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A B S T R A C T   

Eugenol as a natural product is the source of isoniazid, and purified eugenol is extensively used in 
the cosmetics industry and the productive processes of edible spices. Accumulating evidence 
suggested that eugenol exerted potent anti-microorganism and anti-inflammation effects. Appli
cation of eugenol effectively reduced the risk of atherosclerosis, arterial embolism, and Type 2 
diabetes. A previous study confirmed that treatment with eugenol attenuated lung inflammation 
and improved heart functions in SARS-CoV-2 spike S1-intoxicated mice. In addition to the study, 
based on a series of public datasets, computational analyses were conducted to characterize the 
acting targets of eugenol and the functional roles of these targets in COVID-19. The binding ca
pacities of eugenol to conservative sites of SARS-CoV-2 like RNA-dependent RNA polymerase 
(RdRp) and mutable site as spike (S) protein, were calculated by using molecular docking 
following the molecular dynamics simulation with RMSD, RMSF, and MM-GBSA methods. The 
results of network pharmacology indicated that six targets, including PLAT, HMOX1, NUP88, 
CTSL, ITGB1 andTMPRSS2 were eugenol-SARS-CoV-2 interacting proteins. The omics results of 
in-silico study further implicated that eugenol increased the expression of SCARB1, HMOX1 and 
GDF15, especially HMOX1, which were confirmed the potential interacting targets between 
eugenol and SARS-CoV-2 antigens. Enrichment analyses indicated that eugenol exerted extensive 
biological effects such as regulating immune infiltration of macrophage, lipid localization, 
monooxyenase activity, iron ion binding and PPAR signaling. The results of the integrated 
analysis of eugenol targets and immunotranscription profile of COVID-19 cases shows that 
eugenol also plays an important role in strengthen of immunologic functions and regulating 
cytokine signaling. As a complement to the integrated analysis, the results of molecular docking 
indicated the potential binding interactions between eugenol and four proteins relating to cyto
kine production/release and the function of T type lymphocytes, including human TLR-4, TCR, 
NF-κB, JNK and AP-1. Furthermore, results of molecular docking and molecular dynamics (100ns) 
simulations implicated that stimulated modification of eugenol to the SARS-CoV-2 Omicron 
Spike-ACE2 complex, especially for human ACE2, and the molecular interaction of eugenol to 
SARS-CoV-2 RdRp, were no less favorable than two positive controls, molnupiravir and nilotinib. 
Dynamics (200ns) simulations indicated that the binding capacities and stabilities of eugenol to 
finger subdomain of RdRp is no less than molnupiravir. However, the simulated binding capacity 
of eugenol to SARS-CoV-2 wild type RBD and Omicron mutant RBD were less than nilotinib. 
Eugenol was predicted to have more favor LD50 value and lower cytotoxicity than two positive 
controls, and eugenol can pass through the blood-brain barrier (BBB). In a brief, eugenol is helpful 
for attenuating systemic inflammation induced by SARS-CoV-2 infection, due to the direct 
interaction of eugenol to SARS-CoV-2 proteins and extensive bio-manipulation of pro- 
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inflammatory factors. This study carefully suggests eugenol is a candidate compound of devel
oping drugs and supplement agents against SARS-CoV-2 and its Omicron variants.   

1. Introduction 

The great communicability of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) led to more than six hundreds of 
millions of people infected so far and millions of people infected to death world over. In response to the pandemic, large-scale im
munization with Corona Virus Disease 2019 (COVID-19) vaccinations significantly attenuated severe illness [1,2]. Vaccine regimens 
also lowered the rate of contracting the earlier virus by 50% [3,4]. Nevertheless, as one of the fastest-evolving viruses, high mutation 
rate of viral nucleotide makes the virus easier to escape the recognition of host’s immune system than invariant. A new variant 
christened “Omicron” (B.1.1.529) and its evolutionary branch have gradually replaced delta variant as the dominant strain of 
SARS-CoV-2 in some countries, which spreads faster than its predecessor [5–9]. Lately, BA.4/BA.5 variants of Omicron were identified 
in South Africa, the two variants were presumed the dominated strains in EU countries and the US in the summer 2022. There may be a 
prospective COVID wave together with the seasonal influenza or new variants of Omicron SARS-CoV-2 around the end of 2022 [10]. To 
be different from Omicron BA.1 and BA.2 variants with similar clinical symptoms, BA.4/5 variants with more adaptable and patho
genic traits, expanded at higher levels than BA.2.12.1. Omicron sublineage BQ.1.1 has shown resistance to the existing monoclonal 
antibodies [11]. They primarily replicate in human alveolar epithelial cells and the BA.4/5 variants may also increase the risk of 
reinfection [12,13]. Besides, pathogenicity of more infectious sub-variants of Omicron such as BQ.1, BQ.1.1, XBB and BF.7 remain to 
be estimated. 

As several studies suggested, SARS-CoV-2 Omicron infection was upper airways preferred, limiting primarily to the nasal cavity, 
throat and tracheae beside earlier variants. It seems to be less pathogenic to lungs [14,15]. Apart from the lethality and infectivity of 
the virus, a concept as “Long COVID” was previously described and used to evaluate the lasting impacts of viral infection on confirmed 
cases. An UK population-based study has estimated the risk of “Long COVID” by delta and omicron variants after vaccination, this 
study suggested the risk of “Long COVID” by Omicron variants (4.5%/56,000) is lower than delta variants (10.8%/41,000) [3]. 
Nevertheless, “Long COVID” in unvaccinated individuals and children were undetermined in this study. Results from a large-scale 
South Africa study previously indicated that the hospital admission for Omicron infected cases was significantly reduced compared 
with other infections during the same period. Meanwhile, the SARS-CoV-2 Omicron contracting cases had a lower risk of severe illness 
compared to the infection by earlier delta variant. Previously, Hastie and colleagues estimated asymptomatic infection by SARS-CoV-2, 
they found asymptomatic infection was not associated with adverse outcomes. COVID vaccination could improve a part of infection 
related symptoms [16]. Despite all this, among generally young South Africans, 21% of hospitalized patients suffering Omicron 
infection showed a severe clinical outcome [17,18]. In contrast, two Large-US population based studies implicated menace by Omicron 
variants is not lower than Delta, even in a highly vaccinated and increasingly immune population [19,20]. Hence, Omicron infection 
should still be given enough vigilance, because subsequent cumulative reinfection puts elderly, children, population with chronic 
diseases, and immunocompromised population at cumulative risk of severe disease and death [21,22]. It is also noted that a highly 
contagious virus could lead to considerable financial burden, additional pressure on health-care systems and the loss of productivity 
[18], especially in countries or regions with unbalanced resource allocation. We also cannot discount the potential impacts of the 
pandemic on life expectancy (LE) losses [23]. As pharmaceutical and non-pharmaceutical public health interventions have offered a 
positive influence on the LE of 2020 and 2021, keep exploring more efficient vaccines and therapeutic drugs against Omicron variants 
remains critical important. 

Recently, Food and Drug Administration (FDA) approved Paxlovid (nirmatrevir plus ritonavir), a 3CL protease inhibitor of SARS- 
CoV-2, for the treatment of mild or moderate COVID-19. Paxlovid significantly reduce the risk of COVID-19 related hospitalization and 
all-cause mortality [24]. Another 3CL protease inhibitor EDP-235 (ENTA.US) showed favorable enzymological inhibitory effects 
against a variety of SARS-CoV-2 variants, including Omicron variants. Synchronously, SARS-CoV-2 RdRp inhibitor-Molnupiravir 
(Merck sharp & dohme) was approved by medicines and healthcare products regulatory agency (MHRA) and 
Emergency-Use-Administration (EUA) [25]. Molnupiravir is powerful ribonucleoside analogues that can inhibit the replication of 
multiple RNA viruses, and significantly reduce the risk of infection related hospital admission and death [26]. Molnupiravir also 
showed inhibitory effects on the proliferation of SARS-CoV-2 omicron [27]. Other drugs, including SARS-CoV-2 Mpro inhibitor, VV116 
and SIM0417 are under development. Apart from these new inhibitors, some natural compounds such as plant phenols/polyphenols 
have properties of anti-inflammatory against SARS-CoV-2 infection, reinforcing intrinsic immune function and inhibiting viral tran
scription. Besides that, these phenolic compounds have the advantages of more pan-corona antiviral characteristics, low toxicity and 
fewer side effects, which can be used as a complement to existing drugs and vaccines [28]. 

Historically, phenolic compounds and their derivatives processes potent anti-oxidant activity due to their high reactivity of hy
droxyl substitution and the ability to phagocytize free radicals [28–30]. Polyphenols can inhibit key enzymes and viral genomes 
related to viral transcription. Cho and colleagues found prenylated phenolic compounds isolated from the leaves of Sabia limoniacea 
significantly inhibit the expression of nucleocapsid and Spike protein of porcine epidemic diarrhea virus (PEDv) in a dose-dependent 
manner [31]. The results of Kim et al. implicated that flavonoids/polyphenols efficiently block the enzymatic activity of SARS-CoV 
papain-like protease (PLpro), a key player in the maturation process of SARS-CoV [32,33]. Additionally, a previous study suggested 
that eugenol is a candidate natural compound against COVID-19. In human cell lines, eugenol can block the binding of SARS-CoV-2 
spike S1and ACE2, and suppressed the entry of pseudotyped SARS-CoV-2 into human cells, and inhibit SARS-CoV-2 spike S1-induced 
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Fig. 1. Flowchart indicates the antiviral action and mechanisms of eugenol against COVID-19 using computational analysis approach.  
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activation of NF-κB signaling and the expression of inflammatory cytokines in human A549 lung cells. Based on a model of SARS-CoV-2 
spike S1-intoxicated mice, they found oral administration of eugenol attenuated lung inflammation, alleviated fever, protected heart 
function, and improved locomotor activities [34]. However, the core interacting genes and pathways related to SARS-CoV-2 infection 
and eugenol pharmacological actions both were not fully understood. It is still unclear the binding capacities of eugenol to SARS-CoV-2 
RdRp and Omicron SARS-CoV-2 Spike antigen. At any rate, the results of Paidi et al. are important basis and reference for investigating 
the chemicals against SARS-CoV-2. 

As drug delivery and metabolism are important parts of drug design, candidate chemicals should have the advantages that the 
compounds can be easily absorbed/metabolized, tissue permeability and the safety of human application. From the prospective of 
eugenol delivery, encapsulated eugenol is preferable, which can avoid early absorption and ameliorate the water-solubility and ef
ficacy. Ordinarily, Chitosan can be used for encapsulation of eugenol to enhance its thermal stability. Plant essential oils (EOs) 
containing eugenol can be rapidly absorbed by stomach and small intestine following dermal, pulmonary, and oral intake. Ingested 
eugenol is metabolized quickly in liver, while 95% of the dosis is evacuated within 24 h. Zhao et al. demonstrated that eugenol ester 
can be used to prepare ibuprofen microemulsion, which reduced the risk of ibuprofen-induced ulcer [35]. The delivered quantity of 
eugenol afforded in the form of solid lipid nanoparticles increased at least six-fold in the infectious cells. Hence, diversified delivery 
approaches of eugenol make it have wide applications in the field of chemistry, biology and medicine [35]. 

Given the fact that pharmacological targets of eugenol against SARS-CoV-2 and its variants have not be fully revealed. There is also 
no comprehensive study on the use of eugenol as a potential inhibitor of SARS-CoV-2 proliferation. In line with the results of Paidi et al. 
and existing evidence, the author conducted a synthetical study covering literature review, in-silico analysis, genomics analysis and 
molecular dynamics simulation, to calculate the hub interacting genes, immunomodulatory characteristics of eugenol against COVID- 
19, and the binding capacities of eugenol to SARS-CoV-2 virulence domains related to viral invasion and proliferating. This 
comprehensive work aims to provide ideas for developing drugs and adjuvant therapy against SARS-CoV-2 and its variants. 

