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A B S T R A C T   

Angiotensin-converting enzyme 2 (ACE2) is the first target of SARS-CoV-2 and a key functional host receptor 
through which this virus hooks into and infects human cells. The necessity to block this receptor is one of the 
essential means to prevent the outbreak of COVID-19. This study was conducted to determine the most eligible 
natural compound to suppress ACE2 to counterfeit its interaction with the viral infection. To do this, the most 
known compounds of sixty-six Iraqi medicinal plants were generated and retrieved from PubChem database. 
After preparing a library for Iraqi medicinal plants, 3663 unique ligands’ conformers were docked to ACE2 using 
the GLIDE tool. Results found that twenty-three compounds exhibited the highest binding affinity with ACE2. 
The druglikeness and toxicity potentials of these compounds were evaluated using SwissADME and Protox 
servers respectively. Out of these virtually screened twenty-three compounds, epicatechin and kempferol were 
predicted to exert the highest druglikeness and lowest toxicity potentials. Extended Molecular dynamics (MD) 
simulations showed that ACE2-epicatechin complex exhibited a slightly higher binding stability than ACE2- 
kempferol complex. In addition to the well-known ACE2 inhibitors that were identified in previous studies, 
this study revealed for the first time that epicatechin from Hypericum perforatum provided a better static and 
dynamic inhibition for ACE2 with highly favourable pharmacokinetic properties than the other known ACE2 
inhibiting compounds. This study entailed the ability of epicatechin to be used as a potent natural inhibitor that 
can be used to block or at least weaken the SARS-CoV-2 entry and its subsequent invasion. In vitro experiments 
are required to validate epicatechin effectiveness against the activity of the human ACE2 receptor.   

1. Introduction 

The Angiotensin-converting enzyme 2 (ACE2) protein, is one of the 
angiotensin-converting enzyme family of dipeptidyl carbox-
ydipeptidases. It plays a crucial role in the pathogenesis of SARS-CoV-2, 
as it provides a route of entry of viral particles, establishing it as a 
functional receptor for this newly emerged outbreak [1]. This protein is 
encoded by the ACE2 gene, which has recently attracted high scientific 
attention since emerging of the viral pandemic. The ACE2 gene is 
positioned on chromosome X, within the Xp22.2 arm. It consists of 19 
exons, with an open reading frame encoding up to 805 amino acids. The 
mature product of the ACE2 protein has a molecular weight of 110–120 
KD [2]. It is well-established that ACE2 protein contains an extracellular 

domain (starting from the first to 740 amino acid residues), a trans-
membrane region (741–768 amino acid residues), and an intracellular 
tail (769–805 amino acid residues) [3]. 

SARS-CoV-2 particles attach and enter the host cells through the 
binding of the receptor-binding domain (RBD) of the spike (S) proteins 
with the ectodomain portion of ACE2 [4]. This sort of direct interaction 
between SARS-CoV-2 and ACE2 is thought to be the key essence of the 
efficient spread of this viral infection among humans [5–7]. Based on the 
interaction of the viral RBD with the host ACE2 receptor, small com-
pounds can be utilized to target the rapid proliferation of the virus 
through inhibiting its cognate receptor. Once the host ACE2 is being 
occupied by these compounds, the viral RBD loses its attachment to this 
receptor before entering inside the host cell. Once the ACE2 receptor is 
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blocked, it would be more difficult for SARS-CoV-2 to gain access to the 
host cells, which could at least slow the onset of the epidemic until the 
invading virus disappears [8]. Since the binging affinity of the newly 
emerged SARS-CoV-2 is 10–20 folds stronger than that SARS-CoV to the 
host ACE2 [9], the inhibition of ACE2 is one of the best regimens to 
prevent the outbreak of these newly emerged viral particles. Thus, 
blocking this receptor may be effective in preventing this highly 
emerged viral particle from entering the cell and performing its sched-
uled role of infection. 

COVID-19 is currently being treated with some anti-infective drugs, 
such as antiviral drugs [10], antimalarial drugs [11], and immunosup-
pressive drugs [12]. However, the effectiveness of these drugs in treating 
patients with SARS-CoV-2 has not been approved yet [13]. Several 
synthetic compounds have recently been suggested to inhibit ACE2 by 
binding with the amino acid residues that are involved in direct inter-
action with the viral receptor-binding domain (RBD). However, it is 
well-known that each suggested synthetic may take several years of 
validation before its become commercially available [14]. Alternatively, 
several natural compounds have recently been suggested to inhibit 
ACE2, such as flavonoids [15], proanthocyanidins [16], secoiridoids 
[17], xanthones [18]. These natural compounds of have high biological 
availability and low cytotoxicity are the most recommended for the 
possible treatment of SARS-CoV-2 patients [19]. Given the importance 
of natural compounds for inhibiting ACE2, several pieces of research 
have been conducted to prevent the binding of ACE2 with RBD using 
many natural compounds derived from a variety of plants around the 
world, such as the flavonoid isothymol from Ammoides verticillata [20], 
the steroid glycyrrhizin from Glycyrrhiza glabra [21], the alkaloid nic-
otianamine from soybean [22], the phytocompound withanone from 
Indian ginseng (Withania somnifera) [23], resveratrol from grape skins 
(Vitis vinifera) [24], and the quinolone rilapladib from Diplocyclos pal-
matus [25]. However, further investigations of other medicinal plants 
resources in other portions of the world are rather important to confirm 
these findings and to find out the most eligible compound to inhibit this 

receptor. Therefore, this study has been conducted to find out natural 
alternative agents for preventing ACE2 from direct binding with 
SARS-CoV-2 with more eligible physiochemical properties and better 
oral bioavailability. 

2. Materials and methods 

2.1. Study design 

Both protein and ligands were retrieved, prepared, and docked. The 
investigated compounds with the highest docking scores with the ACE2 
receptor were further screened via several druglikeness and toxicity 
predictions. The best-suited compounds in terms of high docking scores, 
favourable druglikeness properties, and absence of toxicity were 
analyzed by further docking and MD simulation to find out the best 
natural compound for the ACE2 receptor. A schematic diagram detailing 
the main tools employed in the study is shown in Fig. 1. 

2.2. Generation of a library for Iraqi medicinal plants 

Sixty-six well-known Iraqi medicinal plants were obtained from the 
literature [26–28] (Suppl. Table 1). The chemical compounds of each 
involved medicinal plant were obtained from Dr. Duke’s phytochemical 
and ethnobotanical database (http://phytochem.nal.usda.gov/). In each 
involved medicinal plant, the ubiquitous chemicals were excluded and 
only unique compounds were retrieved and documented in an excel 
sheet. Subsequently, the SDF structures of 3392 compounds were 
retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih. 
gov/). All the repeated compounds were deleted and all retrieved SDF 
structures were stored in the same file before being prepared for 
docking. 

