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A B S T R A C T   

Background: COVID-19, the presently prevailing global public health emergency has culminated in international 
instability in economy. This unprecedented pandemic outbreak pressingly necessitated the trans-disciplinary 
approach in developing novel/new anti-COVID-19 drugs especially, small molecule inhibitors targeting the 
seminal proteins of viral etiological agent, SARS-CoV-2. 
Methods: Based on the traditional medicinal knowledge, we made an attempt through molecular docking analysis 
to explore the phytochemical constituents of three most commonly used Indian herbs in ‘steam inhalation 
therapy’ against well recognized viral receptor proteins. 
Results: A total of 57 phytochemicals were scrutinized virtually against four structural protein targets of SARS- 
CoV-2 viz. 3CLpro, ACE-2, spike glycoprotein and RdRp. Providentially, two bioactives from each of the three 
plants i.e. apigenin-o-7-glucuronide and ellagic acid from Eucalyptus globulus; eudesmol and viridiflorene from 
Vitex negundo and; vasicolinone and anisotine from Justicia adhatoda were identified to be the best hit lead 
molecules based on interaction energies, conventional hydrogen bonding numbers and other non-covalent in-
teractions. On comparison with the known SARS-CoV-2 protease inhibitor –lopinavir and RdRp inhibitor 
–remdesivir, apigenin-o-7-glucuronide was found to be a phenomenal inhibitor of both protease and polymerase, 
as it strongly interacts with their active sites and exhibited remarkably high binding affinity. Furthermore, in 
silico drug-likeness and ADMET prediction analyses clearly evidenced the usability of the identified bioactives to 
develop as drug against COVID-19. 
Conclusion: Overall, the data of the present study exemplifies that the phytochemicals from selected traditional 
herbs having significance in steam inhalation therapy would be promising in combating COVID-19.   

1. Introduction 

Since the dawn of year 2020, a global pandemic menace prevails 
owing to the emergence of novel coronavirus (2019-nCoV) –the prime 
etiological agent of severe acute respiratory syndrome (SARS) or 
pneumonia denoted shortly as “coronavirus disease 2019” (COVID-19) 
(de Wit et al., 2016; Thuy et al., 2020; Wu et al., 2020). According to 
World Health Organization (WHO), SARS-CoV-2 has affected 67.5 
million populations across 220 countries and the rate of mortality is 

2.29% within a year (till December 09, 2020) of its outbreak. Because of 
the lack of early diagnosis and specific drug or vaccine to detect and 
treat the infection, COVID-19 has been declared as the public Health 
Emergency of International Concern (PHEIC) by WHO, signifying that 
this pandemic seeks coordinated global response in all medical aspects 
(de Wit et al., 2016; Wu et al., 2020). 

Human coronaviruses belonging to the large family of Coronaviridae 
and genus beta-coronavirus has predominantly been associated with 
mild to major upper respiratory tract diseases, most frequently common 
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cold (de Wit et al., 2016; Killerby et al., 2018). Other members of this 
genus, viz., Severe Acute Respiratory Syndrome Coronavirus (SAR-
S-CoV) and Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 
causes severe pneumonia in human, as the former caused 774 deaths in 
2002 and later caused 858 in 2015 (Li et al., 2005; de Wit et al., 2016). 
Similar to its antecedents, this deadly COVID-19 has an incubation 
period of 2 weeks to express its symptoms such as fever, cough, dysp-
noea and lesions in lungs (Killerby et al., 2018; Vellingiri et al., 2020). 

SARS-CoV-2, initially attaches to the nasal cavity and upon binding 
to the specific host receptor viz. angiotensin-converting enzyme 2 (ACE- 
2), makes its entry into the host cell. The active receptor binding domain 
(RBD) found in the viral spike protein (S-protein) is being recognized by 
the host ACE-2 and thereby initiate the early event of coronavirus 
infection. Interaction between these two proteins occur when the 394 
glutamine residue of RBD in SARS-CoV-2 is recognized by the crucial 
lysine 31 residue of host receptor ACE-2, and establishes strong inter-
action by van der waals forces (Li et al., 2003; Tikellis et al., 2012; Zhou 
et al., 2020). The ACE-2 receptor is an integral membrane glycoprotein 
majorly expressed in endothelium, kidney, heart and lungs (Roberts 
et al., 2007; Tikellis et al., 2012). Recent reports have well demonstrated 
that blocking either ACE-2 host receptor or S-protein would eventually 
restrict the entry of coronovirus at the very beginning stage and in turn 
prevent the host from further infection (Paraskevis et al., 2020). 
Therefore, identifying phytochemicals having higher affinity towards 
ACE-2 receptor is critically essential to reduce the availability of host 
receptor for SARS-CoV-2. 

Soon after the recognition by ACE-2 receptor, the SARS-CoV-2 re-
quires main protease (Mpro; otherwise known as 3-chymotrypsin like 
protease (3CLpro)) for the proteolytic maturation of virus. Targeting 
3CLpro could inhibit the cleavage of viral polyprotein, which ultimately 
prevent the viral replication in host cells (Zhang et al., 2020). The amino 
acids of 3CLpro viz., Thr24, Thr26 and Asn119 have previously been 
predicted to play an indispensable role in drug interaction (Ton et al., 
2020). Thus, 3CLpro gains greater attention as attractive target for 
developing antiviral therapeutics (Ton et al., 2020; Alagu Lakshmi et al., 
2020). In the same way, RdRp also plays an essential role in viral 
transcription and maturation inside the host (Lung et al., 2020). Hence, 
the traditional herbs with efficacy to inhibit protease (3CLpro) and po-
lymerase (RdRp) could plausibly prevent the viral replication and arrest 
further spread as well as infection in respiratory tract. 

