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A B S T R A C T   

The high morbidity and mortality rate of Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) 
infection arises majorly from the Acute Respiratory Distress Syndrome and “cytokine storm” syndrome, which is 
sustained by an aberrant systemic inflammatory response and elevated pro-inflammatory cytokines. Thus, 
phytocompounds with broad-spectrum anti-inflammatory activity that target multiple SARS-CoV-2 proteins will 
enhance the development of effective drugs against the disease. In this study, an in-house library of 117 steroidal 
plant-derived pregnanes (PDPs) was docked in the active regions of human glucocorticoid receptors (hGRs) in a 
comparative molecular docking analysis. Based on the minimal binding energy and a comparative dexametha-
sone binding mode analysis, a list of top twenty ranked PDPs docked in the agonist conformation of hGR, with 
binding energies ranging between − 9.8 and − 11.2 kcal/mol, was obtained and analyzed for possible interactions 
with the human Janus kinases 1 and Interleukins-6 and SARS-CoV-2 3-chymotrypsin-like protease, Papain-like 
protease and RNA-dependent RNA polymerase. For each target protein, the top three ranked PDPs were 
selected. Eight PDPs (bregenin, hirundigenin, anhydroholantogenin, atratogenin A, atratogenin B, glaucogenin 
A, glaucogenin C and glaucogenin D) with high binding tendencies to the catalytic residues of multiple targets 
were identified. A high degree of structural stability was observed from the 100 ns molecular dynamics simu-
lation analyses of glaucogenin C and hirundigenin complexes of hGR. The selected top-eight ranked PDPs 
demonstrated high druggable potentials and favourable in silico ADMET properties. Thus, the therapeutic po-
tentials of glaucogenin C and hirundigenin can be explored for further in vitro and in vivo studies.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is a clinical syndrome, caused 
by Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) 
[1]. The clinical presentation of SARS-CoV-2 infections ranges from 
asymptomatic condition or mild symptoms (such as fever, cough, and 
generalized malaise) in the majority of the cases to severe respiratory 
failure. The early stage of infection, progresses to interstitial pneumonia 
and acute respiratory distress syndrome (ARDS) in nearly 10–20% of the 
cases, especially in the elderlies and people with co-morbidities [2]. The 
pathophysiology of SARS-CoV-2 infection is a complex mechanism that 
is known to mobilize several biomolecules of the immune and 

hematologic systems [3]. 
Cytokines are a group of polypeptide signaling molecules responsible 

for regulating a large number of biological processes via cell surface 
receptors [4]. The term “cytokine storm”, a condition characterized by 
an exaggerated activation of the immune system was first associated 
with onset of the graft-versus-host disease [5] and later known to be 
involved in several viral infections [6]. The exaggerated cytokine release 
in response to viral infection, has emerged as one of the mechanisms 
leading to acute respiratory distress syndrome and multiple-organ fail-
ure in COVID- 19 [7]. In this regard, recent studies have shown that 
patients with COVID-19 have higher levels of inflammatory cytokines, 
such as interleukin (IL)-1β, IL-2, IL-6 IL-7, IL-8, IL-9, IL-10, IL-18, tumor 
necrosis factor (TNF)-α, granulocyte colony-stimulating factor (G-CSF), 
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granulocyte-macrophage colony-stimulating factor, fibroblast growth 
factor, macrophage inflammatory protein 1, compared to healthy in-
dividuals [8]; circulating levels of IL-6, IL-10, and TNF-α also correlated 
with illness severity as they were significantly higher in intensive care 
unit (ICU) patients compared to mild/moderate cases. At this point, 
anti-viral treatment alone is not enough and should be combined with 
appropriate anti-inflammatory treatment. Anti-rheumatic drugs, which 
are tried for managing cytokine storm of SARS-CoV-2 infection include: 
corticosteroids, JAK inhibitors, IL-6 inhibitors, IL-1 inhibitors, anti--
TNF-α agents, hydroxychloroquine, intravenous immunoglobulin 
(IVIG), and colchicines [9]. 

The interaction of glucocorticoids receptors (GR) and its ligands, 
glucocorticoids (GCs), have been explored for the modulation of cyto-
kines in acute and chronic inflammatory diseases [10]. Glucocorticoids 
modulate cytokine expression by several genomic mechanisms. The 
activated GR complex: (i) binds to the promotor responsive elements, 
thereby inactivating key pro-inflammatory transcription factors (e.g. 
AP-1, NF kappa B); (ii) upregulates the expression of cytokine inhibitory 
proteins, e.g. I kappa B, which inactivates the transcription factor NF 
kappa B, thereby suppressing the secondary expression of a series of 
cytokines; and lastly, (iii) reduces the half-lives and utility of cytokine 
mRNAs [11]. Unfortunately, the use of GCs is limited by unwanted se-
vere side effects, such as osteoporosis, disorders of glucose and lipid 
metabolism, and hypertension [12]. Therefore, there is an urgent need 
for the development of natural compounds with higher 
anti-inflammatory activity compared to standard GCs, alongside anti-
viral potential and with accompanied no or low toxicity [13,14]. Janus 
kinases (JAKs) mediate the signaling of numerous cytokines and growth 
factors involved in the regulation of inflammation, immunity and he-
matopoiesis [15]. Among the JAK family members, the JAK1 has the 
broadest cytokine signaling profile,being the only isoform that pairs 
with the other three JAKs. The pairing of JAK1with JAK3 regulates the 
signaling of the gamma common (γc) cytokines. The pairing of JAK1-
with JAK2 regulates the signaling of type I interferons (IFNα, IFNβ), type 
II interferon (IFNγ) and the IL-10 family of cytokines [16]. Inhibitors of 
the JAK-STAT pathway, such as baricitinib and Ruxolitnib, are used for 
suppressing proinflammatory cytokine production and systemic 
inflammation. Interleukin-6 (IL-6) is a pleiotropic cytokine. In general, 
IL-6 inhibitors prevent human IL-6 from binding to IL-6 receptors, thus 
impeding the formation of immune signaling complexes on cell surfaces 
[17]. 

Along with structural proteins, the SARS viral genomes encode non- 
structural proteins, including 3-chymotrypsin-like protease (3CLpro), 
papain-like protease (PLpro), helicase and RNA-dependent RNA poly-
merase (RdRp) which are important target for the development of 

therapeutics [18]. The proteolytic processing of the polyproteins is 
performed by the viral cysteine proteases to yield 16 non-structural 
proteins; 3CLpro cleaves and modifies the viral polyproteins at 11 sites 
while PLpro cleaves the first three sites at the N-terminus [4,19]. The 
RNA-dependent RNA polymerase (RdRp), is a central component of 
coronaviral replication/transcription machinery that catalysis 
RNA-template dependent formation of phosphodiester bonds between 
ribonucleotides In our recent work, we have demonstrated the potential 
of some natural compounds as inhibitors of these proteins [20–22]. 

Recently, dexamethasone, a potent synthetic anti-inflammatory 
glucocorticoid was declared as the world’s first treatment proven 
effective in reducing the risks of death through cytokine storm among 
severely ill COVID-19 patients based on clinical trial results [23,24]. 
Through computational and biological comparison, few plant-derived 
steroidal compounds have been suggested as modulators of inflamma-
tion through interactions with GR (Dean et al., 2017; Morsy et al., 2019). 
Such plant-derived anti-inflammatory steroids like glycyrrhetinic acid 
[25], guggulsterone [26], boswellic acid [27], withaferin A [28] and 
diosgenin [29] have a common cyclopentanoperhydrophenanthrene 
steroid ring structure. Pregnanes are naturally occurring C21 steroidal 
compounds that have been documented with wide range of bioactivities 
including anti-inflammatory activity [22,30–32]. Due to the present 
COVID-19 pandemic, there is urgent need for such plant-derived steroids 
that may possess dual interference with cytokine storm and viral repli-
case/transcriptase complex but with fewer side effects. Thus, the aim of 
this study was to screen an in-house library of plant-derived steroidal 
pregnanes for hGR agonist using a comparative molecular docking 
approach. 

2. Materials and methods 

2.1. Retrieval of protein structure 

The three-dimensional (3D) structure of human glucocorticoid re-
ceptors in the agonist conformation (hGRag) (PDB ID: 4UDC), human 
glucocorticoid receptors in the antagonist conformation (hGRagt) (PDB 
ID: 1NHZ), human Interleukin-6 (hIL-6) (PDB ID: 1ALU), human Janus 
kinase 1(hJAK1) (PDB ID: 6BBU), SARS-CoV-2 3-chymotrypsin-like 
protease (s3CLpro) (PDB ID: 6Y84), SARS-CoV-2 papain-like protease 
(sPLpro) (PDB ID: 6W9C) and SARS-CoV-2 RNA-dependent RNA poly-
merase (sRdRp) (PDB ID: 6M71) were retrieved from the Protein Data-
bank (http://www.rcsb.org). 

2.2. Protein preparation 

The crystal structures of the of proteins were processed by removing 
existing ligands and water molecules while missing hydrogen atoms 
were added according to the amino acid protonation state at pH 7.0 
utilizing Autodock version 4.2 program (Scripps Research Institute, La 
Jolla, CA). Thereafter, non-polar hydrogens were merged while polar 
hydrogens were added to each protein. The process was repeated for 
each protein and subsequently saved into a dockable pdbqt format for 
molecular docking. 

