Therefore, they could serve as the key tar-
gets for HSXFF in treating COVID-19.

Meridian information of herbs in HSXFF

The meridian information of the herbs was used to construct
the herb-meridian network. As shown in Fig. 3, organ affin-
ity of the HSXFF herbs is the highest for the lung (5), fol-
lowed by the liver (3), heart (3), spleen (1), kidney (1), small
intestine (1), bladder (1), and stomach (1). Thus, HSXFF
may have specific and strong effects in treating lung diseases.

PPI network analysis

PPI network was established based on the String data-
base. Then, Cytoscape software was adopted to perform
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sent the compounds of HSXFF. The diamond nodes, arranged into a
rectangular matrix, represent the relative gene targets of HSXFF

network, visualization and topological analysis. This net-
work consisted of 70 nodes and 994 edges. Based on the
median DC, CC, and BC values, the top 28 target genes
were listed in Fig. 4. Among them, RELA, TNF, TP53,
IL6, MAPK1, CXCLS, IL-1p, and MAPK14 were consid-
ered to play a relatively important role in the PPI network.

The targets based on the PPI network analysis were
compared with those from the HCT network analysis.
Twelve of them were found to play a major role in both
networks, namely PTGS2, NOS2, PIK3CG, PPARG,
RELA, TNF, TP53, IL6, MAPK1, CXCLS, IL1B, and
MAPKI14. These targets were considered to be the core
targets of anti-COVID-19 active component, which also
played a key role in the gene regulatory network.
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Fig.3 The herb-meridian network of HSXFF. The triangle and cir-
cular nodes represent the herbs and meridians, respectively. The node
size is proportional to the node degree. The lung meridian with the
largest degree is 5, followed by the heart, liver, spleen, kidney, small
intestine, bladder, stomach meridians in the network, with degree val-
ues of 3,3, 1, 1, 1, 1, and 1, respectively

GO and KEGG enrichment analysis

GO annotation analysis included three parts, namely BP,
CC, and MF. A total of 1842 GO terms were enriched, and
the top 10 terms are shown in Fig. 5. Biological processes
mainly include biotic stimulus response, lipopolysaccha-
ride response, bacterial origin response, oxidative stress
response, and regulation of apoptotic signaling pathway. The
top three cellular component were membrane raft, mem-
brane microdomain, and membrane region. The top three
molecular function were cytokine receptor binding, cytokine
activity, and receptor-ligand activity.

KEGG enrichment was performed to cluster major path-
ways associated with HSXFF. A total of 156 KEGG path-
ways were significantly enriched (p <0.05), and the top 20
are listed in Fig. 6. Based on the analysis of KEGG path-
way data (Table 1), the core pharmacological mechanisms
include the IL-17 signaling pathway, TNF signaling path-
way, NF-«B signaling pathway, MAPK signaling pathway,
and Toll-like receptor signaling pathway.

Docking results

The 59 compounds of HSXFF were docking with 3CL and
ACE2. Compared with the positive control drugs (ritona-
vir and remdesivir), 16 compounds showed strong affinity
with 3CL, and 12 compounds showed strong affinity with

ACE2. The binding energies are shown in Table 2 (3CL
protein) and Table 3 (ACE2 protein). [sovitexin was found
as the most stable active compound in binding 3CL, while
p-sitosterol showed the best affinity with ACE2. Further-
more, procyanidin B1, isovitexin, f-carotene, chrysoeriol,
nodakenin, and f-sitosterol all had strong affinities with both
3CL and ACE2.

The docking patterns of candidate compounds with 3CL
and ACE?2 protein are shown in Fig. 7a, b. Procyanidin B1
and isovitexin showed compact binding patterns with the
active pockets of two targets (Fig. 7c, d). The binding resi-
dues were predicted to explore the drug targets. Procyanidin
B1 formed four hydrogen bonds with the amino acid resi-
dues Tyr385, Glu375, Ala348, and Asp350, creating a stable
complex with ACE2 (Fig. 7e). Isovitexin formed six hydro-
gen bonds with Thr25, Thr24, Gly23, Ile43, and Arg60, cre-
ating a stable complex with 3CL protein (Fig. 7f).

