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Abstract: Used in Asian countries, including China, Japan, and Thailand, Houttuynia cordata Thumb 

(H. cordata; Saururaceae, HC) is a traditional herbal medicine that possesses favorable antiviral 

properties. As a potent folk therapy used to treat pulmonary infections, further research is required 

to fully elucidate the mechanisms of its pharmacological activities and explore its therapeutic po-

tential for treating pneumonia caused by SARS-CoV-2. This study explores the pharmacological 

mechanism of HC on pneumonia using a network pharmacological approach combined with repro-

cessing expression profiling by high-throughput sequencing to demonstrate the therapeutic mech-

anisms of HC for treating pneumonia at a systemic level. The integration of these analyses suggested 

that target factors are involved in four signaling pathways, including PI3K-Akt, Jak-STAT, MAPK, 

and NF-kB. Molecular docking and molecular dynamics simulation were applied to verify these 

results, indicating a stable combination between four metabolites (Afzelin, Apigenin, Kaempferol, 

Quercetin) and six targets (DPP4, ELANE, HSP90AA1, IL6, MAPK1, SERPINE1). These natural me-

tabolites have also been reported to bind with ACE2 and 3CLpro of SARS-CoV-2, respectively. The 

data suggest that HC exerts collective therapeutic effects against pneumonia caused by SARS-CoV-

2 and provides a theoretical basis for further study of the active drug-like ingredients and mecha-

nism of HC in treating pneumonia. 

Keywords: Houttuynia cordata; network pharmacology; pneumonia; SARS-CoV-2; molecular  

docking; afzelin; MAPK1 

 

1. Introduction 

Houttuynia cordata Thumb (H. cordata; Saururaceae) is a traditional herbal medicine 

used in Asian countries, including China, Japan, and Thailand. It exhibits promising an-

tiviral activities towards clinically enveloped viruses, such as influenza virus, herpes sim-

plex virus-1(HSV-1), and human immunodeficiency virus-1 (HIV-1) in vitro [1]. As a time-

honored traditional Chinese medicine (TCM), HC has demonstrated a broad range of 

pharmacological activities for the treatment of inflammatory diseases, especially pulmo-

nary symptoms, i.e., phlegm, dyspnea, lung abscess, and cough, and such infectious 
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diseases as severe acute respiratory syndrome (SARS) [2]. This herb has traditionally been 

used as one of six principal ingredients in an herbal formula purported to have a preven-

tive effect on SARS-CoV-1 infection [3,4]. As such, it has been recommended to the general 

public as a preventative measure by the State Administration of TCM of China for SARS-

CoV-2 [5]. As a potent folk treatment of pulmonary infections, further research is required 

to fully elucidate the mechanisms of its pharmacological activities and explore its thera-

peutic potential for treating lung inflammatory disorders, particularly pneumonia caused 

by SARS-CoV-2. 

HC consists of a large number of drug-like bioactive compounds that have been iso-

lated in previous studies and could play a vital role in antiviral and anti-inflammatory 

medicine [6,7], namely, volatile oil, alkaloid, flavonoid, polysaccharides, and organic acid. 

The main volatile oils of methyl-n-nonyiketone, decanoylacetadehyde, β-myrcene, and α-

pinene, extracted by steam distillation, demonstrated a direct antiviral effect on HSV-1, 

influenza virus, and HIV-1 [8]. The main water extracts of HC with quercetin, quercitrin, 

and Quercetin–3-glucoside can also prevent HSV-1 infection by inhibiting the activation 

of NF-kB [9], while the polysaccharide can inhibit inflammation, protect the intestinal bar-

rier, and regulate mucosal immunity to alleviate lung and intestinal injuries caused by 

IAV virus [10]. A recent systematic evaluation of the natural metabolites that could po-

tentially be used against SARS-CoV-2 demonstrated that apigenin, afzelin, kaempferol, 

quercetin, and quercetin 3-glucosyl-(1,4)-rhamnoside could bind with 3C-like protease 

(3CLpro) and angiotensin I converting enzyme 2 (ACE2), respectively, at significant bind-

ing energy [11]. As previously mentioned, research has primarily focused on various sol-

vent HC extracts’ antiviral and anti-inflammatory mechanisms. Yet, the underlying con-

nection between these bioactivities and HC metabolites remains obscure. 

Based on the potential antiviral and anti-inflammatory properties of HC multi-com-

pounds, HC has been used to treat different types of pneumonia caused by bacteria and 

viruses [12]. Coronavirus disease-19 (COVID-19) can cause lung complications, including 

pneumonia, and in the worst cases, acute respiratory distress syndrome (ARDS) [13]. Sep-

sis, another possible complication of COVID-19, can also cause lasting harm to the lungs 

and other organs [14]. The mechanism underlying the inhibition of HC water extract on 

viral pneumonia arguably rests on the direct inhibition of the virus by flavonoids and 

regulation of immune function. At the same time, its polysaccharide reduces cytokines, 

including tumor necrosis factor-α (TNF-α), interleukin 1 (IL1), and interleukin 6 (IL6), 

thereby inhibiting innate immune cells and epithelial cells from releasing excessive cyto-

kines, while increasing, or rescuing, the expression of anti-inflammatory mediators like 

interleukin10 (IL10) and interleukin 14 (IL4) [15]. Based on this hypothesis, this study ex-

amines the pharmacological mechanism of HC on pneumonia caused by SARS-CoV-2, 

using network pharmacology and molecular docking, thus providing a new strategy for 

the development of novel drugs targeting pneumonia caused by SARS-CoV-2 (Figure 1). 
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Figure 1. Framework based on an integrative strategy of network pharmacology to investigate phar-

macologic mechanisms of Houttuynia cordata for the treatment of pneumonia caused by SARS-CoV-2. 

Acute lung injury (ALI) was found to cause pneumonia, matrix lesions, and pulmo-

nary fibrosis initiated by SARS-CoV-1 (2003), avian influenza (2008), swine influenza 

(2009), and SARS-CoV-2 (2020) [2]. Indeed, ALI is a potentially lethal factor contributing 

to the short-term acute exacerbation of idiopathic pulmonary fibrosis in ARDS with rapid 

pulmonary fibrosis [6]. Both SARS-CoV and Middle East respiratory syndrome corona-

virus (MERS-CoV) causes severe atypical pneumonia in humans and present with similar 

symptoms, which contribute to preferential viral replication in the lower respiratory tract 

and viral immunopathology [16], while pathogenic T cells and inflammatory monocytes 

incite an inflammatory storm, or cytokine storm, in severe COVID-19 patients [17]. The 

lung injury pattern of severe COVID-19 patients is similar to ARDS. Characterized by se-

vere, often refractory, hypoxemia and bilateral lung infiltrates, ARDS has been reported 

in 42% of patients hospitalized in Wuhan with COVID-19 pneumonia [18]). Thus, follow-

ing an initial hyper-inflammatory phase, many severe COVID-19 patients eventually 
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develop some degree of immune paralysis and increased risk of secondary infections [19], 

as well as evidence of pulmonary fibrosis. 

SARS-CoV-2 infection is a critical factor in the onset of pneumonia and death. HC is 

a time-honored TCM herb widely used to treat both bacterial and viral respiratory dis-

eases, and it was purported to prevent and treat SARS-CoV-1 infection in 2003. In light of 

this, effective herbal compounds for SARS-CoV-1 were posited to be beneficial in the treat-

ment of COVID-19 caused by SARS-CoV-2 since homology between the above two viruses 

is around 80% [5]. As a folk therapy to treat pulmonary infections, HC is one of the major 

ingredients in the capsule Lian Hua Qing Wen, a TCM formula with the ability to reduce 

inflammation, which was endorsed by the State Administration of TCM of China [20] as 

a public treatment measure. 

2. Materials and Methods 

2.1. Bioactive Compound Screening and Pharmacokinetic Prediction 

HC was searched to identify its active ingredients and pharmacological targets using 

an in silico approach. As a result, the efficacy of active compounds of HC prediction was 

established in public databases, including the Traditional Chinese Medicine Systems 

Pharmacology Database and Analysis Platform (TCMSP), the TCM Integrated Database 

(TCMID), The Encyclopaedia of Traditional Chinese Medicine (ETCM), and the Bioinfor-

matics Analysis Tool for Molecular Mechanism of TCM (BATMAN-TCM) [21]. In addi-

tion, absorption, distribution, metabolism, and excretion (ADME) was also employed as 

a computational evaluation model in pharmacokinetic research to select drug-like com-

pounds [22]. This model consists of criteria such as drug-likeness (DL) and oral bioavail-

ability (OB). These two indices were applied to ascertain whether the compounds have 

drug-like properties as therapeutic agents and are chemically suitable for drug develop-

ment [23]. Out of 50 compounds shown in these databases, compounds with DL > 0.18 

and OB > 30% were selected. In total, nine bioactive components were ultimately included 

in this study and used for the subsequent prediction of compound-related targets. 