Despite the immense concern of the scientific society in identifying 
synthetic drug(s) against SARS-CoV-2, alternative strategies that 
strengthen the immune status of the host would be even more promising. 
Following the same paradigm, of late, the management of patients 
chiefly focuses on the respiratory supportive care e.g., oxygenation, 
ventilation, and fluid management. Combination therapy of anti-virals, 
low-dose corticosteroids and atomization inhalation of interferon has 
been effective in critical COVID-19 management (Liu et al., 2020). 
Together, with the fact that SAR-CoV-2 enters the host through nasal 
cavity and infect the buccal cavity, the present study put forward the 
‘herbal steam inhalation’ therapy to support and protect the COVID-19 
patients. As the herbal steam abundantly wipes off the respiratory tract, 
it is anticipated to immunize the host by plausibly blocking viral entry, 
which ultimately make the virus ineffective in causing further havoc. 

In Indian traditional knowledge system, the herbal steam inhalation 
therapy has been a well recognized home remedy for common cold. The 
different herbs used in the traditional in-house inhalation therapy have a 
wide range of proven medicinal benefits that strengthened the respira-
tory tracks and immune system (Wang et al., 2014; Lin et al., 2014; 
Ganjhu et al., 2015) Based on which, three herbal plants viz., Vitex 
negundo, Justicia adhatoda and Eucalyptus globules were considered 
for the present study. The phytochemical constituents of these plants 
have been well studied and documented in a plethora of earlier reports 
through mass spectrometry (Singh et al., 1999; Gonzalez-Burgos et al., 
2018; Jha et al., 2012). In a similar fashion, several studies in the recent 
past have envisaged compounds from natural resources especially from 

plants against SARS-CoV-2 drug targets viz., ACE-2 and spike proteins 
(Alagu Lakshmi et al., 2020; Alexpandi et al., 2020; Gyebi et al., 2020; 
Joshi et al., 2020; Muthuramalingam et al., 2020; Thuy et al., 2020; Ton 
et al., 2020). Therefore, in the current investigation, these phyto-ligands 
were analysed for their inhibiting ability against Mpro, ACE-2, S-protein 
and RdRp through in silico approach. 

2. Material and methods 

2.1. Protein selection and preparation 

The three dimensional crystal structure of the selected three target 
proteins viz. Mpro (PDB ID: 5R82), SARS-CoV-2 Spike protein (PDB ID: 
6VYB), and host entry receptor ACE-2 (PDB ID: 1R42) (data of homology 
modelled structure of RdRp was shown as supplementary) were 
retrieved from the RCSB Protein Data Bank (http://www.rcsb.org/ 
pdb/home/home.do). To minimize energy, the predicted structures 
were refined by removing the water molecules and co-crystal ligands of 
the target proteins. Finally, it was used for molecular docking simulation 
(Mir et al., 2016). 

2.2. Ligand retrieval and preparation 

The chemical structure of the phyto-ligands was retrieved from the 
PubChem database which is available at NCBI (http://www.pubchem. 
ncbi.nlm.nih.gov). The 2D conformations of the phyto-ligands were 
downloaded in SDF format and converted into PDB format. The struc-
tural optimization was performed using Discovery Studio visualizer. 
Thus obtained chemical structures were used for further docking anal-
ysis (Yadav et al., 2017). 

2.3. Molecular docking simulation 

The molecular docking simulation was performed with the target 
protein and phyto-ligands using Autodock 4.2 by employing Lamarckian 
genetic algorithm. In order to minimize energy, polar hydrogen and 
kollman charges united atomic charges were computed, and unwanted 
water molecules were removed in the target proteins (Han et al., 2019; 
Cheng et al., 2012). Ligand molecules were added with hydrogen atom 
and gasteiger charges were assigned. Grid box was delineated on bind-
ing pocket of target proteins and the grid points were expanded in all 
directions to include the binding region. The grid box dimensions 
considered for molecular docking of the target proteins were given in 
Table 1. Finally, best orientation was determined by tethering ligands to 
target proteins with highest binding energy (kcal mol− 1). The pose of 2D 
and 3D ligand-to-target interactions with high binding energy was 
extracted and visualized using Discovery Studio (Yousef et al., 2018; 
Halder et al., 2019). 

2.4. Pharmacokinetic analysis 

The online chemo informatics tools Molinspiration and admetSAR 
(http://lmmd.ecust.edu.cn:8000/) were used to analysis the ADMET 

Table 1 
Dimensions of grid box for selected protein targets in molecular docking 
analysis.  

Protein 
targets 

Dimension of grid box 
Grid points number 
(npts) 

Center (xyz 
coordinates) 

Grid box spacing 
(Å) 

Mpro 80 × 80 × 85 30.619, 28.880, 
30.200 

0.375 

ACE-2 60 × 60 × 60 15.692, 37.141, 
46.425 

0.375 

Spike 
protein 

80 × 75 × 68 15.692, 37.141, 
46.425513 

0.375  
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profiles, pharmacokinetics, drug likeness and harmful properties of the 
selected phyto-ligands. The Molinspiration tool was employed to anal-
ysis the molecular descriptor and drug likeness properties of compound 
based on the Lipinski’s rules of 5 and various pharmacokinetics prop-
erties of phyto-ligands such as blood-brain barrier penetration ability 
(BBBPA), human intestinal absorption ability (HIAA), cytochrome P450 
(CYP450 2D6) inhibitor, renal organic cation transporter (ROCT), 
aqueous solubility, carcinogenicity and biodegradation were calculated 
using admetSAR web server (Paramashivam et al., 2015). 

