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Angiotensin-converting enzyme 2 (ACE2), the host cell-
binding site for SAR-CoV-2, poses two-fold drug develop-
ment problems. First, the role of ACE2 itself is still a matter
of investigation, and no specific drugs are available tar-
geting ACE2. Second, as a consequence of SARS-CoV-
2 interaction with ACE2, there is an impairment of the
renin-angiotensin system (RAS) involved in the functioning
of vital organs like the heart, kidney, brain, and lungs.
In developing antiviral drugs for COVID-19, ACE2, RNA-
dependent RNA polymerase (RdRp), and the specific en-
zymes involved in the viral and cellular gene expression
have been the primary targets. SARS-CoV-2 being a new
virus with unusually high mortality, there has been a need
to get medicines in an emergency, and the drug repur-
posing has been a primary strategy. Considering exten-
sive mortality and morbidity throughout the world, we have
made a maiden attempt to discover the drugs interacting
with RAS and identify the lead compounds from herbal
plants using molecular docking. Both host ACE2 and viral
RNA-dependent RNA polymerase (RdRp) and ORF8 ap-
pear to be the primary targets for the treatment of COVID-
19. While the drug repurposing of currently approved
drugs seems to be one strategy for the treatment of COVID-
19, purposing phytochemicals may be another essential
strategy for discovering lead compounds. Using in silico
molecular docking, we have identified a few phytochem-
icals that may provide insights into designing herbal and
synthetic therapeutics to treat COVID-19.
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1. Introduction 
With the declaration of Severe Acute Respiratory Syndrome

Coronavirus-2 (SARS-CoV-2) as the pandemic by WHO, it has
emerged as a public health emergency worldwide. The dreaded
face of the SARS-CoV-2, commonly known now as Coronavirus
disease-19 (COVID-19), can be realized by the fact that there is a
consistent increase in the number of cases reaching above 32 mil-

lion cases and above 1 million deaths worldwide (World Health
Organization., 2020). Although the fight against any disease has
been an endless task for humanity, the emergence of COVID-19
disease with characteristics of the top five causes of mortality in
the world has posed the most significant challenges for drug dis-
covery for the treatment of this disease. There is current guidance
for early ambulatory treatment of COVID-19 based on pathophys-
iologic principles regarding viral replication, immune dysregula-
tion, and thrombosis. This algorithm is designed to welcome new
drug candidates for testing in clinical trials and when demonstrated
to be effective, incorporation into clinical practice (McCullough et
al., 2020).

COVID-19 being the novel virus, the first challenge is to de-
velop an antiviral drug that can effectively stop its replication after
entry into the human body. The targets in the development of an-
tiviral drugs include the receptor protein to which the virus binds,
the enzymes or nucleosides that facilitate the replication of viral
RNA or DNA, and the proteins involved in uncoating, shedding
of viruses or release of its contents (Paintsil and Cheng, 2009). It
is a well-known fact that the development of the auto-resistance
(immunity) is the ultimate answer for the cure of the viral disease
once the virus enters the human system. The development of spe-
cific interferons is a strategy for developing new antiviral drugs
(Samuel, 2001). Although SARS-CoV-2 nonstructural proteins
nsp13, nsp14, nsp15, and orf6 may inhibit interferon signaling (Y.
Yuen et al., 2020), IFN β-1a significantly increased discharge rate
on day 14 and decreased 28-day mortality (Davoudi-Monfared et
al., 2020). Thus, enhancing immunity against SARS-CoV-2 needs
further investigation.

SARS-CoV-2 binds to Angiotensin-Converting Enzyme 2
(ACE2), a site that is also involved in the pathology of leading
causes of mortality in the world, including cardiovascular, respi-
ratory, and GI dysfunction. ACE2 is a mystery to the medical sci-
entists as it regulates the renin-angiotensin system (RAS), which
in turn, has an influence on the cardiovascular system, including
the vital organs, kidney, heart, brain, lungs, and vasculature (Pa-
tel et al., 2016). Further, it is still unclear whether ACE2 alone or
in concert with angiotensin receptors AT1, AT2, or Mas receptors
contribute to the pathology of COVID-19.
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Third and yet another critical challenge is to control the harm-
ful effects induced by the interference of ACE2. The immediate
problem when a virus enters the human body is to control the pa-
tient's intermittent pathological damage. The antiviral drug could
prevent morbidity and mortality if given before the virus has pro-
duced sufficient copies or has not infected an adequate number of
cells in the body. It is also efficacious if the virus's time to produce
morbidity and mortality is long enough. The present review article
focuses on these challenges identifying new drug targets and strate-
gies for developing treatments for ACE2-induced derangement of
RAS responsible for morbidity and mortality (Danser et al., 2020;
Messerli et al., 2020).

2. Significance of RAS in the development of
drugs for COVID-19 

It is now well established that membrane-anchored ACE2 is
the site of cell entry for COVID-19. Epithelial cells of the lung,
intestine, kidney, heart, and blood vessels express ACE2. ACE2
is also present in the oral and nasal mucosa, skin, lymph nodes,
thymus, bone marrow, spleen, liver, and brain (Bilinska et al.,
2020; Chen et al., 2020; Hamming et al., 2004; Li et al., 2020a;
Zhang et al., 2020), regulating the vasculature, inflammation, ox-
idative stress, fibrosis, and cell proliferation. Indeed, COVID-19
is associated with both pulmonary pathology and extrapulmonary
manifestations in multiple vital systems, including hematologic-
immune, cardiovascular, renal, gastrointestinal and hepatobiliary,
endocrine-neurologic, and ophthalmic dysfunctions (Gupta et al.,
2020; Wiersinga et al., 2020). Furthermore, the interindividual
clinical variability associated with COVID-19 vulnerability and
severity, are influenced by differences in the expression of ACE2
(Babadaei et al., 2020; Benetti et al., 2020).

ACE2 regulates Ang II action by hydrolyzing Ang II to Ang1-
7 (Pai et al., 2017; Verdecchia et al., 2020). Ang1-7 exerts anti-
inflammatory, antithrombotic, antihypertensive, antiarrhythmic,
and cardioprotective action through G-protein-coupled Mas recep-
tors (MasR) (Bourgonje et al., 2020; Kuba et al., 2013; Santos et
al., 2018; Uhal et al., 2011). Ang II is produced by ACE, a zinc
metalloproteinase that converts the hormone Ang I to Ang II. Ang
II acting via AT1 receptors causes vasoconstriction, inflammation,
cytokine secretion, thrombosis, endothelial and myocardial dys-
function. Ang II also acts on AT2 receptors to reduce inflammation
and oxidative stress (Mehta and Griendling, 2007). Thus, ACE and
ACE2 arms of RAS counterbalance their actions fine-tuning many
physiological functions (Fig. 1).

ACE2 has an extracellular receptor site for the binding of viral
spike (S) proteins leading to the virus's entry into the host cell, es-
pecially into lung alveolar epithelial cells and intestinal enterocytes
due to high expression of ACE2 in these epithelial cells. Binding of
SARS-CoV-2 to ACE2 triggers the internalization of ACE2-virus
complex and consequent reduction in ACE2 levels. This leads to an
imbalance between ACE2 and ACE arms of RAS. Reduced Ang1-
7 action and increased AT1 activation trigger a cascade of inflam-
matory responses (Tay et al., 2020). Administration of exogenous
Ang1-7 and recombinant circulating ACE2 that could serve as a
decoy for SARS-CoV-2 binding to membrane ACE2 are under in-
vestigation for COVID-19 treatment. Furthermore, angiotensin re-
ceptor blockers (ARBs) and ACE inhibitors are also under investi-
gation in the treatment of COVID-19 (Birnbaum, 2020; Inal, 2020;

Lopes et al., 2020).