2.3. Ligand preparation 

PDPs (117) were compiled from literature search. The Structure Data 
Format (SDF) structures of the reference compounds: dexamethasone 
(Dex), mifepristone, methotrexate, ruxolitnib, ritonavir, disulfiram, 
remdesivir and some of the compounds were retrieved from the Pub-
Chem database (www.pubchem.ncbi.nlm.nih.gov); other compounds 
not present on the database were drawn with Chemdraw version 19. All 
the compounds and reference compounds were converted to mol2 
chemical format using Open babel (O’Boyle et al., 2011). The non-polar 
hydrogen atoms were merged with the carbons, polar hydrogen charges 
of the Gasteiger-type were assigned and the internal degrees of freedom 

Abbreviations 

COVID-19 The Coronavirus disease 2019 
SARS-CoV-2 Severe Acute Respiratory Syndrome Corona Virus 2 
sRdRp SARS-CoV-2RNA-dependent RNA polymerase 
GR Glucocorticoid receptors 
hGRag Human glucocorticoid receptors in agonist 

conformation 
hGRagt Human glucocorticoid receptors in atagonist 

conformation 
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3CLpro 3-chymotrypsin-like protease 
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and torsions were set to zero. The protein and ligand molecules were 
further converted to the dockable pdbqt format using Autodock tools. 

2.4. Molecular docking study 

2.4.1. Competitive molecular docking to the human GRs 
A competitive molecular docking approach [33,34] was employed 

for a structure based identification of agonist of the hGR protein. The 
approach combined separate molecular docking models for hGR in the 
agonist and antagonist conformations. True agonists and antagonists 
that were native ligands to the co-crystalized structures were extracted 
and first used to evaluate the ability of this approach to differentiate 
agonists and antagonists. An initial docking analysis of the PDPs (117) 
and reference compounds (positive control: dexamethasone and nega-
tive control: mifepristone) to the hGRag (4UDC) was conducted. 
Ranking based on minimum binding energies and interactions with 
catalytic residues was employed to generate a list of the top twenty PDPs 
hits with the highest binding tendencies. (Table S1). A competitive 
docking analysis of the top twenty PDPs to another hGRagt (1NHZ) in 
the antagonist conformation (reference compounds: mifepristone as 
positive control and dexamethasone as negative control) was further 
conducted. Both hGRagand hGRagtwere co-crystallized with dexa-
methasone and mifepristone (the positive controls) respectively. The 

PDPs, reference compounds and the hGR proteins were loaded into PyRx 
(Python prescription) 0.8 [35] with the incorporation of Autodock vina 
[36]. For each of the docking steps, the ligands were imported via the 
OpenBabel [37], a plug-in tool in PyRx 0.8. The Universal Force Field 
(UFF) was used as the energy minimization parameter and conjugate 
gradient descent as the optimization algorithm. The binding site co-
ordinates of the active site regions of the hGRag as defined by the grid 
boxes were used for docking analysis (Table 1a). All the other parame-
ters were kept as default. After the completion of the docking process, 
the binding affinities of the protein for the compounds for the selected 
clusters were recorded. The compounds were then ranked by their 
binding energies. 

2.4.2. Active site targeted molecular docking to other proteins targets 
Using the same protocol above, the top twenty PDPs with the lowest 

binding energies to the hGRag in the agonist conformation and the 
reference inhibitors were docked to the active region of five proteins: 
human interleukin-6, human janus kinases, SARS-CoV-2 3-chymo-
trypsin-like protease, SARS-CoV-2 papain-like protease and SARS-CoV- 
2 RNA-dependent RNA polymerase as defined by the grid boxes 
(Table 1b). The molecular interactions of the top three PDPs with the 
highest binding affinities to each of the proteins and the reference 
compounds were viewed with Discovery Studio Visualizer version 16. 

2.5. Molecular dynamics simulation 

Molecular Dynamics Simulation (MDS) was performed on the hGR in 
the agonist conformation (apo protein), Dex and top-two PDPs com-
plexed with hGRag protein using NAMD software version 2.13 [38]. 
Necessary files for MDS were generated using CHARMM-GUI webserver 
[39,40]. For each complex or apo protein, the system was minimized for 
10,000 steps in constant number of atoms, constant volume and constant 
temperature (NVT) ensemble then a production run for 100 ns in NVT 
ensemble was performed. Temperature was set to be 310 K and salt 
concentration was set to be the physiological concentration 0.154 M 
NaCl. Afterwards, calculations of Backbone-Root Mean Square Devia-
tion (RMSD), Per residue Root Mean Square Fluctuations (RMSF), 
Radius of Gyration (RoG), Surface Accessible Surface Area (SASA) were 
performed using VMD TK console scripts [41]. 

2.5.1. Binding free energy calculations 
Molecular Mechanincs – Generalized Born Surface Area (MM-GBSA) 

implemented in Ambertools 17 is utilized to calculate the binding free 
energy in Dex and the top two-ranked pregnanes complexed with hGRag 

Table 1 
Binding site coordinates of human GRs.   

hGRs (Å) center_x center_y center_z Size_x Size_y Size_z 

a hGRag 
(4UDC) 

1.4 41.6 16.9 27.3 21.6 25.9 

hGRagt 
(1NHZ) 

− 2.75 15.9 3.25 14.51 33.34 22.24 

b hIL-6 (1ALU) − 8.8 − 14.5 4.7 24.4 22.2 17.9 
hJAK1 
(6BBU) 

12.0 12.0 − 15.4 15.4 19.0 27.3 

s3CLpro 
(6Y84) 

9.4 19.2 19.2 19.2 16.0 18.9 

sPLpro 
(6W9C) 

19.5 28.0 18.3 26.8 26.8 34.7 

sRdRp 
(6M71) 

114.6 116.0 123.7 17.0 22.4 25.7 

Human glucocorticoid receptors in the agonist conformation (hGRag), human 
glucocorticoid receptors in the antagonist conformation (hGRagt), human 
Interleukin-6 (hIL-6) human Janus kinase 1(hJAK1), SARS-CoV-2 3-chymo-
trypsin-like protease (s3CLpro), SARS-CoV-2 papain-like protease (sPLpro) and 
SARS-CoV-2 RNA-dependent RNA polymerase (sRdRp). 

Fig. 1. Binding energies of plant-derived pregnanes for selected protein targets in SARS-COV-2 and human: Human glucocorticoid receptors in the agonist conformation 
(hGRag); human Interleukin-6 (hIL-6), human Janus kinases (hJAK1); SARS-CoV-2 3-chymotrypsin-like protease (s3CLpro); SARS-CoV-2 papain-like protease (sPLpro) and 
SARS-CoV-2 RNA-dependent RNA polymerase (sRdRp). 
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[42,43]. All frames (1000 frame) were used and igb parameter was set to 
5, the default value. Saltcon parameter was set to 0.154 M while keeping 
the rest of the parameters as default. Binding affinity decomposition was 
used to know the contribution of each amino acid in the binding affinity. 

2.5.2. Clustering of molecular dynamic trajectory 
TTClust version 4.7.2 was used to cluster the trajectory automati-

cally according to the elbow method, a representative structure for each 
cluster was produce [44]. These representative conformations were 
analyzed using Protein Ligand Interaction Profiler (PLIP) for pregnane 
atom-amino acid residue interactive analysis [45]. The images were 
created using PyMol V2.2.2 [46]. 

2.6. ADMET study 

Eight compounds which are the top 3 compounds to the 6 protein 
targets were selected for evaluation of the drug-likeness and ADMET 
filtering analysis. The drug-likeness analysis which includes Lipinski, 
Veber, Ghose, Egan and Muegge were performed on the SwissADME 
(http://www.swissadme.ch/index.php) webserver. [47], while the 
predicted Absorption, Distribution, Metabolism, Excretion and toxicity 
(ADME/tox) study was analyzed using the SuperPred webserver (http 
://lmmd.ecust.edu.cn/admetsar1/predict/) [48]. The SDF file and ca-
nonical SMILES of the compounds were downloaded from PubChem 
Database or copied from ChemDraw to calculate ADMET properties 
using default parameters. 

3. Results 

3.1. Molecular docking 

The binding affinities from the docking analysis of the proteins for 
the PDPs (117) and the reference compounds are shown in Table S1 
(supplementary material). Based on the minimum binding energies and 

interactions with catalytic residues, the top twenty PDPs with binding 
energies ranging from − 9.8 to − 11.2 kcal/mol for hGRag was compared 
to the binding energies of the controls (positive control – dexametha-
sone = − 12.2 kcal/mol and negative control – mifepristone = − 6.0 
kcal/mol; Fig. 1). Using competitive docking approach,these results 
were compared with the results obtained from the docking analysis of 
the top twenty PDPs with the antagonist conformation of the same 
protein (hGRagt). The binding energies of the positive control (mife-
pristone: 11.5 kcal/mol), negative control (dexamethasone: 8.7 kcal/ 
mol)and the top twenty PDPs (between − 7.7 and − 8.8 kcal/mol) are 
presented in Table S1 (supplementary material) and Fig. 1. It was also 
observed that the binding affinities of hGRag for glaucogenin C, hir-
undigenin and bregenin (− 11.2, − 10.8 and − 10.6 kcal/mol respec-
tively), the top three PDPs, were higher compared to those of hGRagt for 
them (− 8.8, − 8.7 and − 8.7 kcal/mol respectively). 

