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Effective treatment choices to the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) are limited be-
cause of the absence of effective target-based therapeutics. The main object of the current research was to esti-
mate the antiviral activity of cannabinoids (CBDs) against the human coronavirus SARS-CoV-2. In the
presented research work, we performed in silico and in vitro experiments to aid the sighting of lead CBDs for
treating the viral infections of SARS-CoV-2. Virtual screening was carried out for interactions between 32 CBDs
and the SARS-CoV-2 Mpro enzyme. Afterward, in vitro antiviral activity was carried out of five CBDs molecules
against SARS-CoV-2. Interestingly, among them, two CBDs molecules namely Δ9 -tetrahydrocannabinol
(IC50=10.25 μM)and cannabidiol (IC50=7.91 μM)were observed to bemore potent antiviralmolecules against
SARS-CoV-2 compared to the reference drugs lopinavir, chloroquine, and remdesivir (IC50 ranges of
8.16–13.15 μM). These molecules were found to have stable conformations with the active binding pocket of
the SARS-CoV-2 Mpro by molecular dynamic simulation and density functional theory. Our findings suggest
cannabidiol and Δ9 -tetrahydrocannabinol are possible drugs against human coronavirus that might be used in
combination or with other drug molecules to treat COVID-19 patients.

© 2020 Published by Elsevier B.V.
1. Introduction

The COVID-19 epidemic has caused in a global health emergency
[1] and has spread to 213 countries and is uncontrollable so far.
Coronaviruses are tiny (diameter, 65 to 125 nm) and their nucleic
materials range in length from 2 to 32 kbs, and these viruses are
widely distributed in humans and other mammals [2–4]. COVID-19
has an extensive variety of symptoms and signs and can cause respi-
ratory and gastrointestinal symptoms or death. It shares 79% genetic
similarity with human SARS-CoV [5,6], and interestingly, all ac-
knowledged sequences of coronavirus share ≥98% similarity with
the bat coronavirus RaTG13 [7,8]. Alpha (α), gamma (γ), beta (β),
and delta (δ) are used to represent subcategories of the coronavirus
family [7]. SARS-CoV was firstly reported in Foshan, China in Novem-
ber 2002, and it was transported to Hong Kong from where it spread
worldwide. Later, in April 2012, MERS-CoV occurred in Jordan, caus-
ing persistent endemics worldwide. SARS-CoV-2, MERS-CoV, and
ch Institute, Korea Institute of
orea.
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SARS-CoV infect mainly the lower respiratory tract and produce
pneumonia. Besides, human coronaviruses NL63, 229E, OC43, and
HKU1 typically are accompanying by minor symptoms involving
the infection of the upper tract of the respiratory [9,10]. SARS-CoV-
2, MERS-CoV, and SARS-CoV commonly cause lung cell injury be-
cause these human coronaviruses have been evolutionally acquiring
the capability to encode various proteins which allow them to evade
the host immune system. Furthermore, these proteins attack and
over-activate more inflammatory and immune cell via hyper-
activation and massive section, and induce the cytokine storm,
resulting severe injury of infected tissues [11,12].

