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Abstract

:

(1) Background: Re-emerging influenza threats continue to challenge medical and public health systems. Quercetin is a ubiquitous flavonoid found in food and is recognized to possess antioxidant, anti-inflammatory, antiviral, and anticancer activities. (2) Methods: To elucidate the targets and mechanisms underlying the action of quercetin as a therapeutic agent for influenza, network pharmacology and molecular docking were employed. Biological targets of quercetin and target genes associated with influenza were retrieved from public databases. Compound–disease target (C-D) networks were constructed, and targets were further analyzed using KEGG pathway analysis. Potent target genes were retrieved from the compound–disease–pathway (C-D-P) and protein–protein interaction (PPI) networks. The binding affinities between quercetin and the targets were identified using molecular docking. (3) Results: The pathway study revealed that quercetin-associated influenza targets were mainly involved in viral diseases, inflammation-associated pathways, and cancer. Four targets, MAPK1, NFKB1, RELA, and TP53, were identified to be involved in the inhibitory effects of quercetin on influenza. Using the molecular docking method, we evaluated the binding affinity of each ligand (quercetin)–target and discovered that quercetin and MAPK1 showed the strongest calculated binding energy among the four ligand–target complexes. (4) Conclusion: These findings identified potential targets of quercetin and suggest quercetin as a potential drug for influenza treatment.
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1. Introduction


Seasonal influenza A virus (IAV) is an infectious, enveloped, negative-sense single-stranded RNA virus that is the most common cause of pneumonia-related deaths [1]. Symptoms of IAV infection may range from a mild respiratory disease, characterized by fever, cough, muscle pain, and fatigue, to severe lethal pneumonia due to secondary bacterial infection [2]. Vaccines are administered as a prophylactic treatment but must be reformulated every year due to the antigenic drift of the influenza virus [2]. In the case of anti-influenza therapy, only a few drugs have been approved for clinical use, one targeting the influenza M2 ion channel protein, and the other targeting neuraminidase (NA) [3]. However, the corresponding resistance against current drugs still poses a challenge for the treatment of influenza. Therefore, the current treatment goal for influenza is to develop a universal therapy that is easily accessible and provides protection against influenza to combat pandemics.



Due to the emerging mutation of the influenza virus and drug resistance, many patients turn to complementary and alternative therapies. With regard to antiviral drugs, 37% of the 98 entities registered from 1981 to 2019 were derived from natural product botanical medicines [4]. Natural drugs are important alternative therapies for the treatment of influenza, and many reports have shown that the development of novel bioactive chemicals extracted from natural drugs has significant advantages [5]. Oseltamivir is an example of a successful anti-influenza drug synthesized using two natural products, quinic acid and shikimic acid, as starting materials [6]. Phytochemicals such as flavonoids are widely consumed in our daily foods, and previous studies have reported the protective effects of flavonoids against influenza, inflammation, and other viral infections [7]. Quercetin is one of the most common flavonoids that exerts antioxidative, antibacterial, and antiviral effects [8]. A recent study indicated that quercetin showed inhibitory activity in the early stage of influenza infection via interaction with viral hemagglutinin (HA) protein [8]. However, the therapeutic targets and molecular mechanisms underlying the action of quercetin against influenza have not been fully studied.



Due to complex matrices of natural products, elucidation of the molecular mechanisms underlying the action of natural product-based drugs is difficult owing to the synergistic effects of the active compounds and multiple therapeutic targets involved. With the rapid progress of systems biology, network-based drug discovery is considered a promising approach towards cost-effective and time-efficient drug development. Network pharmacology is an emerging approach that highlights the concept of “network targets and multicomponent therapeutics” [9]. Herein, we aimed to identify the targets associated with quercetin and influenza to determine common targets. Common targets were further studied through the construction of a protein–protein interaction (PPI) network. We confirmed biological signaling pathways based on common targets and constructed a compound–disease–target–biological signaling pathway (C-D-P) network to understand the mechanisms underlying the interactions between quercetin and influenza. Ligand–target molecular docking was conducted to identify the most potent target. In this study, we aimed to determine the potent targets and mechanism underlying the action of quercetin against influenza.