2.5. Molecular dynamic simulation (MDS) studies 

The top three phytoligands from each medicinal plants showing good 
binding affinity and interaction with the Mpro and ACE2 were subjected 
to 25ns of MD simulation analysis using Gromacs 5.1.4 simulation 
package (Sepay et al., 2020). The topology parameter files of the pro-
teins were generated with GROMOS96 all force filed and the ligand 
topology file was generated using PRODRG2 web server. The docked 
complexes were embedded into cubic box of 1.0 Å periodic boundary 
conditions using SPC (simple point charge) water model. Then, the 
overall systems were neutralized by adding the couturier ions. The 
processed systems were subjected to energy minimization, which was 
carried out by applying steepest descent algorithm and conjugate 
gradient minimization. The systems were equilibrated with the NPT and 

NVT ensembles for gradual maintenance of temperature (up to 300 K) 
and pressure (1 bar) for 100ps respectively, which was maintained for 
each system with Parrinello− Rahman barostat. Finally, the production 
MD simulation of each docked complexes were performed for 25 ns. 

3. Results 

3.1. In silico screening and identification of bioactives from Indian herbs 
having traditional significance towards steam inhalation therapy 

Primarily, the phytochemical constituents of Indian traditional herbs 
used in steam inhalation therapy were taken from the earlier reports that 
have well characterised and documented the volatile and non-volatile 
biomolecules of V. negundo (Singh et al., 1999) J. adhatoda (Jha 
et al., 2012) and E. globules (Gonzalez-Burgos et al., 2018) using mass 
spectrometry technique. A total of 57 phytochemicals were chosen for 
the virtual screening, the 3D structures of phytochemicals were 
modelled and optimized, and listed on the basis of their best binding 
affinity towards target proteins such as Mpro, S-protein and ACE-2 
(Supplementary Table 1). The crystal structures of the target proteins 
were used to demonstrate the molecular interactions (Meng et al., 
2011). Based on the binding energy, top two bioactive ligands from each 
of the three selected herbs are displayed in Figs. 1–4. 

Fig. 1. Binding interaction map of top six scoring phytoligands [(A) apigenin-o-7-glucuronide, (B) ellagic acid, (C) vasicolinone, (D) anisotine, (E) eudesmol, and (F) 
viridiflorene with SARS-CoV-2 drug target 3-chymotrypsin like protease (Mpro; 5R82). Active site residues in binding pockets are represented in three letter amino 
acid code and different types of interactions are denoted in different colours. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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3.2. Apigenin-o-7-glucuronide (AG)–a profound SARS-CoV-2 Mpro 

inhibitor 

Data of the docking analysis unveiled that out of 57 phytochemicals 
screened from V. Negundo (n = 31), J. adhatoda (n = 8) and E. globules 
(n = 18), apigenin-7-o-glucuronide, a phenolic compound from E. 
globulus exhibited phenomenal binding affinity and interaction towards 
Mpro than the other phytochemicals and the positive reference lopinavir. 
The binding affinity of apigenin-7-o-glucuronide (AG) was observed to 
be − 9.1 kcal mol− 1, whereas − 8.2 kcal mol− 1 for lopinavir (Table 2). 
The highest binding energy between Mpro and AG was established 
through seven conventional hydrogen bonds with six residues (Cys145, 
Gly143, Leu141, Ser144, Asn142 and Gln189). The other significant 
interactions that stabilize AG and Mpro complex includes ᴫ-sulfur 
interaction with His41, two ᴫ-alkyl interaction with Cys145 and other 
non-covalent interaction such as van der Waals interaction with Met49, 
Cys44, Ser46, Thr45, Thr25, Leu27, Phe140 and Glu166 residues 
(Fig. 1). 

In par with the earlier reports, the active site residues (Cys145 and 
His41) of SARS-CoV-2 Mpro, a known CysHis catalytic dyad was found to 
be interactive with the known SARS-CoV-2 protease inhibitor –lopinavir 
(Cao et al., 2020). However, the bioactive compound AG has promi-
nently interacted with several other crucial amino acid residues of main 
protease (Wu et al., 2020) alike lopinavir, which corroborate the high 

docking energy of the active compound AG (Supplementary Fig. 1A). 
These strong interactions could eventually hamper viral replication via 
hindering the progression of viral polyprotein. Together, the hydro-
phobic and non-covalent interactions were envisaged to augment the 
binding affinity through stabilizing the complex between protein’s 
active site and ligand, which in turn enhanced the biological efficacy. 

Vasicolinone, a quinazoline alkaloid from J. adhatoda was found to 
interact with the binding pocket of the target protein by building three 
conventional hydrogen bonds with Ser144, Cys145 and Gly143; ᴫ-alkyl 
interaction with Cys145 and Met49; carbon hydrogen bond interaction 
with Cys145; and the other non-covalent bond interactions with His41, 
Cys44, Thr45, Ser46, Thr25, Leu27, Asn142, Leu141, His163 and 
Glu166 amino acid residues with the binding affinity of − 8.0 kcal mol− 1 

(Fig. 1). Eudesmol, a carbobicyclic compound from V. negundo exhibi-
ted one conventional hydrogen bond interaction with Gln189 residue; ᴫ- 
alkyl hydrophobic interaction with Cys145 and van der Waals interac-
tion with Gly143, Asn142, Met165 and Glu166 with binding affinity of 
− 8.0 kcal mol− 1. In addition, the other bioactive ellagic acid, a poly-
phenol compound from E. globulus was found to profoundly interact 
with binding pocket of the target protein to forms three conventional 
hydrogen bonding with residues Cys145, Ser46 and Thr26; and two ᴫ- 
sigma interactions with Thr25; and other van der Waals interactions 
with His41, Met49, Cys44, Thr45, Thr24, Leu27 and Gly143 with a 
binding affinities − 8.4 kcal mol− 1 (Fig. 1). The positive control lopinavir 