2. Methods 

2.1. Study protocol of the study 

In order to explore the anti-SARS-CoV-2 potential of eugenol, a series of public databases and web tools were used for conducting 
the analysis procedure. The current study was divided into the following seven major parts. (1) Searching and identifying the eugenol 
targets; performing enrichment analyses of these targets to find the core BPs and pathways that regulated by eugenol; identifying the 
targets of SARS-CoV-2 antigens; identifying intersecting genes; investigating the roles of eugenol targets in immune response signaling 
of COVID-19. (2) Selecting an external genome dataset (GSE171360) to further verify the results from the single analysis above, 
including omics analyses, enrichment analyses, GSEA, immune infiltration analysis and integrative matching analysis in COVID-19. (3) 
For clarifying the immunoregulatory role of eugenol in COVID-19, binding probability of eugenol to human Toll Like Receptor (TLR- 
4)/AP-1 axis and T type lymphocyte receptor were calculated, as human TLR-4 is a known inflammatory signal promotor of COVID-19. 
(4) Initial estimation of the binding probability of eugenol to SARS-CoV-2 RdRp, spike protein-ACE2 complex of earlier strain and the 
omicron variant with molecular docking. (5) Calculating the interaction of eugenol to SARS-CoV-2 RdRp and SARS-CoV-2 Omicron S 
protein-human ACE2 complex with molecular dynamic simulation (100ns). Then the binding of eugenol to SARS-CoV-2 Spike protein 
(wild type) and Omicron Spike protein (mutant type), and finger subdomain of RdRp were subjected to separate calculation (200ns) by 
removing the ACE2 form the crystal structure of complexes. (6) Sequence alignment with wild and omicron spikes of SARS-CoV-2. (7) 
Estimating and predicting the physicochemical, aberration and toxic properties of chemicals. A visible graphical summary for the work 
flowchart is provided (Fig. 1). 

2.2. Identification of eugenol targets 

Pharmacotranscriptomics is a powerful approach for discovering novel drug targets. HERB (BenCaoZuJian) (URL: http://herb.ac. 
cn/) is a high throughput experiment and reference guided database of TCM (Traditional Chinese Medicine), and the database 
collected 17,886 TCM-related papers published since 2011 by PubMed text mining, and then manually extracted 1241 gene targets and 
494 modern diseases for herbs/ingredients from 1966 unique references (137 references for herbs and 1860 references for ingredients, 
total 1997 records) among them [36]. Eugenol targets are available through searching HERB. As supplements, further query was 
conducted in SymMap, version 2.0 (URL: http://www.symmap.org) and T3DB (URL: http://www.t3db.org/). SymMap integrates 
traditional Chinese medicine (TCM) with modern medicine (MM) through both internal molecular mechanism and external symptom 
mapping, thus provides massive information on herbs/ingredients (698/26,035), targets (20,965), as well as the clinical symptoms 
(MM symptoms: 1148; TCM symptoms and syndromes: 2518) and diseases (14,086). They are used to treat for drug screening efforts 
[37]. T3DB as a comprehensive database, which can provided additional targets of common chemicals was also used in the initial 
screening [38]. 

2.3. Identification of SARS-CoV-2 antigen-related targets in human 

The Human Protein Atlas (HPA) consortium is engaged in the corona epidemic in various ways to aid in the fight against the health 
consequences of this pandemic outbreak (URL: https://www.proteinatlas.org/). The program involves both efforts to increase the 
knowledge-base of the disease and efforts to develop diagnostic tools and therapeutic drugs to combat the pandemic. The database 
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provides a summary of the tissue and cell expression patterns of known SARS-CoV-2 interacting human proteins, based on tran
scriptomics and antibody-based proteomics [39,40]. SARS-CoV-2 antigen interacting proteins are available by searching this database. 

2.4. Gene enrichment analyses of eugenol targets identified from HERB and SymMap 

WebGestalt (WEB-based Gene SeT AnaLysis Toolkit) is a functional enrichment analysis web tool, the new version WebGestalt 2019 
(URL: http://www.webgestalt.org/) with the R package provides an interface to integrate into other pipelines or run batch jobs locally 
[41]. Using WebGestalt, gene Over Representation Analysis (ORA) was performed for the enrichment of eugenol targets collected from 
HERB and SymMap. Geneontology enrichment, including biological process (BP), cellular component (CC), molecular function (MF), 
KEGG pathway enrichment, and disease enrichment can be identified. 

2.5. Intersection of eugenol targets and SARS-CoV-2 interacting targets for discovering co-regulated genes 

An integrative tool, jvenn (URL: http://jvenn.toulouse.inra.fr/app/example.html) for comparing lists with Venn Diagrams, was 
used for an overlap of eugenol targets and SARS-CoV-2 interacting genes [42]. Thereby, the co-regulated genes can be obtained. 

2.6. Verification of eugenol induced gene expression through external dataset GSE171360 

In addition to single analysis, an external dataset, GSE171360 (URL: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? 
acc=GSE171360) was used to validate eugenol induced transcriptomics change in specific cell line. GSE171360 is the dataset of 
expression profiling by high throughput sequencing, which measured and classified DNA damaging agents in human HepaRG™ Cells 
[43]. In this study, eugenol was classified as a non-DDI (DNA damage-inducing) chemical and 5 doses (C0: baseline; C1:156.25 μM; C2: 
312.5 μM; C3: 625 μM, C4: 1250 μM and C5: 2500 μM) of eugenol induced genomics transcription was tested in HepaRG™ Cells. 
According to the results of this study, two high doses (1250 μM and 2500 μM) were excluded, and three low or moderate doses were 
reserved, because eugenol at a dose of 1250 and 2500 μM will lead to a decrease in cell viability, and the genomic transcription of the 
two doses indicated a positive DDI classification. The raw data were downloaded from PubMed.gov (URL: https://pubmed.ncbi.nlm. 
nih.gov/), screening and validation of differentially expressed genes were conducted in NetworkAnalyst 3.0 (URL: https://www. 
networkanalyst.ca) [44]. C0 (Baseline) was set as the control, and original data was normalized with Log 2-counts per million, and 
analyzed with EdgeR. Adjusted P-value was set as lower than 0.05 and Log 2 fold change was set as ≥ 1. The differentially expressed 
genes were reserved. 

2.7. Immune cell infiltration analyses of eugenol-induced gene transcription in GSE171360 

ImmuCellAI (Immune Cell Abundance Identifier) is a tool to estimate the abundance of 24 immune cells from gene expression 
dataset including RNA-Seq and microarray data, in which the 24 immune cells are comprised of 18 T-cell subtypes and 6 other immune 
cells: B cell, NK cell, Monocyte cell, Macrophage cell, Neutrophil cell and DC cell (URL: http://bioinfo.life.hust.edu.cn/ImmuCellAI). 
ImmuCellAI can be applied to predict the difference of immune cell infiltration in diverse groups will be analyzed with the immune cell 
abundance in groups being checked [45]. Immune cell infiltration of transcribed genes induced by eugenol were calculated in 
ImmuCellAI. Raw data of different dose groups extracted from GSE171360 were normalized with Log 2 before inducing into the web 
tool. An adjusted P value lower than 0.05 was considered statistic significant. 

2.8. Gene enrichment analyses of eugenol targets identified from GSE171360 

Gene set enrichment analysis (GSEA) of differentially expressed genes by eugenol was performed in WebGestalt. The FDR value was 
set as 1, the enriched items involved BP, CC, MF, KEGG, drug and disease. 

2.9. Single-cell RNA sequencing dataset of COVID-19 cases 

Single-Cell RNA sequencing dataset used in the matching analyses is derived from peripheral blood samples of 5 healthy donors and 
13 patients of COVID-19, including moderate, severe and convalescent cases according to Zhang et al. [46]. The dataset involves four 
types of immune cells (Monocytes, NK (Nature Killer) cells, T- and B- lymphocytes), and the transcriptional profiles of these immune 
cells of severe COVID-19 were selected in the current study. The dataset contains SARS-CoV-2 severe patients (n = 4) vs. healthy 
donors (n = 5). The significantly expressed genes of this dataset is defined by P-value <0.01 and Log2 FC≥0.5. The dataset can be 
analyzed at Coronascape platform (URL: https://metascape.org/COVID) [47]. 

2.10. Integrative enrichment analyses of eugenol targets in COVID-19 

Metascape network tool is a bioinformatics platform and one-stop meta-analysis resource for COVID researchers [47]. To inves
tigate potential contributions of eugenol targets to the immune responses of COVID-19, identified eugenol targets from single analysis 
and omics analyses were matched to the single-cell RNA sequencing dataset of severe COVID-19 cases respectively [46]. Integrative 
analyses were conducted in Metascape-Coronascape (URL: https://metascape.org/COVID/). Then the results of gene ontology and 

Y. Liu                                                                                                                                                                                                                     

http://www.webgestalt.org/
http://jvenn.toulouse.inra.fr/app/example.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171360
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171360
http://PubMed.gov
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
https://www.networkanalyst.ca
https://www.networkanalyst.ca
http://bioinfo.life.hust.edu.cn/ImmuCellAI
https://metascape.org/COVID
https://metascape.org/COVID/


Heliyon 9 (2023) e13853

6

pathway enrichment analyses were visible. The data for enriched terms are presented with “Count” and “-log 10 (P-value)”, the results 
of PPI network analyses were summarized, and the bar charts were used for visualizing the final results. 

2.11. Molecular docking of eugenol and SARS-CoV-2 omicron Spike-ACE2 complex, RdRp, TLR-4 axis and clone18 TCR 

To assess the binding capacities of eugenol with the pathogenic components of SARS-CoV-2, molecular docking analysis was 
conducted. Molecular structure of eugenol was available in Pubchem (URL: https://pubchem.ncbi.nlm.nih.gov/compound/CID: 
3314/eugenol), then the downloaded molecular structure was optimized with Chem 3D [48]. Crystal structure of spike receptor-ACE2 
complex from earlier SARS-CoV-2 strain and omicron variant, and replicating SARS-CoV-2 polymerase were downloaded from 
RCSB_PDB database (URL: https://www.pdbus.org/) with PDB ID: 6M0J; 7T9L; 6YYT [49–51]. Furthermore, Toll-like receptor-4 
(TLR-4)/AP-1 axis facilitates the inflammatory cytokine production/release mediated by LPS and SARS-CoV-2. Therefore, the binding 
affinities of eugenol with the TLR-4 (2z63), clone18 TCR (4g8e), NF-κB (1le5), JNK/MAPK (30xi), and AP-1(4hmy) protein were 
further calculated. Crystal structure of these proteins were available in PDB database [52]. 

The methods were detailed in previous studies [53,54]. Briefly, the primordial pdb file format was transformed to the pdbqt file 
format, which can be recognized by the Autodock program, providing a ligand basis to molecular docking. Furthermore, the active 
center for docking (involving residues around the primordial ligand) was set with the grid box function of the corresponding software. 
The non-interacting redundant water molecules and the original ligand were removed using pymol 2.4.0 software. Then the potential 
probability of eugenol binding with components of SARS-CoV-2/Omicron Spike-ACE2 complexes, RdRp and other proteins were 
determined by assigning Autodock and AutoDock Vina 1.1.2. The binding probability was defined comprehensively, as low binding 
energy, the number of hydrogen bonds, appreciable binding score and the interacting amino acids. 

2.12. Molecular dynamics simulation of eugenol and SARS-CoV-2 omicron spike-ACE2 complex, SARS-CoV-2 RdRp (100 ns) 

Molecular docking can depict the possibility of spatial structure of the chemical matching to the interest protein, however, the 
results need further investigation such as molecular dynamic simulation. Therefore, the author selected molnupiravir (Pubchem: 
https://pubchem.ncbi.nlm.nih.gov/compound/145996610) and nilotinib (Pubchem: https://pubchem.ncbi.nlm.nih.gov/compound/ 
644241) as the positive controls to study interacting of eugenol (Pubchem: https://pubchem.ncbi.nlm.nih.gov/compound/3314) to 
SARS-CoV-2 RdRp and Omicron Spike protein-ACE2 complex respectively. The two positive inhibitors were confirmed effective 
against SARS-CoV-2 previously, molnupiravir is orally active RdRp inhibitor, and nilotinib is identified a potential inhibitor of SARS- 
CoV-2 S protein [25,55–59]. 

GROMACS package (version 2021.03) was applied to run conventional MD simulations to investigate binding mode. ChemBio3D 
was used to minimize the energy of small molecules, and Autodock Vina was applied for addition of hydrogen atoms to small molecule 
ligands (protonation), addition of charges, confirming the ligands of root and choosing torsionable bonds for fitting low energy 
conformation. The force field amber14sb ff was employed to parameterize protein. The TIP3P was used for the waters. Compounds was 
parameterized using the AnteChamber Python Parser Interface (ACPYPE) with amber14 force field. This compound-protein complexes 
were solvated in an octahedral water box, and then the charge of the system was neutralized by adding 0.150 M chloride and sodium 
ions. First, the steepest descent minimization method was used to minimize the energy of the system by 50,000 steps. In the next step, 
we restricted the position of heavy atoms to run both NVT equilibration and NPT equilibration by 50,000 steps. The system tem
perature was maintained at 300 K, and the system pressure was maintained at 1 bar. Upon completion of the two equilibration phases, 
the system is now well-equilibrated at the desired temperature and pressure. A 100-ns unrestrained simulation was carried out. Every 
10 ps, the energy and coordinate system of the trajectory were saved. In the simulation trajectory, use Pymol to map interaction 
patterns and animate kinetic trajectories [60–62]. 