Fig. 1. A schematic diagram for the main steps conducted in this study.  
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2.3. Retrieval of protein 

The UniProtKB accession number for the ACE2 is Q9BYF1, and its 
NCBI reference sequence is NP_068576.1. The 3D structure of the tar-
geted native human ACE2 receptor was retrieved from Protein Data 
Bank (PDB) server (https://www.rcsb.org/). The PDB ID of the retrieved 
ACE2 crystal was 1R42, which was deposited in a bound state with 2- 
acetamido-2-deoxy-β-D-glucopyranose (formula: C8H15O6) [29]. The 
resolution of this native structure was 2.20 Å, and the number of the 
deposited residues of this structure was 597 which covered up to 72% of 
ACE2, starting from 19-Ser amino acid residue and ending with the 
Ala-614 amino acid residue. Within this region, all the amino acid res-
idues involved in the direct interaction with the viral RBD moiety of 
SARS-CoV-2 were involved. 

2.4. Preparation of ligands for docking 

Based on ionic states, stereochemistry, and ring conformations, 
different conformers of the ligand structures were prepared using ligand 
preparation script of Grid-Based Ligand Docking with Energetics 
(GLIDE) software [30]. Partial atomic charges were calculated by using 
OPLS4 force field. At most, thirty-two low-energy conformers were 
generated per ligand at pH 7.0 ± 2.0. The maximum limit of ligand size 
was set at 500 atoms. The generated ligand structures were utilized in 
downstream virtual screening. 

2.5. Preparation of protein for docking 

Protein preparation wizard script was used for the optimization and 
refinement of ACE2 receptors for virtual screening. Bond orders were 
assigned and hydrogens were added to the imported ACE2 structure, and 
zero-order bonds to metals were created. The water molecules beyond 5 
Å were removed. At pH 7.0, the energy minimization was conducted at 
the default cut-off Root Mean Square Deviation (RMSD) value of 0.30 Å 
using Optimized Potentials for Liquid Simulation 4 (OPLS4) force field. 

2.6. Docking protocol 

Based on the literature [31], twenty-five amino acid residues were 
found to be involved in the binding with the viral RBD, namely Glu22, 
Glu23, Gln24, Lys26, Thr27, Asp30, Lys31, His34, Glu35, Glu37, Asp38, 
Tyr41, Gln42, Leu45, Glu56, Glu57, Leu79, Met82, Tyr83, Asp90, 
Gln325, Glu329, Asn330, Lys353, and Gly354 (Fig. 2). Using GLIDE 
receptor grid generation, these residues were selected as possible re-
ceptors for the screened ligands. The van der Waal radii of the atoms of 
the receptor were scaled by 1.00 Å with a partial atomic charge of 0.25 
Å. A grid box with coordinates X, Y, Z = 30 Å was generated at the 
centroid of the ACE2 active site. Using docking ligands script, 3663 li-
gands’ conformers were docked to the generated receptor grid of the 
ACE2 receptor. The screened ligands were docked flexibly by High 

Throughput Virtual Screening (HTVS) using force field OPLS4. The best 
conformer of each screened complex was selected on the basis of the 
observed docking score. 

2.7. Druglikeness prediction 

Many possible medicinal compounds could not reach the clinical 
trials due to their unfavorable absorption, distribution, metabolism, and 
elimination (ADME) parameters. SwissADME webserver was utilized to 
assess the ADME parameters in the high docking scores drug-like com-
pounds [32]. SMILES (Simplified molecular-input line-entry system) 
structures of these ligands were used as input data in SwissADME to 
predicts several drug-related features, such as pharmacokinetics, drug-
likeness, and toxicity. GI absorption and BBB permeant were investi-
gated in pharmacokinetics. Druglikeness of the ligands with high 
docking scores were assessed following Lipinski’s rule of five, Ghose’s 
rule, Veber’s rule, Egan’s rule, and Muegge’s rule. The potential toxicity 
of these ligands was also predicted using the Protox web server [33]. It 
was employed to predict the possible hepatoxicity, carcinogenicity, 
immunotoxicity, mutagenicity, and cytotoxicity. 

2.8. MD simulation 

Downloaded PDB files of the targeted ACE2, being static and devoid 
of H-atom, thus, they were optimized and modified to understand dy-
namic and functional behavior after being conjugated with ligands. 
Molecular dynamic (MD) simulation of the best protein-ligand in-
teractions was conducted to analyze the dynamic stability of the ACE2 
upon being docked with the best ligands using UNRES online server 
[34]. This server is recently developed to predict the dynamic and 
thermodynamic of proteins based on physics-based coarse-grain simu-
lations. It can be used to predict protein structure, dynamics, and in-
teractions with high accuracy at larger times [35–37]. The 
coarse-grain-based MD method was conducted at the temperatures of 
300 K with the Langevin thermostat that was implemented to perform 
the conformational search. The total number of steps was 200,000 that 
were applied per simulation. Each MD trajectory was run with an inte-
gration time of 48.9 fs and other parameters were set at defaults to 
ensure better simulation of the system. MD runs were performed to 
predict root mean square deviation (RMSD), potential energy, the radius 
of gyration, and root mean square fluctuation (RMSF). The trajectories 
of both simulations were saved in 250 ns intervals. Output files were 
retrieved from the UNRES server and Qtgrace software, ver. 2.6., was 
utilized to visualize and annotate simulations. 

2.9. Protein-protein interaction 

To give a further indication of the extent of epicatechin inhibitory 
effect on ACE2/RBD interaction, protein-protein docking was conducted 
ACE2 and RBD in the presence and absence of epicatechin. Accordingly, 

Fig. 2. Critical amino acid residues involved in the direct RBD-ACE2 interface. All these residues were included in the grid receptor generation of the ACE2. The 
critical amino acid residues are represented as solid surfaces, ribbons, and sticks in A), B), and C) respectively. 
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two independent molecular docking experiments between ACE2 and 
RBD were conducted using PatchDock online server [38]. The outputs of 
PatchDock files were refined using Fast Interaction REfinement in mo-
lecular DOCKing (FireDock) online server [39]. The interaction en-
ergies, the participation of van Der Waals interactions, and hydrogen 
bonds in the observed global energy in the topmost poses in both 
docking cases were recorded and compared. Molecular visualization of 
the docking output was done with PyMol, ver. 7.0.1 (The PyMOL Mo-
lecular Graphics System, Schrödinger, LLC.). 

3. Results 

The main approach of this study was taken place by conducting many 
computations to set out more eligible anti-ACE2 natural inhibitors 
having better pharmacokinetics and medicinal chemistry properties. 
Thus, the utilization of these compounds offers superiority over the 
recently suggested medicines with no or minimal side effects. The vast 
importance of variable computational tools was employed to screen a 
wide range of compounds to reveal their potential to be used as 

inhibitors against the ACE2. Graphical representations were visualized 
using Maestro suit Schrödinger, LLC). 