2. Materials and Methods


2.1. Pharmacokinetic Evaluation and Therapeutic Targets Associated with Quercetin


The therapeutic targets of quercetin were obtained from the DrugBank (ver. 5.1.8), GeneCards (ver. 5.0), and NCBI databases. DrugBank is a unique bioinformatics resource that combines detailed drug with comprehensive drug target (i.e., protein) information [10]. The database contains 14,556 drug entries, including 2699 approved small molecule drugs, 6653 experimental drugs, and 5259 non-redundant proteins (i.e., drug targets) [10]. GeneCards is an integrative and automatically mined database that provides genomic, transcriptomic, proteomic, genetic, clinical, and functional information. GeneCards uses 176 sources and external links to implement drug targets [11]. The NCBI gene database integrates information from a wide range of species and supplies gene-specific connections in sequence, expression, structure, and function [12]. All searches performed were specific to Homo sapiens.




2.2. Potential Pathological Target Genes Linked to Influenza


Influenza-associated targets were obtained from the DisGeNET (ver. 6.0) and NCBI databases. DisGeNET integrates information on human gene-disease associations and variant-disease associations from various resources including Mendelian, complex, and environmental diseases performed by gene and disease vocabulary mapping [13]. All searches performed were specific to Homo sapiens.




2.3. Construction of Compound–Disease Target (C-D) Network


Overlapping genes between quercetin (compound) and influenza (disease) targets were retrieved and constructed as a network using Cytoscape (ver. 3.8) software.




2.4. Biological Function and Pathway Enrichment Analysis


Pathways associated with the target proteins were retrieved from the Database for Annotation, Visualization and Integrated Discovery (DAVID, ver. 6.8). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was conducted through DAVID. DAVID bioinformatics is an analytic tool aimed to extract biological meaning from large gene and protein lists. Based on the selected gene list, the database uses one or more text- and pathway-mining tools such as gene functional classification, functional annotation charts, or clustering and functional annotation tables. This method uses statistical approaches to identify significantly enriched or depleted groups of selected genes or proteins [14].




2.5. Compound–Disease Target–Pathway (C-D-P) Network Construction


Compound–disease target and disease target–pathway networks were constructed and visualized using Cytoscape. Pathways with p < 0.05 were used in this network. Two constructed networks were analyzed and merged to produce a compound–disease target–pathway (C-D-P) network.




2.6. Construction of Protein–Protein Interaction (PPI) Network


The STRING database (ver. 11.0) was used to obtain target–target interactions, with a confidence score > 0.7. STRING is a database of known and predicted protein–protein interactions that currently covers 24,584,628 proteins from 5090 organisms. The interactions include direct (physical) and indirect (functional) associations. Based on uploaded gene sets, the database visualizes interaction networks and performs gene-set enrichment analysis on the entire input [15].




2.7. Molecular Docking Analysis


A ligand-target docking approach was used to analyze structural complexes of the target with ligands to understand target specificity. The three-dimensional (3D) structure of the target was downloaded from the RCSB protein data bank. Quercetin was obtained from the PubChem database and converted to PDB files using the Avogadro program (ver. 1.90.0). Docking was carried out by AutoDock Vina (ver. 1.1.2) using PyRx (ver. 0.9.6) based on scoring functions. The 2D and 3D ligand–target interactions were retrieved using BIOVIA Discovery Studio (ver. 4.5).





3. Results


3.1. Biological Targets of Quercetin and Influenza and Compound–Disease Target Network Construction (C-D Network)


Overall, 130 target genes (H. sapiens) associated with quercetin were retrieved from the DrugBank and NCBI databases. A total of 838 targets associated with influenza were identified from the DisGeNET and NCBI databases (Figure 1A). Between 130 quercetin targets and 838 influenza targets, we retrieved 30 overlapping target genes as influenza-associated quercetin targets. Based on 30 genes, we constructed a compound (quercetin)–disease (influenza infection) (C-D) network using Cytoscape.




3.2. KEGG Pathway Analysis


Thirty targets retrieved from the database were further analyzed using DAVID bioinformatics resources for KEGG enrichment analysis. Table 1 lists the top 15 enriched pathways and diseases (p < 0.05) based on gene counts. Specifically, these targets were enriched with six viral diseases (hepatitis B, tuberculosis, Chagas disease, toxoplasmosis, hepatitis C, and influenza A), three inflammation-associated pathways (TNF, MAPK, and PI3K-AKT signaling pathways), and cancer (Table 1).