MM-GBSA method has been widely adopted in the estimation of binding free energy in drug research. In brief, the MM-GBSA 
calculation was performed using the gmx_MMPBSA, a tool of GROMACS for MM-PB(GB)SA calculations. To understand the binding 
of proteins and compounds at the molecular level, we used gmx_MMPBSA to decompose the free energy of binding to the contribution 
of each residue to the free energy of binding [63,64]. 

2.13. Molecular docking and dynamics simulation of eugenol and SARS-CoV-2 wild type and omicron mutant spike RBD, finger subdomain 
of SARS-CoV-2 RdRp (200ns) 

Molecular docking of eugenol and SARS-CoV-2 wt/mutant spike RBD was used to predict the binding pattern. Crystal structures of 
SARS-CoV-2 wild type RBD (6m0j), Omicron mutant RBD (7t9l) and RdRp (6m71) were obtained from PDB, 3D structure of small 
molecule molnupiravir, nilotinib and eugenol were downloaded from PUBCHEM. AutoDock Vina 1.1.2 was used to conduct the 
docking [65]. Energy-minimised with MMFF94 force field. At the beginning of the formal docking action, PyMol 2.5.4 [65] was used 
for the preparation of target proteins, as addition of hydrogen atoms, removal of no-interacting redundant water molecules and 
non-ligand small molecule. Subsequently, the box of docking was set to enclose the pocket of protein activity. PDB format of proteins 
were converted to PDBQT format using ADFRsuite 1.0 [66]. The parameter of conformation search was set as 32, while other pa
rameters were kept defaut values, and click OK. The exported conformation affinity with the highest score was considered the correct 
conformation. PyMol 2.5.4 was used for visualization analysis. 

The small-molecule complex system what has been built was the original structure, Amber18 soft package was applied through the 
whole simulation [67]. At the beginning of the simulation, Maestro 12.9 software was used for the preparation of the complexes. 
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Prediction of protonation of small molecule chemicals and proteins were performed under the condition of PH = 7.4, correction of 
valence bond, etc. After preparation of the complexes, antechamber module of AMBER18 was applied to calculate the BBC electric 
charge of small molecules, and to fit force fields. We descried the complexes based on GAFF2 small force field and ff14SB protein force 
field with LEaP module, and added the hydrogen atoms correctly [68,69]. Solvent box of truncated octahedron TIP3P was added at the 
distance of 10 Å of the system [70]. Na+/Cl-was used to equilibrate the electric charges, then these were exported for simulated 
topology and the parameter files. 

The simulation involved four parts, as energy minimization, warming, equalization, end product simulation. Firstly, 200 kcal/mol/ 
Å limiting force was added to the ternary complex to optimize solvent water molecule. Afterwards, the limiting force was removed and 
we optimized the energy of the whole system. The two process of optimization performed by either method of steepest descent (5000 
steps) or by the method of conjugate gradient (5000 steps) method. After the energy optimization was finished, warming (50ps) 
process was conducted from zero to 300 K. Limiting forces (200 kcal/mol/Å) was added to the complex to conduct the simulation 
(500ps, NVT, isothermay, equivolume), under the condition of 300 K holding temperature of the system. Thereby, solvent molecules 
uniformly distributed in the solvent box. Subsequently, limiting force was removed while the temperature remained constant, 
simulation of the whole system was conducted with 1ns NPT (constant-temperature/constant-pressure). During the collection process 
of molecular trajectory, we performed the ensemble simulation of the system (200ns NPT, constant-temperature/constant-pressure) 
under periodic boundary condition. No bonding truncated distance was set as 10 Å, Particle mesh Ewald (PME) method was 
applied to analyze the long-range electrostatic interaction [71,72]. SHAKE methods was used to limited the bond length of involved 
hydrogen atom bond [73]. Langevin algorithm was used for temperature control, and the dynamical collision frequency γ was set as 
2ps-1. 

The pressure of the system was set as 1atm, the integral step-size was 2fs, and trajectory was preserved every 10ps. The exported 
trajectory was used for further analysis. Furthermore, the binding free energy of proteins and legends of all system were estimated with 
MM-GBSA method [63,74,75], the calculation of MD trajectory was 190–200 ns with the following formula:  

ΔGbind = ΔGcomplex – (ΔGreceptor + ΔGligand) = ΔE internal + ΔEVDW + ΔEelec +ΔGGB + ΔGSA                                         (1) 

In formula (A), ΔE internal denote internal energy, ΔEVDW denote the Van der waals interaction, and ΔEelec denote the electrostatic 
interaction. Internal energy involved Ebond, Eangle and Etorsion. ΔGGB and ΔGGA were solvent free energy, and GGB was polar 
solvation energy. GSA was nonpolar solvation energy. Regarding ΔGGB, we used GB model（igb = 2）of Nguyen to perform the 
analysis [76], nonpolar solvation energy (ΔGSA) was calculated depending on the product of the surface tension (γ) and the solvent 
accessibility surface (surface area, SA). GSA = 0.0072 × SASA [77]. Entropy change was neglected due to high consumption of 
computing resources and low accuracy [75]. 

2.14. Sequence alignment with wild and omicron spike of SARS-CoV-2 

Sequence alignment with wild and omicron spike of SARS-CoV-2 was conducted, sequences of SARS-CoV-2 RBD and SARS-CoV-2 
Omicron was extracted based on PDB structure with pdb_tools software [78]. Clustal Omega server (https://www.ebi.ac.uk/Tools/ 
msa/clustalo/) was used to perform the final comparison [79]. 

2.15. Predicting “ADME” parameters, pharmacokinetic properties, and druglike nature of chemicals 

This website of Swiss ADME allows utilizers to compute physicochemical descriptors as well as to predict ADME parameters, 
pharmacokinetic properties, druglike nature and medicinal chemistry friendliness of one or multiple small molecules to support drug 
discovery [80]. In the current study, absorption (A), distribution (D), metabolism (M) and excretion (E) of aiming chemicals, as 
eugenol, molnupiravir and nilotinib were predicted with Swiss ADME (URL: http://www.swissadme.ch/), Structure 2D sdf files were 
downloaded from PubChem (eugenol_3314; molnupiravir_145996610; nilotinib_644,241). SDF files were introduced in clipboard of 
Swiss ADME, then the recognized molecular structure of chemicals were plotted and transformed to a list of SMILES number. 
Calculated ADME parameters were grouped in six sections involving physicochemical properties, lipophilicity, water solubility, 
pharmacokinetics, drug-likeness and medicinal chemistry. The discrepancy of these parameters were compared among chemicals. 

2.16. Estimating aberration and toxic properties of chemicals 

The prediction of compound toxicities is an important part of the drug design development process. ProTox-II incorporates mo
lecular similarity, fragment propensities, most frequent features and (fragment similarity based CLUSTER cross-validation) machine- 
learning, based a total of 33 models for the prediction of various toxicity endpoints such as acute toxicity, hepatotoxicity, cytotoxicity, 
carcinogenicity, mutagenicity, immunotoxicity, adverse outcomes (Tox21) pathways and toxicity targets of small molecules [81]. In 
the current study, aberration and toxic properties of chemicals were estimated with ProTox-II (URL: http://tox.charite.de/protox_II). 

Y. Liu                                                                                                                                                                                                                     
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3. Results 

3.1. Eugenol-related targets 

In HERB database, ingredient-based query was performed, and a total of 295 eugenol targets was identified (Supplemental Table 1). 
A further query was conducted in SymMap, identical eugenol targets was determined due to the interaction of the two databases to 
TCM. In addition to the two datasets, three unclear hormone receptors as ESR1/2 and AR, one unclear target as PPARG, one Ca2+

channel related target as TRPV3 were identified in T3DB (Fig. 2 A). 

3.2. Enrichment analyses of eugenol targets identified in HERB 

Gene over representation analysis (ORA) was performed in WebGestalt, 292 out of 295 genes was discriminated. The significant 
enrichment items of BPs were response to oxidative stress, blood circulation, circulatory system process, response to inorganic sub
stance, inflammatory response, regulation of response to external stimulus, defense response, response to oxygen-containing com
pound, proteolysis, and homeostatic process (Fig. 2B and Supplemental Table 2). Furthermore, the significant enrichment items of 
KEGG pathways involved complement and coagulation cascades, calcium signaling pathway, small cell lung cancer, prostate cancer, 
hepatitis B, kaposi sarcoma-associated herpesvirus infection, malaria, pathways in cancer, human cytomegalovirus infection, and 
Influenza A (Fig. 2C and Supplemental Table 3). 

3.3. Eugenol associated clinical symptoms 

Sixty-one eugenol associated clinical symptoms were obtained. The clinical symptoms were manually divided into six categories, 
including headache (12/19.6%), other pain (15/24.6%), sensory and neurological symptoms (17/27.9%), upper respiratory tract 
symptoms (6/9.8%), gastrointestinal symptoms (7/11.5%) and other symptoms (4/6.6%). Among these symptoms, adjusted P value 
lower than 0.05 were meaningful symptoms (Supplemental Table 4). The statistic significant symptoms for headache (12 symptoms) 
were sharp headache, headache (periorbital), bilateral headache, ocular headache, headache throbbing, orthostatic headache, 
generalised headache, vertex headache, headache (retro-ocular), headache unilateral, headache, and headache (Dull) (Fig. 3 A); For 
other pain (1 symptom) was tenderness (Fig. 3 B); For sensory and neurological symptoms (4 symptoms) were anosmia, disorder of 
smell, dysomia and parosmia (Fig. 3C); For upper respiratory tract symptoms (2 symptoms) were coryza and catarrh (Fig. 3 D); For 
gastrointestinal symptoms (1 symptom) was emesis (Fig. 3 E). Other symptoms (Fig. 3 F). 

Fig. 2. Functional characterization of eugenol targets collected form T3DB database, HEARB and SymMap, 292 out of 295 targets involved in the 
enrichment. (A) T3DB targets. (B) Gene ontology analysis. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The results of 
gene over representation analysis (ORA) were depicted by bar charts, and enriched items were ranked by enrichment ratio, and the adjusted P value 
was lower than 0.05. 

Y. Liu                                                                                                                                                                                                                     



Heliyon 9 (2023) e13853

9

3.4. Identical core targets of eugenol and SARS-CoV-2 antigens 

Human protein atlas collected 333 SARS-CoV-2 interacting human proteins based on transcriptomics and antibody-based prote
omics [40]. The 333 proteins intersected with 295 eugenol targets, and six unique targets, including PLAT, HMOX1, NUP88, CTSL, 
ITGB1 and TMPRSS 2 were identified (Supplemental Table 5). The six targets were confirmed the proteases contributing to 
SARS-CoV-2 entry as TMPRSS2 and CTS L [40,82,83], or COVID-19 severity as PLAT, HMOX1, NUP88 and ITGB1 [84–89] (Fig. 4). 

3.5. Contribution of eugenol targets in immune response signaling of COVID-19 cases 

Eugenol targets matched to the single-Cell RNA sequencing dataset of Zhang et al., and the integrative analyses were performed in 
Metascape platform. Statistics of gene list involves 295 eugenol targets and the transcribed genes in immune cells (47 genes in 
Monocytes, 45 genes in nature killer cells, 81 genes in B- lymphocyte and 79 genes in T-lymphocytes) of severe COVID-19 cases (Fig. 5 
A). The summarized results indicated that eugenol targets highly enriched in the pathways of neutrophil deregulation and cytokine 
signaling in immune system (Fig. 5 B). The results of BPs enrichment indicated eugenol targets extensively participated in multiple 
biological process and immune system process (Fig. 5C). Furthermore, the results of disease enrichment and the enrichment for specific 
organism or cell lines represented that eugenol can impact the processes of multiple human diseases, and poses biological actions on 
various organism and cell lines (Fig. 5 D and Fig. 5 E). The results of merged PPI network implicated that eugenol targets may play an 
important role in the hub pathways of COVID-19, including cellular response to stress, cellular response to the stimuli and cytokine 
singling in immune system (Fig. 5 F). 

3.6. Eugenol induced transcription change verified by analyzing GSE171360 

There is lack of genomics data about eugenol induced transcription change in animal models or cell lines. Therefore, the current 

Fig. 3. Correlation of eugenol and clinical symptoms with six classification. (A) Headache. (B) Other pain. (C) Sensory and neurological symptoms. 
(D) Upper respiratory tract symptoms. (E) Gastrointestinal symptoms. (F) Other symptoms. Bar charts with dark blue denote P value < 0.05, and bar 
charts with light blue denote a P value > 0.05. 

