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Purpose: The rapid worldwide spread of Corona Virus Disease 2019 (COVID-19) has become not only a global challenge, but also a lack of effective clinical treatments. Studies have shown that licorice can significantly improve clinical symptoms such as fever, dry cough and shortness of breath in COVID-19 patients with no significant adverse effects. However, there is still a lack of in-depth analysis of the specific active ingredients of licorice in the treatment of COVID-19 and its mechanism of action. Therefore, we used molecular docking and molecular dynamics to explore the mechanism of action of licorice in the treatment of COVID-19.
Methods: We used bioinformatics to screen active pharmaceutical ingredients and potential targets, the disease-core gene target-drug network was established and molecular docking was used for verification. Molecular dynamics simulations were carried out to verify that active ingredients were stably combined with protein targets. The supercomputer platform was used to measure and analyze stability of protein targets at the residue level, solvent accessible surface area, number of hydrogen bonds, radius of gyration and binding free energy.
Results: Licorice had 255 gene targets, COVID-19 had 4,628 gene targets, the intersection gene targets were 101. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene ontology (GO) analysis showed that licorice played an important role mainly through the signaling pathways of inflammatory factors and oxidative stress. Molecular docking showed that Glycyrol, Phaseol and Glyasperin F in licorice may playe a role in treating COVID-19 by acting on STAT3, IL2RA, MMP1, and CXCL8. Molecular dynamics were used to demonstrate and analyze the binding stability of active ingredients to protein targets.
Conclusion: This study found that Phaseol in licorice may reduce inflammatory cell activation and inflammatory response by inhibiting the activation of CXCL8 and IL2RA; Glycyrol may regulate cell proliferation and survival by acting on STAT3. Glyasperin F may regulate cell growth by inhibiting the activation of MMP1, thus reducing tissue damage and cell death caused by excessive inflammatory response and promoting the growth of new tissues. Therefore, licorice is proposed as an effective candidate for the treatment of COVID-19 through STAT3, IL2RA, MMP1, and CXCL8.
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INTRODUCTION
Corona Virus Disease 2019 (COVID-19) is a respiratory disease caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (Fernandes et al., 2022). Signs and symptoms of COVID-19 disease vary from patient to patient, but the most common clinical signs include fever, fatigue, cough, anorexia, sputum production and shortness of breath (Rai et al., 2021). Less common symptoms such as sore throat, headache, confusion, hemoptysis, shortness of breath, and chest tightness, as well as mild symptoms such as nausea, vomiting, diarrhea, and gastrointestinal complications have also been reported (Majumder and Minko, 2021). SARS-CoV-2 transmission usually occurs via respiratory droplets with an average incubation period of 6.4 days. Although most patients tend to be mildly ill, a small number of patients develop severe hypoxia requiring hospitalization and mechanical ventilation (Ochani et al., 2021). In severe cases, pneumonia, severe acute respiratory syndrome, heart failure, renal failure, and even death occur (Rai et al., 2021). However, there is a lack of effective COVID-19 therapeutic agents with few side effects. Therefore, screening and investigating drugs to treat COVID-19 will contribute significantly to the global fight against the COVID-19 epidemic.
Clinical evidence suggests that herbal drugs are effective against viral infections such as influenza, SARS and SARS-CoV-2 by targeting viral cell entry, viral replication and host antiviral immune response steps. Among the drugs and formulations recommended by Chinese authorities for COVID-19 treatment, the dried root of licorice is one of the most commonly used ingredients in formulations. Recent reports also suggest that licorice extracts may play a potential role in the fight against COVID-19 and related diseases (Li et al., 2021). According to the Chinese Pharmacopoeia, licorice is able to nourish the spleen, remove heat, prevent toxicity, remove phlegm, and relieve cough, cramps and pain, thus harmonizing the effects of other drugs (Ng et al., 2021).
Many studies have reported that active compounds isolated from licorice have antitumor, antibacterial, antiviral, anti-inflammatory, immunomodulatory and several other activities that help restore and protect the nervous, digestive, respiratory, endocrine and cardiovascular systems (Yang et al., 2015). Licorice has many pharmacological effects and is often used as a unique “guiding drug,” accounting for more than half of the traditional and modern prescriptions and formulations. The modulating effects of licorice on other herbs include significant detoxification, treatment of drug and food poisoning, or suppression of adverse reactions, and this “guiding” effect has been tested in many preparations. According to available studies, the pharmacological effects of licorice and natural products such as glycyrrhizin have beneficial effects on the prevention of some immune reactions triggered by COVID-19 (Zhang et al., 2021). In addition to antiviral and anti-inflammatory properties, one of the components of licorice has a mechanism to enhance autophagy, which studies have shown to be necessary for COVID-19 treatment (Abraham and Florentine, 2021).