From the interaction of the top twenty ranked PDPs with hGRag, hIL- 
6, hJAK1,s3CLpro, sPLpro and sRdRp, top three PDPs with the lowest 
binding energies for each of the proteins were obtained, yielding a 
combined list of eight pregnanes: bregenin, hirundigenin, anhy-
droholantogenin, atratogenin A, atratogenin B, glaucogenin A, glauco-
genin C and glaucogenin D. From this list, glaucogenin C, hirundigenin, 
glaucogenin A and glaucogenin D were part of the top three ranked PDPs 
with least binding energies for at least two proteins, while glaucogenin 
C, with the least binding energy for hGRag, was listed among the top 
three ranked PDPs for hIL-6, hJAK1, sPLpro and sRdRp, thereby exhib-
iting multiplicity of binding properties. It was also observed that apart 
from GR and JAK, the three top pregnanes for each protein had binding 
energies for other proteins that were lower than those of the reference 
compounds. 

3.2. Amino acid interaction of selected pregnanes with target proteins 

The amino acid interactions of hGR in the agonist conformation, hIL- 
6, hJAK,s3CLpro, sPLpro and sRdRp with reference inhibitors and the top 

Fig. 2. Amino acid interactions of pregnanes in binding cavity of human glucocorticoid receptor in the agonist conformation.Stick representations of the Ligands are 
shown by colours(a) Green: dexamethasone (reference inhibitor) (b) Purple:glaucogenin C (c) Blue:hirundigenin(d) Red: bregenin. Types of interactions are repre-
sented by Green-dotted lines: H-bonds; light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl and pi-stacking); purple-dotted line: Pi-Pi T Shaped; yellow-dotted lines: 
Pi-sulphur interactions, pi-stacking interactions. Three-letter abbreviations of amino acids are in black colour. 
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Fig. 3. Amino acid interactions of pregnanes in binding cavity of human Interleukin-6. Stick representation of ligands are coloured green while interacting amino 
acids are in grey colour (a) L(+)-tartaric(reference inhibitor) (b) atratogenin A (c) glaucogenin C (d) anhydroholantogenin. Types of interactions are represented by 
green-dotted lines: H-bonds; light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl & pi-stacking); purple-dotted line: Pi-Pi T Shaped; yellow-dotted lines: Pi-sulphur 
interactions, pi-stacking interactions. Three-letter abbreviations of amino acids are in black colour. 

Fig. 4. Amino acid interactions of pregnanes in binding cavity of human Janus kinase 1. Stick representations of ligands are coloured orange while interacting amino 
acids are in grey colour(a) ruxolitnib (reference inhibitor) (b)atratogenin B (c) hirundigenin (c) glaucogenin C. Types of interactions are represented by green-dotted 
lines: H-bonds; light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl & pi-stacking); purple-dotted line: Pi-Pi T Shaped; yellow-dotted lines: Pi-sulphur interactions, 
pi-stacking interactions. Three-letter abbreviations of amino acids are in black colour. 
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three ranked PDPs that demonstrated the highest binding tendencies are 
represented in Figs. 2–7. The interacting residues of the proteins with 
respective ligand groups were majorly through H-bond, hydrophobic 
interactions and few other bonds (Table 2). The revalidation of the 
docking pattern of the native ligand (dexamethasone) co-crystalized 
with hGRag showed that dexamethasone was docked into to ligand- 
binding domain (LBD) of hGRag. The A-ring of dexamethasone was 
positioned adjacent to the β-strands 1 and 2 while the D ring was close to 
helix 12 of hGRag. The 3′-carbonyl oxygen of the A ring formed a 
hydrogen bond to the guanidinium group of ARG611 of hGRag. On the C 
ring, the 11α-hydroxyl group formed a hydrogen bond with the carbonyl 
group of LEU563 while on the D ring, the 20-hyroxyl and 21-carbonyl 
groups formed a hydrogen bond with Thr739 and ASN564 of hGRag 
respectively. The 16α formed 2 alkyl bonds to TYR735 and LEU732, 
while the 18 and 19-methyl groups displayed an alkyl interaction with, 
CYS736 and MET604 of hGRag respectively (Fig. 2a). A Pi-alkyl inter-
action was observed between the D ring and the remaining amino acid 
residues of hGRag. Glaucogenin C, the topmost ranked PDP for hGRag 
was also docked into the LBD of hGRag. The 3-hydroxyl and 15, 20α- 
diepoxy groups of glaucogenin C interacted via hydrogen bonds with 
GLN570 and THR739, while the double bond between carbons 13 and 18 
formed 2 hydrogen bonds with ASN564 and MET560. An alkyl interaction 
was observed between TRY735 and 19-methyl moiety, while several Pi- 
alkyl interactions were observed between the A, B and C rings and the 
remaining amino acid residues of hGRag (Fig. 2b). In a similar manner to 

the 3′-carbonyl oxygen of dexamethasone, the 2-hydroxyl group of 
hirundigenin formed a hydrogen bond with ARG611, while the other 
hydrogen bond was formed between ASN564 of hGRag and 20-oxahexa-
cyclo group. Numerous alkyl interactions were formed by 5- and 19- 
methyl groups while the pi-alkyl interactions were formed by the rings 
(Fig. 2c). Bregenin was also docked into the LBD of hGRag, interacting 
with the amino acid residues of the active site. The 3-, 16- and 17-hy-
droxyl groups of bregenin formed 3 hydrogen bonds with GLN570, 
GLN642 and LEU732 of hGRag. The 10- and 13-methyl groups formed 
alkyl interactions with MET601, CYS736 and MET604 of hGRag. The 
remaining residues interacted via Pi-alkyl interaction with the B and C 
rings of bregenin (Fig. 2d). L(+)-tartaric acid, the reference inhibitor, 
and the native molecule bound to the crystallographic structure of hIL-6 
were docked into the “site 1” binding site. Five hydrogen bonds were 
observed between tartarate and IL-6. Direct hydrogen bonds to which 
ARG179 and ARG182 of hIL-6 served as the donors of four pairs of 
hydrogen atoms were formed with α-carboxyl moiety, while the α-hy-
droxyl group of the tartarate donated the hydrogen atom for the 
hydrogen bond with GLN175 (Fig. 3a). ARG30 and GLN175 of hIL-6 
donated the hydrogen atoms for the hydrogen bonds formed with the 
carbonyl group of atratogenin A, while a carbon-hydrogen bond was 
formed between the furan ring and LEU33(Fig. 3b).Alkyl interactions 
were formed between the 4β-methyl moiety and ARG30 and LEU30 while 
Pi-alkyl interactions were formed by the B and furan rings with LEU178 

and LUE33 of hIL-6 respectively. Glaucogenin C was docked into the 

Fig. 5. Amino acid interactions of pregnanes in binding cavity of 3-chymotrypsin-like protease of SARS-CoV-2. Stick representations of ligands are coloured red 
while interacting amino acids are in grey colour (a) Ritonavir (reference inhibitor) (b)glaucogenin D (c) hirundigenin (c) anhydroholantogenin. Types of interactions 
are represented by green-dotted lines: H-bonds; light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl & pi-stacking); purple-dotted line: Pi-Pi T Shaped; yellow- 
dotted lines: Pi-sulphur interactions, pi-stacking interactions. Three-letter abbreviations of amino acids are in black colour. 
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same binding site and interacted with some of the amino acid residues as 
methotrexate (Fig. 3c). A conventional hydrogen bond and carbon- 
hydrogen bond were formed with ARG182 and GLN175 of hIL-6 respec-
tively while most of the alkyl interactions were formed with 5- and 19- 
methyl groups. ASP34 of hIL-6 donated a hydrogen atom to form 
hydrogen bond with 7-hydroxyl group, while the alkyl interactions were 
formed by the four rings of anhydroholantogenin (Fig. 3d). The amino 
group of the pyrimidine ring of roxolitinib (reference inhibitor) 
contributed two hydrogen atoms to form hydrogen bonds with GLU957 

and GLY1020 of hJAK1, while that of pyraxole ring formed two hydrogen 
bonds with ARG1007 and ASN1008 of hJAK1. Two Pi-sigma bonds were 
formed between the pyrrole ring of roxolitinib and LEU881 and LEU1010. 
An alkyl interaction was observed between the cyclopentane ring of 
roxolitinib and ARG1007 (Fig. 4a). The 6-hydroxyl group of atratogenin B 
donated the hydrogen atom for the only hydrogen bond formed with 
ARG1003, while the 2- and 4-methyl groups and the methyl group 
attached to the furan ring interacted via alkyl interactions with VAL889, 
ALA906 and LEU1010 of hJAK1 respectively (Fig. 4b). Hirundigenin was 
docked into the same active site as roxolitinib; 8- and 16-hydroxyl 
groups and 20-oxahexacyclo ring of hirundigenin formed hydrogen 
bonds with LEU959 and ASN1008, while the alkyl interactions were 
formed between the A and B rings and VAL889, LEU1010 and LEU881 of 
hJAK1(Fig. 4c). For glaucogenin C, the 21-carbonyl group formed two 
hydrogen bonds and the 8-hydroxyl group formed a hydrogen bond with 
ARG1007, SER963 and GLY1020 of hJAK1 respectively. The alkyl 

interactions were majorly contributed by 5-methyl group of glaucogenin 
C (Fig. 4d). Ritonavir was docked into the receptor-binding site and 
interacted with amino acid residues that form the catalytic dyad (Cys- 
145 and His-41) of s3CLpro via a conventional hydrogen bond to LEU141 

while the remaining interactions with HIS164, THR24 and CYS145 were 
via carbon-hydrogen bonds. It further interacted via Pi-alkyl, Pi-Pi T- 
Shaped and Pi-sulphur with LEU27, HIS41 and MET49 of s3CLpro 

respectively (Fig. 5a). The three top ranked PDPs for s3CLpro were 
docked in the same binding site as the reference compound (ritonavir). 
Glaucogenin D interacted via conventional hydrogen and carbon- 
hydrogen bonds with GLY143 and HIS41 of s3CLpro, while it interacted 
with MET165 and THR24 via alkyl interactions (Fig. 5b). A conventional 
hydrogen bond was formed between the 8- and 16-hydroxyl groups of 
hirundigenin and the catalytic residues (THR24 and CYS145) of s3CLpro, 
while the 19-methyl group formed an alkyl interaction with MET165 

