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Abstract The outbreak of novel coronavirus pneumonia (COVID-19), defined as a worldwide
pandemic, has been a public health emergency of international concern. Pudilan-
xiaoyan oral liquid (PDL), an effective drug of Traditional Chinese Medicine (TCM), is
considered to be an effective and alternativemeans for clinical prevention of COVID-19.
The purpose of this study was to identify potential active constituents of PDL, and
explore its underlying anti-COVID-19 mechanism using network pharmacology. Inte-
gration of target prediction (SwissTargetPrediction and STITCH database) was used to
elucidate the active components of PDL. Protein–protein interaction network analyses,
gene ontology, Kyoto Encyclopedia of Genes and Genomes pathway enrichment
analyses, network construction, and molecular docking were applied to analyze the
prospective mechanisms of the predicted target genes. Our results showed that the
key active ingredients in PDL were luteolin, apigenin, esculetin, chrysin, baicalein,
oroxylin A, baicalin, wogonin, cymaroside, and gallic acid. A majority of the predicted
targets were mainly involved in the pathways related to viral infection, lung injury, and
inflammatory responses. An in vitro study further inferred that inhibiting the activity of
nuclear factor (NF)-кB signaling pathway was a key mechanism by which PDL exerted
anti-COVID-19 effects. This study not only provides chemical basis and pharmacology
of PDL but also the rationale for strategies to exploring future TCM for COVID-19
therapy.
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Introduction

The new coronavirus (SARS-CoV-2) has become a global
pandemic in the form of novel coronavirus pneumonia
(COVID-19) in human, and influenced every aspect of human
live.1 Statistical analysis showed that SARS-CoV-2 has infected
subjects in 222 countries and districts, including China (a total
of 117,501 confirmed cases and 5,343 deaths until June 18,
2021).2 The common symptoms of COVID-19 are fever, dry
cough, and fatigue, and themain complications of this disease
include acute respiratory distress syndrome, acute cardiac
injury, and secondary infection.3 The number of cases has
increased rapidly, however, with limited effective drugs tar-
geting COVID-19 in the clinic. Thus, providing more clinical
data and exploring treatment methods become urgently
needed to block the severe epidemic situation of COVID-19.

Based on historical experience, research evidence, and
current prevention programs, Traditional Chinese Medicine
(TCM) is considered to be an effective and alternative means
for COVID-19 prevention.4 Pudilanxiaoyan oral liquid (PDL), a
well-known TCM preparation, is consisted of four herbs in-
cludingPu-gong-ying (TaraxacummongolicumHand.-Mazz. or
Taraxacum borealisinense Kitam.), Huang-qin (Scutellaria bai-
calensis Georgi.), Ku-di-ding (Corydalis bungeana Turcz.), and
Ban-lan-gen (Isatis indigotica Fort.).5 It has been commonly
used for the treatment of viral infectious diseases including
H1N1 and hand–foot–mouth disease.6,7 The effect of PDL on
the treatment of viral infectious disease might be related to
inhibition of viral replication and proliferation. An in vitro
study revealed that themedian effective concentrations (EC50)
of inhibiting respiratory syncytial virus (RSV) and adenovi-
ruses serotype 3 strains were 28.08 and 28.10mg/L, respec-
tively.8 Moreover, PDL has significant anti-inflammatory
activity,which can relieve theoverexpressionof inflammatory
factors causedbyviral infection.9–11PDLmayalsobeoneof the
effective TCM drugs for COVID-19 treatment, which has been
recommended by the Health Authority of Hainan Province in
China.12 A recent research confirmed that PDL had a potent
inhibitory effect against SARS-CoV-2, as well as relieved the
pneumonia in SARS-CoV-2-infected hACE2 mice.13 So far,
there is little research to elucidate the potential mechanism
and active ingredients of PDL for COVID-19 treatment.

Network pharmacology is a new branch of bioinformatics
that has emerged in recent years,14which could be applied to
rapidly discover the potential material basis and pharmaco-
logical mechanism of TCM based on the construction and
analysis of the network of ingredient–target–pathway.15,16

In the present work, network pharmacology was applied to
analyze the underlyingmaterial basis andmechanism of PDL
for anti-COVID-19, with a view to provide more evidence
choices for the clinical treatment of COVID-19. Theflowchart
to clarify the workflow is provided in ►Fig. 1.