2.2. Potential Targets of HC Active Components 

The active components of a drug interact with respective targets to inhibit their bio-

logical function. An HC target gene set was acquired by searching several databases: (1) 

acquiring gene symbols and related information about HC targets from TCMSP; (2) im-

porting selected candidate components into the PubChem database (https://pub-

chem.ncbi.nlm.nih.gov/ (accessed on 1 August 2021)) to identify relevant targets, and (3) 

using the ETCM to acquire the target genes associated with the selected active compounds 

with a score > 0.8. The target set was derived after combining the search results and re-

moving duplication and certain bioactive components with suitable targets with a score > 

0.8 [24]. 

2.3. Identification of Pneumonia-Related Targets Database 

Genes related to pneumonia caused by SARS-CoV-2 were screened, selected, and ob-

tained from the Gene Expression Omnibus (GEO), GeneCards database, and other refer-

ences. First, the dataset was mainly derived from reprocessing high-throughput sequenc-

ing data downloaded from the GEO database. The expression profile of GSE152075 in-

volved 430 SARS-CoV-2 infection samples and 54 negative control samples, which were 

analyzed on the GPL18573 Illumina NexSeq500 platform (Homo sapiens) [25]. The limma 

package in R Bioconductor was used to identify differentially expressed genes (DEGs) 

between SARS-CoV-2 infection and negative control, in which the adjusted p-value and 

[logFC] were determined [26]. The selected criteria of DEGs were thereafter set as p < 0.05 

and [logFC] > 1.08 for up-regulated genes and [logFC] < 1.651 for downregulated genes 

[25]. Second, the targets related to viral pneumonia were obtained by using “Viral pneu-

monia” as the keyword in the GeneCards database search (https://www.genecards.org/ 
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(accessed on 10 August 2021)). Finally, an intersection between genes retrieved through 

GeneCards and DEGs of reprocessed data series GSE152075 was obtained as pneumonia-

related targets [27]. 

2.4. Construction of PPI Network and Herb-Metabolites-Targets-Disease (HMTD) Network 

The HC targets intersecting with pneumonia-related targets were taken as HC–pneu-

monia common targets, which can be visualized with Venn 2.0. The common targets were 

imported into the STRING platform (version 11.0). The species was then set to Homo sa-

pience and the minimum required interaction score to the highest confidence of 0.9 in 

order to retrieve the concise protein–protein interaction (PPI) information for the next step 

of the analysis. The PPI network was also visualized with Cytoscape software [28]. 

The Herb-Metabolites-Targets-Disease (HMTD) network was built on the interac-

tions among drug (HC), ingredients, gene symbols, and disease (pneumonia) and then 

visualized by Cytoscape software. The nodes’ varying shapes represent common pneu-

monia and HC active ingredient targets. The nodes are linked by edges (lines), indicating 

interactions between nodes. As such, the topological features of a network can be used to 

predict the targets, while the candidate hub notes analyzed by Cytoscape’s Network ana-

lyzer tool can be identified by calculating the two topological features of betweenness and 

degree. Betweenness is the number of shortest paths through the node (the shortest dis-

tance between two nodes) and degree is the sum of the number of edges connected the 

node [29]. Closeness centrality measures how close a node is to all others in the same net-

work [30]. These network centrality indices have been used to define the network proper-

ties of drug targets separately or collectively and judge the importance of nodes. Nodes 

(targets) with higher ranks were considered to have a more critical role within the network 

[31]. Collectively, the top 15 nodes were screened as the hub genes in the network with 

the criteria of closeness centrality >0.4 and degree > 4. 

2.5. GO and KEGG Analysis 

Depending on the hub genes (core targets), the Gene Ontology (GO) biological pro-

cesses, and the Kyoto Encyclopaedia of Genes and Genomes (KEGG), metabolic pathway 

enrichment analyses were carried out on the pneumonia–HC common targets. GO source 

and GO enrichment can divide the functions and products of genes into three categories, 

namely, molecular function (MF), biological process (BP), and cellular components [32]. 

The biological processes and pathways selected from the analysis of Metascape were col-

ored by cluster ID with the best p-values from each of 20 clusters, wherein nodes that share 

the same cluster ID are typically close to each other. Enrichment analysis was also carried 

out in PaGenBase to demonstrate disease targets–organs location. In addition, a further 

enrichment analysis was performed in DisGeNET to identify the relevant diseases. The 

results of the KEGG enrichment analysis were used to construct a KEGG pathway net-

work to determine the proteins involved in the treatment effects of HC. Based on the 

STRING results, the gene–pathway of HC against pneumonia was constructed to deline-

ate the various pathways and key targets in order to explore the potential mechanisms 

underlying the effect of HC on the treatment of pneumonia [28]. 

2.6. Molecular Docking 

Molecular docking is a useful tool to predict and design new drugs. As such, the 

computational validation of ingredients–targets interactions were confirmed by exploring 

their binding modes via this process. The computational modeling of intermolecular com-

binational patterns between target proteins and herb ligands can predict the potential 

binding modes. Depending on the degree of 67 common targets in the PPI network and 

the important reference, four active ingredients, including afzelin, apigenin, kaempferol, 

and quercetin, and six targets, i.e., dipeptidyl peptidase-4 (DPP4), neutrophil elastase 

(ELANE), Heat shock protein (HSP90AA1), IL6, mitogen-activated protein kinase 1 
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(MAPK1), and Serpin Family E Member 1 (SERPINE1), were selected to simulate the in-

gredients–targets interactions for verification of molecular docking. Molecular 2D struc-

tures for the molecular ligands and active ingredients were downloaded from PubChem 

databases. The crystal structures of the key target proteins DPP4 (PDB ID: 4N8D), ELANE 

(PDB ID: 4WVP), HSP90AA1 (PDB ID: 5J2X), IL6 (PDB ID: 4CNI), MAPK1 (PDB ID: 

6QAH), and SERPINE1 (PDB ID: 7AQF) were selected from RCSB PDB 

(https://www.wwpdb.org/ (accessed on 11 August 2021)). The key target proteins were 

purposefully selected with a resolution smaller than 2, and their crystals were imported 

into PyMOL 3.0 software [33]. The active site of the protein is centered on the active amino 

acid site of the original ligand in the crystal structure, which residue information can be 

obtained from the literature [34–39]. 

Docking was performed by Autodock Vina 1.1.2, and the molecules with the lowest 

binding energy in the docking conformation were chosen to observe the binding effect by 

matching with the original ligands and intermolecular interactions, such as hydrophobic 

interaction, cation–π, hydrogen bond, anion–π, π–π stacking, salt bridge, and metal com-

plexation [33]. The molecular docking patterns were finally visualized via PyMOL 3.0. 

2.7. Molecular Dynamics Simulation 

The molecular dynamics simulations of these complexes were performed using 

Gromacs 2020.1, in which the charm36-jul2020 force field was chosen. The complex was 

solved in TIP3P water and immersed in a dodecahedron box extending to at least 1 nm of 

the solvent on all sides. The system was neutralized by Na+ and Cl-, followed by adding 

0.15 M NaCl, which made the system close to the physiological state. The system was 

minimized by using the steepest descent algorithm for 5000 steps and made a maximum 

force of less than 1000 kJ/mol/nm. Then, it was equilibrated in a constrained NVT (number 

of particles, volume, temperature) and NPT (number of particles, pressure, temperature) 

running for 100 ps. The system was well-equilibrated through NVT and NPT equilibration 

at 300 K and 1 bar. Finally, MD simulations of the complex were carried out for 100 ns. 

The Verlet cut-off scheme and a Leap-frog integrator with a step size of 2 fs were applied. 

The final analysis of molecular dynamics included the root mean square deviation 

(RMSD) of protein and molecule and the interaction energy between the protein and small 

molecules, which were calculated by GROMACS 2020.1. 

3. Results 

3.1. Target Prediction and Analysis of HC 

While 50 metabolites were shown in the TCMSP by searching the keywords 

“Houttuyniae Herba”, only 7 satisfied the criteria of OB ≥ 30% and DL ≥ 0.18. Other me-

tabolites were obtained by searching ETCM, BATMAN-TCM, and TCMID. A number of 

metabolites had already been established as the most effective components of HC 

throughout the relevant literature [40]. These were also included, even though they did 

not meet the OB and DL criteria. As such, a total of 20 metabolites were acquired. Depend-

ing on these metabolites, the targets for a number of active ingredients of HC were iden-

tified by target fishing and by integrating the data acquired from TCMSP, PubChem, and 

ETCM. The targets of each active ingredient derived from the ETCM database were se-

lected via the screening score ≥ 0.8. Therefore, only 7 active metabolites were left after 

searching the targets in those databases, including quercetin, quercitrin, kaempferol, ace-

tyl borneol, decanoic acid, afzelin, and apigenin (Table 1), and 463 targets related to the 

above seven core active metabolites were identified. 
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Table 1. Core metabolites of Houttuynia cordata. 

