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Abstract
SARS-CoV-2 has been responsible for causing 6,218,308 deaths globally till date and 
has garnered worldwide attention. The lack of effective preventive and therapeutic 
drugs against SARS-CoV-2 has further worsened the scenario and has bolstered re-
search in the area. The N-terminal and C-terminal RNA binding domains (NTD and 
CTD) of SARS-CoV-2 nucleocapsid protein represent attractive therapeutic drug tar-
gets. Naturally occurring compounds are an excellent source of novel drug candidates 
due to their structural diversity and safety. Ten major bioactive compounds were 
identified in ethanolic extract (s) of Cinnamomum zeylanicum, Cinnamomum tamala, 
Origanum vulgare, and Petroselinum crispum using HPLC and their cytotoxic potential 
was determined against cancer and normal cell lines by MTT assay to ascertain their 
biological activity in vitro. To evaluate their antiviral potential, the binding efficacy 
to NTD and CTD of SARS-CoV-2 nucleocapsid protein was determined using in silico 
biology tools. In silico assessment of the phytocomponents revealed that most of the 
phytoconstituents displayed a druglike character with no predicted toxicity. Binding 
affinities were in the order apigenin > catechin > apiin toward SARS-CoV-2 nucleocap-
sid NTD. Toward nucleocapsid CTD, the affinity decreased as apigenin > cinnamic 
acid > catechin. Remdesivir displayed lesser affinity with NTD and CTD of SARS-
CoV-2 nucleocapsid proteins than any of the studied phytoconstituents. Molecular 
dynamics (MD) simulation results revealed that throughout the 100 ns simulation, 
SARS-CoV-2 nucleocapsid protein NTD-apigenin complex displayed greater stability 
than SARS-CoV-2 nucleocapsid protein NTD-cinnamic acid complex. Hence, apigenin, 
catechin, apiin and cinnamic acid might prove as effective prophylactic and therapeu-
tic candidates against SARS-CoV-2, if examined further in vitro and in vivo.
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1  |  INTRODUC TION

According to the World Health Organization (WHO), viral diseases 
are on the rise creating major public health issues. Viruses have 
been implicated in major biological, clinical cultural, and economic 
crises around the world since historical times. Human coronavi-
ruses (HCoVs) have been witnessed since the 1960s as a cluster of 
viruses capable of causing extreme human and animal infections and 
causal organisms of a number of respiratory, enteric, hepatic, and 
neurologic diseases (Principi et al.,  2010). Several viral outbreaks 
have been recorded in the previous two decades, including Severe 
Acute Respiratory Syndrome (SARS) in 2002–2003, H1N1 influenza 
in 2009, Middle East Respiratory Syndrome (MERS) in 2012 and 
COVID-19 in 2019.

A total of 503,075,801 confirmed cases of COVID-19 and 
6,218,308 deaths have been registered worldwide as of April 15, 
2022. The situation is grave in India, too, with as many as 43,039,972 
confirmed COVID-19 cases and 521,772 deaths reported as of April 
15, 2022 (https://www.world​omete​rs.info/coron​aviru​s/, n.d.).

The Drugs Controller General of India (DCGI) on January 3, 
2021, has granted restricted emergency use authorization of 
Covishield (genetically engineered adenovirus having predicted ef-
ficacy rate of 70%–90% in various trials), a vaccine developed by 
Serum Institute of India (SII), Pune, India, and Covaxin (inactivated 

SARS-CoV-2 virion having predicted efficacy rate of 81%) developed 
by Bharat Biotech Hyderabad, India, against COVID-19 (https://
www.money​contr​ol.com/news/india/​coron​aviru​s-news-live-updat​
es-recov​ery-rate-world​omete​r-mild-sympt​oms-covid​-19-vacci​ne-
mutan​t-cases​-japan​-india​-state​wise-news-63330​21.html) while the 
third, Russia's Sputnik V, has been approved recently. Lately, India 
has also fast-tracked approval for foreign vaccines. Though the ad-
vent of vaccines against SARS-CoV-2 has raised hopes that the end 
of the pandemic may be in sight, but it has also sparked some con-
cern about the possibility of side effects and adverse drug reactions 
in immunized individuals. Additionally, how efficacious are the said 
vaccines in disease prevention, remains to be seen.

The N-terminal (NTD) and C-terminal (CTD) domains of the nu-
cleocapsid protein are the structural and functional domains that 
control viral RNA replication and transcription. The most significant 
function of nucleocapsid protein's NTD is to bind viral RNA, whereas 
CTD's major function is to dimerize and oligomerize it (Kannan 
et al., 2020; Walls et al., 2020). SARS-CoV-2 is distinguished from 
other coronaviruses by the presence of a glycoprotein with ace-
tyl esterase and hemagglutination (HE) characteristics (Prajapat 
et al., 2020). The open reading frame of SARS-CoV-2 RNA encodes 
two large polyproteins (PPs) viz. PP1a and PP1ab. The digestion 
of PPs by cysteine proteases results in the production of 16 non-
structural proteins (NSPs). A papain-like protease (PLpro) cleaves the 

Practical applications
Ten major bioactive compounds were identified in the extract(s) of four medicinally 
important plants viz. Cinnamomum zeylanicum, Cinnamomum tamala, Origanum vulgare 
and Petroselinum crispum using HPLC and their biological activity was also evaluated 
against cancer and normal cell lines. Interestingly, while all extract(s) wielded signifi-
cant cytotoxicity against cancer cells, no significant toxicity was found against normal 
cells. The outcome of the results prompted evaluation of the antiviral potential of the 
ten bioactive compounds using in silico biology tools. The present study emphasizes 
on the application of computational approaches to understand the binding interaction 
and efficacy of the ten bioactive compounds from the above plants with SARS-CoV-2 
nucleocapsid protein N-terminal and C-terminal RNA binding domains in preventing 
and/or treating COVID-19 using in silico tools. Druglikeness and toxicity profiles of 
the compounds were carried out to check the therapeutic application of the com-
ponents. Additionally, molecular dynamics (MD) simulation was performed to check 
the stability of ligand-protein complexes. The results provided useful insights into the 
structural binding interaction(s) that can be exploited for the further development of 
potential antiviral agents targeting SARS-CoV-2 especially since no specific therapy is 
still available to combat the rapidly evolving virus and the existing treatment is more 
or less symptomatic which makes search for novel antiviral agents all the more neces-
sary and crucial.
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N-terminal portion of the PPs, generating three NSPs that aid in the 
assembly of a replicase-transcriptase complex for viral propagation 
(Munster et al., 2020). Therefore, both nucleocapsid NTD and PLpro 
are important targets from a drug development perspective.

Till date, researchers have identified over 30 agents, including 
natural products that could be effective against COVID-19. Though 
there have been intensive studies on the development and biological 
characteristics of novel coronaviruses, yet recent efforts to prevent 
and control spread of coronaviruses especially SARS-CoV-2 have 
proven to be quite ineffective (Principi et al., 2010). In the revised 
guidelines for the prevention, diagnosis, and treatment of novel 
coronavirus-induced pneumonia, the People's Republic of China 
National Health Commission (NHC) has included antiviral agents 
such as interferon α, lopinavir/ritonavir, chloroquine phosphate, rib-
avirin, and arbidol for treatment of COVID-19 (Prajapat et al., 2020). 
Recently, the detailed mechanism of action of arbidol against SARS-
CoV-2 has been demonstrated by molecular dynamics (MD) simu-
lation. Arbidol acts by binding and inhibiting viral binding to host 
cells at the receptor-binding domain (RBD)/ACE2 interface with an 
affinity higher than ACE2 and, thus, imparting structural rigidity to 
the viral glycoprotein preventing it from undergoing conformational 
rearrangements associated with membrane fusion and virus entry 
(Padhi et al., 2021). With the possibility of exposure of health care 
personnel to coronavirus infection looming large, populations are at 
a significantly higher risk of infection with complications. Age and 
co-existing disorders (such as diabetes or heart disease) have been 
proven to exert an adverse effect on the prognosis and outcome of 
COVID-19 (Báez-Santos et al., 2015).