Numerous studies have been conducted to find many active components in licorice that can hinder SARS-COV-2 infection and alleviate the clinical symptoms of COVID-19. Gomaa and Abdel-Wadood demonstrated the antiviral activity of licorice sweeteners and licorice extracts. The most common mechanism of antiviral activity is due to disruption of viral uptake into host cells and disruption of the interaction between SARS-COV2 and the receptor binding structural domain (RBD) of ACE2 (Gomaa and Abdel-Wadood, 2021). Luo found that quercetin, the active component of licorice, has a strong docking ability with IL-6, suggesting that licorice may primarily reduce IL-6 levels in response to COVID-19 inflammatory outbreaks, which represents a prospective therapeutic strategy for moderate COVID-19 (Luo et al., 2022). Yi et al. found that the triterpenoid licorice saponin A3 (A3) and glycyrrhizic acid (GA) could effectively inhibit SARS-CoV-2 by targeting nsp7 and the stinging protein RBD, respectively (Yi et al., 2022). However, licorice as a traditional Chinese medicine contains a large number of active ingredients, and the complex drug composition seriously hinders the application of licorice in clinical COVID-19 treatment, and the specific mechanism of action of licorice for the treatment of COVID-19 is still unclear. Molecular dynamics allows a comprehensive and systematic simulation of the interaction and binding stability between small molecule monomers and protein targets with the help of powerful computational capabilities.
Molecular dynamics (MD) is based on large computer clusters (even supercomputers) and aims to computationally obtain data on the microstructure, physicochemical properties, and performance characterization parameters of materials (Collier et al., 2020). Molecular dynamics complements and digs deeper into the traditional materials discipline, which is mainly experimental. The data obtained from calculations are used to study and analyze the mechanism behind the experiments at multiple levels from micro, meso and macro scales (Nam, 2021). Molecular dynamics simulations help to discover the relationships on protein, protein-ligand, protein-protein, protein-DNA and other biomolecular interactions (Al-Shar’i and Al-Balas, 2019). Molecular dynamics simulations not only help to understand the physical processes of systems at the atomic level, but also allow the discovery of empirically undetectable hidden states. In addition, experimental measurements of thermodynamic properties in biomolecular systems are usually expensive and time-consuming (Filipe and Loura, 2022). Accurate theoretical calculations of their free energies by numerical simulations are becoming increasingly important in medical biology, where 3D structures of small molecule-protein complexes can reveal how and where a protein interacts with a drug small molecule.
In this study, we screened licorice for potential active small molecules by bioinformatics. The core intersection targets of licorice and COVID-19 were screened. Protein-protein interaction (PPI), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene ontology (GO) were used to analyze the potential association among the core intersection targets to explore the mechanism of action and potential pathways. To further validate the relationship between active small molecules and key protein targets we performed molecular motion system simulations through a supercomputer platform. Molecular motion system simulations enable systematic study and analysis of drugs to treat diseases from the cellular level to the chemical moiety level. Molecular docking was used to determine the affinity of monomeric compounds to protein targets, and molecular dynamics was used to simulate the stability of bound complexes and to analyze the dynamics of complexes after binding.
Therefore, this study of the potential mechanism of licorice in the treatment of COVID-19 may provide new ideas and necessary theoretical basis for clinical treatment.
MATERIAL AND METHODS
Identification and screening of active compounds of licorice
In this study, all compounds of licorice were screened and analyzed using the Traditional Chinese Medicine System Pharmacology Database (TCMSP) (Xie et al., 2021). We evaluated the drug components in terms of absorption, distribution, metabolism and excretion and screened by two key parameters, oral bioavailability (OB) and drug similarity (DL). OB largely determines the impact of drug small molecules on disease and DL is used for early screening and refinement of candidate compounds in drug development. Active compounds of licorice were screened on the basis of OB ≥ 30% and DL ≥ 0.18.
Analysis and screening of core intersection gene targets
We used the GeneCards database and “COVID-19” and “SAR-Cov-2” were used as keywords to obtain disease gene targets. We also imported licorice into the GeneCards database to obtain drug gene targets. Drug gene targets and disease gene targets were intersected through the venny website to obtain intersecting gene targets. And the intersecting gene targets were screened to obtain core intersecting gene targets by relevance score ≥2 as a threshold, which is a comprehensive evaluation of the association of genes with the studied diseases.
Construction of protein-protein interaction network for corona virus disease 2019 interaction in licorice treatment
The STRING database was used to analyze protein-protein interactions (PPI) for licorice treatment of COVID-19. In this study, all the core intersecting targets were imported into Cytoscape 3.7.1 for analysis in order to elucidate the interactions between potential protein targets (Pan et al., 2020). The network topology parameters were analyzed by Cytoscape 3.7.1, and the hub protein targets were screened according to the criteria of nodal degree value and median centroid value greater than the mean.
Gene target enrichment analysis
Interacting gene targets were analyzed by Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment in the DAVID database. In this study, the relevant biological processes (BP), cellular components (CC) and molecular functions (MF) of the gene targets were obtained by GO enrichment. The core intersecting targets were imported into the DAVID database and the selected species was “Homo sapiens” (Xiong et al., 2020). We performed KEGG pathway enrichment analysis for the relevant signaling pathways involved in the disease-related targets and performed gene target screening at p < 0.05. The main biological processes and signaling pathways were analyzed for licorice treatment of COVID-19. The Omicshare tool platform was used to visualize the results of GO enrichment and KEGG enrichment (Cao et al., 2022).