Y. Liu                                                                                                                                                                                                                     
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study selected GSE171360, a HepaRGTM Cell based transcriptomic dataset as the external verification of single analysis above. Three 
dose-gradients (C1:156.25 μM; C2: 312.5 μM; C3: 625 μM) were chosen, and C0 (baseline gene expression) was set as the control (Fig. 6 
A). Results of immune cell infiltration analyses indicated that the transcribed genes highly enriched in macrophage (P = 0.03) only at 
the dose of 625 μM, there was no significant enrichment of that at the dose of 156.25 μM or 312.5 μM. The results suggest that eugenol 
is macrophage selective immunomodulatory compound, which may play a role in regulating macrophage activity (Fig. 6B). Addi
tionally, the screening results represented that eugenol application induced deferential expression of 3, 26, 72 genes (Log FC > 1; 
adjusted P value < 0.05) at the dose of 156.25 μM, 312.5 μM and 625 μM respectively (Supplemental Tables 6–8). There is no 
intersection of SARS-CoV-2 targets and differentially expressed gene by eugenol at a dose of 156.25 μM. However, 3 intersected genes, 
including human scavenger receptor class B type I (SCARB1), heme oxygenase 1 (HMOX1/HO-1) and differentiation factor 15 (GDF15) 
were obtained at the doses of 312.5 μM or 625 μM. SCARB1and GDF15 genes were confirmed the regulators of high-density lipoprotein 
(HDL) metabolism to our knowledge [90–92] (Fig. 6C and Fig. 7). 

Furthermore, functional roles of differentially expressed genes by eugenol in immune signaling of severe COVID-19 cases were 
investigated in Metascape. The results indicated that differentially expressed genes by eugenol at a dose of 312.5 μM and 625 μM 
significantly enriched in the BPs, including response to stimulus, cellular process, immune system process, metabolic process, and 
positive regulation of biological process. Pathways included neutrophil deregulation and cytokine signaling in immune system. The 
results of merged PPI network implicated the hub pathways, including protein processing in endoplasmic reticulum, neutrophil 
degranulation and cellular response to stress or stimuli (Fig. 8 A-F and Fig. 9A–F). These results suggests eugenol plays important roles 
in strengthen of immunologic functions, regulating inflammatory reaction. 

3.7. Gene set enrichment analysis (GSEA) of eugenol induced deferentially expressed genes form GSE171360 

Gene set enrichment analysis (GSEA) was performed in WebGestalt. The results indicated that there is no significant enrichments 
for differentially expressed genes by eugenol at the doses of 156.25 μM and 312.5 μM. At the doses of 625 μM, 72 differential expressed 
genes significantly enriched in the BPs, including lipid localization (Fig. 10 A and Fig. 10 B1), and establishment of organelle local
ization (Fig. 10 A and Fig. 10 B2). MF included monooxygenase activity (Fig. 10 A and Fig. 10C1), iron ion binding (Fig. 10 A and 
Fig. 10C2), and organic acid binding (Fig. 10 A and Fig. 10C3). The KEGG pathway included PPAR pathway signaling (Fig. 10 A and 
Fig. 10 D). The disease enrichment involved fatty liver, hepatitis and hepatic steatosis (Fig. 10 A and Fig. 10 E1-E3). Drug enrichment 

Fig. 4. Intersecting genes of eugenol targets and SARS-CoV-2 antigens. (A) Venn diagram depicts intersecting genes of eugenol and SARS-CoV-2 
antigens. (B) Cytoscape depicts the network of SARS-CoV-2 antigens, SARS-CoV-2 interacting genes and eugenol targets. A total of six intersect
ing genes, including PLAT, HMOX1, NUP88, CTSL, ITGB1 and TMPRSS2 were obtained. 
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included central nervous system and nervous system (Fig. 10 A and Figure F1, F2). 

3.8. Binding capacities of eugenol with the proteins of TLR-4/AP-1 axis and T cell receptor 

Eugenol represented differential binding affinities with the TLR-4, JNK, NF-κB, AP-1 and T cell receptor (TCR) protein as a result of 
the formation of various hydrophilic and hydrophobic interactions. The pocket coordinates of active site _ x, y, z are listed in Table 1. 
Eugenol and TLR-4 formed two hydrophilic interactions, as TRP-256, ASP-209 and two Hydrogen bonds, as HIS-179, GLU-230 (Fig. 11 
A). Eugenol and NF-κB formed one Hydrogen bond as DA17, and three hydrophilic interactions, including LYS218, PHE307 and DA17 
(Fig. 11 B). Eugenol and JNK/MAPK formed seven hydrophilic interactions, as LEU206, ILE70, MET146, LEU206, ALA91, LEU148 and 
VAL196, while one Hydrogen bond as MET149 (Fig. 11C). Eugenol and AP-1 formed three hydrophilic interactions, including LEU71, 
ALA27 and PRO47, and two Hydrogen bond as THR48 and ALA27 (Fig. 11 D). Furthermore, eugenol and clone18 TCR formed five 
hydrophilic interactions, including MET48, ALA46, PRO46, VAL101 and ALA46, and three Hydrogen bond as ARG121, SER101 and 
PRO192 (Fig. 11 E). The binding energy of eugenol with TLR-4, NF-κB, JNK and AP-1 were listed in Table 2. These results showed high 
affinity of eugenol with the amino acids of these proteins, and further implicated that TLR-4/AP-1 axis and TCR were potential targets 
of eugenol. 

Fig. 5. Integrative analyses of the functional roles of 295 eugenol targets in transcriptomics of immune cells in COVID-19 cases. (A) Statistic input 
gene lists. (B) Heatmap of enriched terms across input gene lists, colored by P-values. (C) The top-level Gene Ontology biological processes. (D) 
Summary of enrichment analysis in DisGeNET. (E) Summary of enrichment analysis in PaGenBase. (F) Summary of Protein-Protein Interaction (PPI) 
enrichment analysis. Enriched terms were ranked with “Count” and “-log 10 (P-value)”. 
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3.9. Binding capacity of eugenol to the SARS-CoV-2 spike protein-ACE2 complex and RdRp 

We aimed at predicting the S protein-ACE2 complex without removing crystal structure of ACE2. For wild type S protein-ACE2 
complex, one hydrogen bond between ASN-210 of complex and eugenol was observed. π-π interaction between VAL-209 and PRO- 
565, and the hydrophobic interaction between LEU-95 and eugenol were predicted (Fig. 12 A). The binding energy is − 4.80 kcal/ 
mol. For Omicron mutant S protein-ACE2 complex, the eugenol molecule forms two hydrogen bonds with the amino acid residue ASN- 
33 and GLN-96 respectively. Eugenol molecule forms π-π interaction with amino acid residue PRO-389, and the hydrophobic inter
action is generated between amino acid residue PRO-389 and eugenol (Fig. 12 B). The binding energy is − 4.3 kcal/mol. For SARS-CoV- 
2 RdRp without identification of finger subdomain, the two hydrogen bonds were predicted, as eugenol molecule forms hydrogen bond 
with the amino acid residue A-11 and ILE-589 respectively. Eugenol molecule forms π-π interaction with the amino acid residue PHE- 
812, whereas the hydrophobic interaction is generated between the amino acid residue ILE-589 and the eugenol (Fig. 12C). The 
binding energy is − 5.42 kcal/mol. The pocket coordinates of active site _ x, y, z and interacting amino acids in the calculation were 
listed in Table 3 and Table 4. 

Typically, the results of molecular docking implicated a potential affinity association between eugenol and the SARS-CoV-2 Spike- 
ACE2 complex, and SARS-CoV-2 RdRp. Nevertheless, molecular docking makes only primary opinion, while the molecular dynamics 
simulation makes the final prediction. Therefore, a further molecular dynamics simulation was conducted. 

Fig. 6. External validation through analyzing GSE171360. Eugenol at the doses of 156.25 μM, 312.5 μM and 625 μM were selected for the screening 
and analyzing. Raw data were normalized with Log 2-counts per million, and parameters were set as Log 2 FC > 1 and adjusted P value < 0.05. (A) 
Volcano-plots represent differential gene expression induced by eugenol. (B) Immune cell infiltration analyses of transcriptional genes by eugenol. 
(C) Venn diagrams depict intersecting genes in eugenol/COVID-19. A P value < 0.05 indicates the statistical significance. 
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3.10. Molecular dynamics simulation of eugenol and SARS-CoV-2 spike protein-ACE2 complex without removing ACE2, and nonfinger 
subdomain of SARS-CoV-2 RdRp(100ns) 

We performed molecular dynamics simulation of molecular conformation by 100 ns after molecular docking, then, small protein 
complexes in each molecular dynamics trajectory was analyzed with RMSD method, the results manifested that four RMSD reached to 
smooth and steady status. The complex and small molecules in molecular dynamics trajectory with 20–100 ns was in stable binding 
state. Therefore, we can sample and analyze the trajectories of 20–100ns (Fig. 13 A). Furthermore, we performed RMSF analyses to the 
proteins in the stabile trajectories. Compared with the RMSF value of SARS-CoV-2 RdRp-molnupiravir complex, the better RMSF value 
of SARS-CoV-2 RdRp-Eugenol complex was observed. The result suggested that the binding stabilization of eugenol to SARS-CoV-2 
RdRp is more intension than that of molnupiravir. Identically, binding stabilization of eugenol to SARS-CoV-2 omicron spike 
protein-ACE2 complex is more intension than that of nilotinib (Fig. 13 B and Fig. 13C). 

Furthermore, binding patterns of each complex before MD and after MD were obtained, and superimposition comparison and 
docking were visualized (Fig. 14 A, B for RdRp and Fig. 15 A, B for Omicron Spike-ACE2 complex). The results showed that there was 
little difference of binding position of eugenol or controls before and after simulation, which implicated that eugenol had bound to the 
corresponding pockets. 

Fig. 7. Intersecting genes of differentially expressed genes by eugenol and COVID-19. Cytoscape depicts the network of SARS-CoV-2 antigens, SARS- 
CoV-2 interacting genes and eugenol induced differentially expressed genes. Yellow triangles demotes the SARS-CoV-2 antigens, Red triangles 
demote up-regulated genes by eugenol at corresponding doses, light blue triangles demote down-regulated genes by eugenol at corresponding doses, 
red ellipses denote the three interesting genes, including SCARB1, HMOX1 and GDF 15. 
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3.11. Free energy calculations and residue decomposition between eugenol and SARS-CoV-2 omicron Spike-ACE2 complex, and SARS-CoV- 
2 RdRp 

MMGBSA model was used to calculate the free energy calculations and residue decomposition of protein-small molecule complex, 
including SARS-CoV-2 RdRp-molnupiravir, SARS-CoV-2 RdRp-Eugenol, SARS-CoV-2 Omicron Spike-ACE2 complex-nilotinib and 
SARS-CoV-2 Omicron Spike protein-ACE2 complex-Eugenol. The results represent that the binding free energy were − 23.15 ± 2.072, 
− 24.93 ± 4.04, − 23.016 ± 1.28, − 27.31 ± 0.93 respectively, suggested that eugenol has the advantage of binding to the two SARS- 
CoV-2 virulence domains (Table 5 and Table 6). Meanwhile, in the interaction of RdRp-eugenol complex, SER-592 and LYS-593 more 
contributed to the binding free energy (Fig. 16 A, B and Table 7). In the interaction of Omicron Spike_protein-ACE2-eugenol complex, 
Pro389 has more contribution to the binding free energy (Fig. 16C, D and Table 7). These simulated results together with molecular 
docking analysis above implicated that eugenol might modify the structure of SARS-CoV-2 Omicron Spike-ACE2 complex, aiming at 
the region of ACE2, and RdRp, which may provide evidence for the subsequent investigation of structural modification of SARS-CoV-2 
Omicron Spike-ACE2 complex by eugenol. However, the results were limited due to 100ns simulation and Spike protein was not 
estimated individually, as removing ACE2. Therefore, the following simulation with 200ns were performed, SARS-CoV-2/Omicron 
was set as the independent object, and a recommended finger subdomain of SARS-CoV-2 RdRp were used in simulation [56]. 