3.1. Virtual screening by high throughput molecular docking 

A total of 3663 unique ligands’ conformers of sixty-six Iraqi medic-
inal plants were docked to the SARS-CoV-2 attachment regions in the 
ACE2 receptor. The highest docking score of each protein-ligand com-
plex that emerged from molecular docking was compared with the best 
docking scores of the most known anti-ACE2 compounds. In addition to 
the highest score that delphinidin (PubChem CID 128853) showed in 
terms of its docking with ACE2, twelve previously known anti-ACE2 
compounds were also considered as positive controls in the conducted 
docking experiments. These compounds were also found in the Iraqi 
medicinal plants and therefore they are considered as positive controls 
alongside the other compounds that are not known to possess any anti- 
ACE2 activity. These compounds are cyanidin (PubChem CID 128861), 
kempferol (PubChem CID 5280863), quercetin (PubChem CID 
5280343), luteolin (PubChem CID 5280445), emodin (PubChem CID 

Table 1 
Chemical structures and docking scores of the best-suited ligands to the active site of angiotensin converting enzyme type-2 receptor.  

No. Name PubChem 
code 

MW Isomeric SMILES Docking scores 
(Kcal/mol) 

1 Delphinidin CID 128853 303.24 C1=C(C––C(C(=C1O)O)O)C2 = [O+]C3=CC(=CC(=C3C––C2O)O)O − 6.738 
2 Cyanidin CID 128861 287.24 C1=CC(=C(C––C1C2 = [O+]C3=CC(=CC(=C3C––C2O)O)O)O)O − 6.461 
3 delphinidin 3-(6′′- 

malonylglucoside)-5- 
malonylglucoside) 

CID 
44256901 

799.600 C1=C(C––C(C(=C1O)O)O)C2=C(C––C3C(=CC(=CC3 = [O+]2)O)O[C@H]4C 
([C@H]([C@@H](C(O4)COC(=O)CC(=O)O)O)O)O)O[C@H]5C(C([C@@H](C 
(O5)COC(=O)CC(=O)O)O)O)O 

− 6.312 

4 Epigallocatechin CID 
10425234 

306.27 C1[C@@H]([C@@H](OC2=CC(=CC(=C21)O)O)C3=CC(=C(C(=C3)O)O)O)O − 6.201 

5 Epicatechin CID 182232 290.27 C1[C@@H]([C@@H](OC2=CC(=CC(=C21)O)O)C3=CC(=C(C––C3)O)O)O − 6.155 
6 Petunidin CID 441774 317.27 COC1=CC(=CC(=C1O)O)C2 = [O+]C3=CC(=CC(=C3C––C2O)O)O − 6.106 
7 Alyssonoside CID 6444250 770.700 CC1C(C(C(C(O1)OC2C(C(OC(C2OC(=O)/C––C/C3=CC(=C(C––C3)O)OC)COC4C(C 

(CO4)(CO)O)O)OCCC5=CC(=C(C––C5)O)O)O)O)O)O 
− 6.059 

8 Foeniculoside I CID 
131753166 

842.800 C1=CC(=CC––C1/C––C/C2=C3C(C(OC3=CC(=C2)O)C4=CC––C(C––C4)O) 
C5=C6C(C(OC6=CC(=C5)O)C7=CC––C(C––C7)O)C8=CC(=CC(=C8)OC9C(C(C(C 
(O9)CO)O)O)O)O)O 

− 5.980 

9 Medicoside I CID 
74177087 

1061.20 CC1(CCC2(CCC3(C(=CCC4C3(CCC5C4(CCC(C5(C)CO)OC6C(C(C(CO6)O)O)OC7C 
(C(C(C(O7)CO)O)O)OC8C(C(C(CO8)O)O)O)C)C)C2C1)C)C(=O)OC9C(C(C(C(O9) 
CO)O)O)O)C 

− 5.930 

10 Acteoside CID 5281800 624.6 C[C@H]1[C@@H]([C@H]([C@H]([C@@H](O1)O[C@@H]2[C@H]([C@@H](O 
[C@@H]([C@H]2OC(=O)/C––C/C3=CC(=C(C––C3)O)O)CO)OCCC4=CC(=C 
(C––C4)O)O)O)O)O)O 

− 5.887 

11 Protodegalactotigonin CID 
14464370 

1215.30 CC1C2C(CC3C2(CCC4C3CCC5C4(CCC(C5)OC6C(C(C(C(O6)CO)OC7C(C(C(C(O7) 
CO)O)OC8C(C(C(CO8)O)O)O)OC9C(C(C(C(O9)CO)O)O)O)O)O)C)C)OC1(CCC(C) 
COC1C(C(C(C(O1)CO)O)O)O)O 

− 5.848 

12 Aloins CID 221037 386.4 C1=CC––C2C(=C1)C(=O)C3=C(C2=O)C(=CC(=C3)CO)OCC(C(C(C––O)O)O)O − 5.819 
13 Cynarotrioside CID 

73829963 
756.700 CC1C(C(C(C(O1)OCC2C(C(C(C(O2)OC3=CC(=C4C(=C3)OC(=CC4=O)C5=CC(=C 

(C––C5)OC6C(C(C(C(O6)CO)O)O)O)O)O)O)O)O)O)O)O 
− 5.815 

14 Serotonin CID 5202 176.21 C1=CC2=C(C––C1O)C(=CN2)CCN − 5.789 
15 Luteolin 7-rutinoside-4′-glucoside CID 

44258103 
756.700 CC1[C@@H]([C@@H](C([C@@H](O1)OCC2[C@H]([C@@H](C([C@@H](O2) 

OC3=CC(=C4C(=C3)OC(=CC4=O)C5=CC(=C(C––C5)O[C@H]6C(C([C@@H] 
([C@@H](O6)CO)O)O)O)O)O)O)O)O)O)O)O 

− 5.761 

16 Medicoside J CID 
14779974 

1075.20 CC1C(C(C(C(O1)OC2C(C(COC2OC(=O)C34CCC(CC3C5 = CCC6C(C5(CC4)C) 
(CCC7C6(CC(C(C7(C)C(=O)O)OC8C(C(C(C(O8)CO)O)O)O)O)C)C)(C)C)O)O)O)O) 
OC9C(C(C(CO9)O)O)O 

− 5.646 

17 Myricetin 3-robinobioside-7- 
rhamnoside 

CID 
44259422 

772.700 CC1[C@@H]([C@@H](C([C@@H](O1)OCC2[C@@H](C(C([C@@H](O2)OC3=C 
(OC4=CC(=CC(=C4C3 = O)O)O[C@H]5C([C@H]([C@H](C(O5)C)O)O)O)C6=CC 
(=C(C(=C6)O)O)O)O)O)O)O)O)O 

− 5.604 

18 Isoeruboside B CID 194485 1081.20 CC1CCC2(C(C3C(O2)CC4C3(CCC5C4CC(C6C5(CCC(C6)OC7C(C(C(C(O7)CO)OC8C 
(C(C(C(O8)CO)O)OC9C(C(C(C(O9)CO)O)O)O)OC2C(C(C(C(O2)CO)O)O)O)O)O)C) 
O)C)C)OC1 