It is very well documented that imbalance in the levels of ACE,
and ACE2 function during COVID-19 infection is one of the factors
augmenting the cytokine storm (Crowley and Rudemiller, 2017;
Gheblawi et al., 2020). There is a crosstalk between RAS and com-
plement system since Ang II and AT1 receptor activation activates
complement cascade viz. C5a and C5b-9 (Java et al., 2020; Van
Laecke and Van Biesen, 2017). Ang II causes phosphorylation of
the p65 subunit of NF-κB, thereby causing activation of the NF-κB
pathway (Jamaluddin et al., 2000; Ruiz-Ortega et al., 2001; Skurk
et al., 2004). Activation of AT1 and AT2 results in the enhanced
generation of various cytokines like IL-1β, TNFα, IL-10, and IL-6
(Sano et al., 2000).

Moreover, activating the AT1 receptor, Ang II causes regula-
tion of the Mitogen-Activated Protein Kinases pathway, which ul-
timately regulates the release of TNFα and various interleukins
(Arthur and Ley, 2013). Reduced ACE2 function amplifies cy-
tokine storm due to coronavirus, ultimately causing multiorgan
damage, thrombosis, and vital organ failure. Dysfunction of gas-
trointestinal RAS results in changes in microbiota and absorption
of vital nutrients (Viana et al., 2020). Viral structural and non-
structural proteins may bind to the porphyrin in hemoglobin, pro-
ducing a high methemoglobin-like pathology resulting in reduced
oxygen-carrying capacity in the blood (Liu and Li, 2020). Such
patients eventually develop pneumonia which leads to substantial
gas exchange obstruction, causing hypoxemia, diminishing the en-
ergy supplied by cell metabolism, and an upsurge in anaerobic
fermentation, destruction of phospholipid layer of the cell mem-
brane by intracellular acidosis, generation of oxygen free radicals,
finally causing respiratory distress. The development of acute res-
piratory distress syndrome and episodes of thromboembolism that
may lead to disseminated intravascular coagulation due to multi-
ple derangements of the coagulation system represent the primary
causes of lethality during SARS CoV 2 infection. Recently, Tang
et al. (2020) retrospectively analyzed conventional coagulation re-
sults and outcomes of 183 consecutive patients with confirmed
COVID-19 infection. It was reported that that during the course
of the infection of COVID-19 patients had higher levels of D-dimer
and fibrin degradation products along with longer prothrombin and
activated partial thromboplastin times as compared to survivors.
This was confirmed by some other studies (Zou et al., 2020). The
thromboembolic events appear to be due to the development of
disseminated intravascular coagulation provoked by SARS-CoV-
2 infection and may represent a secondary anti-phospholipid an-
tibody syndrome. Hence, anticoagulants and corticosteroids be-
ing accepted as important therapeutic regime to improve the clin-
ical course of patients. In addition, specific anti-B cell antibodies
rituximab and ocrelizumab, the anti-C5a mAb eculizumab, small
molecule inhibitors of Toll-like receptor 4 signaling such as re-
satorvid or GLS-1027 R may be considered as futuristic therapeu-
tics for the management of COVID-19-related thrombosis. (Cavalli
et al., 2020).

Siddiqi and Mehra (2020) proposed three stage-sequence of
SARS-CoV-2 infection (Siddiqi and Mehra, 2020). These three
stages are also referred to as mild-to-moderate no risk, mild-to-
moderate risk, and severe disease groups (Dehelean et al., 2020).
During the Stage-I (mild-to-moderate no risk) infection involv-
ing innate immunity, treatment with convalescent sera, and non-
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Fig. 1. Overview of SARS-CoV-2 infection and renin-angiotensin system: During the COVID-19 infection, the SARS-CoV-2 binds to the
angiotensin-converting enzyme 2 (ACE2) receptors present on the cell surface which undergo endocytosis, and the virus enters inside the cell.
Upon entering the cell, it synthesizes RNA using the host metabolic processes in which enzyme RNA dependent RNA polymerase (RdRp) is essential. Due
to cellular damage caused by the virus, the alveolar macrophages generate various proinflammatory cytokines like interleukin-6 (IL-6), macrophage inflam-
matory protein 1α (MIP1α), monocyte chemoattractant protein 1 (MCP1), MIP1β, interferon γ-induced protein-10 (IP-10) resulting in alterations in the
vascular permeability. There is leakage of cytokines, promoting more inflammation with dysfunctional immune responses and infiltration of inflammatory
cells like monocytes, macrophages, and T-cells, ultimately producing cytokine storm. There is an infiltration of neutrophils that undergoes degranulation
leading to the generation of neutrophil extracellular traps (NETs). The circulating ACE2 converts angiotensin (Ang) I to angiotensin1-9 and angiotensin
II to angiotensin1-7. The ACE converts angiotensin I to angiotensin II and angiotensin1-9 to angiotensin1-7. Angiotensin II binds to angiotensin 1 (AT1)
receptors to produce vasoconstriction, proinflammatory, profibrotic, prothrombotic, and arrhythmogenic action. Angiotensin II also acts on AT2 receptors
to mediate tissue protection. Angiotensin 1-7 binds to the MAS receptor to produce vasodilatory, antiproliferative, anti-inflammatosry, antifibrotic, and
antithrombotic actions.

Volume 21, Number 3, 2020 367



specific (polyvalent) immunoglobulins may be effective. Dur-
ing Stage-II, there is virus replication, which leads to severe
lung inflammation (viral pneumonia) resulting from the release of
proinflammatory mediators and consequent multiple organ failure.
Moreover, massive release of proinflammatory cytokines is also re-
sponsible for neuropsychiatric symptoms associated with COVID-
19 that are mediated by proinflammatory cytokines such as depres-
sion (Ettman et al., 2020; Petralia et al., 2020).

Antiviral therapy and anti-inflammatory therapy, such as anti-
IL-6, may be combined. In Stage-III, there is a marked hyperin-
flammation. In the RECOVERY trial, low dose dexamethasone
reduces deaths in patients hospitalized with COVID-19 who need
ventilation. Dexamethasone also reduced mortality by 20% in other
hospitalized patients receiving oxygen only. However, there was no
benefit among patients who did not require respiratory support. In
patients hospitalized with COVID-19, the use of a low dose of dex-
amethasone resulted in lower 28-day mortality among those receiv-
ing either invasive mechanical ventilation or oxygen alone, but not
among those receiving no respiratory support (Horby et al., 2020;
Mahase, 2020). Dexamethasone benefits for patients with COVID-
19 likely arise from its immunosuppressive properties. Moreover,
the use of low-dose dexamethasone may reduce the development
of glucocorticoid resistance.

Glutathione depletion, as observed in Glucose 6-phosphate
dehydrogenase (G6PD) deficient subjects, predisposes them to
hemolysis upon SARS-CoV-2 infection. When administered
to G6PD-deficient patients with severe COVID-10 disease, N-
acetylcysteine (NAC) reverses glutathione depletion, suppressed
hemolysis, and elevated liver enzymes, C-reactive protein (CRP),
and ferritin, leading to full recovery of the G6PD-deficient pa-
tient. NAC also produced clinical improvement in 9/10 respirator-
dependent COVID-19-infected patients without G6PD deficiency,
possibly by suppressing the cytokine storm (Ibrahim et al., 2020b).
In the last two decades, there has been an outburst of two ma-
jor similar coronavirus severe respiratory pandemics in humans,
i.e., Severe Acute Respiratory Syndrome (SARS) in 2003, Middle
East Respiratory Syndrome (MERS) in 2012. SARS and MERS
are caused by SARS-CoV and MERS-CoV viruses enters into host
cells via their interaction with ACE2 and DPP4, respectively (Gor-
balenya et al., 2020; Hilgenfeld and Peiris, 2013; Zhong et al.,
2003). Various studies also depict the relationship between car-
diovascular, metabolic diseases, and SARS and MERS infections
(Badawi and Ryoo, 2016; Yang et al., 2006). However, there are
no therapeutically proven inhibitors of ACE2 for the treatment of
coronavirus infections. In the absence of authenticated medicine
available, clinical management of the patient in the ICU is a great
challenge.