Materials and Methods

Chemical and Biological Materials
Compounds including curcumin, chrysin, cymaroside, luteo-
lin, baicalin, baicalein, wogonin, apigenin, esculetin, oroxylin

A, and gallic acid were obtained from Chengdu Alfa Biotech-
nology Co., Ltd. (Chengdu, Sichuan, China). Lipopolysaccha-
ride (LPS) and dimethyl sulfoxidewere acquired from Sigma-
Aldrich (Saint Louis, Missouri, United States). Fetal bovine
serum (FBS) andDulbecco’sModified EagleMedium (DMEM)
were purchased from Gibco (Auckland, New Zealand). Anti-
IKKα/β monoclonal antibodies (mAbs), anti-p-IKKα/β mAbs,
anti-ERK1/2mAbs, anti-p-ERK1/2mAbs, anti-Akt mAbs,
anti-p-Akt mAbs, anti-p-JNK mAbs, anti-JNK mAbs, and
anti-GAPDH mAbs were obtained from Signalway Antibody
(Baltimore, Maryland, United States).

Collection of Ingredients in PDL and Target Prediction
At present, there are no reports on the separation and
purification of chemical constituents from PDL, while only
a UPLC-ESI-Orbitrap-MS/MS method was used to analyze
and identify its chemical ingredients.17 Therefore, the ingre-
dients involved in this work were derived from the analysis
results of the article. The structures of these ingredientswere
drawn using ChemBioDraw Ultra 14.0 and saved as SMILES
format for target prediction.

Two public databases, SwissTargetPrediction (http://www.
swisstargetprediction.ch/) and STITCH (http://stitch.embl.de/
), were used to predict related targets of ingredients from
PDL.18–20 SwissTargetPrediction is an on-line tool for target
prediction of small molecules and it has been widely used in
159 countries. In our present work, the value of probability,
which is used to assess the accuracy of target predictions, was
set to �0.5.21 In STITCH database, confidence scores are
assigned to interactions between compounds and proteins
for reflecting their levels of significance and certainty. The
compound-related targets were collected when their confi-
dence scores are at least 0.7.22

Construction of PPI Network
The compound-related targets were imported into the
STRING database to obtain the PPI network.23 Parameters
for STRING database were set as follows: the species is set to
Homo sapiens, the minimum required interaction score is set
to thehighest confidence (0.9) and disconnected nodes in the
network are hidden, and the remaining parameters are
default. The analyzed result file in CSV format from the
STRING database was downloaded and imported into Cyto-
scape 3.7.2 software. Then the key targets in the PPI network
were identified and screened by NetworkAnalyzer in Cyto-
scape 3.7.2 software.

Functional Analysis and Network Construction
The key targets in the PPI network were imported into the
Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID, https://david.ncifcrf.gov/summary.jsp) for
the analysis of gene ontology (GO) function and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment. The KEGG pathways with p <10�4 were regarded
as the main pathways of PDL.

The network of potential active ingredient–target–path-
way was established by Cytoscape 3.7.2 software. The nodes
in the network represent the potential active ingredients,
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targets, or pathways, which would be connected by edges if
they had interaction with others.

Molecular Docking Study
Recently, the structure of SARS-CoV-2 coronavirus 3CL hy-
drolase (Mpro) has been reported by Zihe Rao and Haitao
Yang’s research team and quickly became an important
target for drug-screening researches.24 In addition, ACE2, a
high-affinity-binding receptor of SARS-CoV-2 in thehost cell,
is also considered as an important target.25 Therefore, in the
present study, the molecular docking study of the potential
active ingredients fromPDLwas also performed on these two
targets. First, based on the analysis results of the ingredient–
target–pathway network, the three-dimensional structures
of the top 10 active ingredients would be downloaded from
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in
sdf format and then converted to pdb format by Open Babel
(version 2.3.1).26 The solvent and ligands in the receptors of
1R4L and 6LU7 fetched from the Protein Data Bank (http://
www.rcsb.org/) would be removed by Pymol software. After

adding the polar hydrogens and charges in both receptors
and ingredients and saving in pdbqt formats, the docking
processes were performed in AutoDock Vina.27 The visuali-
zation of docking results was also performed in Pymol.

RAW264.7 Murine Macrophage Culture
RAW264.7 murine macrophages were purchased from
Shanghai Cell Bank, the Institute of Cell Biology, and Chinese
Academy of Sciences (Shanghai, China) and were used for
experiments not exceeding passages 10. RAW264.7 cells
were maintained in DMEM containing 10% FBS at 37°C in a
moist atmosphere with 5% CO2 and 95% air.