Validation of molecular docking and docking protocols
Molecular docking was used to study the molecular affinity of the active small molecules of licorice to the COVID-19 protein target. The crystal structures of the proteins used for docking were downloaded from the PDB database and the 3D structures of the small molecules were downloaded from the PUBCHEM database. We used AutoDock Vina 1.1.2 software for the molecular docking work. Prior to docking, PyMol 2.5 was used to process all receptor proteins (Burley et al., 2017). ADFRsuite 1.0 was used to convert all processed small molecules and receptor proteins into the PDBQT format required for docking with AutoDock Vina 1.1.2. The docked conformation with the highest output score was considered to be the binding conformation for subsequent molecular dynamics simulations (Ravindranath et al., 2015). In this study, the original crystal ligand of the protein target was used as a positive reference by re-docking the original crystal ligand and the protein. The consistency of the binding pattern can indicate the correctness of the molecular docking scheme (Cao et al., 2022).
Molecule dynamics
In this study, the small molecule-protein complexes obtained by molecular docking were used as the initial structures for all-atom molecular dynamics simulations, respectively (Mithun et al., 2022). AMBER 18 software was used for the molecular dynamics simulations (Maier et al., 2015; Lee et al., 2020). The LEaP module was used to add hydrogen atoms to the system, a truncated octahedral TIP3P solvent box was added at a distance of 10 Å from the system, and Na+/Cl-was added to the system to balance the system charge. At the maintenance temperature of 298.15 K, the NVT (isothermal isomer) system simulation was performed for 500 ps to further distribute the solvent molecules uniformly in the solvent box. The equilibrium simulation of the whole system was performed for 500 ps at NPT (isothermal isobaric). Finally, two composite systems are simulated for 50 ns of NPT system under periodic boundary conditions (Larini et al., 2007).
MMGBSA binding free energy calculation
The binding free energy between the protein and ligand for all systems was calculated by the MM/GBSA method (Chen et al., 2020). The MD trajectory of 50 ns was used as the calculation in this study. The calculation equations ars as follows:
[image: image]
In this formula, the non-polar solvation free energy (ΔGGA) was calculated based on solvent accessible surface area (SA) and the product of surface tension (γ), ΔGGA = 0.0072 × SASA (Cao et al., 2022).
RESULTS
Identification of potentially active compounds in licorice
The identification of potentially active compounds in licorice was based on the criteria of DL ≥ 0.18 and OB ≥ 30%. 200 potential compounds in licorice were retrieved from the TCMSP database. By further improving the OB score (OB ≥ 70%), 11 core active compounds were screened from licorice, shown in Table 1.
TABLE 1 | The core active compounds in licorice.
[image: Table 1]Acquisition of intersectional target genes
In this study, 255 gene targets of licorice and 4,628 gene targets of COVID-19 were obtained. A total of 101 intersecting gene targets were processed by Venny, shown in Figure 1.
[image: Figure 1]FIGURE 1 | Intersection targets-active ingredient networks. Targets of the intersection of licorice and COVID-19.
Core intersectional target screening and protein interaction network diagram construction
In this study, core intersectional gene targets were obtained from the GeneCards database based on relevance score, and relevance score ≥2 were considered as core intersectional gene targets. The STRING database was used to analyze the 27 core intersectional protein targets of COVID-19 and licorice, and a protein interaction network diagram was constructed for the treatment of COVID-19 with licorice, shown in Figure 2A. 11 key intersectional protein targets (such as: STAT3, IL2RA, CXCL8, etc.) were obtained by increasing the confidence score (confidence level ≥0.95), and the 11 key intersectional protein targets were used to construct the key protein interaction network diagram, shown in Figure 2B.
[image: Figure 2]FIGURE 2 | Protein-protein interaction (PPI) network. (A) PPI network of protein targets, (B) PPI network of key protein targets (confidence>0.95).
Gene ontolog and kyoto encyclopedia of genes and genomes enrichment analysis
The 27 core intersectional gene targets were imported into the DAVID database for enrichment analysis. At p < 0.05, the GO enrichment analysis yielded 222 GO entries, including 193 BP entries, 10 CC entries and 19 MF entries. The results showed that biological processes were highly correlated with inflammation and cytokine transmission, mainly involving the positive regulation of gene expression, cytokine-mediated signaling pathway and inflammatory response. In cellular component, external side of plasma membrane, extracellular space and extracellular region account for a relatively large amount. In molecular functions, transcription regulatory region sequence-specific DNA binding, cytokine activity and growth factor activity were relatively high, shown in Figures 3A–F. KEGG pathway analysis yielded 72 pathways, and KEGG enrichment analysis showed that the enriched pathways involved multiple pathways related to immune response regulation and inflammation, mainly cytokine-cytokine receptor interaction, pathways in cancer, inflammatory bowel disease and other signaling pathways, shown in Figures 3G, H.