Various parts of the world have revealed that cardiovascular dis-
turbances, including hypertension and thrombotic events, diabetes,
and acute respiratory distress, are emerging comorbidities. Patients
with existing cardiovascular diseases face a higher risk of COVID-
19 (Kuno et al., 2020; Li et al., 2020b; Richardson et al., 2020b).
In patients with cardiovascular diseases, diabetes mellitus, and hy-
pertension treated with ACE inhibitors and ARBs, the expression
of ACE2 contributes to worsening the prognosis of COVID-19 pa-
tients (Birnbaum, 2020; Cannata et al., 2020; Fosbøl et al., 2020;
Mackey et al., 2020; Pirola and Sookoian, 2020; Silhol et al., 2020).
In contrast, several recent clinical studies provide evidence that

ACE inhibitors and ARBs may be beneficial in COVID-19 pa-
tients with hypertension and, hence, recommend continuing ACE
inhibitors and ARBs (Kang et al., 2020; Mackey et al., 2020).

During the management of the patients, it is necessary to
consider RAS's role holistically when SARS-CoV-2 occupies the
ACE2 receptors. The conventional de novo drug discovery process
takes 10 to 15 years for a drug to become available for human use,
and the chance of success rate is less than 10% (Gilbert et al., 2003;
Reichert, 2003). The drug repurposing/repositioning has emerged
as a fast and safe drug discovery strategy to develop effective med-
ication, especially in case of diseases where no viable treatment is
available (Ashburn and Thor, 2004; Beck et al., 2020). While at-
tempts are ongoing to target ACE2 for developing new antivirals,
the repurposing strategies to consider the use of ACE inhibitors and
ARBs are also evolving.

Various drugs evaluated against SARS-CoV and MERS-CoV
have been explored in terms of efficacy for repurposing during
the SARS-CoV-2 outbreak (Horie et al., 2020; Kandimalla et al.,
2020; Kalra et al., 2020; Pizzorno et al., 2020; Santos et al., 2020).
Synthetic drugs (example chloroquine and hydroxychloroquine),
and antivirals (remdesivir and favipiravir) and herbal phytocon-
stituents (baicalin, glycyrrhizin, hesperetin, quercetin, and scutel-
larin), are considered for COVID-19 due to their potential action
on host ACE2 or RdRp (Chen et al., 2004; Ekins et al., 2020; Ho
et al., 2007; Zhang and Yap, 2004). None of the other antiviral
therapeutic interventions like Lopinavir/Ritonavir, and Remdesivir
seemed to alter the natural clinical course of the disease based on
the available literature (Romagnoli et al., 2020; Rosendaal, 2020),
however multiple investigations are ongoing.

Besides the repurposing efforts, in silico molecular docking and
simulations studies revealed potential synthetic and naturally oc-
curring compounds in herbal and medicinal plants that interact with
both viral and host target proteins (Amin and Abbas, 2020; Gao
et al., a; Maurya et al., 2020; da Silva et al., 2020). These com-
pounds targeted the SARS-CoV-2 spike proteins (Abdelli et al.,
2020; Kiran et al., 2020; Maurya et al., 2020; Zhang et al., 2005)
Mpro (Ibrahim et al., 2020a; Jin et al., 2020; Joshi et al., 2020;
Kumar et al., 2020; Narkhede et al., 2020) and 3CLpro proteases
(Gyebi et al., 2020; Ul Qamar et al., 2020), host ACE2 (Benarba
and Pandiella, 2020; Maurya et al., 2020) and host TMPRSS2 (Be-
narba and Pandiella, 2020; Rahman et al., 2020). In addition to
the docking scores, few of these studies have determined drug-like
properties in silico (Narkhede et al., 2020) and have reported ac-
tivity of compounds in functional assays in vitro (Jin et al., 2020).
These investigations open new avenues for identifying naturally oc-
curring novel lead compounds for the treatment of COVID-19, and
for designing potential new chemical entities (NCEs) based on lead
natural compounds. We focus on host RAS, viral RdRp, and ORF8
proteins as potential therapeutic targets using in silico molecular
docking investigations.

3. Targeting RAS for the treatment of
COVID-19 
3.1 Targeting ACE2: Strategy to attack the entry point and
its consequences 

The virus is an obligatory intracellular parasite that relies on
host biosynthetic factors and its replication and propagation envi-
ronment. Thus, the concern in developing an antiviral drug is to
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develop an effective drug with selective toxicity for viruses and
not the host. SARS-CoV-2 binds to ACE2 on the host cell mem-
brane and, by endocytosis, enters into the cell. Small molecules
targeting the viral binding to the host cells, namely ACE2 in SARS-
CoV-2, and nucleoside analogs which interfere with viral repli-
cation, are potential therapeutics for treating viral diseases. Cur-
rent pharmacotherapy for COVID-19 relies upon suppressing vi-
ral replication (example remdesivir), inflammation (example dex-
amethasone), immune response (example azithromycin), and blood
coagulation (example enoxaparin). There are no known viral entry
blockers that target host ACE2. Blocking viral entry into host cells
may be the most effective strategy for prophylactic and therapeutic
treatment of COVID-19. We have attempted to identify naturally
occurring phytoconstituents that may target ACE2 and block vi-
ral entry using molecular docking studies. We also evaluated the
molecular interactions of a select number of naturally occurring
phytoconstituents at host AT1 and AT2 receptors, and SARS-CoV-
2 RdRp and ORF8 proteins using molecular docking.

3.1.1 Molecular docking studies of various compounds with
ACE2   

3.1.1.1 Protein selection and preparation

Five proteins ACE2 (PDB ID: 2AJF), ORF8 (PDBID: 6BB5),
AT1 (PDBID:4ZUD), AT2 (PDBID: 4UNF) and RdRp (PDBID:
7BV2) were selected for docking protocols for identifying SARS-
COV-2 ligands. The selection of PDB's was made on the basis of
species and resolution. The target proteins were then imported
from RCSB Protein Data Bank saved and prepared. The struc-
ture was preprocessed by adding hydrogens and checked for miss-
ing residues. The selection of water molecules was set at default,
and protein was optimized, followed by energy minimization at the
default setting. The docking grid was prepared, and docking per-
formed.

3.1.1.2 Ligand preparation

Synthetic or phytoconstituents molecules were docked using the
GLIDE module of Maestro 9.6 as per the Glide protocol given in
Schrödinger. All the default parameters were used. For ligand
preparation, the pH was 7.0 ± 2.0, the force field was OPLS3, and
ionization was done using Epik. For protein preparation, the pH
was 7.0 ± 2.0, the force field was OPLS3, ionization was done us-
ing Epikand, the water molecules within 5 Å were kept, and rest
were deleted.

3.1.1.3 Molecular docking

ACE2 (PDB ID: 2AJF), ORF8 (PDB ID: 6BB5), AT1 (PDB ID:
4ZUD), AT2 (PDB ID: 4UNF) and RdRp (PDB ID: 7BV2) were
downloaded from the PDB database, and the potential binding sites
were predicted by Prepwizard module of Schrödinger. A total of
30 compounds synthetic or natural origin were docked to the bind-
ing site of five proteins ACE2 (PDB ID: 2AJF), ORF8 (PDB ID:
6BB5), AT1 (PD BID: 4ZUD), AT2 (PD BID: 4UNF) and RdRp
(PD BID: 7BV2) with Glide docking module of Schrödinger, which
provides molecular mechanics algorithm along with shape analysis
for accurately docking ligands into active sites. The docked poses
were then analyzed using Schrödinger software's imaging tools.