Fig. 8. Integrative analyses of the functional roles of 26 differentially expressed genes by eugenol (312.5 μM) in transcriptomics of immune cells in 
COVID-19 cases. (A) Statistic input gene lists. (B) Heatmap of enriched terms across input gene lists, colored by P-values. (C) The top-level Gene 
Ontology biological processes. (D) Summary of enrichment analysis in DisGeNET. (E) Summary of enrichment analysis in PaGenBase. (F) Summary 
of Protein-Protein Interaction (PPI) enrichment analysis. Enriched terms were ranked with “Count” and “-log 10 (P-value)”. 
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3.12. Binding capacity and stability of eugenol to SARS-CoV-2 Spike_RBD alone and finger subdomain of SARS-CoV-2 RdRp 

In order to estimate the binding probability of eugenol to SARS-CoV-2 Spike_RBD alone, the human ACE2 was removed. Fig. 17A 
showed the eugenol bound to the surface of wt_spike protein interacting with ACE2 (− 4.5 kcal/mol), hydrogen bounds were observed 
between eugenol and ASN-501, GLY-496 of S protein. Hydrophobic interactions were observed between eugenol and TYR-453, TYR- 
495 of S protein. Hydrogen bound is one of the most intensive noncovalent bonds known. Therefore, ASN-501 and GLY-496 
contributed to the binding stability. Fig. 17B showed the eugenol bound to the surface of Omicron mutant Spike protein interact
ing with ACE2(− 4.6 kcal/mol), eugenol generated a hydrogen bound to ARG-403 of Omicron mutant Spike protein_RBD, while hy
drophobic interactions were observed between eugenol and TYR-453 of Omicron Spike protein_RBD. Similarly, ARG-403 contributed 
to the binding stability. Fig. 17C showed the eugenol bound to the finger subdomain of SARS-CoV-2 RdRp (− 4.6 kcal/mol), two 
hydrogen bounds were generated between eugenol and ARG-553, ARG-624 of RdRp, nevertheless, no hydrophobic interactions were 
observed. ARG-553 and ARG-624 contributed to the binding stability of eugenol to finger subdomain of SARS-CoV-2 RdRp. The pocket 
coordinates of active site _ x, y, z in the calculation were listed in Table 8. 

3.13. Molecular dynamics simulation of eugenol and SARS-CoV-2 spike RBD alone, and RdRp finger subdomain (200ns) 

In order to estimate the interaction of eugenol to SARS-CoV-2 spike RBD alone, disregarding the hACE2, molecular dynamics 
simulation with 200ns was performed in addition to the results above. RMSD and RMSF can reflect the movement process of the 

Fig. 9. Integrative analyses the functional roles of 72 differential expressed genes by eugenol (625 μM) in transcriptomics of immune cells in COVID 
cases. (A) Statistic input gene lists. (B) Heatmap of enriched terms across input gene lists, colored by P-values. (C) The top-level Gene Ontology 
biological processes. (D) Summary of enrichment analysis in DisGeNET. (E) Summary of enrichment analysis in PaGenBase. (F) Summary of Protein- 
Protein Interaction (PPI) enrichment analysis. Enriched terms were ranked with “Count” and “-log 10 (P-value)”. 
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Fig. 10. Functional roles of eugenol induced deferentially expressed genes calculated with GSEA. The significant enrichments obtained from 
eugenol at a dose of 625 μM. (A) Summary of GSEA results. (B) Biological process. (C) Molecular function. (D) KEGG pathway. (F) Disease. (G) 
Pharmacological action. 

Table 1 
Molecular docking coordinates of eugenol with the human the proteins of TLR-4/AP-1 axis and TCR.  

Proteins x center y center z center size_x size_y size_z 

TLR-4 22.55 5.13 32.02 125 125 125 
clone18 TCR 6.247000 − 17.680500 6.740500 14.844000 15.252999 17.819000 
NF-κB 68.365997 30.267501 25.716499 14.501999 16.655001 17.465000 
JNK/MAPK − 0.406000 − 1.293000 − 29.791501 16.020000 15.084000 17.829000 
AP-1 − 121.043503 27.370000 15.220000 12.598999 16.822001 18.560000  
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complex, higher RMSD value and violent fluctuation as higher RMSF value implicate unstable movement of the complex. In the current 
results, RBD_WT/Eugenol complex manifested higher RMSD and RMSF values than RBD_WT/Nilotinib. This means RBD_WT/Eugenol 
was less well than RBD_WT/Nilotinib (Fig. 18A). In the RBD_Omicron system, either RBD_Omicron/eugenol or RBD_Omicron/nilotinib 
system were stable in middle-later simulation phase, this implicated that the two system both can exist steadily (Fig. 18 B). For RdRp 
finger subdomain of SARS-CoV-2, RMSD value of Eugenol/RdRp complex outdistanced molnupiravir/RdRp complex. This implicated 
Eugenol/RdRp complex is more stable and effective than molnupiravir in these aspects (Fig. 18C). Furthermore, RMSF also reflected 
the protein flexibility during the process of molecular dynamics simulation. Generally, protein flexibility is changed and enzyme 
activity is generated when small molecule drug combined to target protein. There were no significant differences of RMSF values for 
eugenol and two positive control, molnupiravir and nilotinib (Table 9). These aspects means effects of eugenol on protein flexibility of 
SARS-CoV-2 were the same as the two positive controls, eugenol might exert similar biological actions as molnupiravir and nilotinib 
(Fig. 18D–F). 

MM-GBSA method was used to calculate the binding energy of complexes, which provided more precise the binding efficacy of 
small molecules and target proteins, the results implicated that the free energy of RBD-wt/Eugenol, RBD-wt/Nilotinib, RDRP/Eugenol, 
RDRP/molnupiravir, RBD-Omicron/Eugenol, RBD-Omicron/Nilotinib were − 8.1363, − 23.1307, − 16.9318, − 9.5256, − 10.5605, 

Fig. 11. Molecular docking analysis indicates high-affinity association between eugenol and TLR-4/NF-κB/JNK(MAPK)/AP-1 axis and T cell re
ceptor. (A) Structural interaction of eugenol with TLR-4 (PDB ID: 2z63). (B) Structural interaction of eugenol with NF-κB (PDB ID:1le5). (C) 
Structural interaction of eugenol with JNK/MAPK (PDB ID: 30xi). (D) Structural interaction of eugenol with AP-1(PDB ID: 4hmy). (E) Structural 
interaction of eugenol with TCR(PDB ID: 4g8e). 

Table 2 
Binding energy and interacting amino acids of eugenol with the human the proteins of TLR-4/AP-1 axis and TCR.  

Proteins PDB 
code 

Chemical Pubchem 
code 

Binding energy 
(kcal•mol− 1) 

Interactions Category 

TLR-4 2Z65 Eugenol 3314 − 5.1 kcal/mol TRP-256, ASP-209 Hydrophobic 
interactions 

HIS-179,GLU-230 Hydrogen bonds 
TRP-256 Pi stacks 

clone18 
TCR 

4g8e Eugenol 3314 − 6.98 kcal/mol ARG121, SER101, PRO192 Hydrogen Bond 
MET48, ALA46, PRO46, VAL101, ALA46 Hydrophobic 

interactions 
NF-κB 1le5 Eugenol 3314 − 5.61 kcal/mol DA17:OP2 Hydrogen bonds 

LYS218, PHE307, DA17 Hydrophobic 
interactions 

JNK/MAPK 30xi Eugenol 3314 − 7.06 kcal/mol MET149 Hydrogen bonds 
LEU206, ILE70, MET146, LEU206, ALA91, 
LEU148, VAL196 

Hydrophobic 
interactions 

AP-1 4hmy Eugenol 3314 − 6.38 kcal/mol THR48, ALA27 Hydrogen Bonds 
LEU71, ALA27, PRO47 Hydrophobic 

interactions 
MG1002 Other (Metal- 

Acceptor)  
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Fig. 12. Molecular docking analysis indicates high-affinity association between eugenol and the pathogenic components of SARS-CoV-2. (A) 
Structural interaction of eugenol with earlier SARS-CoV-2 spike protein in complex with human ACE2 (PDB ID: 6M0J). (B) Structural interaction of 
eugenol with SARS-CoV-2 Omicron spike protein in complex with human ACE2 (PDB ID: 7T9L). (C) Structural interaction of eugenol with SARS- 
CoV-2 replicating SARS-CoV-2 polymerase (PDB ID: 6YYT), the blue dotted line demotes the hydrogen bond, pink dotted line indicates the π-π 
interaction of molecules, and yellow dotted line demotes the hydrophobic interaction. 

Table 3 
The coordinates of grid box for the SARS-CoV-2/Omicron spike protein-ACE2 complex, RdRp.  

Proteins x center y center z center 

SARS-CoV-2 Spike-ACE2 complex (6M0J) − 20.499923 35.220462 − 15.917385 
SARS-CoV-2 Omicron Spike-ACE2 complex (7T9L) 217.362 178.068 259.800 
SARS-CoV-2 RNA dependent RNA Polymerase (6YYT) 84.881 92.002 99.408  

Table 4 
Molecular docking results of eugenol with SARSCoV-2/Omicron spike protein-ACE2 complex, RdRp.  

Proteins Chemical Interacting residues Type of interaction bond Binding energy (kcal•mol− 1) 

6M0J (Complex) Eugenol ASN-210 
VAL-209; PRO-565 
LEU-95 

hydrogen bond 
π-π interaction hydrophobic interaction 

− 4.80 kcal/mol 

7T9L (Complex) Eugenol ASN-33; GLN-96 
PRO-389 
PRO-389 

hydrogen bond 
π-π interaction hydrophobic interaction 

− 4.3 kcal/mol 

6YYT (Complex) Eugenol A-11; ILE-589 
PHE-812 
ILE-589 

hydrogen bond 
π-π interaction hydrophobic interaction 

− 5.42 kcal/mol  
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− 23.0234 kcal/mol respectively (Table 10). The results implicated that eugenol had a higher affinity with finger subdomain of SARS- 
CoV-2 RdRp than molnupiravir, whereas, these results were accorded to the finding of simulation with 100ns. Furthermore, referring 
to the results of energy decomposition, Van der waals energy and electrostatic energy were considered the major contributors. 
Meanwhile, binding patterns of each complex before MD and after MD were obtained, and superimposition comparison was per
formed. Significantly, there is little difference of binding position of eugenol or controls before and after simulation, which implicated 
that eugenol had bound to the corresponding pockets (Fig. 19A–F). Due to little change in the position of Eugenol/RBD-wt, Eugenol/ 
RdRp, Eugenol/RBD-Omicron complex before/after simulation, we considered that some docking amino acids might possess important 
effects on SARS-CoV-2 invasion and proliferation (Table 11). 

3.14. Sequence discrepancy between RBD_WT and RBD_Omicron of SARS-CoV-2 spike 

The result of sequence alignment showed the identity of RBD_WT and RBD_Omicron of SARS-CoV-2 was 92.27%, there were 
frequent mutations of amino acids in RBD_Omicron of SARS-CoV-2 spike. Importantly, more frequent mutations were observed in the 
active sequence of Omicron S protein RBD which interacted with hACE2, as AG … YQ（AGSTPCNGVEGFNCYFPLQSYGFQPTNGV
GYQ. Therefore, the mutations of SARS-CoV-2 lead to the change of interacting pattern of S protein RBD with hACE2 (Fig. 20). 

Fig. 13. Molecular dynamics simulation (100ns). (A) Trajectory RMSD analysis with 100ns using Gromacs2021.3 RSMF analysis for stable tra
jectory. (B) Comparison between SARS-CoV-2 RdRp-molnupiravir complex and SARS-CoV-2 RdRp-eugenol complex. (C) Comparison between SARS- 
CoV-2 omicron spike-ACE2 complex-nilotinib and SARS-CoV-2 omicron spike-ACE2 complex-eugenol. 
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3.15. Comparison of physicochemical properties of chemicals 

As SARS-CoV-2 infection leads to neuronal damage, small molecule drugs with activity of blood-brain barrier (BBB) permeant are 
essential for neuron protection [93,94]. The aiming chemical, eugenol (164.20 g/mol) has a lower molecular weight than molnupiravir 
(329.31 g/mol) and nilotinib (529.52 g/mol). The lipophilicity of eugenol is higher than molnupiravir and lower than nilotinib. 

Fig. 14. Conformational change of SARS-CoV-2 RdRp-eugenol complex before MD and after MD. (A) SARS-CoV-2 RdRp-molnupiravir complex 
(Control). (B) SARS-CoV-2 RdRp-eugenol complex. 

Fig. 15. Conformational change of SARS-CoV-2 Omicron Spike-ACE2 complex before MD and after MD. (A) SARS-CoV-2 Spike-ACE2 complex- 
nilotinib (Control). (B) SARS-CoV-2 Spike-ACE2 complex-eugenol. 
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Eugenol and molnupiravir were classified as the soluble chemicals in water, nilotinib as the innsoluble chemical. GI absorption of 
eugenol is better than molnupiravir and nilotinib, more importantly, eugenol can pass through the blood-brain barrier (BBB), whereas 
molnupiravir and nilotinib cannot. Summarized physicochemical properties of chemicals were listed in Supplementary Table 9. These 
results implicated that eugenol has good physicochemical properties. 