NO Release Detection
The effects of the tested compounds on LPS-induced nitric
oxide (NO) production in RAW264.7 cells were determined
using Griess reagent. RAW264.7 cells were seeded into 24-
well plates at 3�105 cells/well overnight. Cells were then
pretreated with the tested compounds (20 μmol/L) or cur-
cumin (5 μmol/L, positive control) for 2 hours, followed by

Fig.1 The workflow for investigating the active ingredients and mechanism of PDL for COVID-19 treatment. COVID-19, novel coronavirus
pneumonia; PDL, pudilanxiaoyan oral liquid.
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incubating with LPS (1 μg/mL) for an additional 24 hours. The
supernatant of cell culture was then collected, and the NO
Assay Kit (Beyotime, Shanghai, China) was used to detect NO
production by RAW264.7 cells. The optical density of reac-
tion solution was measured at 540nm with a Multiskan FC
Micropore reader (Thermo Fisher, United States).

Western Blotting
RAW264.7 cells were harvested and lysed with cold Radio-
immunoprecipitation assay (RIPA) buffer containing 1% pro-
tease inhibitor and phosphatase inhibitor for 20minutes to
extract total protein on ice. After quantifying the concentra-
tion of the total protein, proteins with different molecular
weights were separated by sodium dodecylsulphate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
onto polyvinylidenefluoride (PVDF) membranes. After being
blocked with 5% nonfat milk powder in Tris-buffered saline
with Tween 20 (TBST), the PVDF membranes were blotted
with specific primary antibodies overnight at 4°C. The blot-
ted PVDF membranes were then washed with TBST for three
times and incubated with a horseradish peroxidase-
conjugated secondary antibody at room temperature for
1 hour. Immunoblot signals were detected using chemilumi-
nescence reagent (Beyotime, Shanghai).

Results

Ingredients of PDL and Its Corresponding Targets
In the present work, 59 compounds in PDL were collected
and imported into the databases of SwissTargetPrediction

and STITCH for target prediction. As a result, out of the 59
compounds, only 30 had targets thatmet the requirements in
our work. The targets from the two databases were merged
and a total of 190 targets were collected after eliminating
duplicate targets. The ingredients and targets of PDL are
shown in ►Table S1 and ►Table S2.

It was reported that ACE2, one of the major receptors that
mediate the entry of SARS-CoV-2 into human cells, was co-
expressed with 5,556 genes in the colon. The result of
intersection analysis revealed that 68 of the 190 targets of
PDL might be co-expressed with ACE2 (►Table S2).

Construction and Analysis of PPI Network
The ingredient-related targets of PDL were submitted to
STRING for construction of PPI network and the result file
was imported into Cytoscape 3.7.2 software for further
analysis. In the PPI network, the node and edge represented
target protein and interaction between protein–protein,
respectively. In total, 146 nodes and 488 edgeswere included
in the PPI network. The average node degreewas 6.68 and the
median was 5. In the present work, the targets with a degree
�7were determined as the key nodes of the PPI network and
a total of 56 key targets were collected (►Table S2).

GO Functional Annotation and KEGG Pathway Analysis
of Target Proteins
The GO terms, KEGG pathways’ enrichment, and disease
classes associated with the 56 key targets of the PPI network
were determined in DAVID. As shown in►Fig. 2A, therewere
388 GO entries (p<0.05), including 300 biological process

Fig. 2 GO enrichment analysis for 56 key targets of PDL. The order of importance was ranked from left to right by�log10 (p-value) with bar chart.
The number of targets sticks into each term with line chart. BP, biological process; CC, cell composition; GO, gene ontology; MF, molecular
function; PDL, pudilanxiaoyan oral liquid.
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(BP) entries, 28 cell composition (CC) entries, and 60 molec-
ular function (MF) entries, accounting for 77.3, 7.2, and
15.5%, respectively. The top 10 entries of BP, CC, and MF
are shown in►Fig. 2B. According to►Fig. 2B, the key targets
of PDL mainly participated in positive regulation of tran-
scription from RNA polymerase II promoter (GO: 0045944),
peptidyl-serine phosphorylation (GO: 0018105), and posi-
tive regulation of ERK1 and ERK2 cascade (GO: 0070374).
They were mainly located in nucleoplasm (GO: 0005654),
cytosol (GO: 0005829), and cytoplasm (GO: 0005737). In
addition, GO annotation demonstrated that the MFs of the
key targets were mainly related to cyclin-dependent protein
serine/threonine kinase activity (GO: 0004693), protein
serine/threonine kinase activity (GO: 0004674), and enzyme
binding (GO: 0019899).