3.1.1.4 Molecular docking against ACE2
For ACE2 docking, a selective ACE2 inhibitor GL1001

(MLN4760), was used as the positive control. GL1001 inhibits
ACE2 (IC50, 0.44 nM) with selectivity of> 5000-fold as compared
to ACE (IC50, 100 µM) (Dales et al., 2002). Molecular docking for
GL1001 revealed a docking score -6.8 kcal/mol with interaction at
Ala348, Asp350, Trp349, Asp382, and Arg393 amino acid residues
of ACE2. However, the ACE inhibitor captopril interacted with
different ACE2 amino acid residues (Tyr385, ASN394) with a
markedly lower docking score of -3.7 kcal/mol. Although GL1001
(ORE1001) showed a good safety profile in phase 1 studies, the de-
velopment of GL1001 for ulcerative colitis was unsuccessful. Sub-
sequently, there was no consistent activity in developing a clinical
candidate targeting ACE2.

At an earlier phase of COVID-19 pandemic, antimalarial drugs
hydroxychloroquine and chloroquine were evaluated for potential
efficacy in COVID-19 patients (Zhou et al., 2006). We found
that hydroxychloroquine, chloroquine, and the active metabolites
desethychloroquine, desethyhydroxychloroquine and bisdesethyl-
chloroquine bound tightly to the active site of the ACE2 occupying
the same binding pocket as GL1001. Hydroxychloroquine (dock-
ing score = -8.8 kcal/mol) occupies the ACE2 receptor cavity and
makes hydrogen bonding with Phe40, Ala348, Asp350, Phe390,
and His401.

Both chloroquine and hydroxychloroquine act by inhibiting gly-
cosylation of host receptors, proteolytic processing, and endoso-
mal acidification (Sanders et al., 2020). A recent in vitro study
showed hydroxychloroquine was more potent than chloroquine
against SARS-CoV-2 (Yao et al., 2020). Several clinical studies
evaluating the action of chloroquine are ongoing, and findings from
few clinical studies have been reviewed elsewhere (Chang and Sun,
2020; Pal et al., 2020). A comprehensive meta-analysis of clinical
findings reports that the use of hydroxychloroquine was associated
with increased mortality rates and increased risk of adverse events
in SARS-CoV-2 patients (Chandrasekar et al., 2020). Based on 32
studies involving 29,192 participants, Cortegiani et al. (2020) con-
cluded that chloroquine/ hydroxychloroquine confers no benefit in
terms of mortality in hospitalized patients with COVID-19 (Corte-
giani et al., 2020). Combination therapy with macrolide may be
associated with harm, and postexposure prophylaxis with chloro-
quine/hydroxychloroquine may not reduce the rate of COVID-19
(Cortegiani et al., 2020). Although the docking of hydroxychloro-
quine was better than the reference compound GL-1001, the nar-
row therapeutic index associated with the cardiotoxicity and con-
troversy regarding the efficacy and safety of hydroxychloroquine
for prophylactic treatment of COVID-19 tempted us to explore po-
tential natural products-based ACE2 inhibitors.

Herbal drugs are in use for the treatment of various diseases,
including respiratory viral infections. The significant advantage
of using herbs in viral respiratory infections is due to their po-
tent anti-inflammatory and immunostimulatory action (Patward-
han et al., 2020). Some of the active phytoconstituents in medici-
nal plants have inhibitory action on coronaviruses (Boukhatem and
Setzer, 2020; Mani et al., 2020), however determination of func-
tional actions on ACE2 is critical to elucidate agonist/activation
or inhibitor/antagonist. Considering the pathogenesis of COVID-
19, we identified some Indian medicinal plants with potent anti-
inflammatory, immunomodulatory, and antiviral activities for de-
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Table 1. Docking scores and binding free energies of phytoconstituents interacting with ACE2 and interacting amino acids.

LigandPhytoconstituent ACE2 Docking

scorekcal/mol

ACE2amino acids interactingwith the ligand Binding free

energykcal/mol

Positive control GL-1001 -6.8 Ala348, Trp349, Asp350, Asp382, Arg393 -60.2

Negative control Captopril -3.7 Tyr385, ASN394 -25.5

1 Rutin -11.5
Ala348, Asp350, Arg393

Ser44, Ser47, Phe390, Asn394
-78.2

2 Verbascoside -10.2
Ala348, Asp350, Asp382

Glu375, His378, Phe390, Asn394, Glu402
 -90.4

3 Hesperidin -9.5
Ala348, Asp350

Trp69, Tyr385
-70.3

4 Luteolin 7-O-glucoside -9.3
Ala348, Arg393

Glu375, Phe390, Glu402
 -65.3

5 Naringin -9.2 Ala348, Arg393 -65.2

6 Epigallocatechin gallate -8.6
Ala348, Asp350, Asp382, Arg393 

Phe390
-72.0

7 Apigenin-7-O-glucoside -8.1
Ala348, Arg393

Glu375, Asn394
-59.2

8 Hesperetin -7.3
Ala348, Arg393

Phe390, Asn394
-57.5

9 Quercetin -7.0
Ala348, Arg393  

Phe390
-57.5

10 Naringenin -6.4
Ala348

Phe390
 -51.1

11 Dioscin -6.4 Asp350 -57.0

12 Kaempferol -6.3
Ala348, Arg393

Phe390, Asn394
-52.6

13 Apigenin -6.2
Ala348

Phe390
 -50.6

14 Luteolin -6.0
Ala348, Arg393 

Phe390
-65.3

15 Solanine -6.0
Ala348

Glu402
 -42.2

16 Solamargine -5.6 Phe390 -47.4

17 Galangin -5.3
Arg393

Phe390, Asn394
-44.8

18 Acalyphin -5.2
Asp350, Arg393

Asn394
-46.5

19 Solasodine -4.8 Phe390 -42

20 Lantadene A -4.5 Ala348, Asp350 -54.8

21 Oleanolic acid -4.4
Ala348

Asn394
 -29.1

22 Lantadene C -4.0 Asp350 -52.2

23 Lantadene B -3.6 Tyr369 50.0

24 Ricinine -3.2 Tyr385 -20.7

25 Solasonine -2.6 None -30.1

ACE2 amino acids interacting with GL-1001, a selective ACE2 inhibitor, are given in bold.

veloping potential treatment of COVID-19. These plants iden-
tified were Solanum nigrum, Euphorbia prostrata, Acalypha in-
dica, Lantana camara and Ricinus communis. A literature search
to identify the phytoconstituents of these plants revealed that they
contain flavonoids, flavonoid glycosides (Huang et al., 2010; Patil
and Limaye, 2017), triterpenoids (Ghisalberti, 2000), steroidal
glycoalkaloids (Gu et al., 2018) and other compounds of differ-
ent classes (Herbert et al., 1991; Nahrstedt et al., 1982; Tai et

al., 2018). Furthermore, it has been reported that flavonoids
can bind to the SARS-CoV-2 S protein, a viral surface glyco-
protein required for initial attachment and internalization within
host cells (Rane et al., 2020). Flavonoids, in particularly, lute-
olin, quercetin, apigenin, amentoflavone, epigallocatechin (EGC),
epigallocatechin gallate (EGCG), gallocatechin gallate (GCG) and
kaempferol were reported to inhibit the proteolytic activity of
SARS-CoV 3CLpro (Nguyen et al., 2012; Ryu et al., 2010) and 3a
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Fig. 2. 3D docking pose of rutin into the ACE2 receptor catalytic domain (Pdbid: 2ajf) showing binding interaction with key amino acid residues
of backbone protein. The backbone amino acid residues highlighted with grey colour. Binding interaction (hydrogen bonding) depicted with red dashed
lines.