None of the existing antiviral therapies against SARS-CoV-2 
are 100% specific. Therefore, a novel drug that is effective against 
SARS-CoV-2 and is free of side effects is the need of hour. In the 
epoch of personalized medicine and cost-effective public health 
outcomes, information technology has become a fundamental part 
of drug discovery. Chemoinformatics is employed for reliable target 
identification and validation together with drug discovery methods 
to pave the way for an efficient computer-aided drug design (CADD). 
To this effect, several relatively less explored medicinal plants and 
their products as well as their phytoconstituents possess vast poten-
tial against several diseases in terms of their pharmacological prop-
erties. In the present study, ten phytoconstituents from bark of C. 
zeylanicum (CZ) (commonly called as cinnamon); leaves of C. tamala 
(CT) (commonly called as bay leaf); O. vulgare (OV) (commonly called 
as oregano), and P. crispum (PC) (commonly called as parsley), were 
selected as ligands for evaluation of their binding kinetics with NTD 
and CTD of SARS CoV-2 nucleocapsid protein on the basis of their 
identification in ethanolic extract(s) by HPLC. As mentioned above, 
the structural and functional sites of nucleocapsid proteins viz., NTD 
and CTD, control viral RNA replication and transcription. The nu-
cleocapsid protein's NTD is involved in RNA binding, while the CTD 
is involved in dimerization (Muhammad & Dewettinck, 2017; Pal & 
Kerorsa, 2020).

Cinnamon also known as Dalchini (DLC) in India, has re-
cently been the subject of intense research due to its numerous 

pharmacological properties such as anti-inflammatory, antitumor, 
anticancer, antidiabetic, antimicrobial, and cardioprotective (Ahmad 
et al., 2020; Al-Shawabkeh & Al Jamal, 2019; Dugoua et al., 2007; 
Goswami & Rahman,  2010; Husain et al.,  2018; Ranasinghe & 
Galappaththy,  2016). Cinnamon is generally recognized as safe 
(GRAS) in the amount normally found in food by the US Food and 
Drug Administration (FDA). For decades, patients suffering from nu-
merous viral infections have ingested cinnamon. In both developing 
and developed countries including India, there has been an emerg-
ing trend among HIV patients to use cinnamon oil as an antiretro-
viral medication (Fabros Jr et al., 2018; Premanathan et al., 2000). 
Consequently, urgent scientific research is required to determine the 
efficacy level of main constituents of cinnamon oil such as cinnamal-
dehyde as antiviral antidotes. Antiviral potential of cinnamon/cin-
namaldehyde has also been explored against porcine reproductive 
and respiratory syndrome virus (PRRSV) (Yeh et al., 2013), human re-
spiratory syncytial virus (HRSV) (Fatima et al., 2016), H7N3 Influenza 
A virus (Tamam et al., 2017), Newcastle disease virus in chickens 
(Hayashi et al., 2007) as well as influenza A (Rahman et al., 2021), 
parainfluenza (Sendai), HSV-1 (Fabra et al., 2016; Ovadia, 2016) and 
enteric viruses (Upadhyay, 2017).

C. tamala leaves also known as Tejpatta (TJP) in India, are widely 
utilized in the Indian subcontinent to provide a unique flavor to 
dishes, beverages, and foods. The plant contains a large number 
of chemical constituents, the majority of which are found in bark 
essential oil and have biological properties such as anti-diarrheaic, 
anti-tumor, anti-inflammatory, anti-arthritic, anti-parasitic, gastro-
urinary, antitumor, antiparasitic, antioxidant, chemopreventive, 
and gastroprotective (Bahmani et al., 2018; Dandapat et al., 2014; 
Husain et al., 2018). There is no reported literature as far as its anti-
viral potential is concerned and, hence, this plant warrants attention 
for evaluation of its antiviral efficacy, if any.

Oregano has been used in folk and medicine since time imme-
morial as an anti-asthmatic, antispasmodic, anticancer, sedative, and 
in the treatment of gastrointestinal disorders including stomach and 
intestinal disorders, constipation, and inflation (Gilling et al., 2014; 
Husain et al., 2018).

Oregano is a common mint family herb that contains chemicals 
which are known for their therapeutic properties. Murine norovirus 
(MNV), which is highly contagious and the principal cause of stom-
ach flu in people, has been reported to be inhibited by oregano oil 
and isolated carvacrol (Pilau et al., 2011). Because human norovirus 
is difficult to propagate in laboratory settings, it is used in scientific 
studies. Oregano oil and carvacrol have also been proven to have 
antiviral properties against HSV-1, rotavirus, a frequent cause of di-
arrhea in infants and children and respiratory syncytial virus (RSV), 
which causes respiratory infections (Mediouni et al., 2020; Sharifi-
Rad et al., 2017). The antiviral activity of crude oregano oil and its 
main constituent carvacrol has also been determined against HIV-1 
(Gutiérrez-Grijalva et al.,  2017). Phytochemical content present 
in oregano is the principal cause of human health benefits (Blank 
et al., 2019; Leyva-López et al., 2016; Pascual et al., 2001). A study 
has reported that antiviral activity of essential oil of oregano against 
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five DNA viruses viz. acyclovir-resistant herpes simplex virus type 1 
(ACVR-HHV-1), human herpesvirus type 1 (HHV-1), bovine herpes 
virus type-1, 2, and 5 (BoHV-1, BoHV-2, BoHV-5) and three RNA 
viruses viz. rotavirus (RV), human respiratory syncytial virus (HRSV) 
and bovine viral diarrhea virus (BVDV) (Pilau et al., 2011). Antiviral 
activity of aqueous and ethanolic extracts of Origanum vulgare and 
its phytoconstituents has also been determined against equine arte-
ritis virus (EAV), bovine viral diarrhea virus (BVDV), equine influenza 
virus (EIV), canine distemper virus (CDV), feline calicivirus (FCV), ca-
nine adenovirus (CAV), and canine coronavirus (CCoV) (Zhang, Guo, 
et al., 2014); Coxsackie virus B3 (CVB3), respiratory syncytial virus 
(RSV) and herpes simplex virus type 1 (HSV-1) (Lelešius et al., 2019; 
Santoyo et al., 2014); avian infectious bronchitis coronavirus (IBV) 
(Brochot et al., 2017), H1N1 and HSV1 viruses (Farzaei et al., 2013).

Parsley or garden parsley is a key source of flavonoids and antioxi-
dants (Ezer & Arisan, 2006; Papuc et al., 2016; Zakaryan et al., 2017). 
Parsley is a culinary and medicinal herb used to flavor the cuisines 
of South East Asia, India, South America, China, and Mexico. The 
aerial parts of PC are used in the traditional medicine system to treat 
hemorrhoids and the urethral inflammation whereas, the roots are 
used to pass kidney stones (Adams et al., 2007) and enhance brain 
function and memory (Butu & Rodino, 2019). Parsley is also used 
as a demulcent, intestinal tonic, diuretic, anti-dote, anti-urolithiasis, 
and an anti-inflammatory agent in traditional and folklore medicine 
for the treatment of dysmenorrhea, amenorrhea, gastrointestinal 
disorders, high blood pressure, urinary disease, cardiac disease, dia-
betes, otitis, sniffle, and various dermal diseases (Papuc et al., 2016). 
Parsley has also been found to display antiviral activity due to its 
content of flavones apigenin and luteolin and flavanol quercetin 
(Ezer & Arisan, 2006; Malin et al., 2020).

Remdesivir (RDV) is a nucleotide analog (Gordon et al., 2020) and 
the triphosphate form of RDV (RDV-TP) is an inhibitor of numerous 
RNA-dependent RNA polymerases (RdRps) (Gupta et al., 2021; Saha 
et al., 2020). RDV is a monophosphoramidate which acts by block-
ing viral RNA production through inhibition of viral RNA polymerase 
proofreading. For all three coronaviruses viz. SARS-CoV-2, SARS-
CoV, and MERS-CoV RdRps, it has been demonstrated to block viral 
RNA synthesis via delayed chain termination (Shekhar et al., 2001).

Recently, SARS-CoV-2 proteins have been targeted in many in 
silico based studies which have been provided in supplementary data 
file (Table S1.1). The table provides an overview of the current state 
of work being done in this area.

2  |  MATERIAL S AND METHODS

2.1  |  Plant material collection

Dried bark and leaves of C. zeylanicum (cinnamon) and C. tamala (bay 
leaves) respectively, that are commonly used as spices and condi-
ments were obtained from a local market in Lucknow, India, whereas 
fresh leaves of O. vulgare (oregano) and P. crispum (parsley) were 
procured from plants growing in Central Institute of Medicinal and 

Aromatic Plants (CIMAP), Lucknow, India, on payment basis. The 
plants and their parts thereof were identified by the Department 
of Pharmacognosy CIMAP, Lucknow and were subsequently shade-
dried followed by grinding.