In theresultsofKEGGpathway (p<10�4)wasset as thecut-
off criterionand50pathwayswere collected inwhich there are
24 pathways related to diseases and 12 are related to viral
infection or lung injury, including legionellosis (hsa05134),
tuberculosis (hsa05152), hepatitis C (hsa05160), hepatitis B
(hsa05161), measles (hsa05162), influenza A (hsa05164),
HTLV-I infection (hsa05166), herpes simplex infection
(hsa05168), Epstein–Barr virus infection (hsa05169), viral
carcinogenesis (hsa05203), small cell lung cancer
(hsa05222), and nonsmall cell lung cancer (hsa05223). Of
the 26 disease-free signal pathways, 14 are involved in regu-
lating inflammatory responses, including signaling pathways
of tumor necrosis factor (TNF; hsa04668), p53 (hsa04115),
toll-like receptors (TLRs; hsa04620), PI3K-Akt (hsa04151), T
cell receptor (hsa04660),NOD-like receptor (hsa04621),MAPK
(hsa04010), FoxO (hsa04068), HIF-1 (hsa04066), B cell recep-
tor (hsa04662), cAMP (hsa04024), neurotrophin (hsa04722),
ErbB (hsa04012), and Fc epsilon RI (hsa04664). The above 26
pathways and involved genes are shown in ►Fig. 3 and
►Table S3. ►Fig. 3B shows that PDL combated COVID-19 by
regulating both TNF and PI3k/Akt signaling pathways. Among
the targets of PDL, 14 and 18 targets are related to TNF and
PI3k/Akt signaling pathways, respectively, and 5 of them are

common targets of these two pathways. Both ACE2 and Mpro
are considered as the potential targets of COVID-19 treatment,
while Mpro is the key enzyme of coronaviruses,28 which is
primed by TMPRSS2 and then uses ACE2 receptor to enter the
host cell.29 Because both TMPRSS2 and ACE2 are the host
targets in patients of COVID-19, they are selected for identifi-
cation of the relationship with targets of PDL involved in
pathways of TNF and PI3k/Akt signaling pathway. The above
targets were imported into STRING database. The results were
exported into Cytoscape software tomap the network of their
interactions. The interaction network of whole targets is
shown in ►Fig. 4A. Sub-network including anti-COVID-19
targets (ACE2 and TMPRSS2) and their directly connected
nodes are displayed in ►Fig. 4B. Our data suggest that the
expression levels of AKT1, MAPK3, TP53, IL6, MYC, EGFR, and
CDK4 might be influenced by ACE2 and TMPRSS2.

In addition, the clusters of diseases related to the key
targets in PDL were also generated using functional annota-
tion clustering in DAVID and the classification stringency
was set as high. After clustering, 21 distinct clusters were
obtained and are shown in ►Table S4. The cluster with the
highest enrichment level (the enrichment score: 7.58) was
RSV bronchiolitis (false discovery rate [FDR]¼1.77�10�5).
The 2nd cluster with the enrichment level with the enrich-
ment score of 6.77 contains two diseases:
inflammation/premature birth (FDR¼9.31�10�5) and sar-
coidosis (FDR¼6.96�10�4). These diseases were related to
viral infection or inflammation.

Construction of Compound–Target Network
According to KEGG pathway analysis by DAVID shown in
►Table S3, a total of 30 targets were mapped into 12 path-
ways related to viral infection or lung injury and a total of 36
targets were involved into 14 pathways related to inflamma-
tion. There were 29 common targets in the two types of
pathways. After merging these targets, 37 nonrepeating
targets were collected for further analysis. First, 37 targets
were imported into STRING to construct their PPI network

Fig. 3 KEGG pathway related with viral infection, lung injury, or inflammatory response of the key targets in PDL. The size of the bubbles in each
bubble chart represents the gene counts in each pathway and the colors from red to blue represent the p-values from small to large. KEGG, Kyoto
Encyclopedia of Genes and Genomes; PDL, pudilanxiaoyan oral liquid.
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using the same parameters above and the result file was
imported into Cytoscape 3.7.2 software. Then it was merged
with the network constructed by nodes of compounds,
targets, and signaling pathways, in which the nodes of
compound–target and target–pathway were connected by
edges (►Fig. 5).