Molecular dynamics simulations results

Based on the interactions with the binding pockets and bind-
ing energy calculations (Fig. 7, Tables 2, 3), procyanidin
B1 and isovitexin-docked complexes were selected to run
MD simulations. To study the stability, root-mean-square
deviation (RMSD) was calculated for the initial structures
within 100 ns (ns), and each trajectory were found with an
average RMSD of 2.0-3.5 A for ACE2-procyanidin B1
complex (Fig. 8a), 1.5-2.5 A for ACE2-isovitexin com-
plex (Fig. 8b), 2.0-3.5 A for 3CL-procyanidin B1 com-
plex (Fig. 8c), and 1.5-2.5 A for 3CL- isovitexin complex
(Fig. 8d), respectively.

The binding free energy (AGy;, ) reflects the affinity of a
ligand to its target. AGy;,q of ACE2-procyanidin B1, ACE2-
isovitexin, 3CL-procyanidin B1, and 3CL-isovitexin com-
plexes were calculated using MM-GBSA implemented in
Ambertools 18. The results showed the AG,;, 4 of the above
complexes were —26.1+0.5 kcal/mol, —26.0+0.28 kcal/
mol, —24.5+ 2.2 kcal/mol, and —26.4+ 1.1 kcal/mol,
respectively.

The analysis of protein—ligand interactions also plays a
key role in identifying the target site. The stability of pro-
tein—ligand complex is predominantly determined by the
hydrogen bonds, which are the major stabilizers of the
docked complexes. In the MD simulations, the H-bonds
were observed between hydroxy (OH) of procyanidin B1
with ASP350, ASN394, and SER43 residues in ACE2, and
a benzene ring formed pi-(+) (cationic conjugated system)
with ARGS514 (Fig. 9a). The complex of ACE2-isovitexin
formed H-bond between hydroxy (OH) of the pyranose
sugar, carbonyl (C=0), and OH groups of isovitexin with
TYR202, LYS562, and ASP206, respectively, and ASP206
also formed pi—pi interaction with a cyclic ring of isovi-
texin (Fig. 9b). 3CL-procyanidin B1 complex formed 4
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Fig.4 a PPI network of HSXFF putative and COVID-19 related target genes. b PPI by Cytoscape: The node color was from pale yellow to red,
and the corresponding degree gradually larger. ¢ Barplot showing the significant genes in PPI network

H-bonds, namely those between LYS61 and an ether group
(C-0-C), GLU47 and 2 OH groups, ASP48 and an OH
group, THR45 and 2 OH groups. ARG60 and LYS61 also
formed pi—pi interaction with two benzene rings of procya-
nidin B1(Fig. 9¢c). The 3CL-isovitexin complex formed 3
H-bonds, including those between MET17 and an OH group,
GLU14 and 2 OH groups, SER121 and an OH group of
the pyranose sugar (Fig. 9d). Furthermore, all complexes
showed water-mediated interaction.

In summary, these results proved the validity of the dock-
ing results. No effect from the temperature and pressure on
the structural conformation was detected.

Discussion

As COVID-19 continues to expand rapidly, the develop-
ment of effective drugs has become increasingly impor-
tant. The prescription of HSXFF has been applied in 9
designated COVID-19 hospitals in Zhejiang Province China.
It has been proved as an effective treatment for mild and
general COVID-19by relieving respiratory symptoms, and
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ameliorating GI tract symptoms caused by antiviral drugs. In
the present study, a compounds-targets network of HSXFF
with 52 compounds and 59 targets was constructed. PPI net-
work and critical network analyses found 8 hub targets out
of 59 genes. Go and KEGG analysis implicated that HSXFF
can regulate the inflammatory response, oxidative stress,
and virus defense. Particularly, the 3CL protease of SARS-
CoV-2 and ACE2 were investigated in this study, and per-
formed molecular docking to verify the interaction between
these two targets and the active compounds of HSXFF.
The MD study was carried out to validate the results of
molecular docking, and evaluate the stability and interac-
tion of ACE2 and 3CL with ligands. After 100 ns dynam-
ics simulation, the binding sites of small molecules did not
change significantly, indicating that the molecular docking
results were reliable and the binding of small molecules
remained relatively stable. The results revealed that procya-
nidin B1 and isovitexin could efficiently activate the bio-
logical pathway without changing the conformation of the
active site in 3CL and ACE2. On the other hand, the number
of hydrogen bonds reflects the stability of protein-ligand
complexes. In the MD study, the complexes formed by 3CL,
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Fig.5 Gene ontology terms of 70 potential targets. The top 10 GO
functional terms were selected (p <0.05). Note: The color of terms
turned from blue to red. The redder the bar was, the smaller the
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Table 1 The data of the top twenty KEGG pathway