2.2  |  Preparation of extract(s)

The dried bark of C. zeylanicum and dried leaves of C. tamala, O. 
vulgare, and P. crispum were weighed and pulverized separately and 
filtered through a muslin cloth to make a powder. The soluble com-
ponents present in the coarse powder(s) were extracted with 3 parts 
of absolute ethanol and 1 part of the respective powder (1:3 ratio, 
w/v) in a percolator at room temperature for 24 to 48 h. Each ex-
traction was repeated three times and the solvent was evaporated 
in a Rota vapor. The yields were about 7.5% (w/w) for C. zeylanicum 
and O. vulgare extracts and 8.5% and 8% (w/w) for C. tamala and  
P. crispum extracts, respectively. Lyophilized crude extract(s) were 
kept in air-tight and labelled vials. The vials were stored in a desiccator.

2.3  |  Phytochemical characterization of extract(s) 
by HPLC

The plant extracts were characterized using HPLC on an ODS-2 
Thermo C18 RP column (250 × 4.6 mm, 5 μm particle size, main-
tained at 25°C). The mobile phase consisted of water and acetoni-
trile which was applied as a gradient for 45 min. The extract(s) were 
dissolved in HPLC grade water and filtered through sterile 0.45 μm 
Millipore filters prior to injection. The injection volume was 10 μl and 
the flow rate was set at 0.5 ml/min. The wavelength for absorbance 
was set at 255 nm.

Eluted peaks from HPLC were recorded at different retention 
times. The peak fractions were subsequently identified by compar-
ing their retention times on ODS-2 Thermo C18 RP column from re-
view of literature. The phytocomponents showing major abundance 
in the four plant extracts as evident from the % peak areas were 
selected for further in silico analysis.

2.4  |  Biological activity evaluation of ethanolic 
extract(s) of CZ, CT, OV, and PC

Drug repositioning (also called drug repurposing) involves the 
investigation of existing agents/drugs for new therapeutic pur-
poses. Keeping in view the extremely limited therapeutic op-
tions currently available to effectively combat the ongoing viral 
pandemic COVID-19, drug repositioning seems to be an attrac-
tive therapeutic option in this regard (McLaren & Papac, 1974). 
Interestingly, since cancer and viral diseases are known to pre-
sent with similar symptoms and signs (Petersdorf & Larson, 1983; 
Siddiqui et al., 2020), it was thought that agents/extract(s) having 
anticancer activity might also behave as potential antiviral agents. 
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To this effect, the cytotoxic/anticancer potential of CZ, CT, OV, 
and PC ethanolic extract(s) were evaluated against human breast 
cancer cell line MCF-7.

2.4.1  |  Cell lines

Human breast cancer cell line MCF-7 (ER+, PR+, HER2−, tumori-
genic, and non-invasive) and human normal kidney epithelial cell line 
HEK-293 were obtained from the National Centre for Cell Science 
(NCCS), Pune, India, and as such, were maintained by sub-culturing 
and passaging as monolayers in 25 and 75 cm2 cell culture flasks 
(Nest, Tarsons) at 37°C in Cell and Tissue Culture Lab, Era's Medical 
College, Lucknow, as reported earlier (Ahmad, 2019).

2.4.2  |  Cell culture

For experiments, cells were trypsinized and cultured (0.5 
× 105 cells/well) initially for 24 h, in 6-well plates (Linbro, MP 
Biomedicals) so as to allow the cells to attach. In separate experi-
ments, MDA and HEK-293 cells in culture medium were exposed 
to 10–100 μg/ml each of the prepared extract(s) in 50% DMSO 
for the next 48 h. Wells containing equal number of MCF-7 or 
HEK-293 cells in culture medium containing 50% DMSO (vehicle) 
served as controls. Results were interpreted as cell viability versus 
time period graph.

2.4.3  | Morphological study

For morphological analysis, cells in 6-well plates were observed 
under phase-contrast microscope and photographed (Nikon Eclipse 
Ti, Japan) as reported previously (Ahmad, 2019).

2.5  |  Cytotoxicity assays

2.5.1  |  (Methyl tetrazolium-MTT assay)

MTT assay provides an indication of mitochondrial integrity and ac-
tivity, which is interpreted as a measure of percent cell viability and 
was performed as reported previously (Ahmad, 2019).

2.6  |  Comparison of the cytotoxic 
activity of extracts

The question whether extract mediated cytotoxicity was selective 
to cancer cells and not to normal cells was addressed by evaluating 
the effects of the ethanolic extract(s) on normal epithelial cells HEK-
293 both morphologically and by MTT assay as reported previously 
(Husain et al., 2018).

2.7  |  Statistical analysis

Cell viability data were expressed as the mean ± SD from three inde-
pendent experiments. Statistical evaluation was determined by one-
way ANOVA followed by Dunnett's Multiple Comparison Test using 
GraphPad Prism software (Version 5.01). A p-value less than .05 was 
considered as statistically significant.

2.8  |  PASS analysis and drug-likeness evaluation

To predict the biological activities of chemical compounds, an 
online web tool known as PASS (Prediction of Activity Spectra 
for Substances) is used. To predict the pharmacological behavior, 
mechanism of action, and adverse effects if any, of the selected 
phytoconstituents versus reference drug remdesivir (Lipinski 
et al., 1997), OSIRIS Property Explorer version 4.51 (http://www.
openm​olecu​les.org/prope​rtyex​plore​r/index.html) was used in this 
study.

Lipinski's five rule (RO5) was used to determine the druglike-
ness of the selected phytoconstituents versus remdesivir against 
SARS-CoV-2 (Daina et al.,  2017). According to the rule, ligands 
having good membrane permeability have MW ≤ 500, logP ≤ 5, hy-
drogen bond acceptor sites (NON) ≤ 10, number of hydrogen bond 
donors (NOHNH) ≤ 5, and topological polar surface area (TPSA) 
≤140 Å2. There should be no more than one violation of the crite-
ria for an orally active drug.

2.9  |  Pharmacokinetic (PK) parameters prediction

The ADMET features of selected phytoconstituents such as absorp-
tion, distribution, metabolism, excretion, and toxicity were calculated 
using online SwissADME software to determine their pharmacoki-
netic feasibility as therapeutic candidates. These features were used 
to predict the biochemical and physiological properties like blood-
brain barrier (BBB) permeability, human intestinal absorption (HIA), 
behavior as P-gp substrate, inhibition of P-glycoprotein, and skin 
permeability of the selected phytoconstituents versus remdesivir 
(Aniyery et al., 2015; Verma, 2012).

2.10  |  Bioactivity score prediction

Molinspiration version 2016.10, a web-based tool was used to deter-
mine the drug score values for the selected phytoconstituents versus 
remdesivir. Human receptors viz. ion channels, kinases, GPCRs, pro-
teases, nuclear receptors and enzymes are the common protein tar-
gets against which the bioactivity scores (BAS) for particular ligands 
are predicted. A compound is considered to be active if the BAS 
is greater than 0.0; moderately active if the BAS is between −5.0 
and 0.0 and inactive if the BAS is less than −5.0 (Khan et al., 2018; 
Martin, 2005).

http://www.openmolecules.org/propertyexplorer/index.html
http://www.openmolecules.org/propertyexplorer/index.html


6 of 36  |     HUSAIN et al.

2.11  |  Toxicity potential assessment

In order to analyze the toxicity of the selected phytoconstitu-
ents versus remdesivir, OSIRIS Data Warrior Version 4.5 was used 
(Lipinski et al., 1997). Assessment of toxicity gives an idea about the 
possible side effects of chemical compounds in the form of tumo-
rigenic, mutagenic, irritant, and adverse reproductive effects. The 
process of drug discovery and development involves assessment of 
toxicity risk as a critical and early step.

2.12  |  Principal component analysis (PCA)

PCA was used to define and visualize several multidimensional 
properties like MW, percent Absorption, and TPSA on the selected 
phytoconstituents and remdesivir using Osiris Property Explorer 
4.5.1. To depict drug-likeness of the phytoconstituents versus the 
remdesivir, bar charts and 3D scatter plots of principal components 
were created using OSIRIS Property Explorer 4.5.1 (http://www.
openm​olecu​les.org/prope​rtyex​plore​r/index.html) and AccelrysBiovia 
Discovery Studio version 2017 R2 (Lipinski et al., 1997).

2.13  |  Ligand preparation

PubChem and ChEMBL databases were used to retrieve the 3-D 
structures of the 11 selected active components and downloaded 
in SDF format. Merck Molecular Force Field (MMFF94) was used 
for performing energy minimization of components prior to docking 
(Lipinski et al., 1997).