(Fig. 5c). The 7-hydroxyl group of anhydroholantogenin formed 
hydrogen bond with THR24 of s3CLpro while the remaining hydrophobic 
interactions were formed by 10- and 17-methyl groups and the rings 
(Fig. 5d). Disulfiram, a known inhibitor of PLpro, was docked into the 
binding cavity of SARS-C0V-2 PLpro. It interacted with the amino acids 
HIS272 and TRP106 via a pi-sulphur interaction in the binding cavity of 
sPLpro (Fig. 6a). In the same vein, glaucogenin D, glaucogenin A and 
glaucogenin C were docked into the same binding site. The carbonyl and 
19-methyl groups interacted via conventional hydrogen and Pi-alkyl 
interaction with HIS272, while an alkyl interaction was observed with 

Fig. 6. Amino acid interactions of pregnanes in binding cavity of papain-like protease of SARS-CoV-2. Stick representations of ligands are coloured blue while 
interacting amino acids are in grey colour (a) Disulfiram (reference inhibitor) (b) glaucogenin D (c) glaucogenin A (d) glaucogenin C. Types of interactions are 
represented by green-dotted lines: H-bond interactions, light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl & pi-stacking) purple-dotted line: Pi-Pi T Shaped, 
yellow-dotted lines: Pi-sulphur interactions, pi-stacking interactions. Three-letter amino acids are in black colour. 
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TRP106 of sPLpro (Fig. 6b–d). The 7- and 8-hydroxyl groups of glauco-
genin A formed two hydrogen bonds with ASP286, 8-hydroxyl group 
interacted via carbon-hydrogen bond with HIS272, 19-methyl group 
interacted via alkyl interaction with CYS270, while the pentacyclo ring 
formed multiple Pi-Sigma bonds with TRP106 (Fig. 6c). Two hydrogen 
bonds were formed between the carbonyl group of glaucogenin C and 
HIS272 and TRP106, while multiple Pi-alkyl interactions were formed 
with the same amino acid residues of sPLpro (Fig. 6d). The 4-aminopyr-
rolo[2,1-f] [1,2,4]triazin-7-yl, 5-cyno and carbonyl groups of sRdRp 
served as hydrogen donors for all of the conventional hydrogen bonds 
with the catalytic residues. The alkyl end of the 2-ethylbutyl moiety of 
sRdRp interacted via alkyl interaction with CYS622, while an electro-
static force was formed between the phosphoryl group and APS618 

(Fig. 7a). In case of glaucogenin A, 7- and 8-hydroxyl groups of sRdRp 
formed two hydrogen bonds with GLUS811 and TRP617 respectively, 
while a conventional hydrogen bond and an alkyl interaction were 
formed by the double bonds at positions 21 and 10 with ASP760 and 
LYS798 respectively (Fig. 7b). The 12-hyroxyl group of Glaucogenin D 
formed the only two hydrogen bonds with APS760 and TRY615 of sRdRp 
while Glaucogenin D exhibited similar binding pattern with that of 
Glaucogenin A (Fig. 7 c & d) (see Table 3). 

3.3. Results for molecular dynamics 

The stability, structural/conformational fluctuations that occurred in 
the hGRag (apo protein), PDPs-hGRag and Dex-hGRag systems were 

monitored in a simulated dynamic environment. The apo form and two 
complexes of hGRag with glaucogenin C and hirundigenin were used in a 
MDS study for 100 ns in NVT ensemble. The results were analyzed using 
VMD Tk console scripts to calculate RMSD, RMSF RoG, SASA, and H- 
bond. 

The RMSD is a plausible measure of protein stability.The RMSD plots 
indicate how much each frame is deviated from the initial conformation 
of a reference structure as a function of time. The averages RMSD values 
of the apo protein (unbound), hGRag-glaucogenin C, 
hGRag–hirundigenin and hGRag–Dex complexes are 11.58 Å, 1.67 Å, 
1.82 Å, and 1.68 Å, respectively (Fig. 8). The RMSF values give insights 
on the flexibility of amino acids with high values corresponding to high 
fluctuations. RMSF was calculated for Cα atoms and the average values 
are 0.9 Å, 1.05 Å, 1.06 Å, 0.88 Å for the apo protein (unbound), hGRag- 
glaucogenin C, hGRag–hirundigenin and hGRag–Dex complexes 
respectively. The RMSF results show spikes at both the start and the end, 
which corresponds to the motion of the terminals. Few fluctuations were 
observed at amino acid residue number 27, 90, 180 and 243 in both the 
unbound and complexed hGRag proteins. Fig. 9 shows that residue: D21: 
D26, S89:N91, and Q104:R127 and R176:N183 have a larger fluctuation 
relative to the apo protein, this region are involved in the binding of the 
PDPs and Dex. The RoG plots gives information on the folding/unfolding 
properties while SASA plots indicate the surfaces exposed to solvent 
taking. Therefore, increasing values of SASA and RoG indicates that the 
protein have undergone unfolding. The averages of RoG and SASA are 
18.67 Å and 14293 Å2, for the apo protein (unbound); 18.75 Å and 

Fig. 7. Amino acid interactions of pregnanes in binding cavity of RNA-dependent RNA polymerase of SARS-CoV-2. Stick representations of ligands are coloured 
yellow while interacting amino acids are in grey colour(a) remdesivir (reference inhibitor) (b) glaucogenin A (c) glaucogenin D (c) glaucogenin C. Types of in-
teractions are represented by green-dotted lines: H-bonds; light purple-dotted line: hydrophobic interactions (Pi-Alkyl, Alkyl & pi-stacking); purple-dotted line: Pi-Pi T Shaped; 
yellow-dotted lines: Pi-sulphur interactions, pi-stacking interactions. Three-letter abbreviations of amino acids are in black colour. 
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Table 2 
Combined list of the top three ranked plant-derived pregnanes with the lowest binding energies for each of the protein targets in human and SARS-COV 2a.  

S/No Plant Pregnanes  Plant species 

1 Bregenin Sarcostemma brevistigma 

2 Hirundigenin Vincetoxicum officinale 

3 Anhydroholantogenin Holarrhena antidysenterica 

4 Atratogenin A Cyanchum Atratum 

5 Atratogenin B Cyanchum Atratum 

6 Glaucogenin A Cynanchum glaucesens hand-maazz 

7 Glaucogenin C Cynanchum glaucesens hand-maazz 

8 Glaucogenin D Cynanchum glaucesens hand-maazz  

a Protein Targets: Human glucocorticoid receptors in the agonist conformation (hGRag); human Interleukin-6 (hIL-6), human Janus kinases (hJAK1); SARS-CoV-2 3- 
chymotrypsin-like protease (s3CLpro); SARS-CoV-2 papain-like protease (sPLpro) and SARS-CoV-2 RNA-dependent RNA polymerase (sRdRp). 
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14,670 Å2 for the hGRag-glaucogenin C; 18.82 Å and 14710 Å2 for the 
hGRag–hirundigenin; and 18.64 Å and 14,353 Å2 for the hGRag–Dex 
complexes respectively (Figs. 10 and 11). The average H-bonds for the 
apo protein (unbound), hGRag-glaucogenin C, hGRag–hirundigenin and 
hGRag–Dex complexes respectively are 69.33, 65.81, 68.42, and 67.2 
respectively. The PDPs and Dex complexes had slightly lower number of 
hydrogen bonds than the unbound hGRag (Fig. 12). The binding free 
energy (ΔGbind) measures the affinity of a ligand to its target protein. 
The free energy difference between the ligand-bound state (complex) 
and the corresponding unbound states of proteins and ligands are also 
employed in the calculations. Calculation of binding free energy ΔGbind 
for hGRag-glaucogenin C, hGRag–hirundigenin and hGRag–Dex com-
plexes using MM-GBSA implemented in Ambertools 17 shows the 
binding free energies of − 30.86 ± 2.8 kcal/mol, − 35.22 ± 4.23 kcal/ 
mol, and − 39.83 ± 3.1 kcal/mol. The results of the binding free energy 
contribution per residue are shown in Fig. 13. Putting the three graphs in 
perspective, it was observed that in all the complexes, residue number 

30–46, 71–81, around 120 and 201–210 corresponding to 558–574, 
599–609, around 648 and 279–738 participated in the interactions to 
the PDPs and Dex. Table 4 shows the results of the number of clusters 
that were generated and the interactions at different clusters, using a 
representative conformer. The most common interactions in the hGRag- 
glaucogenin C and hGRag–hirundigenin complexes are hydrophobic 
with few hydrogen bonds. The hGRag–Dex complex indicated more 
hydrogen bonds. The most amino acid that commonly participates in the 
interactions of hGRag -glaucogenin C complex is LEU563 while in hGRag- 
hirundigenin complex there are two amino acids, which are LEU563 and 
LEU566. Figs. 13 and 14 show the first and last cluster of the hGRag- 
glaucogenin C complex while Figs. 15 and 16 show the first and last 
clusters of protein-hirundigenin complex. The amino acids that partici-
pated in interactions in hGRag–Dex complex are ASN564, GLN642, and 
THR739 (see Fig. 16). 