Fig. 3. D Ligplot interaction of rutin against ACE2 receptor catalytic domain (Pdbid-2ajf). The pose was in 2D form and all the interactions were
depicted by red solid lines, hydrophobic amino acid residue denoted by green colour, positive charge residue denoted by blue colour, charged negative
residue denoted by red colour, polar residue were denoted by sky blue colour.
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channel protein of coronavirus (Schwarz et al., 2014). Certain
flavonoids viz., luteolin, quercetin, rutin, kaempferol, and apigenin
showed ACE inhibitory activity (Guerrero et al., 2012). In addi-
tion to flavonoids, we have also docked certain other compounds
of phytochemical groups like triterpenoids, steroidal glycoalka-
loids, phenolic compounds since these were major chemical con-
stituents of the antiviral plants mentioned above`. Molecular dock-
ing study was also carried out for selected steroidal glycoalkaloids:
solamargine, solasonine, solasodine, solanine; flavonoids: rutin,
naringenin, luteolin, myricetin, quercetin, apigenin, kaempferol
and hesperetin, hesperidin, apigenin-7-O-glucoside, luteolin-7-O-
glucoside; triterpenoids: Lantadene A, B, C, oleanolic acid, aca-
lyphin, ricinine, dioscin, and epigallocatechin gallate, verbasco-
side.

Results of these docking studies revealed that the compounds
rutin, verbascoside, and hesperidin bound tightly at the active
site of ACE2 (Table 1). The compound rutin (docking score:
-11.5 kcal/mol) well occupied the receptor cavity through hy-
drogen bonding with Ala348, Asp350, Phe390, Ser44, Ser47
Arg393, Asn394 (Fig. 2 and 3) and verbascoside (docking score: -
10.2 kcal/mol) showed hydrogen bonding interaction with Ala348,
Asp350, Asp382, Phe390, Glu375, His37, Asn394, and Glu402,
whereas hesperidin (docking score: -9.5 kcal/mol) showed hydro-
gen bonding interaction with Ala348, Asp350, Trp69, and Tyr385.
The binding free energy of these interactions is strong.

ACE2-Phytoconstituent molecular docking studies revealed
that Ala348 and Asp350 or Arg393 of ACE2 interact with several
flavonoids and may be important in modulating ACE2 activity.
Phe390 also interacts many phytoconstituents via hydrogen bond-
ing. Recently, hesperidin has been proposed to be useful in prophy-
laxis for COVID-19 potentially inhibiting ACE2, cytokine storm
and blood coagulation (Haggag et al., 2020; Huang et al., 2020;
Wu et al., 2020). Phytoconstituents also interacts with Ala348,
Arg393, Phe390, and Asn394. The interaction of Asp382 also ob-
served with verbascoside and epigallocatechin gallate.

ACE2 catalytic site and viral S-protein binding site are reported
to be distinct, and there may be an allosteric interaction between
these two sites (Gross et al., 2020; Li et al., 2005; Rushworth et al.,
2008). Some of the phytoconstituents may interact with both the
catalytic and S-protein binding sites, whereas others may interact
with one of the two sites. Further investigation of effect of phyto-
constituents on the ACE2 catalytic and viral entry into cells using
cell-based functional assays may provide insights into phytocon-
stituents that may be useful for the treatment of COVID-19.

3.1.2 Molecular docking against AT1 and AT2 receptors
Encouraged by the results of the phytochemicals on ACE2 inter-

action, we carried out the docking studies with AT1 and AT2 recep-
tors. To confirm our docking approach, we have used AT1 antago-
nist, Olmesartan, and AT2 antagonist, PD12377, as pharmacologi-
cal controls. Olmesartan showed a docking score of -8.9 kcal/mol
and -6.5 at AT1, and AT2 receptors, respectively. On the other
hand, PD12377 showed a docking score of -4.9 and -6.7 kcal/mol
at AT2 receptors, respectively, validating our docking approach.

The compounds solanine, rutin, quercetin, hesperetin, epigallo-
catechin gallate, apigenin-7-O-glucoside, luteolin-7-O-glucoside,
verbascoside, hesperidin and naringin showing good binding affin-
ity and docking score better than -6.0 kcal/mol against ACE2, were

further selected for docking against AT1and AT2 receptors (Ta-
ble 2).

After docking against the AT1 and AT2 receptor of selected
compounds, we found all compounds showed good binding affin-
ity against both the receptors, which is higher than -7.0 kcal/mol.
Moreover, rutin secured a high docking score among all the
compounds in docking study against AT1 and AT2 receptors.
It forms hydrogen bond interactions with AT1 receptor protein
through Tyr35, Thr88, Arg167, Asp263, Tyr184, Gln267, Phe182,
and while making pi-pi stacking interaction with Tyr87. The dock-
ing score of rutin against the AT1 receptor is -12.60 kcal/mol (Fig. 4
and 5). Interestingly, the docking results of selected compounds
at the AT2 receptor also show a high docking score of rutin be-
cause of its ability to form hydrogen bonding with amino acid
residues like Ser208, Asp279, Lys215, Arg182, and pi-pi stacking
with the Phe272. The docking score of the highest-scoring com-
pound rutin against the AT2 receptor was -11.9 kcal/mol (Fig. 6
and 7).

Interestingly, the docking results of selected compounds at the
AT2 receptor also show a high docking score of rutin because
of its ability to form hydrogen bonding with amino acid residues
like Ser208, Asp279, Lys215, Arg182, and pi-pi stacking with the 
Phe272. The docking score of the highest-scoring compound rutin
against the AT2 receptor was -11.9 kcal/mol (Fig. 6 and 7).

In the docking study results almost all the phytoconstituents
showed similar binding interaction with Tyr35 and Arg167 as
shown by the standard at AT1 receptor. However, most of the phy-
toconstituents showed some marked affinity towards Arg182 and
Lys215 amino acids at AT2 receptor in a same way as depicted by
the standard.

Docking studies revealed that phytoconstituents interacts with
ACE2, AT1 and AT2 receptors of the RAS system. Both ACE
and ACE2 are involved in the hydrolysis of bradykinin which also
contributes to disturbance in RAS homeostasis, inflammatory re-
sponse and COVID-19 pathology. Inhibition of ACE and ACE2
causes increase in the circulating levels of bradykinin. More-
over, neprilysin mainly due its hydrolytic action on bradykinin
and angiotensin 1-7 modulates RAS. Considering that there is
no approved bradykinin receptor antagonist and neprilysin in-
hibitor, evaluating the action of phytoconstituents on bradykinin
and neprilysin pathways will provide a more comprehensive un-
derstanding of RAS homeostasis, and its modulation in inflamma-
tory diseases and development of therapeutics (Roche and Roche,
2020).

Upon entry into host, SARS-CoV2 triggers both innate and
adaptive immune responses with the accumulation of activated
monocytes, macrophages, and neutrophils, leading to uncontrolled
inflammation due to the release cytokines and chemokines (Del
Valle et al., 2020; Nathan, 2020; Sallenave and Guillot, 2020;
Vabret et al., 2020). This cytokine storm causes severe lung in-
flammation accompanied by inflammatory damage to multiple-
organs, and vascular thrombosis, which causes death in severely
ill COVID-19 adult patients and children (Capone et al., 2020;
Crisafulli et al., 2020; Jose and Manuel, 2020; Mahmudpour et al.,
2020; Mehta et al., 2020; Rowley, 2020; Soy et al., 2020; Ye et al.,
2020). Kinase inhibitors (baricitinib, imatinib, dasatinib, trami-
tinib, selumetinib) due to their anti-inflammatory actions approved
for other inflammatory diseases are being investigated for COVID-
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Table 2. Docking scores and binding free energies of phytoconstituents interacting with AT1 or AT2 and interacting amino acids.