− 5.600 

19 Terminalic Acid CID 
75034370 

652.500 C1=C(C––C(C(=C1O)O)O)C(=O)OC2C3C(C(C(O2)CO)OC(=O)C(C4C(C(=O) 
OC5=C4C(=CC(=C5O)O)C(=O)O3)O)CC(=O)O)O 

− 5.541 

20 3′-Methoxy apiin CID 
74029660 

594.500 COC1=C(C––CC(=C1)C2=CC(=O)C3=C(C––C(C––C3O2)OC4C(C(C(C(O4)CO)O) 
O)OC5C(C(CO5)(CO)O)O)O)O 

− 5.502 

21 Ceposide D CID 
14283960 

1179.30 CC1CCC2(C(C3C(O2)CC4C3(CCC5C4CC = C6C5(CCC(C6)OC7C(C(C(CO7)O)O) 
OC8C(C(C(C(O8)C)OC9C(C(C(C(O9)CO)O)OC2C(C(C(C(O2)CO)O)O)O)OC2C(C(C 
(C(O2)CO)O)O)O)O)O)C)C)C)OC1 

− 5.498 

22 Chrysazol CID 
19786014 

210.23 C1=CC2=CC3=C(C––C2C(=C1)O)C(=CC––C3)O − 5.471 

23 Kempferol CID 5280863 286.24 C1=CC(=CC]C1C2 = C(C(=O)C3=C(C]C(C]C3O2)O)O)O)O − 5.385  
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3220), rhein (PubChem CID 10168), rhoifolin (PubChem CID 5282150), 
rutoside (PubChem CID 5280805), chrysin (PubChem CID 5281607), 
nicotianamine (CID 9882882), apigenin (PubChem CID 5280443), and 
acetylglucosamine (PubChem CID 24139). Our generated library 
showed that these known anti-ACE2 compounds were all available in the 
Iraqi medicinal plants, and their presence provided a high throughput 
validation for our conducted docking experiments. Within these high-
lighted controls, delphinidin, cyanidin, and kempferol were respectively 
represented the best three well-known anti-ACE2 controls in terms of 
their high docking scores inferred from the GLIDE tool (Suppl. Table 2). 
Accordingly, twenty-three compounds starting from delphinidin 
(docking score − 6.738) until reaching kempferol (docking score 
− 5.385) were submitted to druglikeness predictions. Whereas the other 
controls alongside other docked compounds were omitted from down-
stream screening due to their lower docking scores. The presence of a 
variable of amino acid residues with hydrogen bonding, polar, van der 
Waals, and Pi-Alkyl interactions was proved variable intensities of 
connections between the analyzed ligands and ACE2. The binding con-
formations of all ligands with docking scores starting from delphinidin 
and ending with kempferol are shown in Table 1. Despite its high 
docking score, serotonin showed unfavourable bindings with the His34 
(Fig. 3). Due to the importance of His34 in the direct interaction with the 
viral RBD, this sort of unfavourable binding of serotonin – His34 in-
teractions had lowered the effectiveness of this compound and the 
consequent stability of its interaction with ACE2. Thus, serotonin should 
not be suggested as an optimum natural inhibitor against ACE2. The 
binding modes of all candidate compounds showed variable positioning 
and intensities within the targeted pocket of the ACE2 receptor (Fig. 4). 
Hence, it is mandatory to combine these observed variable ligands – 
ACE2 interactions with the druglikeness possibility of each compound to 
find out the most eligible one to act as a natural anti-ACE2 compound. 

3.2. Druglikeness prediction 

The optimum pharmacokinetics properties of any suggested drug- 
like compounds, such as high GI absorption, intracellular metabolism, 
and excretion, alongside low toxicity, are essential to validate their 
adequacy as a lead compound during the drug design. SwissADME tool 
showed that seven compounds (delphinidin, cyaniding, epigallocate 
chin, epicatechin, petunidin, and kempferol) were found with high GI 
absorption properties out of the other investigated candidates (Table 2). 
Furthermore, Lipinski, Ghose, Veber, Egan, and Muegge rules were 
utilized as filters to provide a sufficient rationale for the grouping of 
each compound as a drug or nondrug. Any virtually screened compound 
should pass these main filters before being suggested for oral adminis-
tration and any possible reduction in druglikeness of a lead compound 
may occur due to more violation of this compound by any one of these 
filters [40]. It was found that cyanidin, epicatechin, petunidin, chrys-
azol, and kempferol were the most submissive for druglikeness filtra-
tions, while the other applied compounds exerted variable violation(s) 
for these rules. Further filtration was applied to figure out the potential 
toxicity of these compounds on the body. In addition to druglikeness 
properties, further filtrations were conducted for these compounds using 
Protox server to find out the possible biological risk of these compounds 
upon administration. Results showed that epicatechin (PubChem CID 
182232) and kempferol (PubChem CID 5280863) were passed these 
filters since both exhibited no hepatoxicity, carcinogenicity, immuno-
toxicity, mutagenicity, and cytotoxicity. Whereas, variable degrees of 
violations were witnessed for other compounds (including cyanidin, 
petunidin, and chrysazol), and therefore they were eliminated from 
further in-depth analyses. Since epicatechin and kempferol showed all 
the desirable properties in terms of pharmacokinetics, druglikeness, and 
the absence of any possible toxicity, further in-depth molecular docking 
should be conducted for each compound to unravel the ligand-receptor 
interactions with further details to decide which one represent the lead 
molecule. 

3.3. Extra precision molecular docking 

Due to the high docking score, highly accepted druglikeness prop-
erties, and no toxicity, molecular docking was repeated for both epi-
catechin and kempferol using the most accurate Extra Precision (XP) 
module provided in the GLIDE tool. Results of high precision docking 
confirmed the virtual screening results and showed that epicatechin 
exerted a higher docking score (docking score − 6.059 kcal/mol) with 
ACE2 than that found in the kempferol-ACE2 case (docking score 
− 4.250 kcal/mol). Both ligands interacted with the pocket of ACE2 but 
in different modes. 2D analyses of ligand-protein interactions showed 
that epicatechin interacted with ACE2 by five hydrogen bonding with 
four amino acid residues (Asp30, Asn33, His34, and Glu37). In addition 
to hydrogen bonding with His34, epicatechin was also interacted with 
this residue by Pi-Pi stacking (Fig. 5A). Interestingly, epicatechin only 
interacted with the amino acid residues that are involved in direct 
binding with the spike protein of SARS-CoV-2. Kempferol was also 
showed another interaction with ACE2 by forming four hydrogen 
bonding with four amino acid residues, three of them were found to be 
desirable since they were formed with three amino acid residues Asp30, 
Asn33, and Glu37 that involved in the direct binding with the SARS- 
CoV-2spike protein. Whereas the fourth hydrogen bond was formed 
with Ala387, which was not concerned with the direct ACE2-spike in-
teractions. Moreover, the binding of kempferol with His34 was 
restricted with only one hydrophobic interaction (Fig. 5B). Thus, 
detailed 2D interactions of epicatechin and kempferol showed that 
epicatechin enjoyed more favourable binding with ACE2 due to the 
presence of more effective ligand-protein binding interactions. To sup-
port this observation, 3D interaction analysis has suggested the presence 
of remarkable interactions of epicatechin with four amino acid residues 
that are directly involved with the binding with the viral RBD. Whereas 
the binding of kempferol was only interacted with a less extent to these 
amino acid residues and involved with other interactions with the amino 
acid residue Ala387 and other amino acids that are not involved with the 
direct interaction with the viral RBD. Due to this observation and due to 
the lower docking score observed from kempferol, it can be stated that 
epicatechin is the lead molecule in inhibiting ACE2. However, further 
comparison using dynamic simulation may aid this observation. 