2.14  |  Target protein preparation

Nucleocapsid protein N-terminal domain (PDB ID: 6M3M) and nucle-
ocapsid protein C-terminal domain (PDB ID: 7C22) of SARS-CoV-2 were 
chosen as prospective viral protein targets and their 3D crystal struc-
tures were downloaded in PDB format from protein data bank and their 
refinement and energy minimization were carried out. AccelrysBiovia 
Discovery Studio version 2017 R2 was used for the visualization of 
structures. Chimera 1.12 was used for receptor energy minimization by 
using a default constraint of 0.3Å root mean square and AMBER force 
field 14SB following which structural refinement, removal of structural 
inconsistencies (Lipinski et al., 1997; Pettersen et al., 2004), and energy 
calculations were done. MMTK was used for performing the minimiza-
tion routine which is included with Chimera (Srivastava et al., 2020).

2.15  |  Molecular docking of selected components 
with selected targets

The major bioactive components present in ethanolic extract(s) 
of CZ, CT, OV, and PC (Table  2) and remdesivir were subjected 

to molecular docking studies with the above protein targets 
(Ahmad, 2019; Lipinski et al., 1997; Srivastava et al., 2020).

2.15.1  |  AutoDock

AutoDock version 4.2.6 was used to measure the binding energies in 
kcal/mol and Kd values of the active components versus remdesivir 
to each of the selected target proteins. Accelrys Biovia Discovery 
Studio version 2017 R2 and PyMol were used to analyze the best 
docking orientations of the active components with the selected 
proteins (Ahmad, 2019; Lipinski et al., 1997; Srivastava et al., 2020).

2.15.2  |  Validation of docking analysis

Two additional docking softwares viz. AutoDock Vina (Trott & 
Olson, 2010) and iGEMDOCK v2.1 (Yang & Chen, 2004) were used 
to further validate the docking results. AutoDock Vina is two times 
more accurate and faster than AutoDock 4 and automatically gener-
ates grid maps and clusters the results (Trott & Olson, 2010). On the 
other hand, iGEMDOCK uses a generic evolutionary method (GA) to 
compute a ligand conformation and orientation relative to the bind-
ing site of protein target. Therefore, docking performance is directly 
related to the selected GA parameters (Yang & Chen, 2004).

A total of 10 best docking poses are generated by AutoDock 
v4.2.6 and AutoDock Vina on the basis of the 10 best possible ori-
entation(s) of the ligand(s) in the protein binding pocket in terms of 
lowest binding energy (B.E.) and dissociation constant (Kd). On the 
other hand, iGEMDOCK generates 70 poses in order to calculate 
ligand conformation and orientation with respect to the target pro-
tein binding site via standard docking. Best fit is selected on the basis 
of total energy viz. vdW (van der Waals energy), H-bond (hydrogen 
bonding energy), and Elect (electrostatic energy) of the predicted 
pose at the protein binding site.

2.15.3  | Molecular dynamics (MD) simulation

MD simulation was carried out with Desmond module (Schrödinger 
Release 2020-4) package with apigenin bound with SARS-CoV-2 
N-terminal RNA binding domain of nucleocapsid protein (PDB ID: 
6M3M) and cinnamic acid bound with SARS-CoV-2 C-terminal do-
main of nucleocapsid protein (PDB ID: 7C22). The force field used 
for Molecular dynamics (MD) simulations was OPLS3e.The water-
soaked solvated system was created in Desmond using the System 
Builder tool. The TIP3P model of water was considered for solvating 
the system. A buffer distance of at least 10 Å from the protein's outer 
surface was used to construct the orthorhombic box with periodic 
boundary conditions. Simulations were run with the OPLS-3e force 
field. An adequate quantity of counter-ions were added to the sys-
tem to neutralize it. By adding 0.15 M NaCl to the simulation box, the 
iso-osmotic state was maintained. Before the simulation's production 

http://www.openmolecules.org/propertyexplorer/index.html
http://www.openmolecules.org/propertyexplorer/index.html
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run, a prescribed equilibration protocol was followed. After equili-
bration, the unrestrained production phase was run under NPT en-
semble for 100 ns at 300 K temperature and 1.01325 bar pressure. 
A total of 100 nanoseconds of simulation time was used with 1000 
frames saved to the trajectory. The simulation interaction diagram 
was utilized to examine the MD simulation trajectory using RMSD, 
RMSF, hydrogen bond analysis, and radius of gyration (Rg).

3  |  RESULTS

3.1  |  HPLC analysis of cinnamon/dalchini (DLC), 
bay leaf/tejpatta (TJP), oregano (ORG), and parsley 
(PRL) extract(s)

Retention time (Rt) of compounds contained in the four extract(s) 
were ascertained. LC chromatogram of cinnamon (Dalchini) extract 
showed four peaks indicative of presence of three major bioactive 
components viz. cinnamic acid (Rt  =  6.450 min), cinnamaldehyde 
(Rt  =  6.786 min), and eugenol (Rt  =  7.459 min). Bay leaf extract 
displayed three major peaks of catechin (Rt = 6.085 min), eugenol 
(Rt  =  7.211 min), and apigenin (Rt  =  19.496 min). Oregano extract 
displayed four major peaks of carvacrol (Rt  =  3.825 min), thymol 
(Rt = 4.259 min), citral (Rt = 6.046 min), and eugenol (Rt = 7.102 min). 
Parsley extract showed three major bioactive component peaks 
of apiin (Rt  =  3.865 min), limonene (Rt  =  6.50 min), and eugenol 
(Rt = 7.367 min; Figure 1).

Table 1 delineates the molecular formula (MF), molecular weight 
(MW), chemical structure, PubChem IDs, chemical class, etc. of 
compounds identified in ethanolic extract(s) of cinnamon bark, bay 
leaves, oregano and parsley leaves using HPLC.

3.2  |  Evaluation of the cytotoxic potential of 
ethanolic extract(s) of CZ, CT, OV, and PC on MCF-
7 cells

Treatment of human breast cancer cell line MCF-7 with ethanolic 
extract(s) of CZ, CT, OV, and PC in the range 33−100μg/ml yielded 
IC50 values of 47, 110, 230, and 190 μg/ml, respectively, by MTT 
assay. All extract(s) caused significant alteration in morphology of 
the cells and the cells assumed a more rounded and spherical ap-
pearance in contrast with their epithelial-like morphology (Figure 2). 
MCF-7 cell line has recently been used as a cell culture model in a 
number of in vitro cytotoxicity studies of ZnO-reduced graphene 
oxide nanocomposites (ZnO-RGO NCs) using garlic-clove extract 
(Ahamed et al.,  2021a; 2022), bismuth oxide nanoparticles (Bi2O3 
NPs) (Ahamed et al., 2019) as well as silver-reduced graphene oxide 
nanocomposites (Ag/RGO NCs) using orange peel extract (Ahamed 
et al.,  2021b). Interestingly, the extract(s) had negligible effect on 
normal HEK-293 cells (Figure  2). These observations hold great 
significance in further and future exploration of the potential anti-
viral effect(s) of the phytoconstituents present in these extract(s). 

Although their anticancer potential is either known or well-defined 
(Husain et al., 2018), very little is known about their antiviral efficacy. 
In the present study, an attempt was made to explore the antiviral 
potential of these phytocomponents using in silico biology tools.

3.3  |  Virtual screening of major phytoconstituents 
present in extract(s) of CZ, CT, OV, and PC on the 
basis of physicochemical parameters and drug-
likeness

Based on the HPLC results, the above phytoconstituents were ana-
lyzed for their drug-like characteristics using Lipinski's rule (Table 2). 
In general, an orally active pharmaceutical drug candidate should not 
have more than one violation of Lipinski's criteria; otherwise, its bio-
availability may be jeopardized (Lipinski et al., 1997).

It is evident from Table 2, that except for apiin, neither of the 
screened phytoconstituents exhibited any Lipinski's violation. 
However, remdesivir displayed two violations of Lipinski's rule.

A high MW favors digestion and slower absorption from the gas-
trointestinal system consequently lowering drug concentration and 
bioavailability in the bloodstream. In the current study, the MWs 
of all selected phytoconstituents except apiin and reference drug 
remdesivir were found to be less than 500, thus favoring rapid GI 
absorption (Table  2). This was found to be in agreement with the 
calculated LogP values of the selected phytoconstituents (Table 2). 
Apart from apiin and the reference drug remdesivir, all phytocompo-
nents were found to be lipophilic in nature, implying that they were 
well-absorbed across cell membranes.