3.16. Aberration and toxic properties of eugenol, molnupiravir and nilotinib 

The results manifested that the predicted LD50 for eugenol was 1930 mg/kg (Fig. 21 A), with 100% prediction accuracy, while the 
predicted LD50 for molnupiravir and nilotinib were 826 mg/kg and 800 mg/kg respectively (Fig. 21B and C). Nevertheless, the 
prediction accuracy of LD50 for the two chemicals were relatively low, as 69.26% and 54.26%. A further toxicity model reports 
manifested that eugenol was not associated with significant aberration and toxic properties in spite of slight effect on the liver (67%). 
Molnupiravir was predicted to be associated with hepatotoxicity (56%), and low affinity to carcinogenicity (50%) and mutagenicity 
(53%). Nilotinib was predicted to be associated with hepatotoxicity (82%) and carcinogenicity (53%), immunotoxicity (98%) 
(Fig. 21D). Taken these results, eugenol is considered as safe chemical, the calculated results for molnupiravir and nilotinib were 
undetermined due to the limited prediction percentage. Immunotoxicity and hepatotoxicity with higher prediction percentage should 
be attached importance to nilotinib. 

4. Discussion 

Development of COVID drugs have two major aspects, the immune regulatory effects of the drug or as an inhibitor of the virus. In 
response to unceasing variation of SARS-CoV-2, investigating more pan-corona antiviral reagents are essential. This work compre
hensively studied the interaction of eugenol to major targets of inflammatory activation, and the binding potential of eugenol to the 
virus. In single analysis/network pharmacology, the results suggest that eugenol can target multiple core genes for SARS-CoV-2 entry, 
which is beneficial for contracting immunopathological injury, regulating macrophage activity and cytokine signaling. Further ge
nomics validation were applied to analyze GSE171360, the methods involved screening different genes, immune infiltration analysis 
and GSEA analyses. The results implicated eugenol can impact multiple biological processes and the pathway relating to lipid 
metabolism and neuroinvasion of SARS-CoV-2. Eugenol also increased the transcription of antioxidant HMOX1, SCARB1 and GDF15, 
which were identified important regulator of inflammation, macrophage activity, and served as a hub gene of COVID-19 according to 
the literatures [85,86]. The author further found that eugenol interacted with human TCR, TLR-4 and three downstream molecules 
(NF-κB, JNK and AP-1). NF-κB, JNK/MAPK and AP-1were confirmed the upstream signaling of human TLR-4, which contributes to the 
mechanism of regulating and facilitating the inflammatory cytokine production. Activation of human TLR-4/AP-1 axis promoted the 
release of interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) [52]. Furthermore, the molecular dynamics 
simulation revealed that the binding capacity and stability of eugenol to SARS-CoV-2 RdRp and its finger subdomain, and the mod
ificatory action of eugenol on SARS-CoV-2 Omicron Spike-ACE2 complex, were no less favorable than two positive controls, mol
nupiravir and nilotinib. The binding capacity and stability of eugenol to SARS-CoV-2/Omicron Spike RBD alone was less than nilotinib. 
Eugenol was predicted with lower cytotoxicity compared to molnupiravir and nilotinib, and it can pass through the BBB. 

Table 5 
Free energy calculations of SARS-CoV-2 RdRp-Eugenol complex, comparing with SARS-CoV-2 RdRp-Molnupiravir complex.  

Energy Component Polymerase-Molnupiravir Polymerase-Eugenol 

Average SD (Prop.) Average SD (Prop.) 

VDWAALS − 23.2712 0.535132 − 33.2167 0.480432 
EEL − 15.9719 1.821813 − 6.86507 3.937915 
EGB 19.06847 0.830386 19.03201 0.774748 
ESURF − 2.97655 0.010182 − 3.8803 0.006841 
GGAS − 39.2431 1.898781 − 40.0818 3.967114 
GSOLV 16.09192 0.830448 15.15171 0.774778 
TOTAL ¡23.1512 2.072441 ¡24.93 4.042063  

Table 6 
Free energy calculations of Spike_protein-ACE2 complex-Eugenol, comparing with Spike_protein-ACE2 complex-Nilotinib.  

Energy Component Spike_protein-Nilotinib Spike_protein-Eugenol 

Average SD (Prop.) Average SD (Prop.) 

VDWAALS − 17.196794 0.405644 − 38.0702 0.881745 
EEL − 11.9901885 1.199514 − 17.9769 0.17159 
EGB 13.835786 0.151878 33.11289 0.242749 
ESURF − 7.664767686 0.021543 − 4.37811 0.014622 
GGAS − 29.1869825 1.266247 − 56.0471 0.898286 
GSOLV 6.171018314 0.153398 28.73478 0.243189 
TOTAL ¡23.01596419 1.275504 ¡27.3123 0.930622  
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The chemical eugenol (4-allyl-2-methoxyphenol, C10H12O2) as the major volatile, biologically active component of clove oil, has 
been widely used in food, cosmetics and pharmaceuticals. Eugenol was recognized as a safe chemical without DNA strand break 
activity and had not listed as environmental pollutant [95]. Generally, eugenol avoids mosquito bites, survives the test of time in dental 
medicine [96,97]. Recent studies confirmed that eugenol significantly inhibited a variety of bacteria, including proliferating patho
genic fungi, staphylococcus aureus, shigella, mycobacterium tuberculosis, bacillus proteus and escherichia coli [35]. Hereof, eugenol 
and its derivatives are the source of Isoniazid [98]. Historically, eugenol exerts anesthetic activity, acts as a positive allosteric mod
ulators of the γ-aminobutyric acid (GABA)-A receptor, and possesses neuroprotective and radio-protective effects in experimental 
models [99–102]. Eugenol also attenuated TiO2 nanoparticles-induced DNA damage and H2O2-mediated oxidative stress in HUVECs 
[103,104]. An aspirin-eugenol eater (AEE) reducedformation of thrombosis in a rat tail thrombosis model [105]. In vivo studies 
revealed that eugenol generated various biological effects including anti-oxidant, anti-mutagenic, anti-genotoxic and anti-cancer 
capacities [106–109]. Therefore, eugenol was recommended to clinicians for treating inflammatory diseases and some chronic dis
eases [109,110] (Therapeutic effects of eugenol was listed in Fig. 22 according to the literature). 

SARS-CoV-2 infection cause a series of immune-mediated complications and neurologic sequela, including systemic inflammatory 

Fig. 16. Free energy calculations and residue decomposition employing the MM-GBSA method. The energy set, including VDWAALS, EEL, EGB, 
ESURF, GGAS and GSOLV, were estimated. (A) Comparison between SARS-CoV-2 RNA dependent RNA polymerase-molnupiravir complex and 
SARS-CoV-2 RNA dependent RNA polymerase-eugenol complex. (B) Comparison between SARS-CoV-2 Omicron spike-ACE2 complex-nilotinib and 
SARS-CoV-2 Omicron spike-ACE2 complex-eugenol. Units of energy are defined as kacl/mol. SER-592 and LYS-593 poses more contributions of 
binding free energy in SARS-CoV-2 RNA dependent RNA polymerase-eugenol interactions, whereas, Pro389 poses more contributions of binding 
free energy in SARS-CoV-2 Omicron spike-ACE2 complex -eugenol interactions. 

Table 7 
Interacting amino acids of small molecular eugenol and SARS-CoV-2.  

System hydrophobic_interactions Hydrogen_bonds 

SRS-CoV-2 RdRp-Eugenol A17, A11, LYS593, CYS813, LEU758, 
TRP598, PHE812, MET 601 

LYS 593, A17: O4′

SARS-CoV-2 Omicron Spike-ACE2 complex-Eugenol PRO389, LEU29, LYS26, VAL93 GLN96, THR92: OG1, ASP30:OD1  
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Fig. 17. Molecular docking analysis indicates moderate-affinity association between eugenol and SARS-CoV-2 Spike_RBD and finger subdomain of 
SARS-CoV-2 RdRp.(A) Structural interaction of eugenol with SARS-CoV-2 wild type Spike RBD (6M0J), removing human ACE2.(B) Structural 
interaction of eugenol with SARS-CoV-2 Omicron mutant Spike RBD (7T9L), removing human ACE2.(C) Structural interaction of eugenol with finger 
subdomain of SARS-CoV-2 RdRp (6M71). 

Table 8 
Molecular docking coordinates of eugenol with SARS-CoV-2 wild type/Omicron Spike RBD and finger subdomain of RdRp.  

Proteins x center y center z center size_x size_y size_z 

Wild type Spike RBD without ACE2 (6M0J) − 34.13 28.75 8.17 25 25 25 
Omicron Spike RBD without ACE2 (7T9L) 228.32 173.83 256.78 25 25 25 
Finger subdomain of RdRp (6M71) 122.01 115.50 133.25 22.5 22.5 22.5  

Y. Liu                                                                                                                                                                                                                     



Heliyon 9 (2023) e13853

24

disease, stroke, thromboembolism and Alzheimer’s-like brain injury in the cases infected by earlier virus strains, which are strongly 
correlated with the prognosis of patients to our best knowledge [111–115]. Risks of death, hospitalization and sequelae in various 
organs further soared after repeated infection in the acute and postacute phase [116]. Notably, there is a portion of patients recovering 
from earlier SARS-CoV-2 infection along with Long-COVID, including dyspnea, loss of taste and smell, mental abnormality [2,117]. 
Previous studies confirmed that SARS-CoV-2 infection led to DNA damage of cardiac tissues, vascular endothelial inflammatory, and 
microvascular disease, while individuals are at a high risk of the incident cardiovascular disease after COVID-19 [118–121]. In pe
ripheral circulating blood, heparin as a potential receptor of SARS-CoV-2 spike protein exerts undefined effects [122]. Although, the 
effects of SARS-CoV-2 on function of coagulation and anticoagulation have not been fully understood, at least, along with cardio
vascular damage, SARS-CoV-2 infection may increase the risk of thrombogenesis, and the risk likely persist in the future, especially in 
hospitalized patients with heart failure or stroke [123]. Furtherly, immune functional change post SARS-CoV-2 infection have not yet 
been fully explained, SARS-CoV-2 infection caused sustained transcriptional changes of myeloid and T cell, and infection elicited more 
severe damage to organs such as lung, kidney and impacted the olfactory bulb and olfactory epithelium than the those by influenza A 

Fig. 18. Trajectory RMSD and RMSF analysis indicated eugenol exerted similar biological activity as two positive controls, and eugenol-SARS-CoV- 
2 RdRp presented better stability as molnupiravir. The stability of eugenol-SARS-CoV-2 wt/Omicron mutant Spike RBD complex was less stability 
than nilotinib. (A) RMSD of eugenol/nilotinib- SARS-CoV-2 wt Spike RBD complex (200ns). (B) RMSD of eugenol/nilotinib-SARS-CoV-2 Omicron 
mutant Spike RBD complex (200ns). (C) RMSD of eugenol/molnupiravir- SARS-CoV-2 RdRp complex (200ns). (D) RMSF of eugenol/nilotinib- SARS- 
CoV-2 wt Spike RBD complex. (E)RMSF of eugenol/nilotinib-SARS-CoV-2 Omicron mutant Spike RBD complex. (F) RMSF of eugenol/molnupiravir- 
SARS-CoV-2 RdRp complex. 

Table 9 
Molecular dynamics simulation (200ns) with RMSD and RMSF methods.  

Complex RMSD value (Mean) RMSF value (Mean) 

6M0J_RBD_wt-Eugenol 3.10976 0.90172 
6M0J_RBD_wt-Nilotinib 2.8265 0.88501 
7T9L_RBD_mut-Eugenol 3.69205 1.20363 
7T9L_RBD_mut-Nilotinib 4.27111 1.31275 
6M71_RdRp-Eugenol 3.5666 1.17827 
6M71_RdRp-Molnupiravir 2.3788 1.10242  
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virus infection [124]. Klein et al. found that long COVID is along with significant changes in leukocytes at > 400 days post infection 
[125]. Intrinsic Epstein-Barr virus reactivated by SARS-CoV-2 infection may be contribute to neurological symptoms of Long-COVID 
[126]. Meanwhile, multisystem inflammatory syndrome (MIS-C), acute hepatitis, and Omicron infection related unexplained 
abdominal pain needed to be operated (Fuji TV report), are potential infection related complications COVID-19 in Children [127]. 
Although Omicron variants like BA.1/BA.2 replicate more efficiently in human bronchus than that in the lung tissue, and the resultant 
symptoms and sequela may be not too serious, cumulative reinfection by viral variation though escape antibodies, and consequent 
effects to human body could not be neglected. Therapeutic drug with single target may be not enough for these infection-related 

Table 10 
Free energy calculations of SARS-CoV-2 wild type and Omicron mutant Spike_RBD-Eugenol, and the finger subdomain of SARS-CoV-2 RdRp-Eugenol, 
comparing with Nilotinib and Molnupiravir.  