[image: Figure 3]FIGURE 3 | Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). Analysis of related genes. (A) The top 10 terms in biological processes (BP) were greatly enriched. (B) The subnetwork displayed the top 10 BP terms and related genes. (C) The top 10 terms in cellular components (CC) were greatly enriched. (D) The subnetwork displayed the top 10 CC terms and related genes. (E) The top 10 terms in molecular function (MF) were greatly enriched. (F) The subnetwork displayed the top 10 MF terms and related genes. (G) The top 15 KEGG pathways were showed. (H) The subnetworks displayed the top 15 KEGG pathways.
Disease-core gene target-drug network
The disease-core gene target-drug network was constructed to demonstrate the main signaling pathways and biological processes of licorice for the treatment of COVID-19, shown in Figure 4.
[image: Figure 4]FIGURE 4 | Disease-core gene target-drug network. Square nodes represent gene targets, triangular nodes represent signaling pathways (KEGG), and octagonal nodes represent gene ontology (GO) of related genes.
Molecular docking
The 11 key intersection protein targets were selected for molecular docking. The results indicate that the CXCL8/Phaseol complex was mainly maintained by hydrophobic interactions. The small molecule Phaseol interacted with E29 on the protein by hydrogen bonding and with V25, V27, V58, and I22 by hydrophobic interactions, shown in Figure 5A. The binding of the IL2RA/Phaseol complex was maintained mainly by hydrogen bonding and hydrophobic interactions. The small molecule Phaseol interacted with Y119, E116, R117, T14, and E9 on the protein by hydrogen bonding and with Y119, F121, F15, E9, and E116 by hydrophobic interactions. In addition, we also observed pi-pi conjugation between Phaseol and F15, shown in Figure 5B. In the MMP1/Glyasperin F complex, the small molecule Glyasperin F interacted with A84 on the protein by hydrogen bonding and with H83, V115, L81, Y140, and H118 by hydrophobic interactions, shown in Figure 5C. The binding of STAT3/Glycyrol indicated that the small molecule Glycyrol hydrogen bonds with S611, E612, and S613 on the protein, hydrophobic interaction with P629 and S613, and also cation pi conjugation with R609, shown in Figure 5D. The molecular docking results score are shown in Figure 6.
[image: Figure 5]FIGURE 5 | Molecular docking of active ingredients and core targets. (A) CXCL8/Phaseol, (B) IL2RA/Phaseol, (C) MMP1/Glyasperin F, (D)STAT3/Glycyrol.
[image: Figure 6]FIGURE 6 | Screening docking results between ligands and receptors.
Molecular dynamics results
The root mean square deviation of the molecular dynamics simulations can reflect the motility of the complexes, and the larger RMSD and the more intense fluctuations indicate intense motility. The simulation results suggested that the RMSD fluctuations of MMP1/Glyasperin F and STAT3/Glycyrol were within 4 Å, which implied that the system was less kinetic. Therefore, combining the magnitude of RMSD and stability, we can determine the stability of these complexes from strong to weak in the order of STAT3/Glycyrol, MMP1/Glyasperin F, CXCL8/Phaseol, and IL2RA/Phaseol. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Complex root mean square deviation (RMSD) difference over time.
Combined free energy calculation results
Based on the trajectory of molecular dynamics simulations, the binding energy was calculated in this study using the MM-GBSA method. The binding energy can more accurately reflect the binding mode of small molecules and target proteins. The experimental results showed that CXCL8/Phaseol, IL2RA/Phaseol, MMP1/Glyasperin F, STAT3/Glycyrol were −39.51 ± 2.06 kcal/mol, −20.12 ± 3.38 kcal/mol, −43.70 ± 1.80 kcal/mol, −11.85 ± 1.06 kcal/mol. Negative values indicate that these two molecules have binding affinity to the target protein, and lower values indicate stronger binding. The simulation results suggested that these molecules and the corresponding binding affinities are very strong. The MMP1/Glyasperin F binding energy was the highest, with a value of 43.70 ± 1.80 kcal/mol. The binding energies of these complexes were mainly contributed by van der Waals energy as well as electrostatic energy. The experimental results are shown in Table 2.
TABLE 2 | Binding free energies and energy components predicted by MM/GBSA (kcal/mol).
[image: Table 2]Hydrogen bond analysis
Hydrogen bonding is one of the strongest non-covalent binding interactions, and a higher number indicates better binding. The experimental results suggested that the number of hydrogen bonds of the four complexes was basically 1-2 in the middle and late stages of the simulation. Among them, the hydrogen bonding diagram of MMP1/Glyasperin F complex showed more sparse in the late stage of simulation, implying that hydrogen bonding was not the main force for it to maintain stability. Combining the results of MGBSA and the binding pattern, we suggested that hydrophobic interaction was the main force for MMP1/Glyasperin F to maintain stability. The results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Changes in the number of hydrogen bonds between small molecule ligands and protein receptors in complex system simulations. (A)CXCL8/Phaseol, (B) IL2RA/Phaseol, (C) MMP1/Glyasperin F, (D)STAT3/Glycyrol.