PubChem CID Name OB (%) DL Structure 

5280343 Quercetin 46.4 0.27 

 

5280459 Quercitrin 4.03 0.73 

 

5280863 Kaempferol 41.8 0.24 

 

2969 Decanoic Acid 26.74 0.03 
 

73083158 Acetylborneol  0.63 N/A 

5316673 Afzelin 3.83 0.69 

 

5280443 Apigenin 23.06 0.21 

 

3.2. Disease Targets Analysis 

Bioinformatics analyses on the expression profile microarray data GSE152075 and 

GSE1739 containing positive SARS-CoV-2 and negative control samples were performed 

to identify DEGs between SARS-CoV-2 infection and negative control by the limma pack-

age in R Bioconductor. This step identified 9685 DEGs from data series GSE152075 and 

1791 DEGs from data series GSE1739. Other disease data sources, such as GeneCards and 

DisGeNET, were combined with the GEO results to remove duplicates, resulting in the 

identification of 11,027 targets related to SARS-CoV-2. Since SARS-CoV-2 causes not only 

pneumonia but also multiple organ failure, neutrophilia, and organ and coagulation dys-

function, pneumonia-related targets were acquired by searching GeneCards with the key-

words “SARS-CoV-2” and “pneumonia”, resulting in 786 pneumonia-related targets. The 

intersection between SARS-CoV-2-related targets (11,207) and pneumonia-related targets 

(786) resulted in 739 elite targets related to pneumonia caused by SARS-CoV-2. 

3.3. Herb-Ingredients-Targets-Disease Network of HC Analysis 

The intersection between HC-related targets (463) and pneumonia-related elite tar-

gets (739) resulted in an HC–pneumonia common target set with 67 genes. This common 

target set was imported into Cytoscape v3.5.0 to construct an Herb-Metabolites-Targets-

Disease (HMTD) network, as shown in Figure 2. This consisted of six metabolites assigned 

to 67 targets, indicating HMTD interactions. The node can be designed as a hub node if 

the degree, betweenness, and closeness satisfy specific criteria, such as the median of the 

corresponding parameters. The screening of important metabolites and core targets was 

carried out based on the criteria of SUID > 70, Closeness Centrality > 0.4 and Degree > 4, 



Viruses 2022, 14, 1588 8 of 21 
 

 

resulting in four ingredients (apigenin, quercetin, afzelin, and kaempferol) and 21 core 

common targets (Table 2). Consequently, these important metabolites might be crucial 

active compounds of HC targeting 21 genes, which could be verified through molecular 

docking or further experiments. The HC–pneumonia common target set was imported 

into STRING to remove unconnected targets, and a PPI network with a confidence score 

set to 0.9 or higher was gained. PPI information from the STRING platform was input to 

Cytoscape software to construct a PPI network based on the common targets shown in 

Figure 3. The size of target nodes was consistent with the degree, and the nodes with pink 

color were deemed to be important targets [41]. According to the degree and combined 

score, the top 21 common targets shown in Table 2 are involved in the effects of HC treat-

ment on pneumonia. 

 

Figure 2. Herb-Metabolites-Targets-Disease network (HMTD) of Houttuynia cordata. The green 

square represents the herb Houttuynia cordata; pink diamonds are the active ingredients of 

Houttuynia cordata; blue circles are common targets resulting from the intersection of herb targets 

and disease targets; the red triangle is the disease. 
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Figure 3. Protein–Protein Interaction network (PPI) of common targets. The size of nodes in the left 

picture represents the degree of targets. The picture on the right-hand side is the key protein in the 

PPI network and correlated degree. The y-axis is the gene symbol of the key targets, and the x-axis 

is the degree of the targets. 

Table 2. Information of 21 core genes after protein–protein network analysis. 

No UniProt ID Gene Symbol Protein Name Degree 

1 P10275 AR Androgen receptor 8 

2 P31749 AKT1 RAC-alpha serine 8 

3 P09601 HMOX1 Heme oxygenase 1 8 

4 P27487 DPP4 Dipeptidyl peptidase 4 6 

5 P06493 CDK1 Cyclin-dependent kinase 1 6 

6 P05362 ICAM1 Intercellular adhesion molecule 1 6 

7 P35869 AHR Aryl hydrocarbon receptor 6 

8 P28482 MAPK1 Mitogen-activated protein kinase 1 6 

9 P22301 IL10 Interleukin-10 6 

10 P05231 IL6 Interleukin-6 6 

11 P05164 MPO Myeloperoxidase 6 

12 P01308 INS Insulin 4 

13 P07900 HSP90AA1 Heat shock protein HSP 90-alpha 4 

14 P48736 PIK3CG 
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit 

gamma isoform 
4 

15 P29965 CD40LG CD40 ligand 4 

16 P42224 STAT1 Signal transducer and activator of transcription 1-alpha/beta 4 

17 P01375 TNF Tumour necrosis factor 4 

18 P08246 ELANE Neutrophil elastase 4 

19 P05112 IL4 Interleukin-4 4 

20 P00533 EGFR Epidermal growth factor receptor 4 

21 P15692 VEGFA Vascular endothelial growth factor A 4 

3.4. GO and KEGG Enrichment Analysis 

According to the results of GO enrichment analyses in Metascape, the genes were 

enriched in different GO terms, and the top 20 GO terms in the three categories were se-

lected to construct connections within the signaling network (Figure 4). The network was 

colored by cluster ID with the best p-values from each of 20 clusters, wherein nodes that 

share the same cluster-ID are typically close. The top signaling pathways mainly include 
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interleukin-4 and interleukin-13 signaling, the AGE–RAGE signaling pathway in diabetic 

complication, positive regulation of cell migration, spinal cord injury, IL17 signaling path-

way, reactive oxygen species metabolic process, leukocyte activation involved in immune 

response, Th17 cell differentiation, cytokines and inflammatory response, and epithelial 

cell migration (Figure 4). The x-axis in the bar chart represents log 10 (p-value) and the y-

axis the GO term. The enrichment analysis in PaGenBase demonstrated disease targets-

organs location, such as lung, smooth muscle, cardiac myocytes, bone marrow, bronchial 

epithelial cells, liver cells, and spleen. The analyses of the most-associated diseases 

showed immunosuppression, fatty acid disease, respiratory distress syndrome, pneu-

monitis, endothelial dysfunction, respiratory syncytial virus infection, liver failure, mid-

dle cerebral artery occlusion, bacterial infections, acute myocardial infarction, lung dis-

eases, cardiac arrest, myocardial ischemia, and herpes simplex infections. To analyze the 

significance and importance of key targets in the pathways involved in the treatment ef-

fect of pneumonia, 10 key pathways, determined according to gene counts and adjusted 

p values from the KEGG enrichment analysis and related targets, were used to construct 

a KEGG key pathway network (Figure 5). The construction of gene–KEGG key pathways 

demonstrated that the targets MAPK1, MAPK3, IL6, PIK3CA, AKT1, EGFR, TNF, and 

STAT3 involved more than four signaling pathways, including PI3K-Akt, Jak-STAT, 

MAPK, and NF-kB (Table 3). As such, HC could target multiple functional and biological 

factors in pneumonia. However, the effects and profound influence required further val-

idation [28]. 

Table 3. Virus-related signaling pathway enriched by target genes. 

ID Description Count Gene Ratio FDR 

hsa04933 
AGE-RAGE signaling pathway in 

diabetic complications 
18 18/67 2.78 × 10−23 

hsa04657 IL-17 signaling pathway 16 16/67 1.91 × 10−20 

hsa04066 HIF-1 signaling pathway 15 15/67 1.01 × 10−18 

hsa04620 Toll-like receptor signaling pathway 12 12/67 4.25 × 10−14 

hsa04668 TNF signaling pathway 12 12/67 6.79 × 10−14 

hsa04151 PI3K-Akt signaling pathway 16 16/67 5.19 × 10−13 

hsa04630 Jak-STAT signaling pathway 12 12/67 3.54 × 10−12 

hsa04621 NOD-like receptor signaling pathway 12 12/67 5.17 × 10−12 

hsa04068 FoxO signaling pathway 11 11/67 9.46 × 10−12 

hsa04660 T cell receptor signaling pathway 10 10/67 1.98 × 10−11 

hsa04917 Prolactin signaling pathway 8 8/67 9.06 × 10−10 

hsa04919 Thyroid hormone signaling pathway 9 9/67 1.51 × 10−9 

hsa04062 Chemokine signaling pathway 10 10/67 3.64 × 10−9 

hsa04926 Relaxin signaling pathway 9 9/67 4.03 × 10−9 

hsa04064 NF-kB signaling pathway 8 8/67 7.15 × 10−9 

hsa04072 Phospholipase D signaling pathway 9 9/67 9.09 × 10−9 

hsa04664 Fc epsilon RI signaling pathway 7 7/67 1.90 × 10−8 

hsa04010 MAPK signaling pathway 11 11/67 1.94 × 10−8 
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Figure 4. GO analyses of the 67 common targets associated with pneumonia. (A) Network of en-

riched terms: the left-hand side is colored by cluster ID with the best p-values from each of 20 clus-

ters wherein nodes that share the same cluster-ID are typically close to each other; the right-hand 

side network was colored by p-value, indicating that terms containing more genes tend to have a 

more significant p-value; (B) bar graph of enriched terms colored by p-values to visualize the top 20 
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clusters; (C) summary of enrichment analysis in PaGenBase to demonstrate disease targets–organs 

location; (D) summary of enrichment analysis in DisGeNET to show the relevant diseases. 