ID Description p value p-adjust g-value Count
hsa04933 AGE-RAGE signaling pathway in diabetic complications 1.44E-28 2.95E-26 7.11E-27 22
hsa04657 IL-17 signaling pathway 7.84E-24 8.04E-22 1.94E-22 19
hsa05167 Kaposi sarcoma-associated herpesvirus infection 6.58E-22 4.49E-20 1.08E-20 22
hsa05161 Hepatitis B 1.41E-20 7.20E-19 1.74E-19 20
hsa05163 Human cytomegalovirus infection 2.02E-20 7.20E—-19 1.74E-19 22
hsa05162 Measles 2.11E-20 7.20E—-19 1.74E-19 19
hsa05142 Chagas disease 8.61E-20 2.52E-18 6.09E—-19 17
hsa04668 TNF signaling pathway 4.60E-19 1.18E—-17 2.85E-18 17
hsa05164 Influenza A 1.20E-18 2.74E-17 6.62E—18 19
hsa05145 Toxoplasmosis 1.62E—-17 3.32E-16 8.02E—-17 16
hsa05418 Fluid shear stress and atherosclerosis 2.07E-17 3.86E—16 9.31E-17 17
hsa05169 Epstein—Barr virus infection 2.93E-17 5.01E-16 1.21E-16 19
hsa05133 Pertussis 5.13E-17 8.09E-16 1.95E—-16 14
hsa05140 Leishmaniasis 6.24E—17 9.14E—-16 2.21E-16 14
hsa05160 Hepatitis C 1.70E—-16 2.33E-15 5.62E—-16 17
hsa05212 Pancreatic cancer 2.12E-15 2.71E-14 6.54E—15 13
hsa05166 Human T cell leukemia virus 1 infection 2.64E—15 3.19E-14 7.69E—15 18
hsa04620 Toll-like receptor signaling pathway 5.17E-15 5.30E—-14 1.28E—14 14
hsa04625 C-type lectin receptor signaling pathway 5.17E-15 5.30E—-14 1.28E—14 14
hsa04660 T cell receptor signaling pathway 5.17E-15 5.30E-14 1.28E—-14 14
Table2 Binding em'sr'gies of 16 Mol ID Molecule Name 3CL(kal/mol)
compounds and positive drug to
3CL potential targets MOLO000004 Procyanidin B1 -73
MOLO000073 Epicatechin -6.9
MOL002322 Isovitexin -8.2
MOL002881 Diosmetin -6.5
MOLO003315 3p-Acetyl-20,25-epoxydammarane-24alpha-ol —-6.5
MOL002773 p-carotene -6.6
MOL002914 Eriodyctiol -6.9
MOL003044 Chrysoeriol -6.6
MOL004792 Nodakenin -6.7
MOLO007154 Tanshinone 1A -6.9
MOLO013100 (25)-2-(1-hydroxy-1-methyl-ethyl)-9-[(2S,3R,4R,5S,6R)-3.,4,5- -73
trihydroxy-6-methylol-tetrahydropyran-2-yl]oxy-2,3-dihydrofuro[3,2-
g]chromen-7-one
MOLO000358 p-sitosterol -7.0
MOLO000098 Quercetin —-6.5
MOLO000422 Kaempferol —-6.7
MOLO000006 Luteolin -6.7
MOL000449 Stigmasterol —-6.7
Positive drug Ritonavir —-6.5
Positive drug Remdesivir —-6.5

ACE2, procyanidin B1, and isovitexin contained 3—6 hydro-
gen bonds. This result indicated that the strong interactions
of the critical residues (most especially Asp350, SER121,
CYS145, THR4S5, and MET17) with procyanidin B1 and

@ Springer

isovitexin will greatly impair the dimerization and substrate
binding of SARS-CoV-2 3CL and ACE2.