Fig. 2. Binding interaction map of top six scoring phytoligands [(A) apigenin-o-7-glucuronide, (B) ellagic acid, (C) vasicolinone, (D) anisotine, (E) eudesmol, and (F) 
viridiflorene with SARS-CoV-2 drug target angiotensin-converting enzyme (ACE-2; 1R42). Active site residues in binding pockets are represented in three letter 
amino acid code and different types of interactions are denoted in different colours. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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explicated the binding energy of − 8.1 kcal mol− 1 formed two conven-
tional hydrogen bonding with Thr25 and Asn142; two ᴫ-anionic inter-
action with Cys145; ᴫ-sulfur interaction with His41; amide ᴫ-stalked 
interaction with Asn142 and other non-covalent interaction like van der 
Waals interaction with Thr24, Thr45, Cys44, Ser46, Thr26, Leu27, 
Gly143, Phe140, Leu141, His163, Met165, His164 and Glu166 (Sup-
plementary Fig. 1). 

3.3. Binding interaction studies of drug-like molecules with ACE-2 host 
receptor 

Data of the docking simulation and interactions between the crystal 
structure of angiotensin-converting enzyme-2 (ACE-2, PDB ID 1R42) 
and the phytochemicals revealed that AG depicted strong interactions to 
the binding pocket of ACE-2 as it showed a binding energy of − 8.8 kcal 
mol− 1 (Table 2). AG, through two conventional hydrogen bonding with 
Lys26 and Nag800 residues; ᴫ-anion interaction with Glu22 residue; and 
other non-covalent bond interaction viz. van der Waals interaction with 
residues Thr20, Glu23, Glu87 and Gln89. Next to AG, the bioactive 
compound ellagic acid docked complex shown a binding affinity of − 8.4 
kcal mol− 1 building interactions via conventional hydrogen bonding 
with amino acid residue Gln89; ᴫ-sulfur interaction with residue Lys26; 
and other non-covalent bond interaction such as van der Waals inter-
action with residues Glu22 and Glu23 (Fig. 2). With the binding affinity 
of − 7.8 kcal mol− 1, anisotin undergoes two conventional hydrogen 

bonding (Lys26 and Gln89) and carbon hydrogen bond interaction 
(Glu23). Moreover, the other bioactive compounds ranked in the list 
were vasicolinone (− 7.5 kcal mol− 1) viridiflorene (− 7.3 kcal mol− 1) and 
eudesmol (− 7.1 kcal mol− 1) which were found to interact with binding 
pockets to form the conventional hydrogen binding with Gln89; ᴫ-sulfur 
interaction with residues Glu22 and Lys26; ᴫ-alkyl interaction with 
Pro84 and Leu85; and other non-covalent bond interaction such as van 
der Waals interaction with residues Thr20, Glu22, Glu23, Lys26 and 
Asn90 (Fig. 2). 

3.4. Apigenin-o-7-glucuronide –a phenomenal SARS-CoV-2 spike protein 
inhibitor 

As anticipated, the obtained data of docked complexes between 
bioactive compounds and SARS-CoV-2 spike glycoprotein unveiled that 
the phytochemical AG as the top bioactive expressing high binding af-
finity value of − 7.2 kcal mol− 1, which is relatively higher than the 
positive control lopinavir (− 7.1 kcal mol− 1). This top scorer AG had a 
very strong binding association with S-protein of SARS-CoV-2. It formed 
five strong conventional hydrogen bonds with crucial amino acid resi-
dues viz., Tyr28, Tyr269, Gln271, Asp290 and Ala292 (Fig. 3). Besides, 
it also built the ᴫ-alkyl interaction with Pro57 and unfavourable donor- 
donor interaction with Phe58. The additional stabilizing interaction 
associated with ligand and S-protein complex includes non-covalent 
interaction such as van der Waals interaction with Ser60, Asn61, 

Fig. 3. Binding interaction map of top six scoring phytoligands [(A) apigenin-o-7-glucuronide, (B) ellagic acid, (C) vasicolinone, (D) anisotine, (E) eudesmol, and (F) 
viridiflorene with SARS-CoV-2 drug target Spike protein (S-protein; 6VYB). Active site residues in binding pockets are represented in three letter amino acid code and 
different types of interactions are denoted in different colours. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 4. Binding interaction map of top six scoring phytoligands [(A) apigenin-o-7-glucuronide, (B) ellagic acid, (C) vasicolinone, (D) anisotine, (E) eudesmol, and (F) 
viridiflorene with SARS-CoV-2 drug target RNA dependent RNA polymerase (RdRp; data of homology modelled structure of RdRp was not shown). Active site 
residues in binding pockets are represented in three letter amino acid code and different types of interactions are denoted in different colours. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Gln271, and Leu293. Anisotine, a quinazoline alkaloid from J. adhatoda 
with S-protein exhibited a binding affinity of − 6.4 kcal mol− 1 undergoes 
interaction through ᴫ-alkyl interaction with Pro57, ᴫ-sulfur interaction 
with Asp290, Ala292 and other non-covalent interaction like van der 
Waals interaction with Phe58, Phe59, Ser60, Gly268, Arg273 and 
Tyr269 (Fig. 3). Similarly, yet another quinazoline alkaloid 
–vasicolinone from the herb from J. adhatoda displayed the same 
binding energy of − 6.4 kcal mol− 1 and formed strong interactions with 
ᴫ-alkyl interact with Pro57, ᴫ-carbon hydrogen bonding with Ser60, 
Asn61 and Thr63 and other non-covalent interactions like van der Waals 
interaction with Tyr28, Asn87, Val267, Gly268, Tyr269 and Gln271 
(Fig. 3). 