3.3. Compound–Disease–Target–Pathway (C-D-P) Network


The disease–target–pathway network (D–P) was constructed and merged with the C-D network (Figure 1A) to yield the C-D-P network (Figure 2). Our C-D-P network yielded 46 nodes and 186 edges. Within the network, the nodes represent different targets and the edges indicate intermolecular interactions between nodes [16]. The network was analyzed by using the Cytoscape plugin ‘NetworkAnalyzer’ [17]. Among the target nodes, MAPK1, NFKB1, and RELA showed the highest degree of 14. Degree indicates the number of edges linked to a given node. Therefore, nodes with a high degree may represent the hub genes possessing important biological functions [17]. The size of target nodes (dark orange) corresponds to the number of degrees. In short, we considered nodes carrying high degrees to be the hub genes.




3.4. Protein–Protein Interaction of Disease Targets Associated with Quercetin


From the STRING database, 30 target genes were inputted to retrieve a protein–protein interaction (PPI) network (Figure 3). The network was analyzed based on the size of the degree using Cytoscape. We identified two main targets: TP53, which showed the highest degree of 20, followed by MAPK1 (Degree 19).




3.5. Molecular Docking Analysis


From our two network results (Figure 2 and Figure 3), we identified MAPK1, NFKB1, RELA, and TP53 as four potential targets for quercetin against influenza. A ligand–target docking approach was used to analyze structural complexes of targets: MAPK1 (PDB ID: 4H3P); NFKB1 (PDB ID: 3GUT); RELA (PDB ID: 1NFI); TP53: (PDB ID: 5Z78) with ligand (Quercetin, QT) using PyRx virtual screening tool (Table 2).



We retrieved the binding affinity of each ligand–target complex and discovered that quercetin and MAPK1 showed the strongest binding affinity of −8.3 kcal/mol among the four complexes.



The ligand–receptor interaction was identified using the Discovery Studio Visualizer (Figure 4). The 3D- and 2D-binding models of quercetin–MAPK1 was further analyzed. Figure 4A shows the full image of quercetin–MAPK1 interaction in a 3D representation. Figure 4B shows the interaction site of MAPK1 with quercetin. Key residues were analytically labeled and visualized in a 2D model to understand the details of the binding of the target to quercetin (Figure 4C). The compound quercetin was found to interact with MAPK1 amino acids VAL173 and LYS 330 via π-alkyl bonds and HIS 61 via hydrogen bonds and π-cation bonds.





4. Discussion


Given the rapid and advanced progress in systems biology, network pharmacology is considered to be the next paradigm in cost-effective drug development that can provide molecular-level insights into pharmacological studies [9,18]. In this research, a systems biology approach that integrated target identification, network construction, KEGG pathway enrichment, and molecular docking was established to systematically analyze the potential target of quercetin against influenza. From our database search, we observed 30 quercetin targets associated with influenza and confirmed that the targets were mainly associated with pathways such as viral diseases (hepatitis B, tuberculosis, Chagas disease, toxoplasmosis, hepatitis C, and influenza A), inflammation-associated pathways (TNF, MAPK, and PI3K-AKT signaling pathways), and cancer. Network analysis revealed four main targets among the 30 targets, MAPK1, NFKB1, RELA, and TP53, which were identified to be most potent. The molecular docking method was implemented to evaluate the binding affinities between quercetin and the selected targets. We observed that quercetin and MAPK1 showed the strongest binding affinity, indicating that MAPK1 can be a novel target associated with influenza.