The stability of the target protein at the residue level
RMSF can respond to the flexibility of the protein during molecular dynamics simulation. Usually the protein flexibility decreases after the drug binds to the protein, which in turn achieves the effect of stabilizing the protein while exerting the enzymatic activity. The simulation results showed that the RMSF of proteins in MMP1/Glyasperin F, STAT3/Glycyrol were low. Especially for MMP1 protein, the RMSF of most of the dashed lines was below 2 Å, implying that the complex binding was more stable. In contrast, the RMSFs of the proteins in IL2RA/Phaseol and CXCL8/Phaseol were larger, suggesting that these two proteins were more flexible. The results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Changes in the stability of protein targets at the residue level. (A) CXCL8/Phaseol, (B) IL2RA/Phaseol, (C) MMP1/Glyasperin F, (D)STAT3/Glycyrol.
Analysis of the radius of gyration
The radius of gyration can reflect the degree of compactness of the complex, and the size of fluctuation can be very intuitive to determine the compactness or system convergence. The fluctuations of the radius of gyration were MMP1/Glyasperin F, STAT3/Glycyrol, CXCL8/Phaseol, IL2RA/Phaseol from the largest to the smallest, respectively. The results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Analysis of protein folding state and overall conformation.
Analysis of solvent accessible surface area
The Solvent Accessible Surface Area (SASA) is calculated as the interface surrounded by the solvent. The larger the area indicates that the complex can interact with the aqueous solution. In addition, the fluctuation of SASA reflects the exposure of the protein surface and the change of the buried area. The fluctuations of SASA suggested that MMP1/Glyasperin F, STAT3/Glycyrol, CXCL8/Phaseol fluctuated less and the SASA values were small. The results are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Analysis of Solvent Accessible Surface Area (SASA).
DISCUSSION
In this study, we investigated the pharmacological mechanism of action of licorice for the treatment of COVID-19 by molecular docking and molecular dynamics simulation. It was found that the important active chemical components Phaseol in licorice may reduce inflammatory cell activation and inflammatory response by inhibiting the activation of CXCL8 and IL2RA; Glycyrol may act mainly on STAT3 to regulate cell proliferation and survival; And Glyasperin F may regulate cell growth by inhibiting the activation of MMP1, thereby reducing tissue damage and cell death caused by excessive inflammatory responses and promoting the growth of new tissues. Therefore, the active small molecules Phaseol, Glycyrol and Glyasperin F in licorice may act on CXCL8, IL2RA, STAT3, and MMP1 to treat COVID-19 by reducing tissue damage and inflammatory response.
Analysis of bioinformatics results
In this study, Phaseol, Glycyrol and Glyasperin F in licorice may treat COVID-19 to reduce the inflammatory response and promote cell survival by acting on CXCL8, IL2RA, STAT3, and MMP1.
Phaseol may reduce inflammatory cell activation and inflammatory response by inhibiting the activation of CXCL8 and IL2RA. PPI analysis suggested that CXCL8 and IL2RA were closely associated with targets of inflammatory response regulation. GO analysis results suggested that CXCL8 was mainly involved in chemokine activity and interleukin eight receptor binding. KEGG pathway analysis identified IL2RA in pathways such as cellular senescence and MIF-mediated glucocorticoid regulation. The analysis showed that CXCL8 acted as a chemokine that attracts neutrophils, basophils and T cells, but not monocytes. It was also involved in neutrophil activation. The results of GO analysis suggested that IL2RA was mainly involved in drug binding and interleukin two binding. KEGG pathway analysis revealed IL2RA in pathways such as immune cell activation and tumor microenvironment regulation. The results suggested that IL2RA was involved in the regulation of immune tolerance by controlling the activity of regulatory T cells (TREG), which could regulate the inflammatory response by suppressing the activation and expansion of self-reactive T cells.
Glycyrol may act mainly on STAT3 to regulate cell proliferation and survival. PPI analysis suggested that STAT3 was closely associated with targets that regulate cell growth and apoptosis. GO analysis results suggested that STAT3 was mainly involved in DNA-binding transcription factor activity and sequence-specific DNA binding. KEGG pathway analysis identified STAT3 in pathways such as cellular senescence. The results of the analysis suggested that IL2RA was involved in the regulation of immune tolerance through the control of regulatory T cell (TREG) activity. TREG can regulate inflammatory responses by suppressing the activation and expansion of self-reactive T cells. The analysis showed that IL6 could participate in cell cycle regulation by regulating the transcriptional activity of STAT3, and STAT3 inhibited cellular autophagy by suppressing EIF2AK2/PKR activity.
Glyasperin F may regulate cell growth by inhibiting the activation of MMP1. PPI analysis suggested that MMP1 was closely associated with targets that regulate protein hydrolysis and processing. GO analysis results suggested that MMP1 was mainly involved in calcium binding and metallopeptidase activity. KEGG pathway analysis identified MMP1 in interleukin six family signaling and other pathways. The analysis showed that MMP1 was mainly involved in extracellular matrix breakdown in normal physiological processes (such as: embryonic development, reproduction and tissue remodeling) as well as in disease processes (such as: arthritis and metastasis).