3.4  |  Evaluation of pharmacokinetic parameters of 
major phytoconstituents from CZ, CT, OV, and PC 
versus reference drug remdesivir using SwissADME

As evident from Table  3, most of the phytoconstituents were 
found to be capable of crossing the BBB versus phytoconstituents 
apigenin, catechin, apiin, and remdesivir which did not exhibit BBB 
permeability. Except for catechin, apiin, and reference drug rem-
desivir, none of the phytoconstituents were found to behave as 
P-glycoprotein substrates, indicating that they are unlikely to be 
pushed out of the cell by the glycoprotein reducing the likelihood 
of cells developing resistance to them. In contrast to the reference 
drug remdesivir, eugenol, apigenin, carvacrol, and thymol were 
found to function as CYP1A2 inhibitors, indicating that they were 
less likely to be metabolized and rendered inactive by the enzyme. 
On the other hand, none of the phytoconstituents including rem-
desivir were found to behave as CYP2C19 inhibitors. CYP2C19 is 
an enzyme that catalyzes the metabolism of a wide range of drugs. 
Cinnamic acid and limonene were predicted to inhibit CYP2C9, a 
key enzyme involved in the oxidation of xenobiotic and endog-
enous molecules, particularly drugs having a limited therapeutic 
efficacy. Except for apigenin, none of the phytoconstituents were 
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predicted to behave as CYP2D6 and CYP3A4 inhibitors, indicat-
ing their reduced metabolism and elimination by these enzymes, 
thereby resulting in increased plasma concentrations vis-à-vis 
other phytoconstituents. Remdesivir was also found to behave as 
a CYP3A4 inhibitor (Table 3).

The term "skin permeability" (Kp) is commonly used to character-
ize the rate of chemical penetration through the skin's outermost layer 
(epidermis). All 10 phytocomponents including the reference drug rem-
desivir, displayed negative Kp values, indicating that these phytocon-
stituents are less likely to be absorbed via the skin (Potts & Guy, 1992).

3.5  |  Bioactivity score (BAS) analysis

Biological targets of potential drug candidates include ion chan-
nels, proteases, kinases, G-protein coupled receptors (GPCRs), nu-
clear receptors, and enzymes. If the BAS is greater than 0.0, the 
potential drug molecule is pharmacologically active; if it is between 

−5.0 and 0.0, the drug molecule is moderately active; and if the 
BAS is less than −5.0, the drug molecule is inactive. In the present 
study, BAS of major components found in CZ, CT, OV, and PC was 
determined by Molinspiration (www.molin​spira​tion.com) (Table 4).

As GPCR ligands: Most of the phytoconstituents were predicted 
to be moderately active except catechin and apiin. Remdesivir too 
had a positive BAS.

As ICMs: Most of the phytoconstituents including remdesivir had 
negative BAS scores and were predicted to be moderately active ex-
cept catechin which had a positive BAS.

As KIs: All phytoconstituents were predicted to behave as 
moderately active kinase inhibitors except apigenin, catechin, and 
apiin which had a positive BAS. Remdesivir also had a positive BAS 
as KI.

As NRLs: Apigenin, catechin, and apiin had positive scores as NRLs.
As PIs: Most of the phytoconstituents possessed negative BAS 

indicating their moderate activity as PIs except catechin, and apiin. 
Remdesivir too had a positive BAS as PI.

F I G U R E  1 HPLC profiling of (a) cinnamon/dalchini (DLC) (b) bay leaf/tejpatta (TJP), (c) oregano (ORG), and (d) parsley (PRL) extract(s).

http://www.molinspiration.com
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As EIs: Apigenin, catechin, apiin as well as remdesivir possessed 
positive BAS suggesting that they may act as enzyme inhibitors, 
whereas other phytoconstituents were predicted to behave as mod-
erate enzyme inhibitors.

3.6  |  Druglikeness and toxicity risk analysis using 
OSIRIS data warrior

A positive druglikeness value for a molecule suggests that it contains 
fragments that are commonly found in commercial pharmaceuticals 
(Proudfoot, 2002). Cinnamic acid, apigenin, catechin, and apiin were 
found to have a druglikeness potential of >0. On the other hand, 
eugenol, carvacrol, and thymol were found to possess druglikeness 
potential between −5.0 and 0.0. Interestingly, remdesivir had a nega-
tive value of druglikeness less than −5 (Table 5).

In silico prediction of druglike qualities has now become the 
norm for pharmaceutical firms in order to classify pharmacological 
compounds and their commercial potential. The unsuitable mol-
ecules may have harmful effects on biological systems and, are, 
thus, removed from drug screening. Tumorigenicity, mutagenicity, 
irritant, and adverse effects on the reproductive system are some 
of the parameters for which molecules under study are evaluated. 
In the present study, catechin and apiin were predicted to have 
no mutagenic, tumorigenic, anti-reproductive, and irritant effects 
as compared to other phytoconstituents and remdesivir (Table  5). 
Interestingly, in vitro toxicity assessment of the extract(s) containing 

the ten bioactive compounds on normal human kidney epithelial cell 
lines also displayed no toxic effects (Figure 2).

3.7  |  Principal component analysis

Multivariate analysis was performed using PCA in an attempt to 
model the overall variance of the data set. PCA was conducted using 
linear correlation on physicochemical properties like absorption 
rate, TPSA, MW, clog P, natoms, NOHNH, nON, number of rotatable 
bonds, and Lipinski's violations (Figure 1a,b).

As seen in Figure 3, most phytoconstituents had similar physico-
chemical properties in 3D, with the exception of apiin and limonene, 
which were closer to the antiviral drug remdesivir. Table  6, rep-
resents the Bravais-Pearson (linear correlation) coefficients of se-
lected major components in CZ, CT, OV, and PC versus remdesivir for 
physiochemical properties, druglikeness, and bioactivity prediction.

3.8  |  Molecular docking studies of major 
phytoconstituents from CZ, CT, OV, and PC with 
respect to selected target proteins

The selected phytoconstituents were docked with N-terminal domain 
of nucleocapsid protein (PDB ID: 6M3M) and C-terminal domain of 
nucleocapsid protein (PDB ID: 7C22) of SARS-CoV-2. Three dock-
ing programs viz. Auto Dock 4.0, AutoDock Vina and iGEMDOCK 

F I G U R E  2 (Left panel): Morphological and cytotoxic activity analysis of (A) dalchini (DLC) ethanolic extract (Control and experimental 
[33–100 μg/ml]) (B) tejpatta (TJP) ethanolic extract (Control and experimental[33–100 μg/ml]) (C) oregano (ORG) ethanolic extract Control 
and experimental [33–100 μg/ml]) and (D) parsley (PRL) ethanolic extract Control and experimental [33–100 μg/ml]) against human MCF-7 
and HEK-293 cells, respectively, after 48 hr of incubation (Magnification 10×). The final concentration of DMSO in each well did not exceed 
0.5% (v/v). (Right panel) Percent cell viability versus concentration of (a) DLC (b) TJP (c) ORG, and (d) PRL ethanolic extract(s). Values are 
expressed as mean ± SD of three independent experiments. *p < 0.05 as compared to control.
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predicted the binding energies and dissociation constants (Kd) of se-
lected phytoconstituents with respect to the above protein targets 
that have been presented in Tables 7 and 8. The prediction of bind-
ing sites of the phytoconstituents on the selected target proteins was 
fairly similar by the three docking softwares (Tables  7 and 8). The 
common interacting amino acids obtained via the three softwares 
have been written in bold form in Tables 7 and 8. For the sake of refer-
ence and comparison, the binding energies and dissociation constants 
as calculated by AutoDock v4.2.6 have been taken into consideration.

As is evident from Table  7, apigenin displayed the greatest 
affinity (B.E.−8.11 kcal/mol, Kd1.14 μM) toward SARS-CoV-2 nu-
cleocapsid protein NTD, followed by catechin (B.E. −6.61 kcal/
mol, Kd 14.3 μM) and apiin (B.E. −6.10 kcal/mol, Kd 34.0μM) ver-
sus remdesivir (B.E. −4.61 kcal/mol, Kd 414.94 μM), which showed 
lesser affinity for nucleocapsid protein than all the three selected 
phytoconstituents.

With respect to SARS-CoV-2 nucleocapsid protein CTD, the 
binding efficacies of the top three phytoconstituents decreased in 
the order apigenin>cinnamic acid>catechin (Table  8) with remde-
sivir displaying lesser affinity for SARS-CoV-2 nucleocapsid CTD 
than the above phytoconstituents. The best docking poses of the 
selected phytoconstituents and remdesivir with respect to the NTD 
and CTD of SARS-CoV-2 nucleocapsid protein generated by the 
three docking softwares have been depicted in Tables S1.2 and S1.3.