In the above network, the impact of target on the entire
network was evaluated by the degree obtained from the
analysis result of the PPI network. The greater degree value of
a node, the greater of its impact on the entire target network.
Tomeasure the regulation effect of a compound on the entire
network, the regulation value of a compound was defined as
the sum of the degree of all the targets related with the
compound. For example, if a component was connectedwith
two targets in the network and the degrees of these two
targets in their PPI network are 10 and 5, respectively, the
regulatory value of this component was 15. The higher
regulatory value of a compound, the more likely it is the
more active substance in PDL. Based on the analysis results of
the compound–target–pathway network, the top 10 targets
and active ingredients that affect the entire network are
shown in ►Table 1. Our data suggest that the top 10 active
ingredients were mainly from Pu-gong-ying (apigenin, escu-
letin, oroxylin A, and gallic acid) and Huang-qin (luteolin,
chrysin, baicalein, baicalin, wogonin, and cymaroside).

A protein–protein interaction network for the top 20
targets of PDL against COVID-19 was also constructed. The
function modules of these 20 targets were then explored by
MCODE in Cytoscape. ►Fig. 6A shows two identified mod-
ules, which were marked in red and green, respectively.
Based on GO enrichment analysis, BPs of module 1 (red)
and module 2 (green) were mainly related to positive regu-
lation of transcription from RNA polymerase II promoter
(GO: 0045944) and peptidyl-serine phosphorylation (GO:
0018105), respectively, which were the top two BPs in the

whole PPI network. KEGG pathway analysis (p<10�4)
showed 16 and 26 pathways identified for module 1 and
module 2, respectively. There were eight common pathways,
which were hepatitis B (hsa05161), T cell receptor
(hsa04660), Chagas disease (American trypanosomiasis)
(hsa05142), pathways in cancer (hsa05200), pertussis
(hsa05133), TLR (hsa04620), TNF (hsa04668), and PI3K-Akt
(hsa04151), which were related to viral infection or inflam-
matory response (►Fig. 6B).

Effects of Top 10 Active Ingredients on NO Release and
Their Possible Anti-inflammatory Mechanism
Network pharmacology analysis showed that anti-inflam-
matory activity might be one of the most important mech-
anisms, whereby PDL exerted its anti-COVID-19 effect;
therefore, the anti-inflammatory activities and possible
mechanisms of top 10 active ingredients from PDL were
investigated. NO has been shown to be a valuable biomarker
for determining the extent of inflammation. To initially
explore the anti-inflammatory activity of 10 active ingre-
dients, RAW264.7 cells were treated with the test com-
pounds (20 μmol/L) or curcumin (5 μmol/L, positive
control) for 2 hours, then incubated with LPS (1 μg/mL) for
an additional 24 hours. The level of NO was measured using
Griess reagent. As shown in ►Fig. 7A, compared with the
blank control group, LPS treatment led to considerable
increase of NO release in RAW264.7 cells, and the increase
in LPS-induced NO release was significantly reversed by
chrysin, cymaroside, luteolin, baicalin, baicalein, wogonin,
apigenin, esculetin, and oroxylin A (p<0.0001 or p<0.01).

To investigate the possible anti-inflammatory mecha-
nisms, Western blotting was conducted to assess the effects
of luteolin and baicalein on the activation of IKKα/β, ERK1/2,
Akt, and JNK.►Fig. 7C shows that both luteolin and baicalein
significantly decreased the phosphorylation of IKK-α/β

Fig. 4 The relationship of targets of PDL involved in the TNF and PI3k/Akt signaling pathway and anti-COVID-19 targets (ACE2 and TMPRSS2).
Green nodes stand for genes involved in the TNF signaling pathway; red nodes stand for genes from PI3k/Akt signaling pathway; purple nodes stand
for the common genes from TNF and PI3k/Akt signaling pathway; and yellow nodes stand for the anti-COVID-19 targets of ACE2 and TMPRSS2.
PDL, pudilanxiaoyan oral liquid; TNF, tumor necrosis factor.
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induced by LPS, while they had no effect on the phosphory-
lation of other target proteins.

Molecular Docking Result
In the present work, the molecular docking studies of the
following compounds were performed, including the top 10
active ingredients from PDL and drug candidates for COVID-
19 (remdesivir,30 ribavirin,31 nitazoxanide,32 favipiravir,32

and chloroquine30). ►Table 2 shows that among the drug
candidates, remdesivir had the highest affinities to Mpro
(6LU7) and ACE2 receptor (1R4L), and its total docking score
was �14.6 kcal/mol. Among the top 10 active ingredients
from PDL, all of them had high affinities to Mpro and ACE2
receptor (docking score<�5 kcal/mol) and some of the
active ingredients had higher docking score than remdesivir,
including luteolin, baicalein, baicalin, and cymaroside. Bai-
calin, the total docking score could reach �17.1 kcal/mol,
could be considered as the most active compound in PDL.
This result partly provides the rationale for using baicalin as
the quality marker of PDL in the Chinese Pharmacopoeia
(2020 edition). In the Chinese Pharmacopoeia, the content of