However, the results of bioinformatics analysis could only predict the potential relationship between the drug and the key target. Therefore, this study further validated the mechanism of action of licorice for COVID-19 treatment using molecular docking and molecular dynamics.
Analysis of molecular docking and molecular dynamics
Molecular docking simulations revealed strong affinity of drug active ingredients (such as: Phaseol, Glycyrol, and Glyasperin F) to protein targets (such as: CXCL8, IL2RA, STAT3, and MMP1). Molecular dynamics results suggested that the drug small molecules and protein complexes could maintain a very stable binding state and thus exert pharmacological effects in the treatment of COVID-19.
Phaseol was able to act stably on CXCL8 and IL2RA, and in particular CXCL8/Phaseol showed strong stability. Molecular docking showed that the binding energy of small molecule Phaseol to CXCL8 and IL2RA reached −8.9 and −8.3, respectively. Based on the trajectory of molecular dynamics simulations, we used the MMGBSA method to calculate the binding energy, which can more accurately reflect the binding mode of small molecules to target proteins. The binding free energy results showed −39.51 ± 2.06 kcal/mol and −20.12 ± 3.38 kcal/mol for CXCL8/Phaseol and IL2RA/Phaseol. In molecular dynamics simulations, the RMSD of both CXCL8/Phaseol and IL2RA/Phaseol gradually converged in the first 10 ns of the simulation and maintained stable fluctuations in subsequent simulations, implying increasing stability of the complex after binding. CXCL8/Phaseol binding results showed that the small molecule Phaseol interacted with E29 on the protein by hydrogen bonding and with V25, V27, V58, and I22 by hydrophobic interaction. The IL2RA/Phaseol binding results showed that the small molecule of drug interacted with Y119, E116, R117, T14, and E9 on the protein by hydrogen bonding, and with Y119, F121, F15, E9, and E116 by hydrophobic interaction, and the pi-pi conjugation occurred between Phaseol and F15.
The binding of Glycyrol to STAT3 was relatively stable and molecular docking showed that the binding energy of the small molecule to NLRP3 was −7.8. The free energy of binding results showed STAT3/Glycyrol to be −11.85 ± 1.06 kcal/mol. The RMSD fluctuations of STAT3/Glycyrol were all within 2 Å, implying a small movement of the STAT3/Glycyrol system. The STAT3/Glycyrol binding results indicated that the small molecule Glycyrol interacted with S611, E612, and S613 on the protein by hydrogen bonding, with P629 and S613 by hydrophobic interaction, and also with R609 by cation pi conjugation.
Glyasperin F bound to MMP1 could form a very stable complex. Molecular docking showed that the binding energy of small molecule Glyasperin F to MMP1 reached −9.8. The binding free energy results showed that MMP1/Glyasperin F was −43.70 ± 1.80 kcal/mol. The hydrogen bonding of MMP1/Glyasperin F was sparse at the late stage of molecular dynamics simulation, implying that hydrogen bonding was not the main force for its stability maintenance. The results of MMP1/Glyasperin F binding indicated that the small molecule interacted with A84 on the protein by hydrogen bonding and with H83, V115, L81, Y140, and H118 by hydrophobic interaction.
This study not only analyzed the relevant bioinformatics findings, but also used a supercomputer platform to simulate the microscopic evolution of complex systems of small molecule drugs and proteins through molecular dynamics. The computer simulations visualized the binding states of CXCL8/Phaseol, IL2RA/Phaseol, STAT3/Glycyrol and MMP1/Glyasperin F. The results of molecular dynamics simulations showed that the simulated binding of the four complexes could remain relatively stable.
Therefore, the results of this study can further explain the mechanism of action of active small molecules of licorice for the treatment of COVID-19 and related signaling pathways.
Phaseol may reduce inflammatory cell activation and inflammatory response through CXCL8 and IL2RA
Phaseol is the active component derived from licorice. Phaseol was found to be closely associated with the IL6-STAT3 signaling pathway (Lu et al., 2020), and Phaseol could alleviate the inflammatory effects in lipopolysaccharide (LPS)-induced RAW264.7 cells (Li et al., 2017).
CXCL8 (also known as CXCL8) belongs to the elastin-like recombinant (ELR) CXC chemokine family (Liu et al., 2016). CXCL8 can be secreted by different cell types, including blood monocytes, alveolar macrophages, fibroblasts, endothelial cells, and epithelial cells (Ha et al., 2017). CXCL8 acts as a chemokine by directing neutrophils to the site of infection. Moreover, CXCL8 is also involved in pro-inflammatory signaling cascades along with other cytokines and plays a role in systemic inflammatory response syndrome (SIRS).