3.4. MD simulation 

An extended time of MD was provided using the recently developed 
high-speed coarse-grain simulation [41]. Two independent simulations 
were conducted to evaluate structural fluctuation and functional sta-
bility of ACE2 upon being interacted with epicatechin and kempferol. 
The results of the RMSD plot indicated that both ACE2 complexed with 
epicatechin and kempferol showed comparable results in MD simula-
tions as both complexes were quite consistent, suggesting the stability of 
both complexes in the entire time of simulation (Fig. 6A). The values of 
RMSD suggested that the binding of both complexes has been stabilized 
without any conformational shift. Likewise, the general behavior of 
ACE2 was observed to be rather stable in the entire MD simulation 
period of 2000 ns in both simulated complexes. This observation 
entailed a comparable validity of epicatechin and kempferol in the 
binding with the targeted ACE2 in considerable stability. Potential en-
ergy calculations showed that all angles, bonds, and torsions are at their 
natural values according to the input force-field parameters. However, 
the ACE2-kempferol complex showed more values at the end of the 
simulation, which suggested exhibiting a slightly less stable complex 
than that observed in ACE2-epicatechin (Fig. 6B). The distribution of 
protein atoms around its axis, or radius gyration values, is proportional 
to the energy of the simulated complexes. Thus, radius gyration values 
were analyzed to compare the conformational changes in both com-
plexes in the simulation time. Data obtained from potential energy were 
supported by observing higher values of radius gyration of 
ACE2-kempferol complex in comparison with ACE2-epicatechin 
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Fig. 3. Two-dimensional representations of the best pose interactions between the ligands and ACE2 receptor. Twenty-three compounds are shown attached within 
the ACE2 pocket. 
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complex. These higher values of ACE2-kempferol complex were partic-
ularly observed in the second half of the MD simulation (from 1000 ns to 
2000 ns) (Fig. 6C). These data suggested that ACE2-epicatechin complex 
showed slightly more dynamic stability than that found in 
ACE2-kempferol complex. Another layer of confirmation for this 
observed stability was provided by calculating the RMSF of both 
investigated complexes. In the RMSF plot, more arbitrary fluctuations 
were observed, but no conformational shifting was seen in the positions 
occupied by residues involved in direct interactions with both com-
pounds since the plotting of amino acid residues that involved in making 
direct interactions with epicatechin showed that all involved direct 

amino acid residues interactions were positioned in non-fluctuated areas 
(Fig. 6D). Thus, both RMSD and RMSF values were similar for both 
complexes, which suggested the validity of the epicatechin alongside the 
previously known kempferol compound. Once again, MD simulation 
results discovered that the epicatechin was the lead compound as it 
showed better binding stability with the soluble ACE2 receptor. 

3.5. Protein-protein interaction 

Further confirmation for the string inhibitory role predicted for 
epicatechin was provided from performing direct protein-protein 

Fig. 4. Three-dimensional representations of the best pose interactions between the ligands and ACE2. Twenty-three compounds are shown attached within the 
ACE2 pocket. 
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Table 2 
Druglikeness of the most suited ligands to the active site of angiotensin converting enzyme type-2 receptor. The compound no. 5 (epicatechin) and compound no. 22 (kempferol) proved the best pharmacokinetics, 
druglikeness, and toxicity features over all other tested compounds.  

No. Compound GI 
absorption 

Druglikeness Toxicity  

Lipinski rules 
violations 

Ghose 
rules 

Veber 
rules 

Egan 
rules 

Muegge 
rules 

Hepatoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity  

1 Delphinidin High 1 violation Yes Yes 1 
violation 

1 violation Inactive Active Inactive Inactive Inactive  

2 Cyanidin High Yes Yes Yes Yes Yes Inactive Active Inactive Inactive Inactive  
3 delphinidin 3-(6′′-malonylglucoside)-5- 

malonylglucoside) 
Low 3 violations 4 

violations 
2 
violations 

1 
violation 

5 violations Inactive Inactive Inactive Inactive Inactive  

4 Epigallocatechin High 1 violation Yes Yes Yes 1 violation Inactive Inactive Inactive Inactive Inactive  
5 Epicatechin High Yes Yes Yes Yes Yes Inactive Inactive Inactive Inactive Inactive  
6 Petunidin High Yes Yes Yes Yes Yes Inactive Active Active Inactive Inactive  
7 Alyssonoside Low 3 violations 4 

violations 
2 
violations 

1 
violation 

4 violations Inactive Inactive Active Inactive Inactive  

8 Foeniculoside I Low 3 violations 3 
violations 

1 violation 1 
violation 

6 violations Inactive Inactive Active Inactive Inactive  

9 Medicoside I Low 3 violations 4 
violations 

2 
violations 

1 
violation 

5 violations Inactive Inactive Active Inactive Inactive  

10 Acteoside Low 3 violations 4 
violations 

2 
violations 

1 
violation 

4 violations Inactive Inactive Active Inactive Inactive  

11 Protodegalactotigonin Low 3 violations 4 
violations 

2 
violations 

1 
violation 

7 violations Active Inactive Active Inactive Inactive  

12 Aloins Low Yes 1 violation 1 violation 1 
violation 

Yes Active Inactive Active Inactive Inactive  

13 Cynarotrioside Low 3 violations 4 
violations 

1 violation 1 
violation 

4 violations Inactive Inactive Active Inactive Inactive  

14 Serotonin High Yes Yes Yes Yes 1 violation Inactive Inactive Inactive Inactive Inactive  
15 Luteolin 7-rutinoside-4′-glucoside Low 3 violations 4 

violations 
1 violation 1 

violation 
4 violations Active Inactive Active Inactive Inactive  

16 Medicoside J Low 3 violations 4 
violations 

2 
violations 

1 
violation 

5 violations Inactive Inactive Active Inactive Inactive  

17 Myricetin 3-robinobioside-7-rhamnoside Low 3 violations 4 
violations 

1 violation 1 
violation 

4 violations Inactive Inactive Active Inactive Inactive  

18 Isoeruboside B Low 3 violations 4 
violations 

2 
violations 

1 
violation 

5 violations Inactive Inactive Active Inactive Inactive  

19 Terminalic Acid Low 3 violations 3 
violations 

1 violation 1 
violation 

4 violations Inactive Inactive Active Active Inactive  

20 3′-Methoxy apiin Low 3 violations 4 
violations 

1 violation 1 
violation 

3 violations Inactive Inactive Active Inactive Inactive  

21 Ceposide D Low 3 violations 4 
violations 

2 
violations 

1 
violation 

5 violations Active Inactive Active Inactive Inactive  

22 Chrysazol Low Yes Yes Yes Yes Yes Inactive Inactive Inactive Active Inactive  
23 Kempferol (control) High Yes Yes Yes Yes Yes Inactive Inactive Inactive Inactive Inactive   

M
.B.S. A

l-Shuhaib et al.                                                                                                                                                                                                                       

https://pubchem.ncbi.nlm.nih.gov/compound/10425234
https://pubchem.ncbi.nlm.nih.gov/compound/5202
https://pubchem.ncbi.nlm.nih.gov/compound/14283960


Computers in Biology and Medicine 141 (2022) 105155

9

interactions between ACE2 and the viral RBD in the presence and 
absence of the docked epicatechin. The predicted global binding en-
ergies for the topmost poses of ACE2-RBD docked complexes were 
− 15.75 kcal/mol and − 02.08 kcal/mol in the presence and absence of 
the docked epicatechin respectively. This significant reduction in bind-
ing energies refers to the possible ability of this compound to induce 
dramatic conformational changes in the interface area between ACE2 
and RBD and a consequent drastic reduction in the binding energy be-
tween the interacted proteins (Fig. 7). 