Few other bioactive compounds such as ellagic acid (− 6.2 kcal 
mol− 1), endesmol (− 6.0 kcal mol− 1), viridiflorene (− 5.8 kcal mol− 1) 
showed the similar pattern of strong interactions with the spike glyco-
protein of SARS-CoV-2 (Table 2). During all the docking orientation, 
hydrogen bonding, ᴫ-interaction and van der Waals interactions played 
major role in stabilizing the binding processes as could be observed form 
the relevant 2D diagrams (Figs. 1–4). These results suggest that the 
identified bioactive compounds with the plausibly strong interactions 
may equally have inhibitory efficacy against SARS-CoV-2. 

3.5. Virtual screening of RdRp inhibitor with remdesivir as reference 

Nsp12 has been referred as the RNA-dependent RNA polymerase 
(RdRp), which catalyzes the process of viral transcription i.e. the syn-
thesis of RNA from RNA template with nsp7 and nsp8 proteins as co- 
factors. RdRp being the key player in viral life cycle, targeting this 
crucial protein as drug target is considered as therapeutically potential. 
Remdesivir, a globally renowned antiviral compound (Wang et al., 
2020) that target RdRp was used as a positive control for molecular 
interaction analysis in the present study. Data unveiled that the same six 
hit phytochemicals with profound drug efficacy against the other target 
proteins (Mpro, ACE-2 and S-protein) have depicted the high binding 
energy with the target RdRp in the order of AG, anisotine, ellagic acid, 
vasicolinone, eudesmol and viridiflorene (Table 2). 

3.6. Apigenin-o-7-glucuronide –a promising SARS-CoV-2 RNA-dependent 
RNA polymerase (RdRp) inhibitor 

As anticipated, AG topped the list of bioactive hits with the binding 
energy of − 8.7 kcal mol− 1 in interaction with RdRp (Table 2), which is 
even higher than the binding energy (− 7.6 kcal mol− 1) exhibited by the 

Table 2 
List of top hit phytochemicals selected through virtual screening.  

S. No Name of the phytochemical Chemical structure PubChem ID Binding Energy toward target proteins (kcal mol− 1) 

Mpro ACE-2 S-protein RdRp 

Name of the herb: Eucalyptus globulus 

1 Apigenin-7-O-glucuronide 5319484 − 9.1 − 8.8 − 7.2 − 8.8 

2 Ellagic acid 5281855 − 8.4 − 8.4 − 6.2 − 7.8 

Name of the herb: Justicia adhatoda 
3 Vasicolinone 627712 − 8.0 − 7.5 − 6.4 − 7.6 

4 Anisotine 442884 − 7.4 − 7.8 − 6.4 − 8.2 

Name of the herb: Vitex negundo 
5 Eudesmol 91457 − 8.0 − 7.1 − 6.0 − 7.2 

6 Viridiflorene 10910653 − 7.4 − 7.3 − 5.8 − 6.6  
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known RdRp inhibitor –remdesivir (Supplementary Table 1). The mo-
lecular bond interactions of AG and RdRp were explicable from four 
conventional hydrogen bond formed with three residues of RdRp 
(Phe396, Thr319 and Arg349). AG-RdRp complex was stabilized by 
forming ᴫ-sigma interaction with Val675, ᴫ- ᴫ-stacking interaction with 
Lys676, ᴫ-alkyl interaction with Pro677 and other non-covalent inter-
action of van der Waals interaction with Cys395, Phe321, Val320, 
Arg249, His 347, Phe26, Tyr346, Phe348, Gly327, Ser664, Leu460 and 
Pro461 (Fig. 4). 

The second top hit was anisotine reported a binding energy of − 8.2 
kcal mol− 1 (Table 2). Although, the anisotine-RdRp complex formed no 
hydrogen bond, it built a strong interaction through the other hydro-
phobic, non-polar interaction with Lys621 (ᴫ-alkyl), Tyr455(ᴫ- ᴫ- 
stacking), Asp623, Arg553, Arg624 (ᴫ-anion), Thr556, Ala558, Ser681, 
Tyr456, Thr680, Thr687, Asn691 and Asp452 (Van der Waals) and also 
formed one unfavourable interaction with Ser682 (Fig. 4). Ellagic acid 
docked with RdRp reported − 7.8 kcal mol− 1 as binding energy 
(Table 2). Conformational stability of the complex (Ellagic acid-RdRp) is 
maintained by two hydrogen bonds with RdRp at the amino acid resi-
dues Thr319 and Thr246; and ᴫ-alkyl interaction with Arg249, ᴫ-alkyl 
interaction with Pro461; ᴫ-sigma interaction with Thr246; van der Waal 
interaction with Leu460, Thr391, Leu251, Val320, Thr252, Tyr265 and 
Leu247 (Fig. 4). 

The known anti-viral drug –remdesivir used as positive control 
exhibited a binding energy of − 7.6 kcal mol− 1 (Supplementary Table 1) 
and it formed three hydrogen bond with Arg249, Thr394 and Phe396, 
three ᴫ-alkyl interaction with Pro169, Leu172, Leu460, Thr458, Pro461 
and Arg249; van der Waals interaction with Arg457, Cys395, Arg349, 
Pro672, Pro323, Val675, Thr246, and Thr319 residues, and unfav-
ourable interaction Arg249 (Supplementary Fig. 2). Other, four bioac-
tive compounds shows the binding affinity between the range − 7.6 and 
− 6.6 kcal mol− 1 interacted more strongly with the crucial amino acids 
residues of RdRp of SARS-CoV-2 (Fig. 4). 