3.9  |  Molecular dynamics simulation

3.9.1  |  Stability analysis of complexes by RMSD

Structural variations of the Cα atoms were first computed separately 
for each time point during the RMSD analysis for MD simulation of 

TA B L E  4 Bioactivity scores of selected phytoconstituents from CZ, CT, OV, and PC versus reference drug remdesivir calculated by 
Molinspiration software

S.No

Bioavtivity score (BAS)

Phytoconstituent GPCR ligand
Ion channel 
modulator

Kinase 
inhibitor

Nuclear 
receptor ligand

Protease 
inhibitor

Enzyme 
inhibitor

1. Cinnamaldehyde −1.09 −0.39 −1.24 −0.96 −0.79 −0.46

2. Cinnamic acid −0.74 −0.40 −1.14 −0.47 −0.98 −0.30

3. Eugenol −0.86 −0.36 −1.14 −0.78 −1.29 −0.41

4. Apigenin −0.07 −0.09 0.18 0.34 −0.25 0.26

5. Catechin 0.41 0.14 0.09 0.60 0.26 0.47

6. Carvacrol −1.02 −0.51 −1.15 −0.70 −1.25 −0.56

7. Thymol −1.05 −0.53 −1.29 −0.78 −1.34 −0.57

8. Citral −0.86 −0.25 −1.29 −0.42 −0.57 −0.02

9. Limonene −0.91 −0.27 −2.01 −0.34 −1.38 −0.21

10. Apiin 0.18 −0.17 0.09 0.18 0.17 0.42

11. Remdesivir 0.27 −0.35 0.20 −0.48 0.49 0.38

TA B L E  5 Druglikeness and toxicity predictions of major phytoconstituents from CZ, CT, OV, and PC versus reference drug remdesivir 
calculated by OSIRIS property explorer

Drug-likeness properties

S.No. Phytoconstituent PCID Drug-likeness Mutagenic Tumorigenic Reproductive effective Irritant

1. Cinnamaldehyde 637511 −5.389 High High High High

2. Cinnamic acid 444539 0.1675 None None None High

4. Eugenol 3314 −4.6405 High High None High

5. Apigenin 5280443 0.28194 High None None None

6. Catechin 9064 0.31525 None None None None

7. Carvacrol 10364 −2.3359 None None None High

8. Thymol 6989 −2.3359 High None High None

9. Citral 638011 −7.3057 Low High High Low

10. Limonene 22311 −21.855 None None None Low

11. Apiin 5280746 0.34498 None None None None

12. Remdesivir 121304016 −21.281 None High High High
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SARS-CoV-2 nucleocapsid protein NTD (PDB ID: 6M3M)-apigenin 
complex and SARS-CoV-2 nucleocapsid protein CTD (PDB ID: 
7C22)-cinnamic acid complex (Figure 4a,b). The RMSD analysis gave 
an insight into the rotational displacement of atoms in SARS-CoV-2 
NTD and CTD of nucleocapsid protein over the time period of 100 
ns. The RMSD analysis of ligands also gave an insight into the stabil-
ity of the respective ligand with respect to the interacting amino 
acids of the viral nucleocapsid protein. Figure  4a represents the 
RMSD graph of SARS-CoV-2 nucleocapsid protein NTD (6M3M) de-
picting the initial displacement of protein Cα atoms. The equilibrium 
phase was attained toward the end of simulation with RMSD values 
between 1.48-5.82Å while the ligand (apigenin) RMSD ranged be-
tween 0.95-23.42 Å showing several displacements throughout the 
100 ns simulation (Table 9). In MD simulation of 100 ns, apigenin was 
found to be best stable from 20.6 to 48.5 ns with RMSD values of 
8.689-12.622 Å. A detail analysis of ligand fit on protein has been 
provided in Table 10.

On the other hand, Figure  4b depicts an in-depth analysis of 
RMSD values of protein Cα atoms of nucleocapsid protein CTD 
(7C22) showing several time fluctuations over 100 ns MD simulation 
with RMSD values 1.43-11.72 Å. The ligand (cinnamic acid) position 
was found to shift from its original position to other positions several 
times with RMSD values between 0.64-23.24 Å.

3.9.2  |  Stability analysis of complexes by RMSF

The RMSF values of Cα atoms of 6M3M and 7C22 were found to 
range between 0.722-8.52 and 0.84-20.64 Å, respectively, denoting 
the secondary structural changes in both the proteins (Figure 5a,b). 
On comparing the RMSF values of both proteins, 6M3M showed 
lesser structural changes than 7C22. Thus, 7C22 displayed lower 
stability than 6M3M.In contrast, the RMSF values of 6M3M amino 

acids that were found to interact with apigenin ranged between 
0.764 and 8.76 Å showing stable interaction between apigenin and 
interacting amino acid in fractions of 100 ns MD simulation. RMSF 
values of interacting amino acids of 7C22 with cinnamic acid were 
found to range between 0.95 and 20.78 Å denoting very little stabil-
ity between ligand and interacting amino acids.

3.9.3  |  Protein-ligand contact analysis

Protein-ligand contact analysis histogram of 6M3M revealed B: 
Arg69 as the best interacting amino acid as it exhibited hydrogen 
bonds, water bridges, and hydrophobic interactions with apigenin 
(Figure 6a). Detailed interaction of apigenin with 6M3M at 100 ns 
with various types of non-covalent interactions viz. H-bond, hydro-
phobic, ionic bond and water bridges have been depicted in histo-
gram (Figure 7a).

On the other hand, A:Thr265, C:Lys257, C:Lys261, and C:Arg262 
were found to be the best interacting amino acids in 7C22 with H-
bonds, hydrophobic bonds, ionic bonds, and water bridges. Detailed 
interaction of cinnamic acid with 7C22 over 100 ns with H-bonds, 
hydrophobic bonds, ionic bonds, and water bridges have been dis-
played in histogram (Figure 7b).

3.9.4  |  Ligand properties

The ligand properties were analyzed with the reference con-
formation from the first frame during MD simulation of 100 ns. 
The RMSDs of the ligands apigenin (Figure  8a) and cinnamic acid 
(Figure  8b) were evaluated with values of 0.094-0.81 and 0.063-
0.683 Å, respectively, with reference conformation time t = 0. The 
radius of gyration (rGyr), which allows to assess the compactness 

F I G U R E  3 Principal component analysis of physicochemical properties of major phytoconstituents from CZ, CT, OV, and PC versus 
reference drug remdesivir (a) Scatter Plot (b) 3D Point Plot.
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fluctuation of a ligand-protein complex was found to have values 
of 3.56–3.75 Å and 2.76–2.92 Å for apigenin and cinnamic acid, re-
spectively. Intramolecular hydrogen bonds (intraHB) were detected 
for apigenin in 982 frames whereas for cinnamic acid, no intraHB 
were detected throughout the 100 ns simulation time. Molecular 
Surface Area (MolSA) was calculated with 1.4 Å probe radius which 
is equivalent to a van der Waals surface area and was found to be 
in the range 236.28–244.26 and 159.01–165.05 Å2 for apigenin and 
cinnamic acid, respectively. Solvent Accessible Surface Area (SASA) 
analysis calculates the interaction between a ligand and solvent 
(water) throughout the 100 ns MD simulation and was found to be in 
the range of the value of 67.40–456.77 and 21.79–244.48 Å2 for api-
genin and cinnamic acid respectively. The Polar Surface Area (PSA) 
was also evaluated to determine whether solvents could obtain the 
surface area of the ligands and was found to be in the range 188.8–
200.29 and 90.17–96.28 Å2, respectively, for apigenin and cinnamic 
acid by contributing oxygen and nitrogen atoms.

4  |  DISCUSSION

CoVs belonging to the coronaviridae family of enveloped viruses 
are divided into four genera (α, β, γ, and δ). They are positive-sense 
single stranded enveloped RNA (ssRNA) viruses with diameter rang-
ing between 60 to 140 nm which can spread from animal to animal, 
animal to human, and human to human contact. They appear to have 
multiple spike-like projections on the surface, giving them a crown-
like look under the electron microscope, hence the name “coronavi-
ruses” (Trivedi et al., 2021).