Table 3 
Interaction of reference inhibitors and plant derived pregnanes with amino acid residue of various targetsa.  

Compounds Protein Numbers Hydrogen bonds (Bond 
distance Å) 

Numbers Hydrophobic Interaction (Bond distance Å) Numbers Other interactions 
(Bond distance Å) 

Interacting residues Interacting residues Interacting residues 

Dexamethasone hGRag 2 ASN564 (2.14) THR739 (3.07) 
LEU563 (3.07) ARG611 (2.21) 

8 TYR735 (4.46) MET601 (5.44) LEU732 (4.68) 
CYS736 (4.22) MET646 (5.04) MET604 (5.14)  

none 

Glaucogenin C 4 THR739 (3.07) MET560 (3.07) 
ASN564 (3.07) GLN570 (3.07) 

7 TYR735 (3.07) PHE623 (3.07) LEU732 (3.07) 
LEU608 (3.07) MET601 (3.07) MET646 (3.07) 
LEU563 (3.07)  

none 

Hirundigenin 2 ASN564 (1.64) ARG611 (3.17) 7 TYR735 (5.30) PHE623 (4.72) LEU608 5.41) 
MET604 (5.23) MET646 (5.33) LEU563 (4.21) 
MET601 (5.23)  

none 

Bregenin 4 GLN570 (2.03) GLN642 (2.24) 
LEU732 (2.57) 

10 CYS736 (3.71) PHE623 (4.72, 4.81) LEU608 

5.42) MET604 (5.23, 5.20) MET646 (5.35) 
LEU563 (4.88, 3.73) MET601 (5.26) 

2 LYS336 (2) 
(4.08, 3.82) 

Methotrexate hIL-6 5 ARG179 (2.76, 3.04) ARG182 

(2.78, 2.74) GLN175 (2.80)    
none 

Atratogenin A 5 GLN175 (2.01) ARG30 (2.79) 
LUE33 (3.68) LUE178 (2.89) 

4 LUE178 (4.67) ARG30 (4.20) LUE33 (4.28, 
4.87)  

none 

Glaucogenin C 8 GLN175 (3.29) ARG182 (2.44) 5 ARG30 (3.92) LUE33 (4.05, 3.82) LUE178 

(5.27) ARG179 (4.40) 
2  

Anhydroholantogenin 1 GLN175 (2.78) 3 LUE178 (5.22, 4.50) ARG179 (5.49)   

Ruxolitnib hJAK1 4 ARG1007 (2.93) ASN1008 (2.16) 
GLU957 (2.69) GLY1020 (2.23) 

4 LEU881 (3.77) LEU1010 (3.82) ALA906 (4.80) 
ARG1007 (4.50)   

Atratogenin B 1 ARG1003 (2.85) 9 LEU881 (4.63, 4.63) LEU1010 (3.46, 4.81, 
4.81) ALA906 (4.38) ARG1007 (4.50) VAL889 

(3.88, 5.15)   
Hirundigenin 3 ARG1007 (1.95, 3.77) LEU959 

(2.65) ASN1008 (2.37) 
5 LEU881 (5.30, 4.09) LEU1010 (3.46, 4.28) 

VAL889 (4.38)   
Glaucogenin C 4 ARG1007 (3.02) SER963 (2.81) 

GLY882 (3.66) GLY1020 (2.17) 
5 LEU881 (5.36, 4.88) LEU1010 (4.46) VAL889 

(4.32, 3.17)   

Ritonavir s3CLpro 4 CYS145 (3.84) HIS164 (3.07) 
LEU141 (2.88) THR24 (3.67) 

3 LEU27 (5.41) HIS41 (5.24) MET49 (4.82)   

Glaucogenin D 2 GLY143 (2.74) HIS41 (3.36) 2 MET165 (5.07) THR24 (3.67)   
Hirundigenin 2 CYS145(3.57) THR24 (2.50) 1 MET165 (4.26)   
Anhydroholantogenin 2 ASN142(3.67) THR24 (2.70) 7 CYS145(5.47) HIS41 (3.36, 5.36, 4.14) MET49 

(4.43) MET165 (4.33,5.46)   

Disulfiram sPLpro   3 HIS272 (3.84, 4.01) TRP106 (1.06)   
Glaucogenin D 1 HIS272 (2.82) 5 TRP106 (4.21, 5.05, 4.30) HIS272 (3.54,5.09)   
Glaucogenin A 3 HIS272 (3.75) ASP286 

(2.20,2.35) 
7 TRP106 (3.86, 3.81, 4.44, 4.60, 4.95) TRP270 

(4.27) HIS272 (5.31)   
Glaucogenin C 2 HIS272 (2.76) TRP106 (2.72) 6 HIS272 (3.54, 5.08) TRP106 (4.23, 5.28, 4.30, 

4.70)   

Remdesivir sRdRp 5 TYR619 (2.11) ASP761 (2.72) 
CYS813 (2.79) SER814 (2.13) 
ASP760 (2.17) 

2 CYS622 (3.94) ASP613 (5.27)   

Glaucogenin A 3 GLU811 (2.48) TRP617 (3.45) 
ASP760 (2.17) 

1 LYS798 (4.95)   

Glaucogenin D 2 TRP619 (3.45) ASP760 (2.17)  noon   
Glaucogenin C 2 GLU811 (2.18) ASP760 (3.36) 1 LYS798 (3.98)    

a Targets: Human glucocorticoid receptors in the agonist conformation (hGRag); human Interleukin-6 (hIL-6), human Janus kinases (hJAK1); SARS-CoV-2 3-chymo-
trypsin-like protease (s3CLpro); SARS-CoV-2 papain-like protease (sPLpro) and SARS-CoV-2 RNA-dependent RNA polymerase (sRdRp). 
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3.4. Results for in silico drug-likeness and ADMET properties of top 
docked plant derived pregnanes to selected human and SARS-CoV-2 
proteins 

From the docking analysis, eight plant pregnanes (bregenin, hir-
undigenin, anhydroholantogenin, atratogenin A, atratogenin B, glau-
cogenin A, glaucogenin C and glaucogenin D) with high binding 
tendencies to hGRag with corresponding high binding tendencies to hIL- 
6, hJAK1, s3CLpro, sPLpro, and sRdRp were subjected to the predictive 
drug-likeness and ADMET (Absorption, Distribution, Metabolism, 
Excretion, and Toxicity) filtering analyses. The results for the predictive 
filtering analyses are presented in Table 5. 

4. Discussion 

Parallel advances in protein crystallography and various virtual- 
screening software for the modeling of ligand–receptor interactions 
have enhanced computer-aided drug design [49]. In this study a struc-
ture based virtual-screening of PDPs was employed via competitive 

docking approach for hGR agonist with a dual inhibitory potential 
against cytokine storm syndrome and viral replication in COVID-19. The 
top potential agonists were further analyzed for multiplicity of inhibi-
tory tendencies against the hIL-6 and hJAK1(used as 
anti-proinflammatory targets), and s3CLpro, sPLpro and sRdRp (used as 
SARS-CoV-2 therapeutic targets). The docking of the PDPs to the hGRs 
identified the top ranked twenty PDPs with dexamethasone binding 
mode to hGR agonist. A total of eight PDPs were selected. From these 
eight PDPs, top three ranked PDPs (glaucogenin C, hirundigenin and 
bregenin) for hGR agonist were competitively and selectively docked to 
the hGRag. They were docked into the hydrophobic ligand binding 
pocket (LBP) which is located in the bottom half of the GR ligand 
binding domain, LBD [50,51]. The polar residues on the LBP interacted 
with the dexamethasone and the top ranked PDPs via several hydrogen 
bonds [51]. The binding of the amino acid residues on helix 12 and the 
loop preceding helix 12 have been earlier hypnotized to stabilize the 
helix in the active conformation that could serve as the molecular basis 
for the ligand-dependent activation of GR [52]. Among the several 
amino acids involved in the interactions, Cys-736 has been implicated in 

Fig. 8. Backbone-Root Mean Square Deviation plots of molecular dynamics (MD) simulation of human glucocorticoid receptors in the agonist conformation (hGRag), 
hGRag-hirundigenin, hGRag-glaucogenin and hGRag-dexamethasone complexes generated over 100 ns. 