Ligand-

Phytoconstituent

AT1 Docking

score kcal/mol

Binding free

energy against

AT1kcal/mol

AT1 amino acids interacting

with the ligand

AT2 Docking

score kcal/mol

AT2 amino acids

interacting with the

ligand

Binding free

energy against

AT2kcal/mol

OlmesartanAT1

antagonist

-8.9 -84.3 Tyr35, Trp84, Thr88, Arg167 -6.5 Arg182,Lys215, Trp100 -78.3

PD12377AT2

antagonist

-4.9 -85.6 Tyr87, Tyr92 -6.7 Trp100, Phe129,

Arg182,

Lys215, Phe272

-82.9

1 Rutin -12.6 -95.2
Tyr35, Thr88, Arg167

Tyr87, Phe182, Tyr184, Asp263, Gln267

-11.9
Arg182, Lys215, Phe272

Ser208, Asp279

-91.5

2 Verbascoside -12.3 -91.7
Arg167

Tyr184,Trp253, Gln257 Asp263

-11.6
Arg182, Lys215

Tyr108, Thr276, Asp279, Trp283

-94.8

3 Hesperidin -11.6 -90.3
Tyr35

Ser16, Cys18, Ala21, Tyr87
-10.2

Arg182, Lys215

Thr276, Asp279
-91.0

4 Luteolin

7-O-glucoside

-10.5 -76.8
Tyr35

Cys180, Tyr292
 -9.7

Arg182, Lys215

Thr125
-68.0

5 Naringin -10.7 -84.1
Tyr35, Thr88, Arg167

Pro19, Ala21, Arg23, Tyr87
-10

Lys215

Cys195, Thr276, Asp279
-83.9

6 Epigallocatechin

gallate

-7.2 -72.8
Arg167

Ala21, Arg23, Tyr87, Tyr92, Asp263 

-9.4
Lys215, Phe272

 Thr178
-78.2

7 Apigenin-7-O-

glucoside

-11.1 -74.9
Arg167

Ala21, Tyr87, Asp281
-10.2

Arg182

Tyr51, Thr125
-74.3

8 Hesperetin -8.0 -50.5
Arg167

Tyr87
-7

Lys215, Phe272

 Thr178
-57.7

9 Quercetin -8.4 -55.3
Tyr35 

Ala21, Tyr87, Tyr92
-7.5

Lys215, Phe272

Thr178
-54.2

10 Naringenin -8.0 -45.5
Arg167

 Tyr87
-7.7

Thr125

Arg182
 -50

11 Dioscin -10.0 -58.8 Tyr87 -8.2 Thr125 -54.2

12 Kaempferol -7.0 -46.5
Tyr35, Arg167

Tyr87
-7.3

Phe272

Thr125, Ile304
-50.3

13 Apigenin -7.8 -45.3 Arg167 -7.7
Arg182

 Thr125
-48.5

14 Luteolin -9.0 -47.4 Arg167 -7.3
Lys215, Phe272

 Thr178
-52.8

15 Solanine -8.4 -33.5 None -8.9 Arg182 -50.1

19 (Dyall et al., 2014; Richardson et al., 2020a; Schrader et al., 2018;
Stebbing et al., 2020; Troiani et al., 2012; Zhang et al., 2020). Anti-
coagulants (warfarin, dabigatran, betrixaban, and rivaroxaban) are
also being evaluated for the treatment of thrombosis in COVID-19
patients (www.clinicaltrials.gov). The main challenge faced by
the clinicians while using anticoagulant drugs in treating COVID-
19 patients is the possible interaction of anticoagulants with most
antiviral drugs.

4. Targeting viral RNA-dependent RNA
polymerase (RdRp): Step towards inhibition
of viral replication 

RNA-dependent RNA polymerase (RdRp) in the viral nonstruc-
tural protein 12 (nsp12) has been a target for drug development.
Many studies are evaluating nucleoside and nucleotide analogs for
the repurposing. Based on the initially promising clinical findings,
remdesivir has recently been approved by the FDA for the treatment
of COVID-19. It is a broad-spectrum antiviral drug initially devel-
oped by Gilead Sciences in 2009 for hepatitis C. It did not work
against hepatitis C and then repurposed for Ebola virus (Jacobs
et al., 2016). It is effective against many other viruses, including
coronavirus (Lo et al., 2017). Remdesivir, an adenosine nucleo-
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Fig. 4. 3D docking pose of rutin into the AT1 receptor (Pdbid-4zud) showing binding interaction with key amino acid residues of backbone protein.
The backbone amino acid residues highlighted with grey colour while rutin highlighted by green colour. Binding interaction (hydrogen bonding) depicted
with red dashed lines. Pi-pi stacking interaction was denoted by blue dashed lines.

Fig. 5. 2D Ligplot interaction of rutin docked in to the AT1 receptor
catalytic domain (Pdbid-4zud). The pose was in 2D form and all the in-
teractions were depicted by red solid lines, hydrophobic amino acid residue
denoted by green colour, positive charge residue denoted by blue colour,
charged negative residue denoted by red colour, polar residue were denoted
by sky blue colour.

side triphosphate analog, is metabolized in the cell, and the active
remedisvir metabolite interferes with the viral RdRp that evades
proofreading by the viral exoribonuclease (ExoN) in nsp14, ulti-
mately causing a decrease in viral RNA production (Ferner and
Aronson, 2020). The RdRp of MERS-CoV, SARS-CoV-1, and
SARS-CoV-2 arrest of RNA synthesis occurs after the incorpora-
tion of three additional nucleotides (Lo et al., 2017). Hence, remde-
sivir is a direct-acting antiviral agent that works as a delayed chain
terminator (Tchesnokov et al., 2019). Remdesivir treatment pro-
duced clinical improvement in two-third of patients, but the mor-

Fig. 6. 3D docking poses of rutin in to the AT2 receptor catalytic do-
main (Pdbid-4unf) showing binding interaction with key amino acid
residues of backbone protein. The backbone amino acid residues high-
lighted with grey colour while rutin highlighted by brown colour. Binding
interaction (hydrogen bonding) depicted with red dashed lines. Pi-pi stack-
ing interaction was denoted by blue dashed lines.

tality rate was similar to the placebo group (Antinori et al., 2020;
Beigel et al., 2020; Grein et al., 2020; Wang et al., 2020). The an-
tiviral activity of remdesivir is not only marginal but also variable.

In search of other potential antiviral drugs, a randomized, con-
trolled, open-label trial was conducted among COVID-19 patients
with lopinavir-ritonavir (400 mg and 100 mg, respectively) for 14
days (Cao et al., 2020). But no benefit was observed with lopinavir-
ritonavir treatment beyond standard care. Nafamostat mesylate, a
serine protease inhibitor showed promising effect e against SARS-
CoV-2 infection of lung cells (Hoffmann et al., 2020). Ribavirin
also supports its potential to significantly impact the treatment
of SARS-CoV-2 infections due to low cost and wide availability.
An adjuvant therapy of Oseltamivir gave promising results in pa-
tients coinfected with novel coronavirus 2019 and influenza virus
in Wuhan, China (Ding et al., 2013). Penciclovir, an acyclic nu-
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Table 3. Docking scores and binding free energies of phytoconstituents interaction with viral RdRp and ORF8 interacting amino
acids.