CXCL8 is a highly selective pro-inflammatory chemokine, and local and systemic elevations of CXCL8 have been found in various inflammatory diseases as well as in SIRS and sepsis (Haas et al., 2016). CXCL8 is barely detectable in the physiological state, but can be stimulated by pro-inflammatory cytokines such as tumor necrosis factor a (TNFa) and interleukin-1b (IL-1b) and mediated by the transcription factors NF-κB and activator protein-1 (AP-1), which can lead to a 10 to 100 fold upregulation of CXCL8 expression. The function of CXCL8 is mainly dependent on its interaction with specific cell surface G protein-coupled receptors (GPCR), CXCR1 and CXCR2 (Liu et al., 2016; Ha et al., 2017). CXCL8 contributes to the pathology of angiogenesis, fibrosis, infection, atherosclerosis, and tumor growth. Clinical studies have shown that elevated plasma levels of CXCL8 and other ELR-CXC chemokines can occur with acute indications such as arthritis, chronic obstructive pulmonary disease (COPD), asthma, cystic fibrosis, atherosclerosis, inflammatory bowel disease (IBD), psoriasis, and cancer, as well as acute indications such as reperfusion injury and acute respiratory distress syndrome (ARDS) (Cheng et al., 2017). Leukocyte recruitment is critical in many acute and chronic inflammatory diseases. Chemokines are key mediators of leukocyte recruitment during the inflammatory response, and the chemokine interleukin-8/CXCL8 is a classic neutrophil chemoattractant (Martínez-Burgo et al., 2019). CXCL8 inhibits the chemotactic response of neutrophils and suppresses the neutrophil-induced inflammatory response (Zhou et al., 2019). And CXCL8 promotes the activation and recruitment of macrophages and monocytes, which is a prerequisite for the shift from acute to chronic inflammation (Mohr et al., 2017). CXCL8 has been reported to recruit leukocytes from the blood into tissues during inflammation, and in turn, inflammation worsened by activated leukocytes can increase CXCL8 levels (Zhou et al., 2019). And it has been shown that monoammonium glycyrrhizinate (MAG) of licorice has anti-inflammatory properties. Mag inhibited the mRNA expression of TNF-α-induced chemokines (including CXCL8, CX3CL1, and CXCL16) in human dermal microvascular endothelial cell line (HMEC-1) cells in a dose-dependent manner and reduced the secretion of these chemokines (Cao et al., 2014).
IL2RA (also known as CD25) is a core component of the trimeric IL-2 receptor complex and plays a key role in mediating interleukin two immunomodulatory functions (Borysewicz-Sańczyk et al., 2020). IL2RA is a membrane protein that is involved in the regulation of immune tolerance by controlling the activity of regulatory T cells (TREG). Interleukin 2 (IL2) is a lymphocyte growth factor that plays an important role in the regulation of immune homeostasis as an essential self-tolerance regulator. It was found that cellular responsiveness to IL-2 directly depends on cellular expression of IL2RA, that IL-2 signaling increases with increased IL2RA expression, and that IL2RA directly affects binding stability in the IL-2/IL-2R complex (Buhelt et al., 2019). Plasma IL2RA levels were also found to be significantly elevated in COVID-19 patients (Galván-Peña et al., 2021; Sayah et al., 2021).
IL2RA is the receptor subunit that increases the affinity of the receptor for IL2 cytokines (Akman et al., 2021). Expression of IL2RA has been described at high levels on the surface of regulatory T cells (Tregs), a population of T cells with the ability to suppress self-reactive T cells. Further studies have shown that IL2RA plays a crucial role in sensitizing T cells to induce cell death (Borysewicz-Sańczyk et al., 2020). Changes in IL2RA expression may affect immune and inflammatory signaling cascade responses, which in turn affect CD4+ T cell differentiation and TReg cell suppressive activity (Asouri et al., 2020). IL2 signaling is involved in the differentiation and homeostasis of regulatory T cells (Tregs), and IL2 signaling is involved in the induction of cell growth and effector T cell proliferation (Zeebroeck et al., 2021). Pre-activation of IL-12, IL-15, and IL-18 was shown to upregulate IL2RA (CD25) expression (Akman et al., 2021). Further studies have shown that IL2RA plays a crucial role in sensitizing T cells to induce cell death.
Therefore, we suggested that Phaseol may reduce inflammatory cell activation and inflammatory response by acting on CXCL8 and IL2RA, thereby reducing tissue damage from excessive inflammatory response and alleviating the clinical symptoms of COVID-19.
Glycyrol may affect cell proliferation and survival by regulating STAT3
Glycyrol exhibits a variety of biological effects, including antioxidant and anti-inflammatory effects and modulation of intrinsic immunity (Shin et al., 2011; Fu et al., 2014; Kim et al., 2020). It has been shown that Glycyrol-induced cell death is associated with apoptosis and autophagy, Glycyrol can bind to TOPK proteins and inhibit their kinase activity, leading to the activation of apoptotic signalling pathways (Xu and Kim, 2014; Lu et al., 2019).
STAT3 is a component of the acute phase response factor (APRF) complex activated by interleukin-6 (IL-6), and STAT3 plays a key role in many cellular processes such as cell growth and apoptosis by mediating the expression of multiple cellular stimuli (Hillmer et al., 2016). STAT3 is involved in regulating biological processes such as cell growth, differentiation and survival, inflammation and hematopoiesis (Gao et al., 2018; Liu et al., 2021; Zhao et al., 2021).