4. Discussion 

ACE2 receptor is one of the most interesting therapeutic options to 
neutralize COVID 19 infection [42]. The strong binding between 
SARS-CoV-2 spike glycoprotein with ACE2 receptor is considered to be 
the first critical step for the viral entry to the host cell. ACE2 receptors 
have also been involved in modulating blood pressure and maintaining 
blood pressure homeostasis. Several animal studies have shown a link 
between increased blood pressure and reduced levels of ACE2 [43]. 
However, it is unlikely that the in-hospital use of ACE inhibitors has any 
association with the increased mortality risk in patients with COVID 19 
[44]. Thus, there is an urgent need for anti-ACE2 drugs to decrease the 
danger of COVID-19 infection. Two antimalarial agents (chloroquine 
and hydroxychloroquine) have been administered to patients with 
COVID-19 in order to bind with the ACE2 receptor. However, these 
agents have serious adverse impacts on patients with acute renal failure, 
cardiovascular disorder, hypertension, and diabetes and thus were 
rejected by the Food and Drug Administration (FDA) as anti-SARS-CoV-2 
therapeutics [45]. Alternatively, computer-assisted drug designing 
would be an eminent approach toward COVID-19 treatment through 

implementing plant-derived natural agents to reduce the undesirable 
side effects of these synthetic compounds [46]. Natural products have 
for long been considered attractive sources of therapeutic agents and 
gained remarkable prominence. These natural products are noticeably 
available in low molecular weight formulas and the majority of them 
have proven to be safe [47]. Available evidence supports the inhibitory 
properties of natural products toward the biological activity of ACE2. 
Since many natural compounds have been recently reported to module 
RBD – ACE2 interface, sixty-six Iraqi medicinal plants were screened in 
this study to assess their anti-ACE2 activity through their ability to 
prevent RBD – ACE2 interaction, and its consequent SRAR-CoV-2 
attachment, fusion, and entry. 

Accordingly, strict in silico screening filters were conducted on 3663 
ligands’ conformers to find out the most eligible one to inhibit RBD – 
ACE2 interface with high docking efficacy, high GI adsorption, high 
druglikeness, and low toxicity. Out of these conformers, only epi-
catechin and kempferol were passed these filters and proven to have all 
the desirable pharmacokinetics that should exist in the optimum drugs. 
The analyses of the ligand – ACE2 interactions showed that epicatechin 
was more specific in the binding with the targeted amino acid residues 
than kempferol. Furthermore, subsequent MD simulations proved 
slightly more stability of epicatechin-ACE2 complex over kempferol- 
ACE complex. For these reasons, this study found that epicatechin was 
the lead molecule in inhibiting the RBD-ACE2 interface. The importance 
of this compound may be originated from the strong interaction with 
several essential amino acid residues within ACE2. As it was shown in 
the literature [48], the amino acid residues of Asp30, Asn33, His34, and 
Glu37 that share hydrogen bonds with epicatechin were positioned in 
extremely important regions that participated in the binding interface 
with the spike protein of SARS-CoV-2. So, inhibiting these residues may 

Fig. 5. Two- and three-dimensional representations for ACE2-epicatechin complex in A), and ACE2-kempferol complex in B) as they docked using the extra- 
precision module. 
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act a crucial role in preventing ACE2 from direct binding with the spike 
of SARS-CoV-2. 

In addition to epicatechin, the therapeutic potentials of the other top- 
nine investigated natural compounds were also explored to find out their 
activities against COVID 19 infection. These compounds were found to 
be available from variable sources of medicinal plants in Iraq. Delphi-
nidin, cyanidin, delphinidin 3-(6′′-malonylglucoside)-5-malonylgluco-
side) (PubChem CID 44256901), petunidin (PubChem CID 441774), 
foeniculoside I (PubChem CID 131753166), epigallocatechin (PubChem 
CID 10425234), and medicoside I (PubChem CID 74177087) were 
respectively obtained from Abelmoschus esculentus, Adiantum capillus- 
veneris, Cichorium intybus, Crocus sativus, Foeniculum vulgare, Juniperus 
communis, and Medicago sativa. Whereas both alyssonoside (PubChem 
CID 6444250), acteoside (PubChem CID 5281800) were obtained from 
Ballota nigra. Several reports have suggested some of these natural 
compounds to exhibit various degrees of inhibitions against the 

infection with COVID19 [49]. The aqueous extracts of delphinidin de-
rivatives have been shown to exert obvious in vitro inhibitory effects 
against ACE by competing with its active site (IC50 value 84.5) [50]. A 
molecular docking study has recently shown that delphinidin 
3-(6′′-malonylglucoside)-5-malonylglucoside) has exerted encouraging 
binding affinity with the human ACE2 receptor [51]. The purified epi-
gallocatechin has been found to generate an inhibition for the ACE2 with 
IC50 in the micromolar range [52]. However, the utilization of acteoside 
has only been restricted with the symptomatic treatment of the dry 
cough-associated oral and pharyngeal mucosa irritation [53]. Irre-
spective of these compounds, picatechin has been found to possess 
noticeable antiviral effects, which may be of remarkable importance in 
the onset of the pandemic situation [54]. The high effectiveness of this 
flavonoid is not surprising as it was found that epicatechin inhibits the 
onset of Mayaro and hepatitis C viral diseases by inhibiting their repli-
cation [55,56]. Interestingly, the majority of epicatechin interactions 

Fig. 6. Comparative molecular dynamic (MD) simulation of ACE2 complexed with kempferol (black) and epicatechin (red). A) Root-mean-square deviation (RMSD), 
B) Potential energy, and C) radius of gyration in A◦ plotted against 2000 ns simulation time. D) Root-mean-square fluctuation (RMSF) in A◦ plotted against amino 
acid residues. 

Fig. 7. Comparative docking views for the binding of ACE2-RBD in the presence and absence of epicatechin. In presence of epicatechin (branch A), the global binding 
energy is − 15.75 kcal/mol. In the absence of epicatechin (branch B), a drastic reduction in the affinity of binding between ACE2 and RBD is found as the global 
binding energy is only 02.09 kcal/mol. Letters vdW and HB refer to the respective participation of van Der Waals interactions and hydrogen bonds in the observed 
global energy in both docking cases. 
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were restricted to the formation of hydrogen bonds with positively 
charged amino acid residues within the targeted ACE2 receptor. Such 
mode of interaction with the hydrophilic amino acid residues is one of 
the suggested mechanisms through which flavonoids bind with a strong 
affinity to their targeted proteins [57]. 