Table 1 The top 10 targets and active ingredients that affect
the entire network

Targets Degree Ingredients Regulation
value

TP53 19 Luteolin (Mol 35) 129

JUN 18 Apigenin (Mol 46) 83

MAPK3 16 Esculetin (Mol 40) 74

RELA 16 Chrysin (Mol 11) 64

MAPK1 15 Baicalein (Mol 28) 44

MYC 15 Oroxylin A (Mol 41) 43

TNF 15 Baicalin (Mol 26) 34

FOS 13 Wogonin (Mol 23) 33

CDK2 12 Cymaroside (Mol 36) 32

MAPK14 12 Gallic acid (Mol 34) 29

IL6 12

Fig. 5 The compound–target–pathway network of PDL. Pathways with purple diamond belong to pathway 1, which represents the pathways
related with viral infection or lung injury, while pathways with brown square belong to pathway 2, which represents the pathways involved in
regulating the inflammatory response. PDL, pudilanxiaoyan oral liquid.
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baicalin in PDL was required to be higher than 6.0mg/mL. As
reported by Ruan et al, the content of baicalin in PDL can
reach �6.3mg/mL, which also might be the ingredient with
the highest content in PDL.33 As shown in ►Fig. 8, the key
residues in 1R4L for baicalin binding were ASP-383 and SER-
47, while ARG-131, GLU-290, GLU-288, LYS-137, and LYS-5
were the key residues in 6LU7.

Discussion

PDL is a common TCM prescription composed of four herbs
including Pu-gong-ying, Huang-qin, Ku-di-ding, and Ban-
lan-gen. Huang-qin is the fourth frequently used herb in
TCM for prevention and treatment of COVID-19. Interesting-
ly, Pu-gong-ying is also an important herb in Reyanning
mixture, another drug for COVID-19 treatment.34–36 The
protein expression of iNOS, TNF-α, interleukin-6 (IL-6),
and IL-1β could been suppressed by Ku-di-ding,37 and the
3CLpro could also been inhibited by Ban-lan-gen.38 In this
work, network pharmacology tools were mainly applied to
explore the potential active constituents and pharmacologi-
cal mechanism of PDL for anti-COVID-19.

Our results first suggest that the main targets of PDL were
TP53, JUN, MAPK3, RELA, MAPK1, MYC, TNF, FOS, CDK2,
MAPK14, and IL-6 (►Table 1). Evidence suggested that the

Fig. 7 The anti-inflammatory effects of compounds on LPS-activated
RAW264.7 macrophages. (A) The effects of compounds on LPS-
induced NO production in RAW264.7 cells. Data are presented as
mean� standard deviation (SD), n¼ 3. �p< 0.05, ��p< 0.01, ���p
< 0.001, ����p< 0.0001 versus LPS. The effects of baicalein (B) and
luteolin (C) on LPS-induced activation of inflammatory signaling
pathways in RAW264.7 cells. LPS, lipopolysaccharide.

Fig. 6 The protein–protein interaction network and pathways of top targets of PDL against COVID-19. PDL, pudilanxiaoyan oral liquid.

Table 2 The molecular docking results

Ligand Docking score (kcal/mol)

6LU7 1R4L SUM

Luteolin �6.9 �8 �14.9

Apigenin �6.7 �7.6 �14.3

Esculetin �5.5 �6.7 �12.2

Chrysin �6.7 �7.6 �14.3

Baicalein �6.7 �8.1 �14.8

Oroxylin A �6.6 �7.7 �14.3

Baicalin �7.5 �9.6 �17.1

Wogonin �6.5 �7.8 �14.3

Cymaroside �7.8 �9.1 �16.9

Gallic acid �5.2 �6.1 �11.3

Remdesivir �6.4 �8.2 �14.6

Ribavirin �6.3 �6.9 �13.2

Nitazoxanide �5.8 �7 �12.8

Favipiravir �5.2 �5.6 �10.8

Chloroquine �5.5 �6.5 �12
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activation of JUN plays a key role in the development of
coronavirus infection,39 which further confirmed the anti-
COVID-19 effect of PDL at a molecular level. In the top 10
targets, only MAPK3 was co-expressed with ACE2. MAPK3,
also known as ERK1, is an essential node in the MEK/ERK
signaling pathway. An overwhelming amount of research
studies have demonstrated that theMEK/ERK pathway could
be activated by RNA viruses, including coronaviruses, result-
ing in virus replication and expression of proinflammatory
cytokine.40–42 Patients with severe COVID-19 are commonly
companied with enhancement in the release of proinflam-
matory cytokines and chemokines characterized as cytokine
storm, which might be associated with shock, widespread
tissue damage, and progressive multiple organ failure.3,43–46