3.7. In silico prediction of drug-likeness properties and bioactivity score 

Data of admetSAR software displayed that the molecular weight of 
selected active phytochemicals were under 500; LogP value was found to 
be under 5; the hydrogen bond acceptors (HBA) numbers were under 10 
(except for AG); and the hydrogen bonds donors (HBD) were under 5 
(except for AG), which indeed goes in line with the Lipinski’s rule of 5. 
Since the screened compounds were plant derived in nature, an allow-
ance of ±1 to both HBD and HBA would eventually be given to follow 
the Lipinski’s rule of 5. The relative ADMET profiles of the selected 
bioactives are illustrated in Table 3. 

3.8. ADMET prediction analysis using admetSAR software 

Furthermore, the data also unveiled the actual Absorption, Distri-
bution, Metabolism, Excretion and Toxicity properties of the selected 
bioactive ligands. The aqueous solubility (Log S) of the ligand is 

concerned, all the six selected hit bioactives shown the Log S values 
between the ideal ranges i.e, 6.5 to 0.5. From the obtained results 
(Table 4), it was also obvious that the phyto-ligands were non-toxic, 
non-carcinogenic, absorb in the human intestine adsorption (HIA), 
easily permeable through CaCO2 (except the bioactive AG), mostly non- 
substrate and non-inhibitor to CYP enzymes, weak inhibitor for Human 
Ether-a-go-go- related gene (Table 4), which eventually signifies that the 
bioactive hits could plausibly be an efficient drug. 

3.9. Molecular dynamic simulation 

Based on the molecular docking studies, the best three phytoligands 
(viz., Apigenn-o-7-glucuronide, Eudesmol and Vasicolinone) from each 
medicinal plant showing significant interaction with most crucial amino 
acid residues of SARS-CoV Mpro and ACE-2 with high binding energy 
were selected for molecular dynamics simulation studies at 25ns using 
Gromacs. The stability of these docked complexes was examined using 
the RMSD plot, RMSF and Hydrogen bond interaction profiles. The 
RMSD graph (Fig. 5 A&B) showed the stable protein backbone atom of 
docked complexes of both Mpro and ACE-2 proteins respectively. The 
docked complexes of both Mpro and ACE-2 proteins displayed an average 
backbone RMSD of 0.3 nm. The phytochemicals Apigenn-o-7- 
glucuronide and Eudesmol maintained an average RMSD of 0.25 nm; 
however, the Eudesmol showed slight deviation up to 04 nm at 15ns 
with ACE-2 protein. As far as Vasicolinone is concerned, it displayed 
deviation in both the complexes. The Mpro -Vasicolinone complex 
showed deviation up to 0.3 nm at 10, 15 and 18ns. On the other hand, 
ACE-2- Vasicolinone complex depicted deviation up to 0.4 nm at 9 and 
14ns. Such minor deviations in RMSD may be attributed to the un-
structured loop region, which makes a protein structure more dynamic. 
Both the Mpro and ACE-2 docked complexes were quite stabilized and 
equilibrated with less deviation. Through the backbone RMSD plot, it 
was obvious that all the docked complexes of Mpro and ACE-2 remain 
stable throughout the simulation period. 

The RMSF plots demonstrated the flexibility and mobility of amino 
acid residues of docked complexes. RMSF plots showed higher fluctua-
tion in some amino acid residues in the loop or disorder regions. The 
average RMSF is 0.3 nm and the high fluctuations did not influence any 
conformational change between phytoligands and proteins (Fig. 6 A&B). 

Fig. 7A&B, number of hydrogen bonds of the complexes of Mpro and 
ACE2 proteins. The hydrogen bonds are most important for the stability 
of docked complexes. It was found through H-bond analysis that the 
phtochemicals Eudesmol and Vasicolinone exhibit 3H-bonds and 
Apigenn-o-7-glucuronide forms 8H-bonds with the Mpro. Then the ACE-2 
complexes revealed that the Apigenn-o-7-glucuronide exhibits 8H- 
bonds, Eudesmol forms 3H_bonds and Vasicolinone built 2H_bonds in 
the simulation period. With the overall observations of MDS, it was 
conferred that the docked complexes (top hit three phytochemicals and 
two proteins) have better structural stability (Fig. 7 A&B). 

4. Discussion 

For centuries, the traditional Indian knowledge system has well 
demonstrated the curing effect of herbal steam inhalation therapy 
against common cold. Accordingly, the AYUSH, Govt. of India has listed 
different herbs used in the traditional in-house inhalation therapy with 
proven medicinal benefits that strengthened the respiratory tracks and 
immune system (Vellingiri et al., 2020). Most notably, an estimate by 
WHO signifies that around 80% of population in underdeveloped 
countries has been depending mostly on the traditional medicines. 
Together, the WHO has also enlisted nearly 21,000 therapeutically po-
tential global plants; out of which India alone encompass around 2500 
varieties (Seth and Sharma 2004). 

Indian traditional system relies on proper food and exercises to 
maintain good health. Therefore, people believe in supplementing the 
medicinal herbs to get rid from severe health issues. Thus patients 

Table 3 
In silico prediction of drug-likeness properties of top hit phyto-ligands.  