ACE?2 is widely distributed in the human body, and it
is one of the necessary receptors of SARS-CoV-2 and key
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Table 3 Binding energies of 22

= Mol ID Molecule Name ACE2(kal/mol)

compounds and positive drug to

ACE?2 targets MOL000004 Procyanidin B1 -9.1
MOLO000096 Catechin -82
MOLO001368 3-0-p-coumaroylquinic acid -8.3
MOL002322 Isovitexin -8.2
MOLO011730 11-hydroxy-sec-o-p-d-glucosylhamaudol_qt -8.2
MOLO011740 Divaricatol -8.2
MOLO011747 Ledebouriellol -83
MOLO003315 3p-Acetyl-20,25-epoxydammarane-24alpha-ol -8.9
MOLO002773 p-carotene —-8.7
MOLO003044 Chrysoeriol -8.6
MOL004792 Nodakenin -8.6
MOLO000358 p-sitosterol -9.5
Positive drug Ritonavir —-8.2
Positive drug Remdesivir —-8.7

Thi25(A)™

Thi24(A) 14

GIy23(A)

Asn6S(A)

Asp350(A)

Fig.7 The docking complex of active compounds with ACE2 and
3CL protein. a Active compounds in active pocket site of ACE2 pro-
tein. b Active compounds in an active pocket site of 3CL protein. ¢
ACE2 protein-procyanidin B1. d 3CL protein-isovitexin. e Procya-

substance leading to lung injury [29]. 3CL plays an impor-
tant role in cleaving viral polyproteins into functional pro-
teins, making it one of the most attractive drug targets. The
inhibition of ACE2 and 3CL is considered an effective
strategy to block virus replication [34]. In the present study,
several key compounds, such as isovitexin, f-sitosterol, pro-
cyanidin B1, tanshinone IIA, quercetin, kaempferol, luteolin,
and chrysoeriol, were screened using molecular docking. All
these active compounds showed superior or similar affinity

ok i ! R
@ s o
s

i RUTEICVINL)

g}

P Arz60(A)

nidin B1 formed four hydrogen bonds with the amino acid residues
of ACE2 protein. f Isovitexin formed six hydrogen bonds with the
amino acid residues of 3CL protein

compared with ritonavir and remdesivir, two currently rec-
ommended drugs for clinical therapies [35]. The herbs-
compounds-target genes network also showed similar results
that quercetin, luteolin, kaempferol, g-sitosterol, chrysoeriol,
tanshinone ITA, and wogonin had higher degree values.
Notably, isovitexin, procyanidin B1, quercetin, luteolin,
kaempferol, chrysoeriol, and wogonin are all flavonoids,
who participate in anti-inflammatory and antivirus activi-
ties [36]. It had been verified that isovitexin inhibits viral
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replication on mammalian HIN1, avian influenza H5N1, and
avian H6N . It also acts against the cytopathic effect induced
by influenza virus infection [37, 38]. One study has sug-
gested that procyanidin exerted inhibitory activity on influ-
enza virus by inhibiting the formation of the Atg5-Atgl2/
Atgl6 Heterotrimer and Beclinl/bcl2 Heterodimer [39].
Quercetin was reported to show virucidal activity, which
could prevent or cure murine coronavirus, herpes simplex,
influenza virus (HIN1/H3N2/H9N2) infection, and respira-
tory syncytium [40-43]. Quercetin could also reduce the
production of reactive oxygen species (ROS) to mitigate the
pro-inflammatory response [44]. Luteolin and chrysoeriol
were revealed to show antioxidant, anti-inflammatory, anti-
viral, and antimicrobial activities[45]. Wogonin had been
confirmed to exhibit anti-inflammatory, antitumor, antiviral,
neuroprotective, and anxiolytic effects by modulating PI3K-
Akt, p53, NF-«B, MAPK pathways [46]. Tanshinone ITA
could attenuate LPS-induced neuroinflammation by inhibit-
ing TLR4/NF-kB/MAPKSs signaling pathway [47]. Sodium
tanshinone ITA sulfonate had been reported to show anti-
PRRSV activity by suppressing Atg5, Atg7, and Beclinl
genes in vitro, all of which were related to autophagy [48]. In
a word, a large number of studies have suggested the efficacy
of HSXFF in preventing COVID-19 with antiviral, antimi-
crobial, anti-inflammatory, and antioxidant activities.