IAV continues to emerge annually, resulting in significant morbidity and mortality, and poses a serious threat to public health and socio-economic factors [19]. Due to the emergence of antigenic drift and subsequent drug-resistance, the clinical use of IAV vaccines is associated with limitations. Many reports of MAPK signaling induced by negative-strand RNA viruses are now accumulating. The MAPK family is subdivided into three subunits: extracellular signal-regulated kinase (ERK), p38 MAPK, and c-Jun-NH2-terminal kinase (JNK) [20]. Airway epithelial cells are the initial target of IAV, and produce various inflammatory mediators including prostaglandin. The MAPK family is activated by IAV and induces prostaglandin E2 (PGE2) synthesis from arachidonic acid in bronchial epithelial cells leading to respiratory inflammation [20]. ERK has also been reported to be involved in vacuolar H+-ATPase activity to acidify endosomes and affect the fusion of the viral and endosomal membranes during the early stage of IAV infection [21]. Previous studies reported that quercetin reduced activation of phosphorylated ERK kinase and p38 MAP kinase but not JNK MAP kinase in lipopolysaccharide (LPS)-stimulated macrophage [22]. In addition, quercetin treatment inhibited NF-κB activation (associated with our target search: NFKB1, RELA) and proinflammatory cytokines, which corresponds to our target result [22]. Therefore, based on previous papers, quercetin may inhibit MAPK and NF-κB activation induced by influenza infection. Another research group reported quercetin’s inhibitory effect on TNF-α-stimulated PI3-kinase activity and Akt phosphorylation, which supports our KEGG pathway study result [23]. PI3-kinase and Akt have been shown to be required for the maximal activation of NF-κB in response to TNF-α and other stimuli. Quercetin inhibited TNF-α-induced chemokine expression by attenuating NF-κB transactivation via a PI3-kinase/Akt dependent pathway, which in lines with our pathway and target results [23]. Wu et al. observed that the inhibitory effect of quercetin against IAV was enhanced when IAV was pre-incubated or co-incubated with quercetin, suggesting that quercetin may effectively inhibit viral infection during the viral entry stage [8]. Therefore, quercetin can be a promising candidate as a rational drug for IAV treatment.



In conclusion, our study may act as a guideline to the molecular targets and underlying mechanisms of quercetin in treating influenza infection and applies an in silico approach to drug development. Big-data-driven public databases have been evolving with ever-expanding data and are considered key assets in drug development [24,25]. However, these databases are often limited by the up-to-date knowledge harvested by published studies [24]. Computational-based approaches may be difficult to use to find a novel drug that can be realized by experimental studies, but it could be an attractive new solution to drug repositioning with the concept of “network targets and multicomponent therapeutics” [9]. Moreover, in silico studies may bring impacts on clinical research by reducing animal studies and human cohorts, enabling precision medicine for complex diseases [25]. The biological and clinical data in large scale have enabled computational drug development more relevant to the real world, particularly in identification of therapeutic targets for specific diseases [25]. Although it is imperative that our selected targets be tested clinically, which is one of the limitations of our study. This systems biology study may contribute to a better understanding of the mechanisms underlying the action of quercetin against influenza infection.
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Figure 1. (A) Biological targets of quercetin and influenza infection. Thirty overlapping targets were identified. (B) Quercetin (compound)–Influenza infection (disease) target network (C-D network). 
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Figure 2. Compound–disease–target–pathway (C-D-P) network. The network has 46 nodes and 186 edges. Among the target nodes, MAPK1, NFKB1, and RELA showed the highest degree of 14. The size of target nodes (dark orange) corresponds to the number of degrees. 
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Figure 3. Protein–Protein Interaction (PPIs) network using STRING database. Two main targets, TP53, which showed the highest degree of 20, followed by MAPK1 (Degree 19) were identified. 
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Figure 4. Ligand–receptor binding simulation of quercetin and target (MAPK1) using Discovery Studio Visualizer. (A) The 3D representation of quercetin–MAPK1 interaction. (B) 3D representation of quercetin bound to MAPK1 receptor site. (C) The 2Drepresentation of quercetin–MAPK interaction tagged with key residues. 
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Table 1. Pathway and Disease KEGG pathway.
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	Pathway and Disease (KEGG)
	Gene Counts





	hsa05200: Pathways in cancer
	16



	hsa05161: Hepatitis B
	14



	hsa05205: Proteoglycans in cancer
	12



	hsa05152: Tuberculosis
	11



	hsa04066: HIF-1 signaling pathway
	10



	hsa05142: Chagas disease (American trypanosomiasis)
	10



	hsa05145: Toxoplasmosis
	10



	hsa05160: Hepatitis C
	10



	hsa04210: Apoptosis
	9



	hsa04668: TNF signaling pathway
	9



	hsa04722: Neurotrophin signaling pathway
	9



	hsa04071: Sphingolipid signaling pathway
	9



	hsa05164: Influenza A
	9



	hsa04010: MAPK signaling pathway
	9



	hsa04151: PI3K-Akt signaling pathway
	9
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Table 2. Ligand–Target binding affinity.






Table 2. Ligand–Target binding affinity.





	Ligand-Target
	Binding Affinity (kcal/moL)





	QT-MAPK1
	−8.3



	QT-NFKB1
	−7.3



	QT-RELA
	−7.1



	QT-TP53
	−6.1
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