 

Figure 5. Key pathway network construction based on KEGG enrichment. (A) Gene–pathway of 

Houttuynia cordata against pneumonia. The node’s size is related to a degree; pink diamonds are 

signaling pathways, and blue circles are target genes. (B) Schematic diagram of key signaling path-

ways of Houttuynia cordata in treating pneumonia. Solid lines are direct actions, and dashed lines 

are indirect actions. Some intermediate molecules are not presented. Detailed information and key 

genes are listed in Table 3. 

3.5. Docking and Molecular Dynamics Simulation Analysis of Ingredients-Targets 

Considering the integration of the results from the PPI network and HMTD network, 

the key targets in the pathways mentioned above and the nodes with high degrees repre-

sent the key targets. Therefore, molecular docking validation was performed based on the 

pneumonia-related targets and selected ingredients from the HMTD network. The se-

lected active ingredients included quercetin (CAS no. 117-39-5), kaempferol (CAS no. 520-

18-3), afzelin (CAS no. 482-39-3), and apigenin (CAS no. 520-36-5). The protein structures 

of key targets were acquired online from RCSB PDB, including DPP4, ELANE, 

HSP90AA1, IL6, MARK1, and SERPINE1, based on STRING interaction analysis and im-

portance reference. Docking analysis of the metabolites and proteins above showed the 

docking patterns and binding affinities (Table 4). The docking results were represented 

on the molecular surface to reflect the topical details of the binding sites. The residues 

were marked on the protein surface, and hydrogen bonds were shown as solid lines (Fig-

ure 6). The binding affinities of all docking patterns were less than −6 kcal/mol, indicating 

a stable binding between active ingredients and protein targets. The binding affinities are 

listed in Table 4, and the binding configuration is shown in Figure 6. The affinity energy 

of the best mode, apigenin, is −9.4 kcal/mol. 

Table 4. Binding affinities (kcal/mol) and binding residues. 

Ingredient–Target BindingAffinity 

Binding Residues 

H-Bonds Hydrophobic Interaction 
π-Stacking/Salt 

Bridge 

Afzelin–IL6 −6.7 TYR-97, ASN-63, THR-137 ASP-140, GLU-93 N/A 

Afzelin–DPP4 −8.6 
ARG-560, TYR-631, GLY-632, TRP-629, TYR-

547, LYS-554 
N/A VAL-546, ASP-545 

Afzelin–ELANE −6.7 ARG-23, CYS-136, GLN-122, GLY-207 PHE-29, LEU-137, TRP-27 N/A 

Afzelin–MAPK1 -9.4 
PHE-129, GLN-132, ASP-106, ILE-84, ASN-158, 

THR-150 
ILE-133, ASN-82 N/A 

Afzelin–HSP90AA1 −7.6 GLN-133 N/A ARG-46 

Afzelin–SERPINE1 −8.1 SER-119, ASP-95, THR-94, TYR-79 PHE-117, ARG-76 N/A 
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Apigenin–IL6 −6.7 GLN-152, ASN-103, ARG-104, ASP-160 GLN-159, GLN-156 N/A 

Apigenin–DPP4 −8.4 SER-630, VAL-546, TYR-547 TRP-629 N/A 

Apigenin–ELANE −7.6 CYS-168, ARG-178 PRO-230, AL-181, THR-164 N/A 

Apigenin–MAPK1 −8.1 ILE-133, ASN-154, GLN-132 LEU-150, ILE-140, LEU-155, LEU-157 N/A 

Apigenin–HSP90AA1 −7.3 LYS-58, PHE-138, GLY-135 THR-184, LEU-107, THR-109, ASN-51 N/A 

Apigenin–SERPINE1 −8.5 PHE-117, SER-41, TYR-37, TYR-39 LEU-116, LEU-75, TYR-79 N/A 

Kaempferol–IL6 −6.8 GLN-156, GLN-159, ARG-104 GLN-152 N/A 

Kaempferol–DPP4 −8.1 GLU-205, ASN-710, ARG-125, SER-630, VAL-711, PHE-357 TYR-666 

Kaempferol–ELANE −7.2 ASN-180, THR-164 VAL-181, LEU-130 N/A 

Kaempferol–MAPK1 −8.3 GLN-132, LEU-156 LEU-157, ILE-140, LEU-150 N/A 

Kaempferol–

HSP90AA1 
−7.4 LYS-58, ASN-51 

THR-109, LEU-107, PHE-138, THR-

184 
N/A 

Kaempferol–SERPINE1 −8.5 ASP-95, PHE-117, LEU-75, ALA-72 SER-41, TYR-79 N/A 

Quercetin–IL6 −7.2 GLN-152, ARG-104 GLN-156, GLN-159 N/A 

Quercetin–DPP4 −8.5 
SER-630, TYR-662, ASN-710, ARG-125, ARG-

358 
TYR-666, PHE-357 N/A 

Quercetin–ELANE −7.3 
ARG-128, CYS-168, GLN-233, ARG-129, ARG-

176 
THR-164, LEU-130, VAL-181 N/A 

Quercetin–MAPK1 −8.5 HIS-147, ASN-82 LEU-155, LEU-156, LEU-157 N/A 

Quercetin–HSP90AA1 −7.4 GLY-97, THR-184, LEU-107, GLY-135 ALA-55, ASN-51, ASP-54 N/A 

Quercetin–SERPINE1 −8.7 
SER-41, ASP-95, SER-119, TYR-37, LEU-75, 

PHE-117 
TYR-79, LEU-116 N/A 

 

(a) 

 
(b) 

 
(c) 

 
(d) 
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Figure 6. Docking patterns of selected key targets according to the lowest binding affinities with 

each active metabolite. The TARGET–metabolite complexes include (a) MAPK1–afzelin, (b) SER-

PINE1–apigenin, (c) DPP4–kaempferol, and (d) SERPINE1–apigenin. The binding affinities 

(kcal/mol) and binding residues are listed in Table 4. 

In order to verify the stability of the docking structures, we selected DPP4-–

kaempferol, MAPK1–afzelin, SERPINE1–apigenin and SERPINE1–quercetin complexes 

for dynamic simulation analysis. As shown in Figure 7, RMSD of proteins and small mol-

ecules in the complex structures remained relatively stable during the simulation, espe-

cially MAPK1–afzelin, SERPINE1–apigenin and SERPINE1–quercetin complexes. The 

RMSD of kaempferol in DPP4–kaempferol varied greatly, and it was stable at 1 nm com-

pared with the initial docking structure, indicating that the position of kaempferol 

changed significantly during the simulation process. This position change occurred rap-

idly and remained stable at the new binding position. The average interaction energy of 

DPP4–kaempferol, MAPK1–afzelin, SERPINE1–apigenin and SERPINE1–quercetin com-

plexes was −107.34 kJ/mol, −180.39 kJ/mol, −175.82 kJ/mol, and −183.77 kJ/mol. 

 

Figure 7. Molecular dynamics simulation results. (A–C) Molecular dynamics simulation results of 

DPP4–kaempferol. Root square deviation (RMSD) of DPP4 skeleton atom (A), the RMSD of 

kaempferol heavy atom (B), and the interaction energy between DPP4 and kaempferol during 100 
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ns simulation (C). (D–F) Molecular dynamics simulation results of MAPK1–afzelin. RMSD of 

MAPK1 skeleton atom (D), the RMSD of afzelin heavy atom (E), and the interaction energy between 

MAPK1 and afzelin during 100 ns simulation (F). (G–I) Molecular dynamics simulation results of 

SERPINE1–apigenin. RMSD of SERPINE1 skeleton atom (G), the RMSD of apigenin heavy atom 

(H), and the interaction energy between SERPINE1 and apigenin during 100 ns simulation (I). (J–L) 

Molecular dynamics simulation results of SERPINE1–quercetin. RMSD of SERPINE1 skeleton atom 

(J), the RMSD of quercetin heavy atom (K) and the interaction energy between SERPINE1 and quer-

cetin during 100 ns simulation (L). 

In conclusion, we used docking and dynamics simulation to explore ingredient-tar-

get prediction. Our results showed that the DPP4–kaempferol, MAPK1–afzelin, SER-

PINE1–apigenin, and SERPINE1–quercetin complexes had good docking fractions, that 

the protein and small-molecule positions were stable during the simulation process, and 

that the interaction energy was lower than −100 kJ/mol. Accordingly, our studies provide 

a reference for subsequent experimental design. 

4. Discussion 

While previous studies demonstrated that HC exhibited antiviral activity through 

inhibiting SARS-CoV-1 3CLPRO and RdRp and also stimulated the proliferation of CD4+ 

and CD8+ T cells in vitro [3], the ability of HC to inhibit SARS-CoV-2 infection and the 

similarities between the inhibitory mechanisms of SARS-CoV-2 and SARS-CoV-1 remain 

unknown. Although several clinical studies have confirmed that prescriptions or formulas 

(Lian Hua Qing Wen capsule) containing HC are effective for the treatment of COVID-19 

[42], further research is necessary to investigate the mechanism of action of HC and apply 

the pharmacology of TCM network for the predictive analysis. Thus, this study aimed to 

explore the pharmacological mechanism of HC on pneumonia caused by SARS-CoV-2 us-

ing network pharmacology and molecular docking. 