Phyto-ligands MW HBD HBA Log p 
[<5] 

nRO nViol 

Apigenin-7-O- 
glucuronide 

446.36 6 11 0.55 4 2 

Ellagic acid 302.19 4 8 0.94 0 0 
Vasicolinone 305.38 0 4 2.91 2 0 
Anisotine 349.39 1 6 2.99 4 0 
Endesmol 222.37 1 1 4.01 1 0 
Viridiflorene 204.36 0 0 4.19 0 0 

Note: MW-molecular weight, HBD-hydrogen bond donor, HBA-hydrogen bond 
acceptor, Log p, TPSA-Total polar surface area, nRO-Number of rotatable bond, 
nViol-Number of violation. 
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suffering from respiration related issues were suggested for herbal steam 
inhalation therapy to mitigate the symptoms (Amini et al., 2017; Singh 
et al., 2017). In corroboration with the present study, earlier reports by 
(Amini et al., 2017) had given prominence to the complementary herbal 
medicines viz. inhaling herbal steam and (Singh et al., 2017) signified 

the speedy recovery of common viral cold patients while undergoing 
neti treatment in supplement with antibiotics, vitamins and minerals 
(Amini et al., 2017; Singh et al., 2017). It is therefore likely to anticipate 
that these phytochemicals may put forth an inhibitory efficacy against 
SARS-CoV-2 either exhibiting antiviral activity or improving the 

Table 4 
Predicted ADMET properties of top hit bioactive compounds.  

ADMET Properties Apigenin-7-O- 
glucuronide 

Ellagic acid Vasicolinone Anisotine Eudesmol Viridiflorene 

Absorption 

Blood brain barrier BBB- BBB+ BBB+ BBB+ BBB+ BBB+
Human intestinal absorption HIA+ HIA+ HIA+ HIA+ HIA+ HIA+
CaCO2 permeability CaCO2 CaCO2- CaCO2+ CaCO2- CaCO2+ CaCO2+

Renal organic transporter Non-inhibitor Non-inhibitor Inhibitor Non-inhibitor Non-inhibitor Non-inhibitor 
Aqueous solubility[LogS] − 3.3684 − 3.1440 − 2.3888 − 3.4388 − 3.6183 − 5.0581 
Distribution 
Subcellular localization Mitochondria Mitochondria Mitochondria Mitochondria Lysosome Lysosome 
Metabolism 
CYP450 2C9 Substrate Non-substrate Non-substrate Non-substrate Non-substrate Non-substrate Non-substrate 
CYP450 2D6 Substrate Non-substrate Non-substrate Non-substrate Non-substrate Non-substrate Non-substrate 
CYP450 3A4 Substrate Non-inhibitor Non-substrate Substrate substrate substrate substrate 
CYP450 1A2 Substrate Non-inhibitor Non-inhibitor Inhibitor Inhibitor Non-inhibitor Non-inhibitor 
CYP450 2D6 Substrate Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor 
Toxicity 
Human Ether-a-go-go- Related 

gene inhibition 
Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor 

Carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens 
Biodegradation Not ready 

biodegradable 
Not ready 
biodegradable 

Not ready 
biodegradable 

Not ready 
biodegradable 

Not ready 
biodegradable 

Not ready 
biodegradable 

Acute Oral Toxicity III II III III III III 
Rat Acute Toxicity [LD50][mol/ 

kg] 
2.5393 0.5260 2.7481 2.6090 1.8911 1.5115 

Fish toxicity [pLC50,mg.L] 0.6805 0.3860 1.3237 1.1395 − 0.3218 0.6849  

Fig. 5. The RMSD trajectories of all docked complexes during 25 ns simulations. (A) Mpro -Phytochemicals complexes. (B) ACE-2-Phytochemicals complexes.  

Fig. 6. The RMSF trajectories of all docked complexes during 25 ns simulations. (A) Mpro-Phytochemicals complexes. (B) ACE-2-Phytochemicals complexes.  
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immune status of an individual. 
Bearing the fact that SARS-CoV-2 enters the host through nasal 

cavity and infect the buccal cavity, in the present study, we deliberately 
made an attempt to virtually authenticate the antiviral efficacy of three 
medicinally important herbs’ (viz., E. globules, J. adhatoda and V. 
negundo) associated compounds against the well recognized drug tar-
gets of SARS-CoV-2 (Mpro, ACE-2, S-protein and RdRp) through in silico 
approach. The study was carried out with the expectation that the 
‘herbal steam inhalation’ therapy involving the aforementioned herbs 
could combat COVID-19 infection through treating the patients’ airway 
-the hallmark infection path of SARS-CoV-2. 

Preliminarily, bioactives having potency to target the crucial protein 
receptors of SARS-CoV-2 were virtually screened from 57 phytochemi-
cals. Based on the binding energy exhibited by the phytochemicals, 6 
potent bioactive hits were scrutinized. Molecular interaction studies of 
receptor-ligand complex divulged the prevalence of hydrogen bond, 
non-covalent interaction (viz. van der Waals), electrostatic and non- 
polar interactions (Chen and Kurgan, 2009). These molecular bondin-
g/interactions exerted by the ligand are indeed the inevitable element to 
be considered for biological functions and successful drug 
developments. 

Mpro is a most commonly recognized drug target of SARS-CoV-2 
belonging to Nsp family protein essential for polyprotein processing in 
viral life cycle (Zhang et al., 2020). A plethora of recent reports have 
emphasized that the inhibition of viral proteases would be a promising 
approach in treating the viral disease progression (Zhang et al., 2020). 
Similarly, SARS-CoV-2 RdRp also plays a pivotal role in viral tran-
scription, and thus, targeting this protein would plausibly arrest the viral 
machinery and inactivate the virus. Alike hampering the viral replica-
tion through targeting Mpro and RdRp, blocking the host receptor ACE-2 
could ultimately cause structural change, which in turn prevents the 
entry of virus at the initial step. Henceforth, the compounds having ef-
ficacy to bind the active sites of these crucial drug targets are reported to 
inhibit transcription which ultimately shuts the viral replication (Alagu 
Lakshmi et al., 2020; Joshi et al., 2020; Gyebi et al., 2020). 