STAT3 is a latent transcription factor that mediates extracellular signals, such as cytokines and growth factors, by interacting with peptide receptors on the cell surface. STAT3 protein is transcriptionally activated mainly through tyrosine phosphorylation. Activated STAT3 dimers translocate to the nucleus and bind to sequence-specific DNA elements, thereby transcribing target genes (You et al., 2015). Recent studies have shown that STAT3 protein is expressed in CD4 T cells, T helper Th17 cells, Th1 and Th2 cells and that STAT3α isoforms may interact with proteins such as Probanin one to regulate pathological immune responses. The IL-6/JAK/STAT3 pathway is a major signaling pathway involved in regulating the inflammatory response in disease pathogenesis. JAK/STAT3 signaling promotes inflammation by regulating the development of innate lymphocytes in the immune response (Kang et al., 2021). STAT3 plays a central role in JAK/STAT signaling (You et al., 2015). IL-6 is the main stimulator of STAT3 in vivo, especially during inflammatory outbreaks. IL-6 signaling acts primarily through the JAK/STAT pathway, mainly through STAT3. Both of these factors can form IL-6 amplifiers that produce a cascade of amplifying effects associated with inflammation. This effect promotes various pro-inflammatory cytokines and chemokines, including IL-6, and recruits macrophages and lymphocytes, thereby enhancing the positive feedback loop formed by IL-6 and STAT3 (Luo et al., 2022). Licorice was found to reduce IL-6 levels, which is the main stimulator of STAT3 in vivo, especially during inflammatory outbreaks (Richard, 2021). Inhibition of STAT3 activity improved the pulmonary inflammatory response in LPS-induced acute lung injury (ALI) (Xu et al., 2020). And one study found a clinical therapeutic effect on lung inflammation by inhibiting STAT3 pathway (Zhao et al., 2016).
Therefore, we suggested that Glycyrol may act on STAT3 to regulate cell proliferation and survival, thereby reducing cell death due to inflammatory stimuli and promoting the growth of new tissue.
Glyasperin F may regulate cell growth by affecting the activation of MMP1
Glyasperin F is an isoflavone compound, studies have found that Glyasperin F can inhibit the proliferation of lung cancer cells (Ngnintedo et al., 2016; Kuete et al., 2018).
MMP-1 is one of the most abundant enzymes in the family of matrix metalloproteinases (MMPs), which are mesenchymal collagenases secreted by a variety of cells including fibroblasts, endothelial and inflammatory cells (Gopal et al., 2016; Erdem et al., 2020). MMP-1 is capable of degrading type I, II, and III collagen, which plays a key role in extracellular matrix (ECM) remodeling in normal development and pathology (Affara et al., 2011).
MMP1 can be activated by several pro-inflammatory cytokines and growth factors and its expression is increased in alveolar epithelial cells during pulmonary fibrosis, and it inhibits mitochondrial respiration and oxidative stress, while promoting cell proliferation and migration (Lee et al., 2013). Various inflammatory factors (including CXCL8, IL-1β, and TNF-α) have been reported to contribute to the expression of MMP1 (Chen et al., 2019). MMP1 plays a clinically important role in inflammatory diseases and has been associated with many pathological processes, including wound healing, tumor metastasis and arthritis (Affara et al., 2011). Several reports suggest that MMP1 is indeed upregulated in patients suffering from diseases such as COPD and lung cancer (Carver et al., 2015). MMP-1 has been widely reported to lyse the extracellular matrix (ECM) and to promote angiogenesis. MMP1 was found to induce expression of vascular endothelial growth factor receptor 2 (VEGFR2) and endothelial cell proliferation, stimulate the serine/threonine protein kinase MARK2 and activate the transcription factor NF-κB for vascular remodeling and angiogenesis (Ng et al., 2022).
Many studies have found that licorice inhibited the high expression of matrix metalloproteinase-1 (MMP-1) and -3 (MMP-3) and down-regulated the expression of inflammatory cytokines such as IL-6, TNF-α, and IL-10. These findings strongly suggest that licorice regulates the abnormal expression of MMP-1 and MMP-3 mainly through its antioxidant and anti-inflammatory properties as well as (Kong et al., 2015; Gopal et al., 2016).
Therefore, we proposed that Glyasperin F may regulate cell growth by affecting the activation of MMP1, thereby promoting recovery of injured tissues.
The mechanisms analysis of licorice in the treatment of corona virus disease 2019
The summary of the mechanisms analysis of licorice in the treatment of COVID-19 is shown in Graphical Abstract.
CONCLUSION
This study explored the pharmacological mechanism of licorice for the treatment of COVID-19 by molecular docking and molecular dynamics simulations. We found that Phaseol in licorice may reduce inflammatory cell activation and inflammatory response by inhibiting the activation of CXCL8 and IL2RA; Glycyrol may regulate cell proliferation and survival by acting on STAT3. And Glyasperin F may regulate cell growth by inhibiting the activation of MMP1, thus reducing tissue damage and cell death caused by excessive inflammatory response and promoting the growth of new tissues.
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