TCM considers an individual or patient an integrative complex with dynamic states, 

demonstrating multiple biological targets and focusing on integral therapeutic efficacies 

[43]. Inflammation has been the pathophysiological mechanism behind many chronic dis-

eases, including cytokines, nitric oxide (NO), lipid mediators, G prostaglandins, and leu-

kotrienes produced by macrophages, neutrophils, and other inflammatory cells [44,45]. 

This study included seven core metabolites, following diligent screening and searching in 

the references, including quercetin, quercitrin, kaempferol, acetyl borneol, decanoic acid, 

afzelin, and apigenin. These flavonoids are known to be large entities of plant constituents 

and possess anti-inflammatory activity [15]. Some flavonoids have been shown to attenu-

ate lung inflammatory response strongly. For example, quercetin was previously reported 

to attenuate lipopolysaccharide (LPS)-induced lung inflammation in mice by oral admin-

istration [14], while afzelin isolated from methanol extract of HC was demonstrated to 

regulate both mitophagy and mitochondrial biogenesis through Rev–Erb-/phosphor–

AMPK/SIRT1 signaling [40]. In addition, afzelin can inhibit mitochondrial dysfunction 

induced by excessive oxidative stress and attenuate the reduction of mitochondrial GDH 

activity and hepatic ATP production in LPS-induced hepatic injury [40]. Kaempferol has 

been proven to protect against H9N2 swine influenza virus infection and can ameliorate 

virus-induced acute lung injury by inactivation of TLR4/MyD88-mediated NF–kB and 

MAPK signaling pathways [46]. Kaempferol can also inhibit the release of TNF-α, IL1β, 

IL6, and IL18 and suppress the activation of NF–kB and AKT, thus attenuating cardiac 

fibroblast inflammation [47]. Apigenin, a plant-derived flavonoid, possesses anti-carcino-

genic, antioxidant, anti-inflammatory, and anti-mutagenic properties [48]. Apigenin can 

react to the Nrf2 gene, which encodes a key transcription factor to regulate the antioxida-

tive defense system, and was also a potent inhibitor of SARS-CoV 3CLpro [47]. The targets 

of these active ingredients were collected from a different database. 

Depending on the above active metabolites, target searching in the databases of 

TCMSP, PubChem, and ETCM resulted in the acquisition of 463 targets related to the 

above seven core active metabolites. The disease targets were obtained by identifying key 
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genes in SARS-CoV-2 infection and uncovering their potential functions by re-processing 

the expression profiling of high-throughput sequencing of GSE152075 from the GEO da-

tabase to form a solid basis for the ensuing analysis. The bioinformatics analyses gener-

ated 11,207 DEGs, contributing to our understanding of the molecular mechanism under-

lying the advancement of SARS-CoV-2 infection. 

Since SARS-CoV-2 causes multiple organ failure [49], the intersection between DEGS 

acquired from the GEO series and pneumonia-related genes from GeneCards and Dis-

GeNET isolated pneumonia caused by SARS-CoV-2, resulting in 739 elite targets. These 

were matched and mapped to obtain 67 common HC-pneumonia targets. A PPI network 

of the common targets and screened nodes according to observed gene count > 50 resulted 

in 21 core target networks to verify targets associated with HC ingredients. According to 

the combined score of each node, the top 25 nodes were mainly NOS3, MTOR, SERPINE1, 

PIK3CA, HSP90AA1, STAT3, INS, IL6, IL-1β, TNF, IL10, VEGFA, CDK1, and GSK3B. 

Most of these genes are associated with inflammation, hypoxia, and angiogenesis [50]. 

This result aligned with the findings of previous studies of HC extract and confirmed that 

HC can down-regulate specific inflammatory mediators, such as TNF-α, IL6, prostaglan-

din E2 (PGE2), and nitric oxide (NO) production in the cells, inducible nitric oxide syn-

thase (iNOS), and cyclooxygenase-2 (COX-2) expression [7]. 

The pathogenesis of inflammatory diseases is associated with the overproduction of 

the above mediators. NO by endothelial nitric oxide synthase (NOS3) is implicated in vas-

cular smooth muscle relaxation and mediates vascular endothelial growth factor (VEGF)-

induced angiogenesis in coronary vessels, which may explain the many complications oc-

curring in COVID-19 patients [51]. The mammalian target of rapamycin (mTOR) entails 

the downstream of PI3K–Akt to regulate cell growth and proliferation, cell survival, pro-

tein synthesis, and transcription [52]. HC may inhibit PI3K/Akt/mTOR and ERK1/2 sig-

naling pathways in human lung cancer cells [53], while IL17A can inhibit 

PI3K/Akt/mTOR-mediated autophagy, which causes lung inflammation and fibrosis [54]. 

However, alternative evidence suggests that activation of the PI3K/Akt/mTOR pathway 

may contribute to pulmonary fibrosis and lung injury by regulating lung fibroblasts and 

epithelial cells [55]. For STAT3, the activation of JAK–STAT signaling can lead to fibrosis 

in many organs, i.e., the lung [47]. STAT3 is a potential molecular target for clinical syn-

dromes characterized by systematic inflammation in COVID-19 in a large-scale transcrip-

tional study [56]. Therefore, GO and KEGG enrichment analysis of the core targets was 

applied to explore the underlying mechanism of HC. 

The GO enrichment results confirmed that HC mainly regulates biological processes 

in response to stimulus, regulation of the cellular process, response to chemicals, response 

to stress, cell communication, signal transduction regulation of macromolecule metabolic 

process, and regulation of nitrogen compound metabolic processes. The results of KEGG 

enrichment uncovered the numerous signaling pathways involved in the development 

and progression of pneumonia, including PI3K-Akt, HIF-1, IL-17, TNF, TLR, JAK–STAT, 

NOD-like receptor, or MAPK. Previous studies further suggest that the anti-inflammatory 

properties of HC extract may arise from the inhibition of pro-inflammatory mediators by 

suppression of NF–κB, and MAPK signaling pathways by binding their key proteins in 

pathways with HC active metabolites, as outlined above [9,39,41]. 

Based on the PPI, HMTD, and KEGG enrichment analysis, 6 of 21 core targets, 

namely, DPP4, ELANE, HSP90AA1, IL6, MAPK1, and SERPINE1, were selected to dock 

with four main ingredients identified in a series of analyses of this study. As such, the 

docking results agreed with the intermolecular interactions. Despite extensive prior ef-

forts to elucidate the metabolism and effects of oral administration of HC in patients in 

vivo, the mechanism remained largely unclear. DPP4, HSP90AA1, and SERPINE1 are re-

lated to immune response and linked to macrophages which promote the generation of 

inflammatory factors, such as TNF-α and IL6 [57]. DPP4 is a member of serine peptidases 

known as adenosine deaminase complexing protein 2 clusters of differentiation 26 (CD26) 

associated with immune regulation, apoptosis, and signal transduction. However, the 
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main receptor of SARS-CoV is angiotensin-converting enzyme 2 (ACE2) or CD209L, 

whereas MERS-CoV uses DPP4 (also known as CD26) as the major receptor [58]. A corre-

lation between DPP4 and ACE2 found that both membrane proteins can facilitate virus 

entry. Therefore, DPP4 was speculated to be a co-receptor to facilitate SARS-CoV-2 infec-

tion since DPP4 can be found in lung cells [59]. The co-receptors of ACE2 and DPP4 to the 

spike glycoprotein postulate that different human coronaviruses target similar cell types 

across different human organs [60]. Heat shock proteins (HSPs), also known as stress pro-

teins, are divided into the HSP70 family, HSP90 family, HSP 100 family, and so on. 

HSP90AA1 is a molecular chaperone protein with inhibitors that can induce hepatic stel-

late cell apoptosis through neurophospholipase or NK-ҡB, depending on the mechanism. 

A previous study found that Jin Hua Qing Gan Granules regulate multiple signaling path-

ways via binding targets, such as PTGS2, HSP90AA1, and NCOA2, to prevent COVID-19 

[61]. 

ELANE genes can express up to a five-fold level against SARS-CoV-1 infection, caus-

ing lung proinflammatory cytokines [62]. Recent research found strong evidence that the 

ELANE gene mainly enhances proinflammatory cytokines and can subsequently cause 

epithelial cell injuries in cystic fibrosis patients [62,63]. The suppression of the ELANE 

gene can therefore reduce the production of proinflammatory cytokines, resulting in im-

proved pulmonary function [63]. As such, the inhibition of ELANE directly protects the 

lung and reduces lung inflammatory cell infiltration to improve the success rate of coro-

navirus patients [62]. MAPK1 is the critical target participating in the MAPK signaling 

and PI3K-Akt signaling pathways. The inhibition of MAPK1 can result in inhibiting the 

above two pathways in LPS-induced ALI in mice [64]. SERPINE1 is a serpin peptidase 

inhibitor whose increased expression resulted in a lower survival rate. Furthermore, in-

creased expression of SERPINE1 was associated with the activation of the PI3K–Akt path-

way [16]. The results from PPI and HMTD indicated that the six intersection genes above 

could prove to be potent pharmacological targets of HC against COVID-19. 