Ligand Phyto-

constituent

RdRp Docking

score kcal/mol

Binding free energy

against RdRp

kcal/mol

RdRp amino acids

interacting with the

ligand

ORF8 Docking

score kcal/mol

ORF8 amino acids

interacting with the

ligand

Binding free

energy against

ORF8 kcal/mol

Uridine

Triphosphate

-6.7 -56.8 Lys551, Arg553, Arg555,

Lys621, Asp760

ND  ND ND

Thymidine

derivative

-6.5 -53.2 Arg553, Cys622 ND ND ND

Remedisvir
-6.7 -61.5

Lys551, Arg555
ND ND ND

metabolite Ser549

1 Rutin -9.0 -90.6
Arg555

-10.9
Tyr42, His45, His58,

Lys61, His87
-68.9

Ile548, Arg553, Asp623,

Asp760

2 Verbascoside -7.4 -132.7

Lys551, Arg555,

-9.9 Lys61, Lys90 -72.7Asp760

Asp618, Cys622

3 Hesperidin -10.0 -98.1
Arg555

-14.5
Phe43, His45, His58,

Lys61, His87, Asn97
-97.5

Lys545, Ile548, Asp845

4 Luteolin

7-O-glucoside

-8.5 -102 Ile548, Ser759, Arg836 -13.1 His58, His87, Tyr42 -74.4

5 Naringin -9.6 -90.9
Asp760

-11.2 His58, His87, Lys90 -63.2
Ser549, Tyr619, Asp623,

6 Epigallocatechin

gallate

-5.2 -103.7 Ile548, Ser814 -11.6 Tyr42, His58 -54.2

7
Apigenin-7-O-

glucoside
-8.6 -90.7

Arg555, Asp760
-12.6 Tyr42, His58, His87 -74.8

Ile548

8 Hesperetin -6.1 -61.5
Arg555

-9.7 His87 -51.5
Ser682

9 Quercetin -7.8 -62.6
Arg555

-10.5 His87 -53.7
Ser682

10 Naringenin -6.4 -43.6 Ser682 -9.3 His58, His87 -46.9

11 Dioscin -5.9 -100  Tyr619 -4.2 Lys90 -40.1

12 Kaempferol -5.7 -53.7 Arg555 -9.8 His87 -50.1

13 Apigenin -5.5 -52.1
Arg555

-9.0 His87 -52.1
Ser682

14 Luteolin -6.4 -54.1
Arg555

-10.0 His87 -52.2
Ser682

15 Solanine -6.1 -102.9 Ser682 -5.5 His87 -51.2

16 Solamargine -10.8 -72.8 Tyr619 -4.7 Trp42 -43.2

17 Galangin -5.6 -52.1 Arg555 -9.8 Tyr42, His58, His87 -51.2

18 Acalyphin -5.6 -46.6
Asp760

-6.6 His87 -37.5
Asp618, Lys621

19 Solasodine -4.2 -58.6 Asn691 -2.0 Leu91 -16.9

20 Oleanolic acid -3.0 -58.2 Ser549, Tyr619 -1.2 Lys90 -69.2

SARS-CoV-2 RdRp amino acids interacting with uridine triphosphate, are given in bold.

cleoside analog, showed marked efficacy when used in combined
antiviral therapy against SARS-CoV-2 infection. In an open-label
control study, the favipiravir exerted better treatment effects on
COVID-19 patients (Cai et al., 2020). Other antiviral drugs like
Ganciclovir, Tenofovir, Dolutegravir, Atazanavir, Asunaprevir, El-
basvir, and Sofosbuvir are being proposed and tested but not found

so effective against SARS-CoV-2 (Tan et al., 2004). Hence, it re-
mains an unmet need for an efficacious and safe RdRp inhibitor.

Besides antivirals, clinical investigations are ongoing to re-
purpose non-antiviral drugs, such as Rapamycin and Tiotropium,
which may act by inhibiting the replication of SARS-CoV-2 like in
the case of HIV (Nicoletti et al., 2011). The observed hyperacti-
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Fig. 7. 2D Ligplot interaction of rutin docked in to the AT2 receptor
catalytic domain (Pdbid-4unf). The pose was in 2D form and all the in-
teractions were depicted by red solid lines, hydrophobic amino acid residue
denoted by green colour, positive charge residue denoted by blue colour,
charged negative residue denoted by red colour, polar residue were denoted
by sky blue colour.

vation of the immune response in COVID-19 involves dysregula-
tion of mTOR molecule. mTOR plays a critical role in immune-
regulation and immune-tolerance control pathways. The ability of
mTOR inhibitors to suppress early stages of viral replication, re-
duce mRNA translation, ribosome biogenesis, protein synthesis,
mitochondrial metabolism, and viral replication suggest potential
clinical benefit from mTOR inhibitors (Ramaiah, 2020).

Targeting cellular mTOR results in antiviral action in HIV
infection, specific mTOR inhibitors, including Rapamycin and
Everolimus, may have a beneficial outcome in COVID-19 sub-
jects. (Fagone et al., 2020; Heredia et al., 2015; Nicoletti et
al., 2011; Zheng et al., 2020). Moreover, using the molecular
transformer-drug-target interaction prediction model, (Kang et al.,
2020) showed that SARS-CoV-2 infection strongly activates cy-
tokine and immune system, including upregulation of TNF and
NFκB-signaling pathways, similar to those observed in patients
with chronic obstructive pulmonary disease (COPD). Accordingly,
tiotropium reduces the expressions of IL1B, IL6, IL8, RELA,
NFKB1, and TNF in vitro or in vivo may be effective for COVID-
19 patients due to its effect on viral replication and suppression of
cytokine suppression action (Kang et al., 2020). It has also been
reported that if the production of cross-reactive antibodies associ-
ated with antibody-dependent enhancement can be inhibited, se-
vere symptoms of Covid-19 can be circumvented and mTOR in-
hibitors can be of use in the same (Zheng et al., 2020). Further-
more, recently a clinical trial to study the efficacy and safety of
sirolimus as an adjuvant agent to the standard treatment protocol
against COVID-19 infection is started (https://clinicaltrials.gov
/ct2/show/NCT04461340 accessed on 15th September, 2020 at
3.30 pm).

4.1 Molecular docking against RdRp of SARS-Cov-2
For the identification of phytoconstituents effective at RdRp,

docking studies were performed using the Glide module of the

Schrodinger-9.6 software on the RdRp (PDB id: 7bv2). We have
used nucleoside substrates uridine triphosphate (UTP), and thymi-
dine triphosphate (TTP) as controls. UTP being the natural sub-
strate for RdRp, interacted with RDRp at 5 amino acid residues,
namely Lys551, Arg553, Arg555, Lys621 and Asp760 with a
docking score - 6.7 kcal/mol. Whereas TTP interacts with RdRp
only with Arg 553 and Cys622.

Remdesivir is a prodrug that is hydrolyzed to yield the ac-
tive metabolite. The molecular docking of remdesvir metabolite
triphosphate (RemTP) into the active site of the RdRp enzyme
reveals that it occupies the same binding pocket with root mean
square deviation (RMSD) of 0.44oA which further validates the
present docking protocol. RemTP interacted with Ser549, Lys551,
Arg555 of RdRp with docking score of -6.7 kcal/mol. These
binding residues overlaps with binding residues reported previ-
ously (Gao et al., 2020b; Zhang et al., 2020). We observed phy-
toconstituents to have better docking at the RdRp than remde-
sivir (Table 3). For example, hesperidin (docking score -10.01)
bound tightly in the active site of RdRp. Hesperidin well occupied
in the receptor cavity and makes hydrogen bonding with Arg555,
ILE548, Asp845, and Lys545 (Fig. 8 and 9). The phytoconstituents
provide promising lead compounds for designing novel RdRp in-
hibitors.

Fig. 8. 3D docking pose of hesperidin in to the RdRp receptor catalytic
domain (Pdbid-7bv2) showing binding interaction with key amino acid
residue of backbone protein. The backbone amino acid residues high-
lighted with grey colour while hesperidin highlighted by grey colour, Bind-
ing interaction (hydrogen bonding) depicted with red dashed lines. Ionic
interaction was denoted by green dashed lines.