Spike (S) protein, membrane (M) protein, envelope (E) protein, 
and nucleocapsid (N) protein are the four basic structural proteins 
(Pal & Kerorsa, 2020). The major functions of the coronavirus nucle-
ocapsid (N) protein are interaction and packaging of the viral genome 
into ribonucleoprotein (RNP) structure (De Haan & Rottier, 2005; 
Kwarteng et al., 2020; Masters, 2006; Yoshimoto, 2020). Not only 
this, the N protein has several critical roles to perform throughout 
the distinct stages of the viral life cycle (McBride et al., 2014) viz. viral 
budding (McBride et al., 2014), viral assembly (De Haan et al., 1998), 
host cell cycle regulation (Surjit et al., 2005), and viral mRNA repli-
cation regulation (Cavanagh, 2004; Van Der Meer et al., 1999). Thus, 
the N protein could be a suitable target from a pharmacological and 
immunological perspective owing to the above roles and its high 
expression during viral infection (Kwarteng et al., 2020). Exploiting 
N-protein as a target offers opportunities to obstruct and stall coro-
navirus assembly, protein transcription and genomic replication. As 
the COVID-19 pandemic rages on, pharmaceutical alternatives are 
majorly directed toward either novel drug discovery from existing 
natural products/phytocomponents, or drug repurposing of already 
known therapeutic entities to reveal their antiviral potential in order 
to shorten the drug research timeframe (Serafin et al., 2020). To this 
effect, complementary and alternative medicine therapy includes 
a number of medicinal plants and their phytoconstituents thereof 
that might possess antiviral/immunomodulatory activity against S.
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F I G U R E  4 RMSD values (Å) of (a) SARS-CoV-2 nucleocapsid protein NTD-apigenin complex and (b) SARS-CoV-2 nucleocapsid protein 
CTD-cinnamic acid complex versus simulation time (100 ns).

TA B L E  9 Detailed properties and fluctuations of SARS-CoV-2 nucleocapsid protein NTD (6M3M) and CTD (7C22)

Properties
SARS-CoV-2 nucleocapsid protein NTD 
(6M3M)

SARS-CoV-2 nucleocapsid 
protein CTD (7C22)

Protein Cα RMSD 1.48-5.82 1.43-11.72

Ligand write on protein-RMSD 0.95-23.42 0.64-23.24

Protein Cα RMSF 0.722-8.52 0.84-20.64

Ligand RMSF 0.764-8.76 0.95-20.78

Ligand RMSD with reference conformation 0.094-0.81 0.063-0.683

rGyr 3.56-3.75 2.76-2.92

intraHB 982 0

MolSA 236.28-244.26 159.01-165.05

SASA 67.40-456.77 21.79-244-48

PSA 188.8-200.29 90.17-96.28
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SARS-CoV-2 with no serious side effects (Russo et al., 2020; Trivedi 
et al.,  2021). The N-terminal RNA binding of SARS-CoV-2 nucleo-
capsid protein (PDB ID: 6M3M) has recently been found to be an 

attractive target for a number of phytoconstituents from N. sativa 
(Siddiqui et al.,  2020), Mentha arvensis, Coriandrum sativum, and 
Ocimum sanctum (Muthumanickam et al., 2021).

The crude extract of cinnamon bark is known to provide relief 
from several lung conditions, including pneumonia, infectious ill-
ness, and malignant pulmonary edema (Lai et al., 2018; Townsend 
et al.,  2013). Since time immemorial, cinnamon bark formulations 
have been   used in the treatment of pyrexia, inflammation, in-
fluenza, common cold and cough, dysentery, vomiting and pain 
(Cheng, 1983). The in vitro antiviral effects of Cinnamon extract are 
also known against wild-type SARS infection (Zhuang et al., 2009). 
Cinnamon essential oil contains about 45%–65% of cinnamaldehyde 
and cinnamic acid having potent antiviral, antimicrobial, antifungal, 
anti-atherosclerosis, anti-cancer, anti-inflammatory, anti-ulcer, anti-
diabetic, anti-hypertensive, antioxidant and cholesterol and lipid-
reducing effects (Connell et al., 2016; Fabros Jr et al., 2018; Rahman 
et al., 2021). The next important component in cinnamon that con-
tributes to its biological activity is eugenol (Ademiluyi et al., 2020). 
A number of phytoconstituents from C. zeylanicum viz. cinnamyl 
acetate, caryophyllene oxide, alpha-copaene, camphor, eugenol, 
cinnamaldehyde, etc., have shown good to moderate binding to 
SARS-CoV-2 main protease (PDB ID: 6LU7; Mulpuru & Mishra, 2021). 
Forty-eight compounds from cinnamon have been tested for their 
binding kinetics to SARS-CoV-2 main protease (PDB ID: 6LU7) and 
spike receptor domain of SARS-CoV-2 complexed with ACE2 (PDB 
ID: 6LZG; Prasanth et al., 2020). Another study has reported the 
in silico evaluation of the binding kinetics of major phytoconstitu-
ents of essential oils derived from plants belonging to Lamiaceae, 
Lauraceae, Myrtaceae, Apiaceae, Geraniaceae, and Fabaceae fam-
ilies to the receptor binding domain (RBD) of S1 subunit of SARS-
CoV-2 spike glycoprotein (PDB ID: 6M0J; Ghosh,  2020; Kulkarni 
et al., 2020). The present study is the first of its kind to report the 
antiviral efficacy of C. zeylanicum against NTD and CTD of SARS-
CoV-2 nucleocapsid protein. An Ayurvedic formulation/decoction 
known as “AyushKwath” of which C. zeylanicum is a major constit-
uent (Gautam et al., 2020), has been recommended by the Ministry 
of AYUSH, Government of India, against COVID-19 on account of 
its immunomodulatory, antiviral, anti-oxidant, anti-inflammatory, 
anti-platelet, cardioprotective, hepatoprotective and renoprotective 
properties.

The binding kinetics of C. tamala, commonly known as Laurus 
nobilis L. (bay laurel), and its phytoconstituents to the SARS-CoV-2 
major protease have been investigated in silico (Loizzo et al., 2008; 
Verma et al., 2020). It has been found recently that lower mortal-
ity pertaining to SARS-CoV-2 has been found in forested areas 
where C. tamala grows in abundance, suggesting its antiviral activ-
ity (Roviello & Roviello, 2021). The above observations and other 
studies (Hossain et al., 2020; Orhan & Senol Deniz, 2020; Silveira 
et al., 2020) prompted testing of C. tamala phytoconstituents against 
NTD and CTD of SARS-CoV-2 nucleocapsid protein in the present 
study.

Carvacrol (C10H14O), a monoterpenoid of the phenolic group 
[2-methyl-5-(1-methylethyl) phenol] and its isomer thymol is found 

TA B L E  1 0 Stability of 6M3M-apigenin complex at different time 
fractions over 100 ns MD simulation

NS Min Max Stability

0–6.3 0.959 8.435 *

6.4–11.5 9.6 12.619 **

11.6–14.3 6.912 9.592 **

14.4–20.5 9.223 14.235 ***

20.6–48.5 8.689 12.622 ***

48.6–56.7 8.916 23.42 *

56.8–100 5.937 12.495 **

***Most stable.; **Stable.; *Least stable.

F I G U R E  5 RMSF analysis of (a) SARS-CoV-2 nucleocapsid 
protein NTD-apigenin complex and (b) SARS-CoV-2 nucleocapsid 
protein CTD-cinnamic acid complex for 100 ns simulation.
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in essential oils of a variety of fragrant plants including oregano 
(Origanum vulgare L.) and thyme (Thymus vulgaris L.). Carvacrol acts 
as a potential antioxidant and immunomodulatory agent and its de-
rivatives are likely to protect against inflammation, immunological 
dysfunction, and infection caused by SARS-CoV-2 (Asif et al., 2020; 
Javed et al., 2020). Although the binding affinity of carvacrol has 

been reported in silico against SARS-CoV-2 main protease (PDB ID: 
5R7Y) (Kumar et al., 2020) and S1 subunit of SARS-CoV-2 S protein 
(Asif et al., 2020; Kulkarni et al., 2020), its binding to NTD and CTD 
of SARS-CoV-2 nucleocapsid protein has still not been investigated. 
This has been the criterion for evaluating the anti-SARSCoV-2 effi-
cacy of carvacrol and thymol from O. vulgare in the present study.

F I G U R E  6 Interacting amino acid residues in (a) SARS-CoV-2 nucleocapsid protein NTD-apigenin complex and (b) SARS-CoV-2 
nucleocapsid protein CTD-cinnamic acid complex for 100 ns simulation (In case of (a) interactions over 30% of simulation time have been 
depicted whereas in case of (b) interactions over 20% of simulation time have been shown only).