In the present study, out of 6 best high scoring hits, AG topped the 
list. AG is a phenolic compound found in the leaves of E. globulus. 
Traditionally, the E. globulus leaves are commonly used to treat asthma 
and bronchitis. Importantly, these leaves are employed to make herbal 
tea. A mounting body of recent studies on leaves extract and essential 
oils of E. globulus have well documented the multifaceted therapeutic 
efficacies such as antimicrobial, antifungal, anthelmintic and anti- 

diabetic (Rizeq et al., 2020; Baradaran Rahimi et al., 2020). The other 
bioactive compound from the same plant was ellagic acid, a naturally 
occurring polyphenol also predominantly found in certain fruits and 
nuts apart from the leaves of E. globulus. Ellagic acid being a profound 
antioxidant, it has been widely investigated for its anti-proliferative 
efficacy in few cancers, and anti-inflammatory property (Rizeq et al., 
2020; Baradaran Rahimi et al., 2020). In parallel, inhaling the Euca-
lyptus and tulsi steam by the patients undergoing mechanical ventilation 
have cleared the pathogen in their airway, reduced the respiratory 
ailment and improved their recovery (Singh et al., 2017; Kamble et al., 
2017). 

Next to AG, vasicolinone – a quinazoline alkaloid from the herb from 
J. adhatoda was found to exhibit profound interaction with all the 
screened protein targets. J. adhatoda also referred as Vasaka has been 
used traditionally in Indian systems of medicine for nearly 2000 years. 
In the indigenous systems of medicine, it has been well demonstrated for 
beneficial effects in treating cold, cough, whooping cough, asthma and 
especially chronic bronchitis (Claeson et al., 2000). Although, the 
bronchodilatory and expectorant propensities of this plant leaves are 
endorsed to vasicine (Chatterjee et al., 1999), in the present study, 
vasicolinone is envisaged to showcase a phenomenal binding affinity 
towards all the significant receptors of SARS-CoV-2. Anisotine was the 
other quinazoline alkaloid from J. adhatoda that displayed best score in 
the present study. This signifies the fact that apart from vaccine and 
vasicinone, vasicolinone and anisotine -the under explored bioactives 
could plausibly play inevitable role in bronchodilatory effect of J. 
adhatoda leaves (Jha et al., 2012). 

In the row, eudesmol is a carbobicyclic compound present in the 
leaves of V. negundo, found to the next high scorer targeting all the four 
protein targets profusely. V. negundo is a shrub commonly referred as 
‘nirgundi’ in Indian ayurveda, familiar for its anti-inflammatory and 
hepatoprotective properties. Besides, the myriad pharmaceutical po-
tentials of V. negundo include antioxidant, analgesic, anti-inflammatory 
and anti-convulsan (Singh et al., 2017) efficacies. Viridiflorene is the 
second bioactive compound from V. negundo, also found in many 
essential oils as one of the constituents. It is noteworthy to state that a 
report by Reichling et al. (2005), demonstrated the virucidal activity of 
Manuka oil consisting 4.4% of viridiflorene against HSV-1 and HSV-2 
(Reichling et al., 2005). As like V. negundo, few medicinal plants 
belonging to the family of Leguminosae and Lamiaceae found in 
Himalayas have been reported to be effective against bronchitis, severe 
respiratory diseases that chiefly affect lungs (Amber et al., 2017). Since, 

Fig. 7. The hydrogen bond trajectories of all docked complexes during 25 ns simulations. (A) Mpro -Phytochemicals complexes. (B) ACE-2- 
Phytochemicals complexes. 
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remedies are prevailing in natural ways, patients those who are 
encountering severe side-effects by the synthetic drugs have followed 
the natural medicine. Furthermore, the in silico drug-likeness and 
ADMET prediction analyses validated that the identified bioactives are 
fit to the criteria of drug in comparison with known antiviral drug. 

Most importantly, China treats several infectious diseases by the 
traditional Chinese medicines (Wang and Liu, 2014). Previously in 2003 
and 2009 they have used Chinese traditional medicines to treat SARS 
and H1N1, respectively (Liu et al., 2004; Li et al., 2005). Based on the 
experience gained in treating different viruses, they have again followed 
the same traditional medicine method to control and treat the 
COVID-19, a recent outbreak of SARS-CoV-2 and it is clinically effective. 
In addition, intervention of the Chinese traditional medicine during the 
treatment of COVID-19 has been reported to reduce the severe symp-
toms of patients (Zhang et al., 2020; Xu and Zhang, 2020). 

Overall, the data of the present study delineated the anti-COVID-19 
proficiency of phytochemicals (apigenin-o-7-glucuronide, ellagic acid, 
eudesmol, viridiflorene, vasicolinone and anisotine), and in turn vali-
dated the traditional medicinal significance of herbal steam inhalation 
therapy. Therefore, it would be pertinent to strongly emphasis the 
recommendation of herbal steam inhalation therapy using plants 

specially Eucalyptus globulus, Vitex negundo and Justicia adhatoda 
with myriad traditional respiratory healing potency to either arrest the 
viral replication or to immunize the host system against viral infection, 
particularly SARS-CoV-2. The overall theme of the study is portrayed as 
a schematic representation in Fig. 8. 
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