5. Viral open reading frame 8 (ORF8):
Targeting the effector system

Open reading frame 8 (ORF8) is one of the accessory proteins
present in beta coronaviruses, including SARS-CoV-2. All animal
SARS-CoVs and human SARS-CoVs affected by early diseases
contain full-length ORF8 (Song et al., 2005). However, in the mid
and lately affected patients, there is a deletion of 29-nucleotide,
resulting in the splitting of full-length ORF8 into putative ORF8a
and ORF8b (Oostra et al., 2007). In SARS-CoV-2, the ORF8 pro-
tein does not contain a known region or motif and shares the least
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Fig. 9. 2D Ligplot interaction of hesperidin docked in to the RdRp
receptor catalytic domain (Pdbid-7bv2). The pose was in 2D form and
all the interactions were depicted by violet solid lines, hydrophobic amino
acid residue denoted by green colour, positive charge residue denoted by
blue colour, charged negative residue denoted by red colour, polar residue
were denoted by sky blue colour.

homology with ORF8 of SARS-CoV. The viral protein encoded
from ORF8 interacts with MHC-I and downregulates their surface
expression, a function that is absent with ORF8a and ORF8b of
SARS-CoV. Thus, ORF8 of SARS-CoV-2 seems more lethal as it
also disrupts antigen presentation and reduction of recognition and
elimination of viruses infected cells by cytotoxic T lymphocytes.
Hence, in this review, we wish to throw some light concerning po-
tential agents that can inhibit ORF8.

The sequencing of SARS-CoV-2 RNA revealed the coding se-
quences for structural and nonstructural proteins. Structural and
molecular docking studies reported that the nonstructural protein
encoded from open reading frame 8 (ORF8) of SARS-CoV-2 could
combine with porphyrin to form a complex, facilitating the disso-
ciation of the iron form heme (Liu and Li, 2020), resulting in re-
duced oxygen-carrying capacity. ORF8 also interacts with MHC-I
molecules directly and significantly downregulates the expression
of MHC-1 on various cell types. MHC-I molecules selectively tar-
get ORF8 expressing cells for lysosomal degradation. Downreg-
ulation of MHC-1 reduces the recognition and the elimination of
virus-infected cells by CTLs (Zhang et al., 2020). Therefore, the
inhibition of ORF8 may enhance immune surveillance and accel-
erate the removal of SARS-CoV-2 infected cells and enhance the
oxygen-carrying capacity of the blood. Currently, there is no ap-
proved drug for specific drug targeting of ORF8, and our findings
with phytoconstituents may stimulate research efforts on the ORF8
target protein.

5.1 Molecular docking against ORF8 

Molecular docking studies were performed against ORF8 us-
ing structural protein with PDB ID: 2AJF and 6BB5 (Table 3).
Docking results reveal that the compounds luteolin-O-glucoside
and hesperidin bound tightly to an active site of ORF8. The com-
pounds luteolin-O-glucoside and hesperidin interacts with Tyr42,
Phe43, His58, Lys61, His87 and Asn97. These compounds showed
docking scores of -13.06 and -14.45kcal/mol, respectively, against
ORF8 (Fig. 10 and 11), and provide insights into developing ORF8
inhibitors.

Fig. 10. 3Ddocking pose of hesperidin in to theORF8 receptor catalytic
domain (Pdbid-6bb5) showing binding interaction with key amino acid
residue of backbone protein. The backbone amino acid residues high-
lighted with grey colour while hesperidin highlighted by brown colour
Binding interaction (hydrogen bonding) depicted with red dashed lines. pi-
pi interaction was denoted by blue dashed lines.

Fig. 11. 2D Ligplot interaction of hesperidin docked in to the ORF8
receptor catalytic domain (Pdbid-6bb5). The pose was in 2D form and
all the interactions were depicted by violet solid lines, hydrophobic amino
acid residue denoted by green colour, positive charge residue denoted by
blue colour, charged negative residue denoted by red colour, polar residue
were denoted by sky blue colour.

Although the efficacy of phytoconstituents and herbal plants
in reducing the SARS-CoV-2 severity is under investigation, a
systematic meta-analysis of Chinese Herbal Medicines suggests
that herbal medicines may improve clinical outcomes when used
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in conjunction with conventional medical care (Fan et al., 2020).
Moreover, a single case study reported a combination of herbal
medicines comprising of several herbal plants enabled the pa-
tient to recover from COVID-19 (Girija and Sivan, 2020). Herbal
medicines may be useful for the prevention, treatment of mildly
symptomatic, severe, and recovering COVID-19 patients (Lee et
al., 2020). Moreover, over eighty clinical investigations involving
herbal medicines (ctri.nic.in; (www.clincialtrials.gov)) are in the
registry for investigating the clinical benefits of phytoconstituents,
and results from these studies will provide confirmation of clinical
efficacy of phytoconstituents in treating COVID-19.

6. Limitations of docking studies
Naturally occurring phytochemicals are a powerful resource of

chemical compounds to discover therapeutics for COVID-19 treat-
ment. Molecular docking studies provided in this review and else-
where offer insights into the interaction of phytoconstituents with
the host or viral proteins. However, the studies on the functional
implications of the molecular interactions on the target proteins in
vitro and in vivo would shed light on the ability of these compounds
to activate or inhibit their target proteins. Furthermore, insights
into the potency, selectivity, mode of action, and therapeutic in-
dex for each phytochemical are required for testing in clinical tri-
als. Nonetheless, these molecular docking studies provide insights
for developing phytochemical-based therapeutics or designing new
chemical entities (NCEs) suitable for generating safe and effica-
cious therapeutics from phytochemicals.

7. Conclusions
The pathogenesis and prognosis of COVID-19 are complex, in-

volving inflammatory damage to multiple organs, including lung,
heart, kidney, and vasculature. Besides serving as a cell entry
site for SARS-CoV-2, ACE2 plays a very critical role in regulat-
ing the balance between the ACE2 driven anti-inflammatory ac-
tions and ACE/angiotensin AT1 receptors driven proinflammatory
effects. Currently, there are no approved ACE2 inhibitors for pre-
venting the entry of SARS-CoV-2 into host cells. Docking studies
revealed phytoconstituents that interact with ACE2. Although the
functional implications of these phytoconstituents on ACE2 activ-
ity are yet to be confirmed, available evidence suggests that inhibi-
tion of ACE2 may be a pivotal step to inhibit SARS-CoV-2 virus
infection and consequent inflammatory damage. Phytoconstituents
may interact with catalytic and/or S-protein binding sites. Further
investigation of effect of phytoconstituents on the ACE2 catalytic
and viral entry into cells using cell-based functional assays may
provide insights into phytoconstituents. Furthermore, interaction
of phytoconstituents at ACE2, AT1, and AT2 receptors suggests
that the phytoconstituents may suppress the imbalance between
ACE's counterregulatory functions by interacting with both arms of
RAS. Phytoconstituents also may have inhibitory actions on SARS-
CoV-2 replication and improving the oxygen-carrying capacity of
hemoglobin. Thus, phytoconstituents may have multiple sites of
action, protecting and countering the inflammatory damage. Al-
though the use of ACE inhibitors and AT1 receptor blockers dur-
ing COVID-19 remains controversial, more recent clinical observa-
tions suggest that ACE inhibitors and AT1 blockers are not harmful
in patients who had been taking the medications. Phytoconstituents
may be useful both as prophylactic and treatment for COVID-19.

Moreover, COVID-19 patients who are severely affected and ad-
mitted to the hospital, particularly those treated in intensive care
units, often have baseline comorbidities, including hypertension,
diabetes, and obesity. These diseases are associated with strong
activation of both the circulating and the local RAS, further compli-
cating COVID-19 pathology. Although phytoconstituents may sup-
press both arms of RAS, severely ill COVID-19 patients may ben-
efit from the diverse modulatory action of these phytoconstituents
on the host RAS, viral RdRp and viral ORF8 targets.
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