Complex system VDW EEL EGB ESURF DELTA-GAS DELTA-SOL DELTATOT 

RBD_WT-Eugenol − 10.686 − 3.7435 8.0797 − 1.7864 − 14.4295 6.2932 ¡8.1363 
RBD_WT-Nilotinib − 36.9626 − 3.4302 21.6568 − 4.3971 − 40.3903 17.2597 ¡23.1307 
RdRp finger subdomain-Eugenol − 20.1754 − 4.2059 10.468 − 3.0186 − 24.3812 7.4494 ¡16.9318 
RdRp-finger subdomain-Molnupiravir − 10.3971 − 20.2175 23.183 − 2.094 − 30.6146 21.089 ¡9.5256 
Omicron RBD_M-Eugenol − 14.9489 − 10.0712 16.4989 − 2.0393 − 25.02 14.4596 ¡10.5605 
Omicron RBD_M-Nilotinib − 34.9401 − 15.5797 32.1134 − 4.6175 − 50.5193 27.4959 ¡23.0234 

Foot note: VDW: van der Waals energy; EEL: electrostatic energy; EGB: electrostatic contribution to solvation; ESURF: non-polar contribution to 
solvation; DELTA-GAS: VDW + EEL; DELTA-SOL: EGB + ESURF; DELTA-TOT: binding free energy. 

Fig. 19. Superimposition comparison of SARS-CoV-2 Spike RBD alone before MD and after MD. (A) SARS-CoV-2 Spike wild type RBD-nilotinib 
(Control). (B) SARS-CoV-2 Omicron mutant Spike RBD-nilotinib (Control). (C) Finger subdomain of SARS-CoV-2 RdRp-molnupiravir (Control). 
(D) SARS-CoV-2 Spike wild type RBD-Eugenol. (F) SARS-CoV-2 Omicron mutant Spike RBD-Eugenol. (F) Finger subdomain of SARS-CoV-2 
RdRp-Eugenol. 

Table 11 
Interaction of small molecular eugenol and amino acids.  

System Hydrophobic_interactions Hydrogen_bonds 

SARS-CoV-2 RBD_WT-Eugenol TYR-453,TYR-495 ASN-501,GLY-496 
SARS-CoV-2 Omicron RBD_M-Eugenol TYR-453 ARG-403 
SARS-CoV-2 RdRp finger subdomain-Eugenol  ARG-553,ARG-624  
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complications. In all, indefinite Omicron related sequelae still relies on long-term evaluation, pan-corona antiviral drugs, vaccines and 
efficient antibodies can provide reserves and guarantees for the unclear epidemic situation. 

In the current study, by searching SymMap and HERB database, 295 eugenol related targets were identified. Then the gene 
enrichment analysis was performed. The results indicated that these target genes of eugenol highly enriched in the biological pro
cesses, pathways of human diseases and SARS-CoV-2 pathway (e.g. Ca2+ signaling) [128], including complement and coagulation 
cascades, calcium signaling pathway, viral infection, and cancers. The SymMap symptoms manifested that eugenol was significantly 
associated to headache and pain, and some neurological symptoms, upper respiratory tract symptoms, and gastrointestinal symptoms. 
These calculated results are in line with the pharmacological action of eugenol and SARS-CoV-2 infection related clinical symptoms. 
Furthermore, 6 out of the 259 targets, including ITGB1, TMPRSS2, HMOX1, NUP88, CTSL and PLAT, were identified direct target 
proteins of SARS-CoV-2 antigens and eugenol. The six genes were confirmed to be strongly correlated to the SARS-CoV-2 invasion, lung 
inflammation, inflammatory response and vaccination related thrombosis pathway [40,82–89]. Furtherly, 259 eugenol targets were 
integrated with immune signaling of SARS-CoV-2 infected critical cases, eugenol targets enriched in cellular response to stress, cellular 
response to stimuli, and cytokine signaling. These results implicated that eugenol is a potential immunomodulator for the treatment of 
COVID-19. Nevertheless, although single analysis/network pharmacology above is helpful for identifying the pharmacological targets, 
biological function, clinical relations and therapeutic mechanisms of eugenol, transcriptional alteration in specific cell induced by 
eugenol remain to be disclosed. 

Hence, in addition to single analysis above, omics analyses were conducted, based on GSE171360, dose-dependent differentially 

Fig. 20. Sequence alignment Spike RBD of SARS-CoV-2 wild type and Omicron. The identity between the SARS-CoV-2_WT and Omicron was 
92.27%. Red color and one dot denote the low similarity. 

Fig. 21. Pharmacokinetic properties, aberration and toxic properties of chemicals. (A) LD50 value of eugenol. (B) LD50 value of molnupiravir. (C) 
LD50 value of nilotinib. (D) Aberration and toxic properties of chemicals. 
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expressed genes by eugenol were calculated. As a precautionary measure, three administrated doses within the considered safety range 
of eugenol application were selected, although eugenol was classified as a non-DNA damage-inducing chemical. The results showed 
that eugenol induced 3, 26, 72 differentially expressed genes with significance at the dose of 156.26 μM, 312.5 μM, 625 μM respec
tively. Identical genes regulated by eugenol and SARS-CoV-2 both are SCARB1, HMOX1 and GDF15. Accordingly, HMOX1 was 
identified in both single analysis and omics analyses, and eugenol can increase HMOX1 expression by 2 fold in HepaRGTM. The results 
of immune infiltration analysis showed that expressed genes induced by eugenol (625 μM) significantly enriched in macrophage, 
which indicated eugenol is a regulator of macrophage. Furthermore, GSEA analyses suggested these significant expressed genes 
induced by eugenol (625 μM) participated in the BPs and pathways, as lipid localization and PPAR signaling that is strongly associate 
to fatty liver, hepatitis and hepatic steatosis. Furthermore, in immune signaling of SARS-CoV-2 infected severe cases, differentially 
expressed genes identified by omics analyses indicate that eugenol effected the immune activities. 

To undertake the omics analysis above, transcription of SCARB1, HMOX1 and GDF15 are closely associated with SARS-CoV-2 
pathopoiesis. The SCARB1 protein is a plasma membrane receptor that mediates cholesterol transfer to and from HDL. Eugenol can 
increase the expression level of SCARB1, whereas the result contradicted with several limited studies [129–131]. These findings 
suggested that SCARB1 was a plausible receptor for hepatitis C virus (HCV) glycoprotein E2 and SARS-CoV2. Nevertheless, based on 
the consideration of the current study and literature, the core receptor for SARS-CoV-2 entry and pathopoiesia are ACE2, TMPRSS2 and 
TLR-4, eugenol was predicted to affect the binding of Spike protein to, or target these receptors, and there were also no evidence 
confirmed eugenol promoted the infection of HCV or SARS-CoV-2, while researches suggested that eugenol prevented the entry of HCV 
and SARS-CoV-2 [34,132,133]. Additionally, lipid envelope is the important component of SARS-CoV-2 and its variants that plays 
important role in viral infection process and neurological damage mediated by SARS-CoV-2 [134]. Lipid envelope promotes the 
transformation of initial infection to severe pneumonia. Targeting lipid metabolism may be a potential way for the treatment of 
COVDI-19 and its sequelae [134,135]. Several studies demonstrated that regulating glucose and HDL metabolism are available to 
reduce the mortality of COVID-19 [136–139]. Returning to our case study, eugenol can improve lipids profile, as it directly penetrates 
the lipid bilayer of liposomes, and exists on the surface, and is able to prevent free radical mediated lipid peroxidation [110]. 
Furthermore, eugenol elicited the transcription of GDF15 in the current study. GDF15 serves as a target and biomarker for diabetes and 
cardiovascular diseases, high expression of GDF15 improve insulin resistance, obesity, and type II diabetes [138]. GDF15 coordinates 
tolerance to inflammatory damage induced by the bacterial and viral infections, through regulation of triglyceride metabolism [140]. 
The findings suggested that eugenol has a wide range of biological functions, especially regulating lipid metabolism, lipid localization, 
PPAR pathway. These aspects of eugenol action may be beneficial for improving immunometabolism and attenuating COVID-19 
related immunopathological injury. 

HMOX1 was identified a hub gene in the current study, eugenol can up-regulate the expression of HMOX1. Various stresses stimuli, 
including pro-oxidants and pro-inflammatory mediators, can promote HMOX1 expression. High expression of HMOX1 possess im
munity control action on many immune cells, especially macrophages. HMOX1 acts as an important immunoregulator in macrophage 
populations, HMOX1 transcription promotes macrophage polarization towards an anti-inflammatory ‘M2-like’ macrophage phenotype 
[85]. Characteristics of macrophage may present abnormal phagocytic function, reduced responsibility for viral clearance, impaired 
self-limiting pro-inflammatory action, and imbalance of phenotypic transformation in COVID-19 pathology [141,142]. This pattern of 
macrophage phenotype of SARS-CoV-2 infection may provide us reference, which the immunopathology represented pulmonary 

Fig. 22. A summary of anti-inflammatory properties and therapeutic potential of eugenol depending on the previous evidences.  
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proinflammatory, absence of wound-healing macrophages, and similar to SARS-CoV infection [143]. Eugenol promotes the wound 
healing to our best knowledge [97]. In the current study, transcribed genes induced by eugenol at a dose of 625 μM enriched in 
macrophages, the findings suggested that eugenol can regulate macrophages partially due to the HMOX1 transcription. 

In the current study, the author used eugenol targets or eugenol induced transcription genes integrated to immune signaling of 
SARS-CoV-2 infected critical cases. The findings shows the identical pathway is cytokine signaling. The result implied eugenol may 
regulate cytokine signaling in immune system. As a supplement to the results above, the author considered that upstream signaling 
such as TLR-4/AP-1 axis and T lymphocyte receptor was confirmed major pathway facilitating inflammatory cytokine production/ 
release and vascular endothelial damage induced by SARS-CoV-2 infection, while TLR-4/AP-1 signaling was commonly used to study 
the plant derived molecules for drug development [52,120]. Phenolic compound targeting PPAR and TLR4 signaling inhibited (S) 
protein-induced cytotoxicity and inflammation [144]. In the current study, binding capacities of eugenol to human TLR-4 and its 
molecules were investigated. The obtained results indicated that eugenol exerted effective binding capacity to TLR-4/AP-1 and TCR 
molecules. 

There was slight discrepancy of eugenol targets for network pharmacology analyses and omics analyses. The author considered 
several factors may effect the differential results. (1) The discrepancy is intrinsic limitation due to adopting different datasets and 
corresponding cell lines. (2) In omics analyses, three safe doses of eugenol with a non-DDI classification were selected. Although the 
last two administrated doses (1250/2500 μM) of eugenol may amplify the transcription of genes, the two doses may have a prone to 
DDI classification according to the literature [43]. 

An important mechanism for eugenol to exert anti-microbe effects is the direct inhibition of enzymes related to microbial repli
cation. Eugenol was confirmed an effective inhibitor of a variety of viruses, including influenza A virus, herpes simplex virus type 1, 
herpes simplex virus 2 and ebola virus. It is also a potential antileishmaniasis agent through activation of the host immune system 
[145–148] (Anti-microbe effects of eugenol was listed in Fig. 23 according to the literature). Turgeon et al. implicated the efficacy of 
aerosolized chemicals (eugenol) to reduce viral loads in the air through airborne phage models, and limited data could be referred to 
before their novel investigation [149]. This research provided us new prospect on the strategy of reducing viral load through dro
plets/aerosols. These evidences, together with the result of Paidi et al. which implicated eugenol has latent capability against multiple 
viruses [34]. In addition to their work, using molecular docking analyses, favorite binding capacities of eugenol with SARS-CoV-2 
Spike-ACE2 complex and RdRp were determined, implicating that eugenol may be a potential modulator of SARS-CoV-2 Spi
ke-ACE2 complex and act as a potential factor influencing viral transcription. However, molecular docking analysis depends on the 
recognition between molecules and the match of spatial conformation, and the results were limited by computing abilities and 
accuracy. 