Fig. 9. Per residue Root Mean Square Fluctuations plots of molecular dynamics (MD) simulation of human glucocorticoid receptors in the agonist conformation 
(hGRag), hGRag-hirundigenin, hGRag-glaucogenin and hGRag-dexamethasone complexes generated over 100 ns. 
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Fig. 10. Surface Accessible Surface Area plots of molecular dynamics (MD) simulation of human glucocorticoid receptors in the agonist conformation (hGRag), 
hGRag-hirundigenin, hGRag-glaucogenin and hGRag-dexamethasone complexes generated over 100 ns. 

Fig. 11. Radius of gyration plots of molecular dynamics (MD) simulation of human glucocorticoid receptors in the agonist conformation (hGRag), hGRag-hir-
undigenin, hGRag-glaucogenin and hGRag-dexamethasone complexes generated over 100 ns. 

Fig. 12. Hydrogen bonds plots of molecular dynamics (MD) simulation of human glucocorticoid receptors in the agonist conformation (hGRag), hGRag-hirundigenin, 
hGRag-glaucogenin and hGRag-dexamethasone complexes generated over 100 ns. 

G.A. Gyebi et al.                                                                                                                                                                                                                                



Computers in Biology and Medicine 134 (2021) 104406

13

the interactions with heat shock proteins [52], Tyr-735, has been shown 
to be important for transactivation [53], while Gln-642 have been re-
ported to play a unique role in steroid recognition [52]. In addition to 
the steroid structures of glucocorticoids, the 3′-carbonyl oxygen, 
2′-carbonyl oxygen, double bonds between C4 and C5, 17ʹ hydroxyl 
group and 21ʹ hydroxyl group, are critical for anti-inflammatory po-
tency and glucocorticoid receptor affinity [54]. The identified PDPs 
contained similar and analogous functional groups that interacted with 
GR; thus, the binding of these plant steroidal pregnanes may initiate the 
ligand-dependent activation of GR since they share similar binding 
patterns with dexamethasone. The activated glucocorticoid-receptor 
complex can: (i) bind the promotor responsive elements (RE) of key 

pro-inflammatory transcription factors (e.g. AP-1, NF kappa B) to 
inactivate them; (ii) upregulate the expression of cytokine inhibitory 
proteins, e.g. I kappa B, via glucocorticoid RE; and (iii) reduce the 
half-life time and usefulness of cytokine mRNAs [11]. IL-6 is a major 
causative factor of inflammatory disease and it is a promising target, as 
well as its signaling pathways; however, orally available small-molecule 
drugs specific for IL-6 have not been developed [55]. From the PDPs 
with high binding tendencies to hGRag, three PDPs (atratogeninA, 
glaucogenin C and anhydroholantogenin) exhibited the lowest binding 
energy poses for hIL-6 in the same binding site as observed for the 
co-crystallized ligands (tartaric acid) of hIL-6. In a similar study, furo-
semide exhibiting the same binding mode as tartaric acid was further 

Fig. 13. Molecular mechanics/Poisson-Boltzmann surface area (MM/PBSA) plot of binding free energy contribution per residue of (A) hGRag-dexamethasone 
complex, (B) hGRag Glaucogenin C complex and (C) hGRag Hirundigenin complex. 
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found to inhibit hIL-6 activity in vitro [56]. From the X-ray crystal 
diffraction of hIL-6 structure, it was shown to contain four alpha helices 
(helices A, B, C, and D), which were linked with loops. The 
receptor-binding domain is located at the C-terminus (residues 
175–181) [57], in which ARG179 is known to be the key residue [57]. AB 
loop and helices A and D is important in receptor binding and signal 
transduction [58]. Compounds that interact strongly with residue 
ARG179 may interfere with the binding of the receptor to its ligands [59], 

thus these PDPs may proffer anti-inflammatory activity via hIL-6 inhi-
bition. The Janus kinases (JAK) family of proteins function as critical 
mediators of cytokine signaling from membrane receptors to various 
signal transducers and activators of transcription (STAT) family of 
proteins [60]. Activation of STATs by the JAK kinases promotes the 
transcriptional activation of target genes controlling cell proliferation 
and survival, angiogenesis, and immune function [61]. Some JAK family 
inhibitors such as tofacitinib [62] and ruxolitinib [63] have progressed 

Table 4 
The number of cluster, number and types of bonds for the human glucocorticoid receptors in the agonist conformation (hGRag) complexed to the top two-ranked PDPs and 
dexamethasone.  

PROTEIN- COMPOUND 
COMPLEX 

CLUSTER 
NUMBER 

HYDROPHOBIC INTERACTIONS H-BONDS 

Number of 
interactions 

Amino acids involved in the 
interaction 

Number of 
interactions 

Amino acids involved in the 
interaction 

hGRag - glaucogenin C Cluster 1 4 L563 L566 M604 L608 1 F623 
Cluster 2 3 W600 M604 L608 0 None 
Cluster 3 4 L563 (2) M604 L608 1 F623 
Cluster 4 4 L563 Q570 W600 T739 2 Q570 – Y735 
Cluster 5 7 L563 (2) L566 M604 L608 (2) 

Y735 
2 N564 – Q570 

hGRag -hirundigenin Cluster 1 3 L563 L566 W600 0 None 
Cluster 2 5 L563 L566 M604 F740 F749 1 Q570 
Cluster 3 5 L563 L566 Q570 M604 I757 1 F623 
Cluster 4 5 L563 L566 Q570 T739 F749 1 F623 

hGRag -Dexamethasone Cluster 1 3 Q642 – L732 – Y735 5 N564 – Q642 (2)- T739 (2) 
Cluster 2 5 L566 – M604 – L608 – L732 – Y735 4 N564 (2) – Q642 – T739 

The most common amino acids are in bold, amino acid residues are represented in one-letter format. 

Fig. 14. Interactions in human glucocorticoid receptors in the agonist conformation (hGRag)-Glaucogenin C complex (a) cluster 1 and (b) cluster 5. Grey dotted 
dashed lines: hydrophobic interactions; Blue solid line: Hydrogen bond. Amino acids are in one-letter format and blue colour. Glaucogenin C is in orange stick 
representation. 

Fig. 15. Interactions in human glucocorticoid receptors in the agonist conformation (hGRag)–hirundigenin complex (a) cluster 1 and (b) cluster 4. Grey dotted dashed 
lines: hydrophobic interactions. Blue solid line: hydrogen-bond. Amino acids are in one-letter format and red colour. Hirundigenin is in orange stick representation. 
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into clinical trials, and FDA approvals. In comparison with the reference 
inhibitor, ruxolitnib, the top-three ranked PDPs (atratogenin B, hir-
undigenin, glaucogenin C) with the best binding modes, for which 
hJAK1 had the highest affinities, interacted with the hinge residues 
LEU959, GLU957 and the side chain of ASN1008 and the backbone 
carbonyl oxygen of ARG1007 of the catalytic residues. These residues are 
involved in the inhibitory activities of selected compounds in both in 
silico and in vitro analyses [64–66]. 

The catalytic dyad (His41 and Cys145) of SARS-CoV-2 3CLpro is 
domiciled between its domain I (residues 8–101) and domain II (resi-
dues 102–184) [67]. A long loop (residues 185–200) that connects 
domain II and domain III (residues 201–303) completes the 3CLpro 
monomer [68]. The enzymatic activity of 3CLpro resides in its catalytic 
dyad of Cys145 and His41 [69]. The catalytic dyad and the residue Glu166 

have been reported to be involved in the protein dimerization and 
substrate cleaving through the catalytic activities present in the cleft 
between domains I and II. The substrate-binding pocket lies in the cleft 
consisting of residue 140–145 and 163, 166 of domain II [70,71]. The 
substrate-binding pocket is divided into a series of subsites (S1–S6), each 
accommodating a single but consecutive amino acid residue in the 
substrate. The key residues in the substrate binding pockets of 3CLpro 
are His41, Tyr54, Met49, Phe140-Cys145, His163− Pro168, His172, and 
Asp187− Gln192 regions [72]. In the same binding pattern as ritonavir (a 
known inhibitor of the protease), the top-three ranked pregnane (glau-
cogenin D, hirundigenin and anhydroholantogenin) were docked into 
the substrate binding pocket, interacting with various catalytic residues 
listed above. Considering our results and references to existing litera-
ture, the strong interaction of these PDPs to the critical residues (most 
especially HIS41 Gly143, Cys145 and MET165) will greatly impair the 
dimerization and substrate binding of the SARS CoV-2 3CLpro. 