Molecular docking of 6 out of 21 core targets and four screened active ingredients 

was applied to validate the results of the network pharmacology. The active ingredients 

which target these proteins include quercetin, kaempferol, afzelin, and apigenin. Docking 

within the docking pockets between active ingredients and target proteins was visualized 

by AutoDock Vina and PyMOL software. The binding affinities of the docking results 

ranged from −6.7 to −9.4 kcal/mol, indicating stable binding. Afzelin showed the greatest 

binding affinities with MAPK1 (−9.4 kcal/mol), followed by DPP4 (−8.6 kcal/mol). In con-

trast, MAPK showed a better average binding affinity with these four active ingredients, 

indicating that HC protected against acute lung injury, mainly through the suppression 

of the MAPK/NF–kB pathway [5]. The docking pose of apigenin shows H-bonds between 

the aromatic region and residues PHE-129, ILE-133, ASN-82, ASP-106, ILE-84, ASN-158, 

and THR-190, establishing a stacking interaction with GLN-132 [65]. However, the dock-

ing results reflect possible treatment mechanisms and guide herb–disease validation via 

cells and animal experiments. 

Network pharmacology has been widely used for TCM mechanism research owing 

to its efficacy in analyzing the complicated relationships among multiple ingredients and 

multiple disease targets. Docking technology can visualized the binding modes of active 

ingredients with disease-related key target proteins and provide guidance for researchers’ 

selections of active ingredients for in vivo or in vitro experiments [66]. As shown in the 

binding affinity result, multiple ingredients can bind the same protein, which may result 

in synergistic effects. This represents a significant challenge for current network pharma-

cology. In addition, further animal and cell models are needed to verify the relevant path-

ways and targets. 

This study confirmed the potent therapeutic effect of HC, a time-honored herb 

widely used in Asian countries to treat pneumonia. The potential mechanisms of HC were 

revealed by employing both network pharmacology and molecular computational anal-

yses. Our results offer a very different perspective in terms of modern pharmacological 
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mechanisms which may assist in the global fight against the COVID-19 pandemic. How-

ever, while HC is an effective herb for pneumonia treatment, the optimal dose for induc-

ing remission with low toxicity needs to be determined. Moreover, further animal and cell 

models are necessary to verify the relevant pathways and targets. 

Author Contributions: J.L., S.J., H.S. and J.W. participated in the design of this study. J.L. and Y.Y. 

performed the statistical analysis. J.L. and H.S. drafted the manuscript, while G.S., S.J. and H.S. re-

vised the manuscript. S.Y. performed the molecular dynamics simulation. All data were generated 

in-house, and no paper mill was used. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This study is supported by the grants from the H2020 Marie Skłodowska-Curie Actions 

and Enterprise Ireland (No. 713654), the European Union’s Horizon 2020 Research and Innovation 

Programme under Marie Skłodowska-Curie grant agreement (No. 754489), the Science Foundation 

Ireland grant (No. 13/RC/2094) and the National Natural Science Foundation of China (No. 

82161138002). The funding sources had no role in the study design, data collection, analysis, inter-

pretation, or writing of the report. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The raw data of this paper are available on request. 

Acknowledgments: We thank Pengzhi Zhu (NVIDIA Mellanox) for his hardware support, which 

helped us complete the molecular dynamics simulation. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Chen, W.T.; Yang, C.L.; Yin, M.C. Protective effects from Houttuynia cordata aqueous extract against acetaminophen-induced 

liver injury. Biomedicine 2014, 4, 5. https://doi.org/10.7603/s40681-014-0005-2. 

2. Lu, Y.; Jiang, Y.; Ling, L.; Zhang, Y.; Li, H.; Chen, D. Beneficial effects of Houttuynia cordata polysaccharides on “two-hit” acute 

lung injury and endotoxic fever in rats associated with anti-complementary activities. Acta Pharm. Sin. B 2018, 8, 218–227. 

https://doi.org/10.1016/j.apsb.2017.11.003. 

3. Lau, K.-M.; Lee, K.-M.; Koon, C.-M.; Cheung, C.S.-F.; Lau, C.-P.; Ho, H.-M.; Lee, M.Y.-H.; Au, S.W.-N.; Cheng, C.H.-K.; Lau, 

C.B.-S.; et al. Immunomodulatory and anti-SARS activities of Houttuynia cordata. J. Ethnopharmacol. 2008, 118, 79–85. 

4. Xu, Y.-Y.; Zhang, Y.-Y.; Ou, Y.-Y.; Lu, X.-X.; Pan, L.-Y.; Li, H.; Lu, Y.; Chen, D.-F. Houttuynia cordata Thunb. polysaccharides 

ameliorates lipopolysaccharide-induced acute lung injury in mice. J. Ethnopharmacol. 2015, 173, 81–90. 

5. Fuzimoto, A.D.; Isidoro, C. The antiviral and coronavirus-host protein pathways inhibiting properties of herbs and natural 

compounds—Additional weapons in the fight against the COVID-19 pandemic? J. Tradit. Complement. Med. 2020, 10, 405–419. 

https://doi.org/10.1016/j.jtcme.2020.05.003. 

6. Du, S.; Li, H.; Cui, Y.; Yang, L.; Wu, J.; Huang, H.; Chen, Y.; Huang, W.; Zhang, R.; Yang, J.; et al. Houttuynia cordata inhibits 

lipopolysaccharide-induced rapid pulmonary fibrosis by up-regulating IFN-γ and inhibiting the TGF-β1/Smad pathway. Int. 

Immunopharmacol. 2012, 13, 331–340. https://doi.org/10.1016/j.intimp.2012.03.011. 

7. Fu, J.G.; Dai, L.; Lin, Z.; Lu, H.M. Houttuynia cordata thunb: A review of phytochemistry and pharmacology and quality control. 

Chin. Med. 2013, 04, 101–123. https://doi.org/10.4236/cm.2013.43015. 

8. Chen, S.D.; Gao, H.; Zhu, Q.C.; Wang, Y.Q.; Li, T.; Mu, Z.Q.; Wu, H.L.; Peng, T.; Yao, X.S. Houttuynoids A–E, anti-herpes 

simplex virus active flavonoids with novel skeletons from Houttuynia cordata. Org. Lett. 2012, 14, 1772–1775. 

https://doi.org/10.1021/ol300017m. 

9. Chen, X.; Wang, Z.; Yang, Z.; Wang, J.; Xu, Y.; Tan, R.; Li, E. Houttuynia cordata blocks HSV infection through inhibition of NF-

kB activation. Antivir. Res. 2011, 92, 341–345. https://doi.org/10.1016/j.antiviral.2011.09.005. 

10. Shi, C.C.; Zhu, H.Y.; Li, H.; Zeng, D.L.; Shi, X.L.; Zhang, Y.Y.; Lu, Y.; Ling, L.J.; Wang, C.Y.; Chen, D.F. Regulating the balance 

of Th17/Treg cells in gut-lung axis contributed to the therapeutic effect of Houttuynia cordata polysaccharides on H1N1-induced 

acute lung injury. Int. J. Biol. Macromol. 2020, 158, 52–66. https://doi.org/10.1016/j.ijbiomac.2020.04.211. 

11. Antonio, A.d.S.; Wiedemann, L.S.M.; Veiga-Junior, V.F. Natural products’ role against COVID-19. RSC Adv. 2020, 10, 23379–

23393. https://doi.org/10.1039/D0RA03774E. 

12. Cheng, D.; Sun, L.; Zou, S.; Chen, J.; Mao, H.; Zhang, Y.; Liao, N.; Zhang, R. Antiviral effects of Houttuynia cordata polysaccharide 

extract on murine norovirus-1 (mnv-1)-a human Norovirus surrogate. Molecules 2019, 24, 1835. 

https://doi.org/10.3390/molecules24091835. 

13. Cairns, L.; Abed El Khaleq, Y.; Storrar, W.; Scheuermann-Freestone, M. COVID-19 myopericarditis with cardiac tamponade in 

the absence of respiratory symptoms: A case report. J. Med. Case Rep. 2021, 15, 31–34. https://doi.org/10.1186/s13256-020-02618-

z. 



Viruses 2022, 14, 1588 19 of 21 
 

 

14. Tang, Y.; Liu, J.; Zhang, D.; Xu, Z.; Ji, J.; Wen, C. Cytokine storm in COVID-19: The current evidence and treatment strategies. 

Front. Immunol. 2020, 11, 1708. https://doi.org/10.3389/fimmu.2020.01708. 

15. Lee, J.H.; Ahn, J.; Kim, J.W.; Lee, S.G.; Kim, H.P. Flavonoids from the aerial parts of Houttuynia cordata attenuate lung 

inflammation in mice. Arch. Pharmacal Res. 2015, 38, 1304–1311. https://doi.org/10.1007/s12272-015-0585-8. 

16. Li, R.; Li, Y.; Liang, X.; Yang, L.; Su, M.; Lai, K.P. Network Pharmacology and bioinformatics analyses identify intersection genes 

of niacin and COVID-19 as potential therapeutic targets. Brief. Bioinform. 2020, 22, 1279–1290. 

17. Zhou, Y.D.; Hou, Y.; Shen, J.Y.; Huang, Y.; Martin, W.; Cheng, F.X. Network-based drug repurposing for novel coronavirus 

2019-nCoV/SARS-CoV-2. Cell Discov. 2020, 6, 14–31. 