In this study, the lead molecule is obtained from one of the medicinal 
plants that have been widely used in Iraqi traditional medicine is 
Hypericum perforatum, also known as perforate St John’s-wort. This plant 
is a flowering perennial herb that is used for versatile therapeutic at-
tributes, such as anxiety [58], gastric lesions [59], depression [60], 
wounds [61], and burns [62]. In addition to its obvious antioxidant role 
[63], it has been suggested to include this herb in treating many other 
ailments, such as cancer [64], inflammation-related disorders [65], and 
viral diseases [4]. Very recently, it has been reported that one of the 
epicatechin derivatives (PubChem CID 72276) that also derived from 
the same plant has been involved in a strong binding with several amino 
acid residues of the SARS-CoV-2 protease [66]. Whereas other studies 
have found that catechin exhibited a high affinity to the ACE2 receptor 
[67]. However, in our study, we have also found the same results but 
epicatechin showed a remarkably stronger docking score with ACE2 
than found in catechin. Noteworthy, both compounds have similar 
molecular weight but they only differ in their configurations. Epi-
catechin takes the cis configuration, while catechin takes the trans 
configuration. Thus, these cis-trans differences have made epicatechin 
superior in its binding with ACE2. This observation has indirectly sup-
ported another study that reported a strong impact of the stereochemical 
configuration on the activity of both compounds because the uptake and 
metabolism of epicatechin were found to be higher than catechin [68]. 
However, such tiny stereochemical differences between these natural 
compounds were not highlighted at least in terms of the binding with 
ACE2. Thus, it is rational to say that cis-trans alteration has an effective 
role in altering the ACE2 inhibitory activity of both natural compounds. 

These data have cumulatively suggested that epicatechin has a 
noticeable binding efficiency with several critical amino acid residues 
and may be used as putative inhibitors to the ACE2. Thus, it can be 
stated that in addition to the biological importance of epicatechin in-
teractions with ACE2, sufficient biological stability was ensured in this 
complex. This observation entailed the ability of this compound to 
ensure solid binding with amino acid residues of ACE2, and sufficient 
dynamic stability of the consequent complex upon formation. 

Computational approaches have been achieving popularity in the 
medication industry by demonstrating they are essential in the discovery 
of drugs. Based on computational/simulation approaches, several 
medicines have been developed that are presently available for the 
treatment of different diseases [69]. In contrast to these encouraging 
data, it has recently been proven that the docking score is not good 
enough to fully support as a cutoff value for selecting possible inhibitors 
for SARS-CoV-2 infection because no good correlations have been found 
between docking scores and pIC50 values for these inhibitors [70]. 
Furthermore, it has been found that even though all tested docking 
protocols have a good pose prediction, their screening accuracy is quite 
limited as they fail to correctly rank a test set of compounds [71]. 
Though increasing docking search algorithms have recently been 
improved, it is still questioned if there are any reliable approach in 
which molecular docking have aided to bring a drug to the market. 
Accordingly, biomedical laboratories or pharmaceutical companies are 
still hesitant to implement this technology in drug screening. This is may 
be due to some concerns correlated with interacting energy and binding 
conformations, resolution of available structures, and the algorithms 
used to identify the possible binding poses between ligands and their 
corresponding receptors [72]. Despite these contradicting reports, the 
results of this work highlighted the importance of epicatechin in terms of 
its high affinity to bind with ACE2 at the site of SARS-CoV-2 interaction. 
However, the results from the high binding affinity between epicatechin 
and ACE2 should be supported by in vivo testing and reaffirmed by the 
results of in vivo studies. In a prospective view, comparative studies with 

experimental high-throughput screening should be conducted to enrich 
docking accuracy and to correspondingly illuminate any possible hy-
pothetical results. Therefore, conducting an adequate wet lab-based 
validation of the epicatechin antiviral possibility is extremely neces-
sary before drawing bold conclusions on this virtual screening approach. 

5. Conclusion 

In summary, we investigate the inhibitory activity of 3663 ligands’ 
conformers from sixty-six sources of Iraqi medicinal plants. The 
screening of all ligands to the targeted ACE2 receptor showed that the 
epicatechin from Hypericum perforatum can bind ACE2 excellently. Its 
desirable pharmacokinetic and druglikeness properties and the absence 
of any possible toxicity have prevailed over the other screened com-
pounds. Add to that, the stable binding capacity to ACE2 and a high- 
quality MD profile have confirmed its superiority over other com-
pounds. All these features collectively indicated that epicatechin could 
act as a potential inhibitory agent to prevent the binding of ACE2 with 
the SARS-CoV2 spike. Based on the data obtained from this research, it 
can be stated that this compound can be employed as a potent natural 
inhibitor for ACE2 that can prevent its interaction with SARS-CoV2 at 
the onset of infection. The therapeutic potentials of this new chemical 
compound against the highly emerged COVID19 can be exploited for in 
vitro validation in order to combat the deadly infection of these highly 
emerged viral particles in the nearest future. 

Authors’ contributions 

MBSA conceived the study and performed data analyses and writing 
of the manuscript. HOH contributed to data analysis and the revision of 
the manuscript. JMBA prepared the Iraqi library of medicinal plants. All 
authors read and approved the final manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors declared that this research received no external funding 
from any agency or institution. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compbiomed.2021.105155. 

References 

[1] A.R. Bourgonje, A.E. Abdulle, W. Timens, J. Hillebrands, G.J. Navis, S.J. Gordijn, 
M.C. Bolling, G. Dijkstra, A.A. Voors, A.D.M.E. Osterhaus, Angiotensin-converting 
enzyme-2 (ACE2), SARS-CoV-2 and pathophysiology of coronavirus disease 2019 
(COVID-19), The Journal of Pathology 51 (2020) 228–248. 

[2] J. Wysocki, A. Schulze, D. Batlle, Novel variants of angiotensin converting enzyme- 
2 of shorter molecular size to target the kidney renin angiotensin system, 
Biomolecules 9 (2019) 886. 

[3] F. Jiang, J. Yang, Y. Zhang, M. Dong, S. Wang, Q. Zhang, F.F. Liu, K. Zhang, 
C. Zhang, Angiotensin-converting enzyme 2 and angiotensin 1–7: novel therapeutic 
targets, Nature Reviews Cardiology 11 (2014) 413. 

[4] H. Chen, I. Muhammad, Y. Zhang, Y. Ren, R. Zhang, X. Huang, L. Diao, H. Liu, X. Li, 
X. Sun, Antiviral activity against infectious bronchitis virus and bioactive 
components of Hypericum perforatum L, Frontiers in Pharmacology 10 (2019) 
1272. 

[5] R.N. Kirchdoerfer, N. Wang, J. Pallesen, D. Wrapp, H.L. Turner, C.A. Cottrell, K. 
S. Corbett, B.S. Graham, J.S. McLellan, A.B. Ward, Stabilized coronavirus spikes are 
resistant to conformational changes induced by receptor recognition or proteolysis, 
Scientific Reports 8 (2018) 1–11. 