The catalytic triad of SARS-CoV-2 PLprois formed by CYS111, HIS272 

and ASP286 [73,74], while TRP106, GLY256, and LYS274 are catalytic 
residues (Li et al., 2020). LEU162, GLU167, ASP164 and TYR264 have been 
reported to be crucial for deubiquitinating activity of PLpro [75]. The 
host innate immune system is critical to controlling SARS-CoV-2 infec-
tion. Reverse post-translational modifications of immune proteins, such 
as interferon factor 3 and NF-κB via ubiquitination and the suppression 
of interferon-stimulated gene product 15 (ISG15), have also been 
implicated in the activities of PLpro of SARS-CoV-2. [73,76], these, in 
turn, assist SARS-CoV-2 to escape the host innate immune responses. 
Pregnanes (glaucogenin D, hirundigenin and anhydroholantogenin) 
interacted with the catalytic triad and residues that are involved in 
deubiquitination. Such interactions may alter the catalytic conformation 
of PLproand inhibit its ability to reverse ubiquitination. SARS-CoV-2 
RdRp plays a central role in coronaviral replication/transcription ma-
chinery; it is, therefore, accepted as an excellent target for new thera-
peutics for which lead inhibitors, such as remdesivir, have been 

approved by the FDA [77]. Glaucogenin A, glaucogenin D and glauco-
genin C were docked into the Motif C of the enzyme, exhibiting the same 
binding pattern as remdesivir. Motif C, the region comprising amino 
acid residues 753 to 767, contains the catalytic residues SER759, ASP760, 
and ASP761 in the β-turn structure [77]. The stability of the complexes 
formed by the pregnanes with the enzyme stemmed from the vast 
number of interactions with the catalytic residues in the Motif C of the 
active site of the enzyme. 

The several thermodynamics parameters (RMSD, RMSF, SASA and 
RoG) that were analyzed from the 100 ns full atomistic MDS trajectory 
files of the top two ranked PDPs-hGRag complexes revealed a high de-
gree of stability throughout the period of the MDS run as compared to 
the apo receptor. 

The RMSD plots showed that the binding of glaucogenin C and hir-
undigenin in the same manners as Dex to the active region of hGRag still 
preserved the structural integrity of the protein [78]. The. 

The RMSF plots indicates the flexibility of different regions of a 
protein and the amino acid residue along the trajectory, which can be 
related to crystallographic B factors [78]. The RMSF plots of the 
PDPs-hGRag complexes shows similar plot pattern with the Dex-hGRag 
complex. Though a lower amount of fluctuation occurred at with the 
interacting residues, it has been established that greater amounts of 
structural fluctuations usually occur in regions known to be involved in 
ligand binding and catalysis, notably the catalytic loop regions [79] The 
RoG and SASA was assessed to evaluate the compactness and the 
accessibility of hGRag upon the binding of the PDPs and Dex. The PDPs 
and Dex maintained a reasonably steady RoG and SASA over the simu-
lation time, indicating a highly compacted hGRag - PDPs and Dex 
complexes and well folded protein structure with intact intermolecular 
bonds [80]. The approximately close H-bonds between the top two 
ranked PDPs and Dex - hGRag complexes as compared to the unbound 
hGRag protein further indicated that the structural integrity of the 
protein was preserved in each of the system. At a quantitative level, 
simulation-based methods provide substantially more accurate esti-
mates of ligand binding affinities (free energies) [81]. These results are 
calculated based on the total binding free energy of the complex. In 
these calculations, the binding free energy (ΔGbind) measures the affinity 
of a ligand to its target protein. The free energy difference between the 
ligand-bound state (complex) and the corresponding unbound states of 
proteins and ligands are also employed in the calculations. Thus, the 
ΔGbind calculations are important to gain in-depth knowledge about the 
binding modes of the hits in drug design [82]. The result from the 
MMPBSA calculation further corroborated the docking studies. Though 
Dex a known inhibitor to the hGRag protein presented the highest 
ΔGbind, hirundigenin the top ranked PDP presented a very high and close 
ΔGbind to Dex. A further evaluation of the MDS trajectories through 
clustering analysis showed that for each of the representative 

Fig. 16. Interactions in human glucocorticoid receptors in the agonist conformation (hGRag)–dexamethasone complex (a) cluster 1 and (b) cluster 2. Grey dotted 
dashed lines: hydrophobic interactions. Blue solid line: hydrogen-bond. Amino acids are in one-letter format and red colour. Dexamethaone is in orange stick 
representation. 

G.A. Gyebi et al.                                                                                                                                                                                                                                



Computers in Biology and Medicine 134 (2021) 104406

16

conformers from the several clusters, the interactions (H-bonds and 
hydrophobic interaction) were preserved at different time frames, 
indicating that the interactions can be maintained in a dynamic envi-
ronment, thus can be well adapted for experimental procedures. 

Despite the various efforts to improve current glucocorticoids and 
anti-inflammatory drugs, they still pose significant side effects [83], 
Hence the top-docked PDPs to various proteins were subjected to in silico 
physiochemical and ADMET analysis. The eight top-ranked PDPs ful-
filled the all the requirements for the five physicochemical filtering 

analysis as reported by Lipinski [84] Ghose [85], Veber [86], Egan [87] 
and Muegge [88] thereby suggesting favourable physicochemical/-
druggable properties. The top-eight ranked PDPs expressed positive and 
high probability of human intestinal absorption and non-substrate but 
inhibitor of the permeability-glycoprotein (P-gp). These PDPs are pre-
dicted to be well absorbed into the blood stream subverting the capa-
bility of P-gp to pump them back into the intestinal lumen, bile ducts, 
urine-conducting ducts and capillaries respectively [89]. The blood 
brain barrier (BBB) penetration descriptor, predicts the ability of the 

Table 5 
In silico Physicochemical and ADMETa parameters of plant derived pregnanes with lowest binding energies for selected human and SARS-CoV-2 proteins.  

a) Physicochemical 
properties 

Bregenin Hirundigenin Anhydroholantogenin Atratogenin 
A 

Atratogenin B Glaucogenin A Glaucogenin 
C 

Glaucogenin 
D 

Molecular weight (g/mol) 364.48 362.46 332.26 344.44 342.433 376.44 360.44 376.44 
Num. heavy atoms 26 26 24 25 25 27 26 27 
Num. arom. Heavy atoms 0 0 0 5 5 0 0 0 
Num. rotatable bonds 1 0 0 1 1 0 1 0 
Num. H-bond acceptors 5 5 3 4 4 6 5 6 
Hydrogen bond donor 4 2 1 2 1 2 1 2 
cLogP 1.43 2.36 3.57 2.59 2.60 1.07 2.05 2.36 
Molar Refractivity 98.53 95.04 93.26 96.08 95.11 97.10 95.94 97.10 
TPSA (Å2) 97.99 68.15 38.69 70.67 67.57 85.22 64.99 85.22 

Drug-likeness 
Lipinski Yes Yes Yes Yes Yes Yes Yes Yes 
Veber Yes Yes Yes Yes Yes Yes Yes Yes 
Ghose Yes Yes Yes Yes Yes Yes Yes Yes 
Egan Yes Yes Yes Yes Yes Yes Yes Yes 
Muegge Yes Yes Yes Yes Yes Yes Yes Yes 
Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 

Absorption (Probability) 
(b) admet SAR 
Human Intestinal 

Absorption 
HIA+
(0.659) 

HIA+ (0.591) HIA+ (0.729) HIA+ (0.698) HIA+ (0.758) HIA+ (0.593) HIA+ (0.689) HIA+ (0.663) 

Caco− 2 Permeability Cm/s Neg. (− 5.32) Neg. 
(− 4.845) 

Pos (− 4.581) Pos (− 4.65) Pos (− 4.577) Pos (− 4.95) Pos (− 4.68) Pos (− 4.991) 

P-glycoprotein Substrate Neg. (0.061) Neg. (0.089) Neg. (0.103) Neg. (0.045) Neg. (0.043) Neg. (0.086) Neg. (0.039) Neg. (0.037) 
P-glycoprotein Inhibitor Pos. (0.514) Pos. (0.007) Pos. (0.555) Pos. (0.514) Neg. (0.472) Pos. (0.575) Pos. (0.559) Pos. (0.529) 
Distribution (Probability) 
Blood-Brain Barrier BBB+

(0.903) 
BBB+ (0.657) BBB+ (0.912) BBB+

(0.932) 
BBB+(0.956) BBB+ (0.789) BBB+ (0.855) BBB+ (0.855) 

PPB % 65.501 68.342 69.96 89.344 89.646 70.005 73.443 70.288 
VD L/kg 0.147 0.106 0.296 0.406 0.197 − 0.042 − 0.058 − 0.047 
Metabolism (Probability) 
CYP450 1A2 Inhibitor Neg. (0.044) Neg. (0.050) Neg. (0.043) Neg. (0.037) Neg. (0.04) Neg. (0.09) Neg. (0.083) Neg. (0.066) 
CYP450 1A2 Substrate Neg. (0.381) Neg. (0.306) Neg. (0.252) Neg. (0.382) Neg. (0.384) Neg. (0.384) Neg. (0.36) Neg. (0.356) 
CYP450 3A4 Inhibitor Neg. (0.047) Neg. (0.113) Neg. (0.134) Neg. (0.105) Neg. (0.144) Neg. (0.189) Neg. (0.174) Neg. (0.189) 
CYP450 3A4 Substrate Neg. (0.716) Pos. (0.658) Pos. (0.516) Pos. (0.71) Pos. (0.57) Pos. (0.459) Pos. (0.691) Pos. (0.638) 
CYP4502C9 Inhibitor Neg. (0.073) Neg. (0.117) Neg. (0.188) Neg. (0.102) Neg. (0.143) Neg. (0.028) Neg. (0.177) Neg. (0.196) 
CYP450 2C9 Substrate Neg. (0.161) Neg. (0.252) Pos. (0.265) Neg. (0.504) Neg. (0.319) Neg. (0.296) Neg. (0.284) Neg. (0.265) 
CYP4502C19 Inhibitor Neg. (0.138) Neg. (0.142) Neg. (0.24) Neg. (0.253) Neg. (0.222) Neg. (0.144) Neg. (0.139) Neg. (0.144) 
CYP450 2C19 Substrate Neg. (0.400) Pos. (0.588) Pos. (0.178) Pos. (0.563) Pos. (0.551) Pos. (0.536) Pos. (0.544) Pos. (0.572) 
CYP4502D6 Inhibitor Neg. (0.254) Neg. (0.334) Neg. (0.384) Neg. (0.242) Neg. (0.246) Neg. (0.228) Neg. (0.23) Neg. (0.237) 
CYP450 2D6 Substrate Neg. (0.343) Neg. (0.363) Neg. (0.365) Neg. (0.329) Neg. (0.379) Neg. (0.226) Neg. (0.236) Neg. (0.211) 
Elimination 
T 1/2 (Half Life Time) 1.453 h 1.408 h 1.822 h 1.673 h 1.555 h 1.221 h 1.302 h 1.364 h 
CL (Clearance Rate) mL/ 