Inspired by this, we inferred that the activation of ERK may
be one of the important factors leading to cytokine storm in
the patients of COVID-19. ACE2 is an import cellular receptor
of SARS-CoV-2 and the high expression of ACE2 are associat-
ed with increased severity of COVID-19 illness,47 but after
SARS-CoV-2 infection, the level of ACE2 protein is greatly
reduced, resulting in angiotensin II accumulation followed by
the activation of AT1R and subsequent ERK phosphoryla-
tion,48,49 leading to the release of proinflammatory cyto-
kines, as mentioned above. Hence, the co-expression
between ACE2 and MAPK3 may be related with the abun-
dance of proinflammatory cytokines.

Targets of PDL could be mapped into 12 pathways related
with viral infection or lung injury, indicating that PDL might
have anti-COVID-19 activity by directly acting on key host
targets or targets involved the crucial pathways of coronavi-
rus infection process. Interestingly, 29 out of 30 targets in the
pathways associated with viral infection or lung injury were

included in the pathways associated with inflammatory
reaction. On the one hand, it may be explained that the
activation of signaling pathways in coronavirus infection
could also induce activation of inflammatory responses,
and both contribute to the pathogenesis of COVID-19.50 On
the other hand, it also reflects that anti-COVID-19 of PDLmay
partly be attributed to its anti-inflammatory activity.10 Our
data revealed the top targets of PDL against COVID-19,
including AKT1, FOS, JUN, CDK2, CDK4, CDK6, CCNE1, IL2,
IL6, MAPK3, MAPK1, MAPK8, MYC, RELA, MAPK14, P53, TNF,
CASP8, CDK1, CCNA2, and VEGFA, were mainly involved in
signaling pathways of PI3K-Akt (hsa04151), TNF (hsa04668),
TLR (hsa04620), etc. (►Fig. 6). Furthermore, ►Fig. 9 shows a
diagram of proposedmechanisms with key targets of PDL for
its anti-COVID-19 activity. As is well known, SARS-CoV-2,
primed by TMPRSS2, uses ACE2 for entry. After replication in
host cells, new SARS-CoV-2 is produced, then ACE2 levels are
decreased in SARS-CoV-2-infected cells leading to increase
in AT-II, resulting the activation of AT1R.29 Activated AT1R
can lead to massive expression of proinflammatory cyto-
kines through the ERK and p38 signaling pathway.51 On the
other hand, SARS-CoV-2 can also activate the immune
inflammatory response through the TLR pathway. Our data
suggested the anti-COVID-19 mechanisms of PDL, shown in
red in ►Fig. 9.

We also investigated the main active ingredient of PDL in
COVID-19 therapy, and first suggested top 10 active ingre-
dients with possible anti-inflammatory mechanisms. As we
all know, baicalin is amain active ingredient in Huang-qin (S.
baicalensis Georgi.), which is the fourth frequently used herb
in TCM for COVID-19 prevention and treatment.34 Our result
is consistent with the previous reports that baicalin was an
important ingredient for COVID-19 treatment, identified by
docking screening24,52,53 or an in vitro study for anti-SARS-
CoV-2 assay.54 However, comparing the two results
from ►Tables 1 and 2, it can be found that baicalin might
not be themost critical component of PDL against COVID-19.
The regulation value of baicalin is only 34, which is ranked
seventh among all compounds in PDL. The possible explana-
tions for this difference might be as follow: the results
of ►Tables 1 and 2 illustrate different perspectives on the
activity of PDL against COVID-19. In ►Table 2, only the
influence of a single component on a single key target is
considered; however, in ►Table 1, the influences of single
component to multitargets or multicomponents to single
targets are all included. In 2020, Zhou et al reported that
there are at least 119 host proteins associated with COVID-
1955; however, by considering the synergistic effects of
compounds on multiple targets (a pervasive mechanism of
TCM in disease treatment), our result may be more
accurate.56–59

In the present work, although the potential active con-
stituents and pharmacological mechanisms of PDL for anti-
COVID-19 have been demonstrated by network pharmacol-
ogy, it also has certain limitations. At present, in the network
pharmacology research studies of many TCM prepara-
tions,60–62 the ingredients of a preparation are often equiva-
lent to the sum of ingredients from each herb contained in