18. Wu, C.; Chen, X.; Cai, Y.; Xia, J.; Zhou, X.; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; et al. Risk factors associated with acute 

respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern 

Med 2020, 180, (7), 934-943. 

19. Talukdar, J.; Dasgupta, S.; Nagle, V.; Bhadra, B. COVID-19: Potential of microalgae derived natural astaxanthin as adjunctive 

supplement in alleviating cytokine storm. SSRN Electron. J. 2020, 1–17. 

20. Huang, Y.-F.; Bai, C.; He, F.; Xie, Y.; Zhou, H. Review on the potential action mechanisms of Chinese medicines in treating 

Coronavirus Disease 2019 (COVID-19). Pharmacol. Res. 2020, 158, 104939. 

21. Gao, Q.; Tian, D.; Han, Z.; Lin, J.; Chang, Z.; Zhang, D.; Ma, D. Network pharmacology and molecular docking analysis on 

molecular targets and mechanisms of Buyang Huanwu decoction in the treatment of ischemic stroke. Evid. Based Complement. 

Altern. Med. 2021, 2021, 8815447–8815476. https://doi.org/10.1155/2021/8815447. 

22. Jian, G.H.; Su, B.Z.; Zhou, W.J.; Xiong, H. Application of network pharmacology and molecular docking to elucidate the 

potential mechanism of Eucommia ulmoides-Radix Achyranthis Bidentatae against osteoarthritis. BioData Min. 2020, 13, 12–29. 

https://doi.org/10.1186/s13040-020-00221-y. 

23. Zeng, L.; Yang, K. Exploring the pharmacological mechanism of Yanghe Decoction on HER2-positive breast cancer by a network 

pharmacology approach. J. Ethnopharmacol. 2017, 199, 68–85. https://doi.org/10.1016/j.jep.2017.01.045. 

24. Xu, H.Y.; Zhang, Y.Q.; Liu, Z.M.; Chen, T.; Lv, C.Y.; Tang, S.H.; Zhang, X.B.; Zhang, W.; Li, Z.Y.; Zhou, R.R.; et al. ETCM: An 

encyclopaedia of traditional Chinese medicine. Nucleic Acids Res. 2019, 47, 976–982. https://doi.org/10.1093/nar/gky987. 

25. Vastrad, B.; Vastrad, C.; Tengli, A. Bioinformatics analyses of significant genes, related pathways, and candidate diagnostic 

biomarkers and molecular targets in SARS-CoV-2/COVID-19. Gene Rep. 2020, 21, 100956. 

https://doi.org/10.1016/j.genrep.2020.100956. 

26. Ma, C.Y.; Xu, T.; Sun, X.G.; Zhang, S.; Liu, S.L.; Fan, S.N.; Lei, C.F.; Tang, F.F.; Zhai, C.M.; Li, C.X.; et al. Network pharmacology 

and bioinformatics approach reveals the therapeutic mechanism of action of Baicalein in Hepatocellular carcinoma. Evid. Based 

Complement. Altern. Med. 2019, 2019, 7518374. https://doi.org/10.1155/2019/7518374. 

27. Hong, Z.; Duan, X.; Wu, S.; Yanfang, Y.; Wu, H. Network Pharmacology Integrated Molecular Docking Reveals the Anti-

COVID-19 Mechanism of Qing-Fei-Da-Yuan Granules. Nat. Prod. Commun. 2020, 15, 1–15. 

https://doi.org/10.1177/1934578x20934219. 

28. Zhang, M.X.; Yang, J.W.; Zhao, X.L.; Zhao, Y.; Zhu, S.Q. Network pharmacology and molecular docking study on the active 

ingredients of qidengmingmu capsule for the treatment of diabetic retinopathy. Sci. Rep. 2021, 11, 7382. 

https://doi.org/10.1038/s41598-021-86914-8. 

29. Li, S.; Ding, Q.; Wang, X. “Network Target” theory and network pharmacology. In Network Pharmacology; Li, S., Ed.; Springer 

Singapore: Singapore, 2021; pp. 1–34. https://doi.org/10.1007/978-981-16-0753-0_1. 

30. Nacher, J.C.; Schwartz, J.-M. A global view of drug-therapy interactions. BMC Pharmacol. 2008, 8, 5. https://doi.org/10.1186/1471-

2210-8-5. 

31. Lee, A.Y.; Lee, J.Y.; Chun, J.M. Exploring the mechanism of Gyejibokryeong-hwan against atherosclerosis using network 

pharmacology and molecular docking. Plants 2020, 9, 1750. https://doi.org/10.3390/plants9121750. 

32. Tao, Q.; Du, J.; Li, X.; Zeng, J.; Tan, B.; Xu, J.; Lin, W.; Chen, X.-l. Network pharmacology and molecular docking analysis on 

molecular targets and mechanisms of Huashi Baidu formula in the treatment of COVID-19. Drug Dev. Ind. Pharm. 2020, 46, 

1345–1353. https://doi.org/10.1080/03639045.2020.1788070. 

33. Niu, W.H.; Wu, F.; Cao, W.Y.; Wu, Z.G.; Chao, Y.C.; Liang, C. Network pharmacology for the identification of phytochemicals 

in traditional Chinese medicine for COVID-19 that may regulate interleukin-6. Biosci. Rep. 2021, 41, BSR20202583. 

https://doi.org/10.1042/bsr20202583. 

34. Namoto, K.; Sirockin, F.; Ostermann, N.; Gessier, F.; Flohr, S.; Sedrani, R.; Gerhartz, B.; Trappe, J.; Hassiepen, U.; Duttaroy, A.; 

et al. Discovery of C-(1-aryl-cyclohexyl)-methylamines as selective, orally available inhibitors of dipeptidyl peptidase IV. Bioorg 

Med. Chem. Lett. 2014, 24, 731–736. https://doi.org/10.1016/j.bmcl.2013.12.118. 

35. Lechtenberg, B.C.; Kasperkiewicz, P.; Robinson, H.; Drag, M.; Riedl, S.J. The elastase-PK101 structure: Mechanism of an 

ultrasensitive activity-based probe revealed. ACS Chem. Biol. 2015, 10, 945–951. https://doi.org/10.1021/cb500909n. 

36. Amaral, M.; Kokh, D.B.; Bomke, J.; Wegener, A.; Buchstaller, H.P.; Eggenweiler, H.M.; Matias, P.; Sirrenberg, C.; Wade, R.C.; 

Frech, M. Protein conformational flexibility modulates kinetics and thermodynamics of drug binding. Nat. Commun. 2017, 8, 

2276. https://doi.org/10.1038/s41467-017-02258-w. 

37. Shaw, S.; Bourne, T.; Meier, C.; Carrington, B.; Gelinas, R.; Henry, A.; Popplewell, A.; Adams, R.; Baker, T.; Rapecki, S.; et al. 

Discovery and characterization of olokizumab: A humanized antibody targeting interleukin-6 and neutralizing gp130-

signaling. MAbs 2014, 6, 774–782. https://doi.org/10.4161/mabs.28612. 



Viruses 2022, 14, 1588 20 of 21 
 

 

38. O’Reilly, M.; Cleasby, A.; Davies, T.G.; Hall, R.J.; Ludlow, R.F.; Murray, C.W.; Tisi, D.; Jhoti, H. Crystallographic screening using 

ultra-low-molecular-weight ligands to guide drug design. Drug Discov. Today 2019, 24, 1081–1086. 

https://doi.org/10.1016/j.drudis.2019.03.009. 

39. Sillen, M.; Miyata, T.; Vaughan, D.E.; Strelkov, S.V.; Declerck, P.J. Structural Insight into the Two-Step Mechanism of PAI-1 

Inhibition by Small Molecule TM5484. Int. J. Mol. Sci. 2021, 22, 1482. https://doi.org/10.3390/ijms22031482. 

40. Shingnaisui, K.; Dey, T.; Manna, P.; Kalita, J. Therapeutic potentials of Houttuynia cordata Thunb. against inflammation and 

oxidative stress: A review. J. Ethnopharmacol. 2018, 220, 35–43. https://doi.org/10.1016/j.jep.2018.03.038. 

41. Yang, S.H.; Zhang, J.L.; Yan, Y.Q.; Yang, M.; Li, C.; Li, J.M.; Zhong, L.Y.; Gong, Q.F.; Yu, H. Network pharmacology-based 

strategy to investigate the pharmacologic mechanisms of Atractylodes macrocephala Koidz. For the treatment of Chronic Gastritis. 

Front. Pharmacol. 2020, 10, 1629. https://doi.org/10.3389/fphar.2019.01629. 

42. Huang, J.; Wu, L.; Ren, X.; Wu, X.; Chen, Y.; Ran, G.; Huang, A.; Huang, L.; Zhong, D. Traditional Chinese medicine for corona 

virus disease 2019: A protocol for systematic review. Medicine 2020, 99, e21774. https://doi.org/10.1097/md.0000000000021774. 