PPI network was constructed based on the key and core
genes. Network analysis showed that RELA, the core target
gene, had the largest degree. The other top 7 genes, namely
TNF, TP53, IL6, MAPK1, CXCLS, IL-1f, and MAPK14,
had high degree values (degree > 14, 2 times higher than
the median). RELA is a member of the NF-xB family and
acts as an effectual transcriptional activator that activates
many inflammatory responses under exposure to pathogens
and inflammatory cytokines [49]. The pathophysiological
process of SARS-COV-2 infection is a strong inflammatory
response. COVID-19 is the result of the spike protein of
SARS-COV-2 binding to ACE2, triggering the production
of pro-inflammatory cytokines and chemokines [50]. The
functions of MAPK1 and MAPK 14 were demonstrated to
regulate oxidative stress, inflammatory, immune response,
apoptosis, and cell proliferation responses [51]. In clinics,
IL-6 content is higher in plasma of COVID-19 patients, and
to decrease it is an effective treatment to reduce mortality
of patients [52, 53]. Therefore, the anti-COVID-19 effect of
the active compounds in HSXFF might be mainly regulated
by RELA, TNF, TP53, IL-6, MAPK1, CXCLS8, IL-1p, and
MAPK14 genes.

GO analysis found that hub target genes were predomi-
nantly associated with the biological response processes to
biotic stimulus, lipopolysaccharide, the molecules of bac-
terial origins, oxidative stress, and regulation of apoptotic
signaling pathway. Moreover, KEGG enrichment analysis
showed that the key targets were mainly concentrated in

IL-17, TNF, and Toll-like receptor signaling pathways.
Besides, RELA, TNF, TP53, IL-6, MAPK1, CXCLS,
IL-1p, and MAPK 14 were the hub genes according to the
results of PPI network analysis. Therefore, the treatment
of HSXFF on COVID-19 might act through IL-17, TNF,
NF-xB/MAPK, and Toll-like receptor signaling pathways.

During viral infection, IL-17 enhanced the pro-inflam-
matory response, which might be crucial to regulate the
immunoreaction of SARS-COV-2 infection [54, 55]. IL6,
IL-1p, and TNF are involved in TNF, NF-xB, and MAPK
signaling pathways, and these pathways also mediated
inflammatory responses in infectious diseases [56-58].
Recently, one study showed that several p38 MAPK inhibi-
tors applied in the clinic to cure COVID-19 can inhibit
severe inflammation induced by SARS-COV-2 [59]. The
candidate compounds of this study, namely isovitexin,
chrysoeriol, and tanshinone IIA, have been reported to
exert anti-inflammatory and antioxidant activities on
lipopolysaccharide-induced inflammatory models by sup-
pressing the MAPK and NF-«B pathways [46, 60, 61].
TLR3, TLR7, and TLRS, subfamily members of Toll-like
receptors can also identify RNA [62, 63]. Quercetin, a can-
didate compound of this study, can inhibit the activation
of TLR7-mediated signaling pathways [64].

In conclusion, the prevention and treatment of COVID-
19 by HSXFF may be realized by inhibiting the virus
directly, improving immune function, enhancing the anti-
oxidative effects, and reducing the inflammatory responses
by acting on the several aforementioned signaling path-
ways. This study provides a holistic view of the potential
pharmacological mechanisms for HSXFF, establishing
the foundations for further study on the optimization of
experimental designs for more reliable results.
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