Therefore, the interactions of eugenol and SARS-CoV-2 Spike-ACE2 complex were further calculated with molecular dynamic 
simulation with 100ns. Nilotinib and molnupiravir were selected as positive controls of current analyses. Several kinase inhibitory 
agents as nilotinib, were suggested from the point of anti-fibrosis and intervention of the binding of Spike-ACE2 [55,150]. Based on 
molecular dynamics study, nilotinib was estimated an efficient compound to interfere, destabilize the metastable, perfusion complex of 

Fig. 23. A summary of antimicrobial activity depending on the previous evidences.  
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SARS-CoV-2 spike RBD-ACE2 [55]. Meanwhile, molnupiravir is orally active RdRp inhibitor of SARS-CoV-2, the interactions between 
molnupiravir and RdRp were investigated with molecular dynamic simulation [25,56–59]. Hence, the two inhibitors were used as the 
positive controls of eugenol. The statistic results suggested that the binding stability and capacity of eugenol to RdRp and SARS-CoV-2 
Omicron Spike-ACE2 complex are no less favorable than molnupiravir and nilotinib. These results suggested that eugenol interacted 
with Spike-ACE2 complex, and it may modify the complex. Nevertheless, this part of simulation aimed at the whole binding complex, 
the interaction of eugenol with SARS-CoV2 Spike RBD were not estimated independently, therefore, a further simulation with 200ns 
was performed on the interaction of eugenol and SARS-CoV-2/Omicron Spike RBD individually. Meanwhile, an additional finger 
subdomain of SARS-CoV-2 RdRp, which was confirmed the important substructure for viral proliferation, was selected for simulation. 
The results suggested that binding stability and capacity of eugenol to finger subdomain of SARS-CoV-2 RdRp was no less than 
molnupiravir, whereas the result was consistent with the simulation with 100 ns, although there was a discrepancy in interacting 
amino acids due to different crystal structures we selected, and different docking domain. Furthermore, the binding capacity and 
stability of eugenol to wild type/Omicron Spike RBD were less than nilotinib. Therefore, the major mechanisms of anti- SARS-CoV-2 
activity of eugenol were considered to be anti-inflammatory and imbibition of viral proliferation. Taken these results, eugenol may be 
valuable for developing drugs and therapeutic supplementation against COVID-19. 

Eugenol as a small biological molecule, has higher bioactivity and cell membrane permeability/lipophilicity than some natural 
high molecular weight polyphenols, which the reduced absorption of some polyphenols and more complicated in vivo dynamics 
process limit their practical use [151]. Comparatively simple molecular components implicate more vivacious molecular activity, 
while this means more links between the chemical and bio-process, for this reason, indications and contraindications of eugenol 
attracted considerable attention. Several studies have emphasized the potential cytotoxicity of eugenol to oral cavity fibroblasts. 
However, most of these results obtained from the investigation of a zinc oxide-eugenol (ZOE) paste in animal-based cell models, and 
there was discrepancy of those results obtained in human cells. Meanwhile, the results obtained from the study of fibroblasts of animal 
fibroblasts manifested more sensitivity to eugenol’s toxic effects as compared to primary human cell lines. Hence, human study might 
provide more reasonable basis. Besides, local cytotoxic reactions were more likely elicited by the mixing materials in dental procedure, 
technically or environmentally, not by eugenol. Either the time-dependent evolution of cytotoxicity or dose-dependency of cytotox
icity should be equally addressed in the future. Some investigations suggested that eugenol with reference high concentrations (≥3 
mmol/L) indicated toxic prone to oral mucosal fibroblasts, while a inhibitory effect of eugenol on lipid peroxidation was described at 
lower concentrations (<1 mmol/L) [95]. Martinez-Herrera et al. suggested that eugenol applied in low concentration (13 μM) excreted 
anti-inflammatory effect in dental pulp fibroblasts through inhibiting lipopolysaccharide (LPS) induced TNF-α transcription NF-κB 
signaling [152]. 

The World Health Organization (WHO) and Food and Agriculture Organization (FAO) permit the daily consumption of eugenol of 
2.5 mg/kg body weight for humans. Besides, the (U.S.) Food and Drug Administration (FDA) stated eugenol was considered as non- 
carcinogenic/non-mutagenic [107]. Low concentrations of eugenol for rational application have not been linked to definite liver 
injury. Cytotoxic effects of eugenol are associated with the initial level of intracellular glutathione and ATP in hepatocytes [97,153]. 
Therefore, the major responsibility for the hepatotoxicity was overdose [154]. Furthermore, allergic responses triggered by eugenol 
application were reported in isolated cases. However, no severe allergic reaction like anaphylactic shock were confirmed [97]. There 
was also no report of definite allergic asthma induced by eugenol. Contrarily, eugenol exerted antiasthmatic effects in experimental 

Fig. 24. Schematic representation of bioactivities of eugenol against SARS-CoV-2 based on current results.  
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allergic asthma [109]. Encouragingly, results from plasma pharmacokinetic and acute toxicity investigations indicated eugenol oleate 
is safe with an appreciable pharmacokinetic profile [148]. In the current study, eugenol was predicted with lower LD50 value, without 
significant cytotoxicity compared to nilotinib and molnupiravir. Importantly, eugenol can pass through the BBB, while nilotinib and 
molnupiravir cannot pass through BBB. Therefore, eugenol may have neuron protective effects against SARS-CoV-2 infection. Taken 
these above, eugenol is not recognized as an “ugly” chemical to the consensus of literature, instead, most consensus of the literature 
acknowledge beneficial effects of eugenol for antimicrobial activity, anti-inflammation and cancer in experimental models [97]. 

There are several limitations to the study. Firstly, the alternative omics datasets regarding eugenol induced genomic change in 
specific organ and cell line are limited. GSE171360 was selected in this study, and the cell line used in GSE171360 was HepaRGTM. 
HepaRGTM highly expresses transporters and metabolic enzymes, and this terminally differentiated hepatocellular carcinoma cells 
have facilitated numerous studies of uptake, metabolism, and disposition of drug candidates. Thereby it was extensively used as 
hepatic model in pharmaceutical, chemical and cosmetics industries. Generally, HepaRGTM can provide some valuable information, 
because SARS-CoV-2 induce hepatic impairment, patients with fatty liver, obesity and cancer more vulnerable, and there may be a 
close relationship between the SARS-CoV-2 superantigens and acute hepatitis [127,155–158]. Nevertheless, It is unclear that eugenol 
induced genomic change in other cell lines such as alveolar epithelial cell, cardiomyocytes, etc. Therefore, effects of eugenol on these 
cells remain to be determined. Secondly, it is unclear that eugenol induced genomic change in SARS-CoV-2 infected models. Therefore, 
further studies such as high-throughput sequencing are needed. Lastly, although the results of molecular dynamic simulation impli
cated that the binding stability and capacity of eugenol to the virulence sites and corresponding amino acids, this results are on the 
basis of molecular simulation, and the conclusions remain to be determined by further experimental investigation. 

5. Conclusions 

SARS-CoV-2 pandemic increased global financial burden, and continuous viral variation given the challenges to the developing 
COVID-19 vaccines and therapeutic drugs. In conclusion, the results of current study support the previous experimental study about 
the anti-COVID-19 effects of eugenol (Fig. 24 and Paidi et al.). Apart from the few evidence, the author further identified eugenol may 
play an important role in strengthen of immunologic functions, regulating inflammatory reaction and cytokine signaling. Eugenol is 
also a candidate natural reagent against Omicron SARS-CoV-2 transcription and pathopoiesia. Finally, inspired by the experimental 
results of Turgeon et al. [149], the author carefully gives an expectation/hypothesis that well-designed eugenol medicaments may be 
hopeful for reducing viral loads of droplets/aerosols environmentally. 
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[43] J.K. Buick, A. Williams, M.J. Meier, C.D. Swartz, L. Recio, R. Gagné, S.S. Ferguson, B.P. Engelward, C.L. Yauk, A modern genotoxicity testing paradigm: 
integration of the high-throughput CometChip® and the TGx-DDI transcriptomic biomarker in human HepaRG™ cell cultures, Front. Public Health 9 (2021), 
694834, https://doi.org/10.3389/fpubh.2021.694834. 

[44] G. Zhou, O. Soufan, J. Ewald, R.E.W. Hancock, N. Basu, J. Xia, NetworkAnalyst 3.0: a visual analytics platform for comprehensive gene expression profiling 
and meta-analysis, Nucleic Acids Res. 47 (W1) (2019) W234–W241, https://doi.org/10.1093/nar/gkz240. 

[45] Y.R. Miao, M. Xia, M. Luo, T. Luo, M. Yang, A.Y. Guo, ImmuCellAI-mouse: a tool for comprehensive prediction of mouse immune cell abundance and immune 
microenvironment depiction, Bioinformatics 38 (3) (2022) 785–791, https://doi.org/10.1093/bioinformatics/btab711. 

[46] J.Y. Zhang, X.M. Wang, X. Xing, Z. Xu, C. Zhang, J.W. Song, X. Fan, P. Xia, J.L. Fu, S.Y. Wang, R.N. Xu, X.P. Dai, L. Shi, L. Huang, T.J. Jiang, M. Shi, Y. Zhang, 
A. Zumla, M. Maeurer, F. Bai, F.S. Wang, Single-cell landscape of immunological responses in patients with COVID-19, Nat. Immunol. 21 (9) (2020) 
1107–1118, https://doi.org/10.1038/s41590-020-0762-x. 

[47] Y. Zhou, B. Zhou, L. Pache, M. Chang, A.H. Khodabakhshi, O. Tanaseichuk, C. Benner, S.K. Chanda, Metascape provides a biologist-oriented resource for the 
analysis of systems-level datasets, Nat. Commun. 10 (1) (2019) 1523, https://doi.org/10.1038/s41467-019-09234-6. 

[48] Y. Wang, S.H. Bryant, T. Cheng, J. Wang, A. Gindulyte, B.A. Shoemaker, P.A. Thiessen, S. He, J. Zhang, PubChem BioAssay: 2017 update, Nucleic Acids Res. 45 
(D1) (2017) D955–D963, https://doi.org/10.1093/nar/gkw1118. 

[49] J. Lan, J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan, Q. Zhang, X. Shi, Q. Wang, L. Zhang, X. Wang, Structure of the SARS-CoV-2 spike receptor-binding domain bound 
to the ACE2 receptor, Nature 581 (7807) (2020) 215–220, https://doi.org/10.1038/s41586-020-2180-5. 

[50] H.S. Hillen, G. Kokic, L. Farnung, C. Dienemann, D. Tegunov, P. Cramer, Structure of replicating SARS-CoV-2 polymerase, Nature 584 (7819) (2020) 154–156, 
https://doi.org/10.1038/s41586-020-2368-8. 

[51] D. Mannar, J.W. Saville, X. Zhu, S.S. Srivastava, A.M. Berezuk, K.S. Tuttle, A.C. Marquez, I. Sekirov, S. Subramaniam, SARS-CoV-2 Omicron variant: antibody 
evasion and cryo-EM structure of spike protein-ACE2 complex, Science 375 (6582) (2022) 760–764, https://doi.org/10.1126/science.abn7760, 10.1126/ 
science.abn7760. 

[52] A. Khan, S.U. Khan, A. Khan, B. Shal, S.U. Rehman, S.U. Rehman, T.T. Htar, S. Khan, S. Anwar, A. Alafnan, K.R. Rengasamy, Anti-inflammatory and anti- 
rheumatic potential of selective plant compounds by targeting TLR-4/AP-1 signaling: a comprehensive molecular docking and simulation approaches, 
Molecules 27 (13) (2022) 4319, https://doi.org/10.3390/molecules27134319. 

[53] S. Mujwar, Computational repurposing of tamibarotene against triple mutant variant of SARS-CoV-2, Comput. Biol. Med. 136 (2021), 104748, https://doi.org/ 
10.1016/j.compbiomed.2021.104748. 

[54] K. Cameron, L. Rozano, M. Falasca, R.L. Mancera, Does the SARS-CoV-2 spike protein receptor binding domain interact effectively with the DPP4 (CD26) 
receptor? A molecular docking study, Int. J. Mol. Sci. 22 (13) (2021) 7001, https://doi.org/10.3390/ijms22137001. 

[55] M. Razizadeh, M. Nikfar, Y. Liu, Small molecule therapeutics to destabilize the ACE2-RBD complex: a molecular dynamics study, Biophys. J. 120 (14) (2021) 
2793–2804, https://doi.org/10.1016/j.bpj.2021.06.016. 

[56] S.M. Patil, K.R. Maruthi, S.N. Bajpe, V.M. Vyshali, S. Sushmitha, C. Akhila, R. Ramu, Comparative molecular docking and simulation analysis of molnupiravir 
and remdesivir with SARS-CoV-2 RNA dependent RNA polymerase (RdRp), Bioinformation 17 (11) (2021) 932–939, https://doi.org/10.6026/ 
97320630017932. 
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