43. Bai, X.; Tang, Y.; Li, Q.; Chen, Y.; Liu, D.; Liu, G.; Fan, X.; Ma, R.; Wang, S.; Li, L.; et al. Network pharmacology integrated 

molecular docking reveals the bioactive components and potential targets of Morinda officinalis–Lycium barbarum coupled-herbs 

against oligoasthenozoospermia. Sci. Rep. 2021, 11, 2220. https://doi.org/10.1038/s41598-020-80780-6. 

44. Chun, J.M.; Nho, K.J.; Kim, H.S.; Lee, A.Y.; Moon, B.C.; Kim, H.K. An ethyl acetate fraction derived from Houttuynia cordata 

extract inhibits the production of inflammatory markers by suppressing NF-кB and MAPK activation in lipopolysaccharide-

stimulated RAW 264.7 macrophages. BMC Complement. Altern. Med. 2014, 14, 234–247. https://doi.org/10.1186/1472-6882-14-234. 

45. Li, P.; Chen, J.; Zhang, W.; Li, H.; Wang, W.; Chen, J. Network pharmacology based investigation of the effects of herbal 

ingredients on the immune dysfunction in heart disease. Pharmacol. Res. 2019, 141, 104–113. 

46. Zhang, R.; Ai, X.; Duan, Y.; Xue, M.; He, W.; Wang, C.; Xu, T.; Xu, M.; Liu, B.; Li, C.; et al. Kaempferol ameliorates H9N2 swine 

influenza virus-induced acute lung injury by inactivation of TLR4/MyD88-mediated NF-κB and MAPK signaling pathways. 

Biomed. Pharmacother. 2017, 89, 660–672. https://doi.org/10.1016/j.biopha.2017.02.081. 

47. Mao, T.; Zhang, J.C.; Qiao, Y.; Liu, B.; Zhang, S. Uncovering synergistic mechanism of chinese herbal medicine in the treatment 

of atrial fibrillation with obstructive sleep apnea hypopnea syndrome by network pharmacology. Evid. Based Complement. Altern. 

Med. 2019, 2019, 8691608. https://doi.org/10.1155/2019/8691608. 

48. Song, Y.; Yang, J.; Jing, W.; Wang, Q.; Liu, Y.; Cheng, X.; Ye, F.; Tian, J.; Wei, F.; Ma, S. Systemic elucidation on the potential 

bioactive compounds and hypoglycemic mechanism of Polygonum multiflorum based on network pharmacology. Chin. Med. 

2020, 15, 121–135. https://doi.org/10.1186/s13020-020-00401-2. 

49. Yang, M.; Shang, Y.x.; Tian, Z.Y.; Xiong, M.; Lu, C.L.; Jiang, Y.; Zhang, Y.; Yingying, Z.; Jin, X.Y.; Jin, Q.B.; et al. Characteristics 

of registered studies for coronavirus disease 2019 (COVID-19): A systematic review. Integr. Med. Res. 2020, 9, 100426. 

https://doi.org/10.1016/j.imr.2020.100426. 

50. Zhou, S.S.; Ai, Z.Z.; Li, W.N.; You, P.T.; Wu, C.Y.; Li, L.; Hu, Y.Y.; Ba, Y.M. Deciphering the pharmacological mechanisms of 

taohe-chengqi decoction extract against renal fibrosis through integrating network pharmacology and experimental validation 

in vitro and in vivo. Front. Pharmacol. 2020, 11, 425. https://doi.org/10.3389/fphar.2020.00425. 

51. Yang, J.; Tian, S.; Zhao, J.; Zhang, W. Exploring the mechanism of TCM formulae in the treatment of different types of coronary 

heart disease by network pharmacology and machining learning. Pharmacol. Res. 2020, 159, 105034. 

52. Ge, Q.; Chen, L.; Yuan, Y.; Liu, L.; Feng, F.; Lv, P.; Ma, S.; Chen, K.; Yao, Q. Network pharmacology-based dissection of the anti-

diabetic mechanism of Lobelia chinensis. Front. Pharmacol. 2020, 11, 347. https://doi.org/10.3389/fphar.2020.00347. 

53. Kalimuthu, S.; Kim, S.-K. Fucoidan, a sulfated polysaccharides from brown algae as therapeutic target for cancer. In Handbook 

of Anticancer Drugs from Marine Origin; Kim, S.-K., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 145–

164. https://doi.org/10.1007/978-3-319-07145-9_7. 

54. Cong, L.H.; Li, T.; Wang, H.; Wu, Y.N.; Wang, S.P.; Zhao, Y.Y.; Zhang, G.Q.; Duan, J. IL-17A-producing T cells exacerbate fine 

particulate matter-induced lung inflammation and fibrosis by inhibiting PI3K/Akt/mTOR-mediated autophagy. J. Cell. Mol. 

Med. 2020, 24, 8532–8544. 

55. Xia, Q.D.; Xun, Y.; Lu, J.L.; Lu, Y.C.; Yang, Y.Y.; Zhou, P.; Hu, J.; Li, C.; Wang, S.G. Network pharmacology and molecular 

docking analyses on Lianhua Qingwen capsule indicate Akt1 is a potential target to treat and prevent COVID-19. Cell Prolif. 

2020, 53, e12949. 

56. Dai, Y.; Qiang, W.; Gui, Y.; Tan, X.; Pei, T.; Lin, K.; Cai, S.; Sun, L.; Ning, G.; Wang, J.; et al. A large-scale transcriptional study 

reveals inhibition of COVID-19 related cytokine storm by traditional Chinese medicines. Sci. Bull. 2021, 66, 884–888. 

https://doi.org/10.1016/j.scib.2021.01.005. 

57. Huang, X.F.; Cheng, W.B.; Jiang, Y.; Liu, Q.; Liu, X.H.; Xu, W.F.; Huang, H.T. A network pharmacology-based strategy for 

predicting anti-inflammatory targets of ephedra in treating asthma. Int. Immunopharmacol. 2020, 83, 106423. 

58. Wu, A.P.; Peng, Y.S.; Huang, B.Y.; Ding, X.; Wang, X.Y.; Niu, P.H.; Meng, J.; Zhu, Z.Z.; Zhang, Z.; Wang, J.Y.; et al. Genome 

composition and divergence of the novel coronavirus (2019-nCoV) originating in China. Cell Host Microbe 2020, 27, 325–328. 

https://doi.org/10.1016/j.chom.2020.02.001. 

59. Lukassen, S.; Chua, R.L.; Trefzer, T.; Kahn, N.C.; Schneider, M.A.; Muley, T.; Winter, H.; Meister, M.; Veith, C.; Boots, A.W.; et 

al. SARS-CoV-2 receptor ACE2 and TMPRSS2 are primarily expressed in bronchial transient secretory cells. EMBO J. 2020, 39, 

e105114. https://doi.org/10.15252/embj.20105114. 



Viruses 2022, 14, 1588 21 of 21 
 

 

60. Subbarayan, K.; Ulagappan, K.; Wickenhauser, C.; Bachmann, M.; Seliger, B. Immune interaction map of human SARS-CoV-2 

target genes: Implications for therapeutic avenues. Front. Immunol. 2021, 12, 597399. https://doi.org/10.3389/fimmu.2021.597399. 

61. Gong, P.Y.; Guo, Y.J.; LI, X.P.; Wang, N.; Gu, J. Exploring active compounds of Jinhua Qinggan Granules for prevention of 

COVID-19 based on network pharmacology and molecular docking. Chin. Tradit. Herb. Drugs 2020, 51, 1685–1693. 

https://doi.org/10.7501/j.issn.0253-2670.2020.07.002. 

62. Ramesh, P.; Veerappapillai, S.; Karuppasamy, R. Gene expression profiling of corona virus microarray datasets to identify 

crucial targets in COVID-19 patients. Gene Rep. 2021, 22, 100980. https://doi.org/10.1016/j.genrep.2020.100980. 

63. Kelly, E.; Greene, C.M.; McElvaney, N.G. Targeting neutrophil elastase in cystic fibrosis. Expert Opin. Ther. Targets 2008, 12, 145–

157. https://doi.org/10.1517/14728222.12.2.145. 

64. Ding, Q.; Zhu, W.; Diao, Y.; Xu, G.; Wang, L.; Qu, S.; Shi, Y. Elucidation of the mechanism of action of ginseng against acute 

lung injury/acute respiratory distress syndrome by a network pharmacology-based strategy. Front. Pharmacol. 2021, 11, 611794. 

https://doi.org/10.3389/fphar.2020.611794. 

65. Pillaiyar, T.; Manickam, M.; Namasivayam, V.; Hayashi, Y.; Jung, S.-H. An overview of severe acute respiratory syndrome–

coronavirus (SARS-CoV) 3CL protease inhibitors: Peptidomimetics and small molecule chemotherapy. J. Med. Chem. 2016, 59, 

6595–6628. https://doi.org/10.1021/acs.jmedchem.5b01461. 

66. Gentile, D.; Patamia, V.; Scala, A.; Sciortino, M.T.; Piperno, A.; Rescifina, A. Putative inhibitors of SARS-CoV-2 main protease 

from a library of marine natural products: A virtual screening and molecular modeling study. Mar. Drugs 2020, 18, 225. 

https://doi.org/10.3390/md18040225. 