min/kg 
1.598 1.836 2.074 1.61 1.645 1.637 1.628 1.678 

Toxicity 
hERG Blockers Neg. (0.279) Neg. (0.338) Neg. (0.435) Neg. (0.388) Neg. (0.425) Neg. (0.249) Neg. (0.335) Neg. (0.259) 
H-HT Neg. (0.622) Neg. (0.488) Neg. (0.294) Pos. (0.77) Pos. (0.592) Pos. (0.73) Neg. (0.762) Neg. (0.68) 
AMES (Ames Mutagenicity) Neg. (0.174) Neg. (0.242) Neg. (0.218) Neg. (0.092) Neg (0.74) Neg. (0.26) Neg. (0.26) Neg. (0.36) 
SkinSen (Skin sensitization) Neg (0.322) Neg (0.382) Neg (0.379) Neg (0.372) Neg (0.372) Neg. (0.353) Neg (0.391) Neg (0.382) 
LD50 of acute toxicity 

In -log mol/kg (mg/kg) 
3.32 
(174.452) 

3.356 
(159.31) 

2.986(343.02) 3.07(295.17) 3.065 
(294.44) 

3.263 
(205.262) 

3.177 
(239.78) 

3.362 
(162.57) 

DILI Neg. 0.382 Neg. (0.254) Neg. 0.412 Neg. 0.35 Neg. 0.204 Neg. 0.284 Neg. 0.332 Neg. (0.286) 

Pharmacokinetics 
GI absorption High High High High High High High High 
Log Kp (skin permeation) 

cm/s 
− 7.51 − 7.41 − 6.38 − 6.54 − 6.54 − 7.84 − 7.23 − 7.92  

a ADMET: Absorption, distribution, metabolism, elimination, and toxicity; GI: Gastro-intestinal; BBB: Blood Brain Barrier; P-gp: permeability glycoprotein; CYP: 
cytochrome P450; hERG: human Ether-à-go-go-Related Gene; HIA: Human Intestinal Absorption; H-HT: Human Hepatotoxicity AMES: Ames Mutagenicity; DILI: Drug 
Induced Liver Injury; VD: Volume Distribution; PPB: Plasma Protein Binding. 
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PDPs to penetrate the blood brain barrier. The top-eight PDPs displayed 
the properties that suggested their ability to cross the BBB. SARS-CoV-2 
has been reported to infect the brain, thus indicating its ability to cross 
the BBB [90], these PDPs may cross the BBB for to exert an overall viral 
clearance. 

The top-eight PDPs displayed a probability of at least 65% ability to 
be bond to the plasma protein, suggesting their ability to be transported 
by these proteins. The estimated half-life time (less than 2 h) and 
clearance ratefall within the moderate range. The three phytochemicals 
presented a tolerable LD50 between (51–500 mg/kg). The hERG channel 
plays a vital role in the repolarization and termination stages of action 
potential in cardiac cells [91]. Compounds that block the hERG channel 
may cause cardiotoxicity [92]. The top-eight PDPs exhibit low proba-
bility of being a potential hERG channel blockers, suggesting that they 
may not cause hERG channel-related cardiotoxicity [92]. Using the 
mutagenicity and skin sensitization descriptors, the top-eight PDPs did 
not display the properties to be mutagenic in silico, thereby suggesting 
that they may not cause genetic mutations, which do initiate the path-
ophysiology of other diseases. The impact of the PDPs on the liver phase 
I drug metabolism was also analyzed using the various cytochrome P450 
descriptors. The top-eight PDPs demonstrated no inhibitory potential for 
the various cytochrome P450, thus may not adversely affect phase I drug 
metabolism in the liver. ADME/tox analysis indicated high aqueous 
solubility, ability to pass the high human intestinal absorption, low 
acute oral toxicity with a good bioavailability score. Therefore this 
natural plant pregnane may be considered to be non toxic with drug-
gable potential. 

5. Conclusion 

In this study we employed a competitive docking approach to screen 
117 plant derived pregnanes (PDPs) for hGR agonist, with a dual 
inhibitory potential against SARS-CoV-2 infection and the accompanied 
cytokine storm syndrome. Eight PDPs (bregenin, hirundigenin, anhy-
droholantogenin, atratogenin A, atratogenin B, glaucogenin A, glauco-
genin C and glaucogenin D) with high agonist binding tendencies to the 
hGRag displayed different levels of multiplicity of inhibitory potentials 
to other pro-inflammatory targets (hIL-6, hJAK1) and three SARS-CoV-2 
therapeutic targets (s3CLpro, sPLpro and sRdRp). The 8 PDPs fulfilled the 
requirements for various physicochemical and ADMET descriptors 
thereby suggesting favourable druggable properties. The top two ranked 
PDPs (glaucogenin C and hirundigenin) complexed to the hGRag 
demonstrated a high degree of structural stability and flexibility in a 100 
ns simulated dynamics environment. These promising hGRag agonists 
with anti-inflammatory and SARS-CoV-2 replication inhibitory potential 
is recommended for further in vitro and in vivo experiments. 
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Summary 

The high morbidity and mortality rate of Severe Acute Respiratory 
Syndrome CoronaVirus 2 (SARS-CoV-2) infection arises majorly from 

the Acute Respiratory Distress Syndrome (ARDS) and “cytokine storm” 
syndrome, which is sustained by an aberrant systemic inflammatory 
response and elevated pro-inflammatory cytokines. Thus, the identifi-
cation of compounds which target multiple proteins in the virus and 
exhibit anti-inflammatory activity will enhance the development of 
effective drugs against the disease. In this study, we carried out an in 
silico evaluation of some plant-derived pregnanes for their activities 
against selected human pro-inflammatory and SARS-CoV-2 replication 
proteins targets. This was carried out by a virtual screening of an in- 
house library of steroidal plant-derived pregnanes (PDPs). One hun-
dred and six (106) PDPs were docked into the active regions of human 
glucocorticoid receptors (hGRs) in the agonist (hGRag) and antagonist 
(hGRagt) conformation, in a competitive molecular docking approach. 
Based on the minimal binding energy and a comparative dexamethason 
binding mode analysis, a hit-list of the top twenty ranked PDPs that were 
docked in the agonist conformation of hGR, with binding energies 
ranging between − 9.8 and − 11.2 kcal/mol, was defined. The top twenty 
ranked PDPS were further analyzed for interactions with the human 
Janus kinases 1 andInterleukins-6 (hJAK1 and hIL-6 respectively), and 
SARS-CoV-2 3-chymotrypsin-like protease, Papain-like protease and 
RNA-dependent RNA polymerase (3CLpro, PLpro and RdRP respec-
tively). For each of the 6 targeted proteins (3 humans and 3 SARS CoV- 
2), the top three ranked PDPs were selected, to give a sum of eight PDPs 
(bregenin, hirundigenin, anhydroholantogenin, atratogenin A, atrato-
genin B, glaucogenin A, glaucogenin C and glaucogenin D) with multi-
plicity of high binding tendencies to the catalytic residues of different 
targets. From this eight PDPs, glaucogenin C and hirundigenin having 
the highest agonist tendencies to the hGR were further subjected to a 
100 ns atomistic molecular dynamics simulation. A high degree of 
structural stability was observed from molecular dynamics simulation 
analyses of glaucogenin C and hirundigenin complexes of hGRag. A 
further clustering of the MDS trajectories of the complexes of glauco-
genin C and hirundigenin with the hGRag shows that the interactions of 
these PDPS with the active site residues of hGRag were preserved in 
different representative structures of the clusters. The selected top-eight 
ranked PDPs demonstrated favourable druggable properties over the 
Lipinski, Veber, Ghose, Egan and Muegge predictive filters. In the same 
vein the 8 PDPs displayed favourable in silico ADMET properties over a 
wide range of predictive molecular descriptors, such as, ability to pass 
the blood brain barriers, high intestinal absorption, non-substrate to the 
permeability glycoprotein, non hERG blockers, non inhibitors of the 
cytochrome p450 etc. Thus, these promising hGRag agonists, especially 
glaucogenin C and hirundigenin, with potential anti-inflammatory and 
SARS-CoV-2 replication inhibitory activity is recommended for lead 
optimization for drug candidate and further evaluation in an in vitro and 
in vivo experiment. 
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