F I G U R E  7 Non-covalent interactions in (a) SARS-CoV-2 nucleocapsid protein NTD-apigenin complex and (b) SARS-CoV-2 nucleocapsid 
protein CTD-cinnamic acid complex for 100 ns simulation.
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An in vivo investigation has investigated the effect of carvacrol in 
mice with lung emphysema induced by elastase (Games et al., 2016). 
Findings revealed that carvacrol administration reduced alveolar 

expansion, macrophages infiltration and levels of IL-1β, IL-6, IL-8, and 
IL-17 in the bronchoalveolar lavage fluid. However, compared to the 
disease control group, the carvacrol-treated mice had significantly 

F I G U R E  8 Ligand properties demonstrated for (a) Apigenin and (b) Cinnamic acid by RMSD (Blue Line), rGyr (Green Line), MolSA (Orange 
line), SASA (Cyan blue line), and PSA (Brown line).
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less lung inflammation and emphysema. Furthermore, as previ-
ously stated, carvacrol has antiviral action against various viruses, 
including HSV-1, acyclovir-resistant herpes simplex virus type 1, 
human respiratory syncytial virus (HRSV), and human rotavirus (RV; 
Kamalabadi et al., 2018; Sharifi-Rad et al., 2017).

Moreover, carvacrol, cinnamaldehyde, and thymol have been 
shown to inhibit S1 subunit of S glycoprotein and cinnamaldehyde 
has been observed to exhibit better binding kinetics when com-
pared to others (Kulkarni et al.,  2020). Cinnamaldehyde has also 
been found to have a low affinity for SARS-CoV-2 and SARS-CoV 
RNA-dependent RNA polymerases (RdRps; Elfiky,  2021). On the 
basis of the above two studies, it can be proposed that cinnamal-
dehyde has the ability to block SARS-CoV-2 attachment which can 
be verified using in vitro and in vivo experimental studies in future. 
Cinnamaldehyde has been studied in animal models for its protec-
tive impact in lowering lung wet/dry ratio and pulmonary edema. 
Cinnamaldehyde has been found to inhibit neutrophils, macro-
phages, and total cell number in bronchoalveolar lava. The levels of 
inflammatory cytokines including TNF-α, IL-6, IL-13, and IL-1β were 
found to be decreased in the presence of cinnamaldehyde (Huang 
& Wang, 2017). These findings point toward a possible preventive 
therapeutic impact of cinnamaldehyde in COVID-19, but to establish 
its efficacy, detailed in vitro and in vivo studies need to be carried 
out.

Similarly, eugenol has been found to have antiviral effects 
against HSV-1 and HSV-2 (Benencia & Courreges,  2000) and its 
anti-inflammatory action against lipopolysaccharide-(LPS) induced 
acute lung damage, restriction of leukocyte recruitment, and down-
regulation of pro-inflammatory cytokines IL-6 and TNF-α expression 
(Barboza et al., 2018).

Apigenin (Khalil & Tazeddinova, 2020), a flavonoid from P. cris-
pum, has been shown to block SARS-CoV 3CLpro proteolytic activ-
ity. Apigenin intake, whether through a normal diet or supplements, 
may be useful for chronically infected diseases such as COVID-19 
due to its antiviral efficacy, which is thought to be directly linked to 
suppressing the activity of SARS-CoV 3CLpro (Jo et al., 2019; Khalil 
& Tazeddinova, 2020). In another in silico study, apigenin has shown 
a B.E. of −7.58 kcal/mol toward SARS-CoV-2 main protease (Mishra 
et al.,  2021; Vijayakumar et al.,  2020). Also, apigenin has been 
shown to be active against foot-and-mouth disease virus (FMDV; 
Qian et al., 2015) and enterovirus-71 infection (Zhang, et al., 2014). 
Apiin (Kuete, 2017) has also been recently evaluated for its action 
against SARS-CoV-2 and has been found to be a potent suppressor 
of viral main protease by using molecular docking analysis (Adem 
et al., 2020).

As stated above, though carvacrol, cinnamaldehyde, eugenol, 
thymol, apigenin, and apiin have been tested in silico against a num-
ber of SARC-CoV-2 protein targets viz. spike (S) protein, main pro-
tease (3CLpro), RNA dependent RNA polymerase as well as human 
ACE2 proteins, none of them have been tested for their interaction 
with NTD and CTD of SARS-CoV-2 nucleocapsid protein.

A number of recently done studies have focused on the eval-
uation of binding kinetics of natural products with SARS-CoV-2 

proteins viz. Verma et al. (2020), Dandapat et al. (2014), Kim (2021), 
Ao et al. (2021), Jan et al. (2021), Sa-Ngiamsuntorn et al. (2021), etc. 
Table 11 provides an updated account of the most current literature 
available in this area.

Three docking softwares viz. AutoDock v4.2.6, AutoDock Vina 
and iGEMDOCK v2.1 were used to analyze and compare docking 
results of the ten phytoconstituents with NTD and CTD of SARS-
CoV-2 nucleocapsid protein. As mentioned earlier in Section 3.8, the 
binding sites of the phytoconstituents on the viral target protein as 
well as the interacting amino acids were predicted to be almost the 
same by the three molecular docking softwares with minor differ-
ences (Tables 7 and 8). However, it must be borne in mind that these 
are just prediction-based softwares and the findings must be vali-
dated in vitro and in vivo.

The present study aimed to examine the druglikeness, phar-
macokinetics, bioactivity scores, and binding interactions of 10 
major phytoconstituents from four medicinally/nutritionally im-
portant plants viz. C. zeylanicum, C. tamala, P. crispum and O. vulgaris 
(Table 1), for their various therapeutic properties against the NTD 
and CTD of nucleocapsid protein of SARS-CoV-2 for lead identifi-
cation, lead optimization, and drug discovery using in silico compu-
tational approach. MD simulation was also performed to unravel 
the dynamic behavior of SARS-CoV-2 nucleocapsid proteins after 
complexation with the selected phytoconstituents (apigenin and 
cinnamic acid).

All phytoconstituents except apiin were observed to follow 
Lipinski's rule-of-five versus remdesivir that exhibited two vio-
lations of Lipinski's rule. All phytocomponents except apiin, and 
reference drug remdesivir exhibited lipophilic character and good 
absorption across cell membranes. Except apigenin, catechin, apiin, 
and remdesivir, all phytoconstituents exhibited BBB permeability; 
none of them were found to be P-gp substrates except catechin, 
apiin, and remdesivir, while all of them including remdesivir ex-
hibited negligible skin permeability. In terms of binding to GPCR, 
kinases, nuclear receptors, proteins, and enzymes, the majority of 
phytoconstituents had positive values. Most of the phytoconstit-
uents exhibited good to moderate druglikeness potential whereas 
catechin and apiin were found to exhibit adverse effects. Apiin and 
limonene were found to fall closer to remdesivir in 3D projection 
of chemical space. Molecular docking results revealed that binding 
affinity of the top three phytoconstituents to SARS-CoV-2 nucleo-
capsid NTD decreased in the order apigenin>catechin>apiin while 
for SARS-CoV-2 nucleocapsid CTD, the binding affinity of the top 
three phytoconstituents decreased in the order apigenin>cinnamic 
acid>catechin. Remdesivir displayed lesser affinity to both NTD 
and CTD of SARS-CoV-2 nucleocapsid protein than any of the 
above mentioned phytoconstituents. MD simulation results re-
vealed that SARS-CoV-2 nucleocapsid protein NTD-apigenin com-
plex had greater stability than SARS-CoV-2 nucleocapsid protein 
NTD-cinnamic acid complex. Hence, apigenin, catechin, apiin, and 
cinnamic acid might prove as effective prophylactic and therapeu-
tic agents against SARS-CoV-2 if investigated further in vitro and 
in vivo.
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re
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 d
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pr
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 p
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at
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 c
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re
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ra
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re
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 p
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 m
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 c
ur
re
nt
 S
A
RS
-C
oV
-2
 

in
fe
ct
io
n.
 M
ea
nw
hi
le
, t
he
 m
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 p
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 c
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 b
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 c
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, l
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 m
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l p
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 c
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 c
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 d
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 p
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t b
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 p
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 p
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r l
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 d
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 p
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l o
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In conclusion, on the basis of previously done in silico studies and 
the present study, apigenin, catechin, apiin, and cinnamic acid seem 
to have a potential in the treatment of COVID-19 but further stud-
ies are needed to validate the anti-SARS-CoV-2 efficacies of these 
phytoconstituents in vitro and in vivo using relevant cell culture and 
animal models. This would prove to be valuable in establishing the 
antiviral efficacy of cinnamon, bay leaf, oregano, and parsley against 
SARS-CoV-2 as a source of antiviral nutraceuticals.
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