Fig. 8 The three-dimensional cartoon display of interactions between
baicalin and receptors. (A) 1R4L, ACE2 receptor. (B) 6LU7, SARS-CoV-2
main protease.
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this preparation. It is not an accurate way because the
ingredient losses from herbs during extraction process are
not taken into account. To overcome this deficiency, the
ingredients used in this work were directly collected from
an UPLC-ESI-Orbitrap-MS/MS analysis report of PDL. But this
method still has a problem because a large percentage of MS
signals could not be identified due to the shortcomings of
UPLC-MS/MS analysis technology.63 Therefore, further stud-
ies are required for structure identification by different
methods. Second, the anti-inflammatory effects of top 10
ingredients were investigated on LPS-activated RAW264.7
macrophages in this work.►Fig. 7 demonstrates that the top
10 ingredients except for gallic acid could reduce the release
of NO, further confirming that PDL might be a potential drug
for COVID-19 treatment by the inhibition of the cytokine
storm. However, the ingredients of baicalein and luteolin,
which had higher anti-inflammatory activity than others
from PDL, could significantly increase the IKKα/β expression.
Up to now, plenty of studies have suggested that the increase
of IKKα/β expression could reduce the release of NF-κB,
which can induce the transcription of different cytokines
in the nucleus.64 Previous experiments have also confirmed
that the activation of the NF-кB signaling pathway is one of
the important factors in the SARS-CoV-2-induced inflamma-
tory storm65; therefore, we inferred that inhibiting the
activity of the NF-кB signaling pathway is a mechanism of
PDL for COVID-19 treatment. But in this work, we also found
that the top active ingredients of PDL had no significant
effects on the expression of ERK1/2, Akt, and JNK,whichwere
the top targets of PDL according to the results of network

pharmacology analysis. The possible explanation for this
might be attributed to differences in evaluation criteria. In
cell experiments, the activity of a compoundwas determined
by its affinity with certain targets, while in the network
pharmacology analysis, the top 10 targets were screened by
the parameter of “degree”; the higher value of top targets
suggested that the targets could interact with more ingre-
dients, indicating strong synergy. But it does not imply that
the target had higher affinity with each compound. More
experimental investigations in animals or in the clinic are
needed to confirm the effects of PDL for COVID-19 treatment
in future.

Conclusions

`In the present study, the potentially active constituents and
molecular mechanisms of PDL against COVID-19 were
examined with the combination of network pharmacology
and experimental verification. The results from network
pharmacology revealed that the mechanisms of PDL against
COVID-19 were mainly attributable to pathways related to
viral infection, lung injury, or inflammatory responses.
Moreover, the key active ingredients in PDL were luteolin,
apigenin, esculetin, chrysin, baicalein, oroxylin A, baicalin,
wogonin, cymaroside, and gallic acid. Further experiments
in vitro confirmed the anti-inflammatory effect of these
active ingredients, which may relate to their inhibiting
effect on the NF-кB signaling pathway. As a result, our
findings provide preliminary evidence for PDL in the treat-
ment of COVID-19.

Fig. 9 Proposed mechanisms with key targets underlying the suppressive effects of PDL on COVID-19. PDL, pudilanxiaoyan oral liquid.
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Abbreviations for the Targets

ACE2 Angiotensin-converting enzyme 2
AKT1 RAC-α serine/threonine-protein kinase
AT1R Angiotensin II receptor type 1
CASP8 Caspase 8
CCNA2 Cyclin A2
CCNE1 Cyclin E1
CDK1 Cyclin-dependent-like kinase 1
CDK2 Cyclin-dependent-like kinase 2
CDK4 Cyclin-dependent-like kinase 4
CDK6 Cyclin-dependent-like kinase 6
EGFR Epidermal growth factor receptor
ERK1/2 Extracellular signal-regulated protein kinase
FOS Proto-oncogene c-Fos
GSCF Granulocyte colony-stimulating factor
IL2 Interleukin 2
IL6 Interleukin 6
JNK c-Jun N-terminal kinase
JUN Transcription factor AP-1
MAPK1 Mitogen-activated protein kinase 1
MAPK14 Mitogen-activated protein kinase 14
MAPK3 Mitogen-activated protein kinase 3
MAPK8 Mitogen-activated protein kinase 8
MYC Myc proto-oncogene protein
RELA Transcription factor p65
TMPRSS2 Transmembrane serine protease 2
TNF Tumor necrosis factor
TP53 Cellular tumor antigen p53
VEGFA Vascular endothelial growth factor A
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