M.B.S. Al-Shuhaib et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.compbiomed.2021.105155
https://doi.org/10.1016/j.compbiomed.2021.105155
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref1
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref1
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref1
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref1
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref2
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref2
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref2
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref3
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref3
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref3
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref4
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref4
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref4
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref4
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref5
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref5
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref5
http://refhub.elsevier.com/S0010-4825(21)00949-5/sref5


Computers in Biology and Medicine 141 (2022) 105155

12

[6] W. Song, M. Gui, X. Wang, Y. Xiang, Cryo-EM structure of the SARS coronavirus 
spike glycoprotein in complex with its host cell receptor ACE2, PLoS Pathogens 14 
(2018), e1007236. 

[7] H.O. Hashim, M.K. Mohammed, M.J. Mousa, H.H. Abdulameer, A.T.S. Alhassnawi, 
S.A. Hassan, M.B.S. Al-Shuhaib, Infection with different strains of SARS-CoV-2 in 
patients with COVID-19, Archives of Biological Sciences 72 (2020) 575–585. 

[8] S. Boopathi, A.B. Poma, P. Kolandaivel, Novel 2019 coronavirus structure, 
mechanism of action, antiviral drug promises and rule out against its treatment, 
Journal of Biomolecular Structure and Dynamics 39 (2021) 3409–3418. 

[9] D.L. McKee, A. Sternberg, U. Stange, S. Laufer, C. Naujokat, Candidate drugs 
against SARS-CoV-2 and COVID-19, Pharmacological Research 157 (2020) 
104859. 

[10] J. Grein, N. Ohmagari, D. Shin, G. Diaz, E. Asperges, A. Castagna, T. Feldt, 
G. Green, M.L. Green, F.-X. Lescure, Compassionate use of remdesivir for patients 
with severe Covid-19, New England Journal of Medicine 382 (2020) 2327–2336. 

[11] J. Gao, Z. Tian, X. Yang, Breakthrough: chloroquine phosphate has shown apparent 
efficacy in treatment of COVID-19 associated pneumonia in clinical studies, 
Bioscience Trends 16 (2020) 72–73. 

[12] E.C. Contentti, J. Correa, Immunosuppression during the COVID-19 pandemic in 
neuromyelitis optica spectrum disorders patients: a new challenge, Multiple 
Sclerosis and Related Disorders 41 (2020) 102097. 

[13] H. Wang, C. Wang, W. Han, C. Geng, D. Chen, B. Wu, J. Zhang, C. Wang, P. Jiang, 
Association of leptin and leptin receptor polymorphisms with coronary artery 
disease in a North Chinese Han population, Revista Da Sociedade Brasileira de 
Medicina Tropical 53 (2020). 

[14] S. Farooq, Z. Ngaini, Natural and synthetic drugs as potential treatment for 
coronavirus disease 2019 (COVID-2019), Chemistry Africa 4 (2021) 1–13. 

[15] A. Liskova, M. Samec, L. Koklesova, S.M. Samuel, K. Zhai, R.K. Al-Ishaq, 
M. Abotaleb, V. Nosal, K. Kajo, M. Ashrafizadeh, Flavonoids against the SARS-CoV- 
2 Induced Inflammatory Storm, Biomedicine & Pharmacotherapy, 2021, 
p. 111430. 

[16] Y. Wang, S. Fang, Y. Wu, X. Cheng, L. Zhang, X. Shen, S. Li, J. Xu, W. Shang, Z. Gao, 
Discovery of SARS-CoV-2-E channel inhibitors as antiviral candidates, Acta 
Pharmacologica Sinica (2021) 1–7. 

[17] N. Thangavel, M. Al Bratty, H.A. Al Hazmi, A. Najmi, R.O.A. Alaqi, Molecular 
docking and molecular dynamics aided virtual search of OliveNetTM Directory for 
Secoiridoids to combat SARS-CoV-2 infection and associated hyperinflammatory 
responses, Frontiers in Molecular Biosciences 7 (2020). 

[18] A. Nasirzadeh, J. Bazeli, J. Hajavi, N. Yavarmanesh, M. Zahedi, M. Abounoori, 
A. Razavi, M.M. Maddah, P. Mortazavi, M. Moradi, Inhibiting IL-6 during Cytokine 
Storm in COVID-19: Potential Role of Natural Products, 2021. 

[19] A.G. Atanasov, B. Waltenberger, E.-M. Pferschy-Wenzig, T. Linder, C. Wawrosch, 
P. Uhrin, V. Temml, L. Wang, S. Schwaiger, E.H. Heiss, Discovery and resupply of 
pharmacologically active plant-derived natural products: a review, Biotechnology 
Advances 33 (2015) 1582–1614. 

[20] I. Abdelli, F. Hassani, S. Bekkel Brikci, S. Ghalem, In silico study the inhibition of 
angiotensin converting enzyme 2 receptor of COVID-19 by Ammoides verticillata 
components harvested from Western Algeria, Journal of Biomolecular Structure 
and Dynamics 39 (2021) 3263–3276. 

[21] H. Chen, Q. Du, Potential Natural Compounds for Preventing SARS-CoV-2 (2019- 
nCoV) Infection, 2020. 

[22] S. Takahashi, T. Yoshiya, K. Yoshizawa-Kumagaye, T. Sugiyama, Nicotianamine is 
a novel angiotensin-converting enzyme 2 inhibitor in soybean, Biomedical 
Research 36 (2015) 219–224. 

[23] A. Balkrishna, S. Pokhrel, J. Singh, A. Varshney, Withanone from Withania 
Somnifera May Inhibit Novel Coronavirus (COVID-19) Entry by Disrupting 
Interactions between Viral S-Protein Receptor Binding Domain and Host ACE2 
Receptor, 2020. 

[24] H.M. Wahedi, S. Ahmad, S.W. Abbasi, Stilbene-based natural compounds as 
promising drug candidates against COVID-19, Journal of Biomolecular Structure 
and Dynamics 39 (2021) 3225–3234. 

[25] R. Alexpandi, J.F. De Mesquita, S.K. Pandian, A.V. Ravi, Quinolines-based SARS- 
CoV-2 3CLpro and RdRp inhibitors and Spike-RBD-ACE2 inhibitor for drug- 
repurposing against COVID-19: an in silico analysis, Frontiers in Microbiology 11 
(2020) 1796. 

[26] N.A. Al-douri, A survey of medicinal plants and their traditional uses in Iraq, 
Pharmaceutical Biology 38 (2000) 74–79. 

[27] H.M. Ahmed, Ethnopharmacobotanical study on the medicinal plants used by 
herbalists in Sulaymaniyah Province, Kurdistan, Iraq, Journal of Ethnobiology and 
Ethnomedicine 12 (2016) 1–17. 

[28] A.M.A.M.A. Kawarty, L. Behçet, U. Çakilcioğlu, An ethnobotanical survey of 
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