The SARS-CoV-2 genome encodes ~25 proteins, which are required
by the virus to infect humans and replicate. One of them, spike
(S) protein initiates virus infection by recognizing and binding with
angiotensin-converting enzyme-2 in the human lung cells [13–15].
Two proteases cleave viral and human proteins, and RNA polymerase
synthesizes viral RNA and viral RNA-cleaving endoribonuclease. SARS-
CoV-2 MPro (main protease) also known as 3CLPro plays a major role in
the lifecycle of human SARS-CoV-2 [16–18]. SARS-CoV-2 Mpro and
papain-like protease process translated viral RNApolyproteins. Themo-
lecular mass of Mpro is 33,797 Da. SARS-CoV-2 Mpro recognizes and acts
remarkably at fewer than 11 cleavage sites of Leu-Gln↓ (Ser, Ala, Gly) of
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the polyprotein replicase 1ab. The activated Mpro is a homodimer con-
taining two proteomes and a noncanonical Cys-His dyad situated in
the cleft between the domain I and II. Mpro is preserved among corona-
virus and the substates of Mpro in various coronavirus have several mu-
tual features. SARS-CoV-2 Mpro generates 12 non-structural proteins
(Nsp4 and Nsp16) through the cleaves of the viral polyproteins, includ-
ing RNA-dependent RNA polymerase (RdRp, Nsp12), and the helicase
(Nsp13) [19]. Therefore, SARS-CoV-2 Mpro is viewed as the best
molecular target to block coronavirus replication [19–21]. Because com-
parable cleavage specificity has not been yet reported for human prote-
ases, the inhibition of SARS-CoV-2 Mpro is unlikely to cause any toxic
effect to humans. The SARS-CoV-2 Mpro 3D cystography X-ray structure
has recently been resolved (PDB ID: 6Y2F [19]), and this provides a
means of discovering its inhibitors [19,22].

Currently, it was observed that inflammatory molecule levels (e.g. C
reactive protein and pro-inflammatory cytokines, IL-1β, IL-6, IL-7, IL-8,
IL-9, IL-10, fibroblast growth factor, IFN, granulocyte-colony-
stimulating factor, granulocyte-macrophage colony-stimulating factor,
tumor necrosis factor, macrophage inflammatory protein 1 α, and vas-
cular endothelial growth factor) are elevated in the cells of the lung of
the COVID-19 patients. The presence of these proinflammatory cyto-
kines in the lung is linked with acute respiratory distress, severe injury,
and death [23,24].

Viral replication is accompanying by immune activation and in-
flammation in the host, and it has been well documented that im-
mune cells (e.g. B cells, CD8 lymphocytes, natural killer cells,
monocytes, CD4 lymphocytes, and neutrophils) highly express the
levels of cannabinoid receptor type 2 (CB-2) in lung, liver, nasal epi-
thelium, spleen, thymus, kidney, and brain [25]. CB-2 is best known
for its immunosuppressive and apoptotic effects, increasing anti-
inflammatory cytokine levels, reducing pro-inflammatory cytokine
production, and encouraging regulatory expression of T cells
[26,27]. Furthermore, the CB-2 receptor inhibits inflammatory pro-
cesses and macrophage migration [28] and offers a healing drug tar-
get for reducing immune-associated pathological processes in viral
associated infections [25]. Evidence indicates CB-2 receptors influ-
ence immunomodulatory progression, and coagulative, inflamma-
tory, and the levels of cytokine in the lung. Also, the role of CB-2
against the inflammation had been studied by Mechoulam et al.
that CBDs act as an inverse agonist at the CB2 receptor, partially
explaining its anti-inflammatory properties [29,30]. Another similar
study was reported by Jieting et al. which revealed the anti-
inflammatory role of the CB-2 receptor in the lung to reduce the
ischemic-reperfusion injury in mice. Moreover, proinflammatory cy-
tokines are elevated in COVID-19 patients, which suggests that CB-2
agonists maybe play important role in the COVID-19 infected patient
to regulate the inflammation in lung cells. Also, the well-known role
of SARS-CoV-2 Mpro in the progression of viral development, the an-
tagonist against it may stop the role in the progression of viral. Thus,
CB-2 and SARS-CoV-2 Mpro can be considered therapeutic targets for
the SARS-CoV-2 infected patient.

Based on the effectiveness's of CBDs to reduce inflammation by
acting as agonists of CB-2 receptor [31,32], and the importance of
SARS-CoV-2 Mpro in the SARS-CoV-2 lifecycle to the translation of
viral RNA [33,34], we anticipated that CBDs might be useful for
treating COVID-19 patients by inhibiting SARS-CoV-2 Mpro as well
as binding with CB-2 receptor as an agonist to reduce inflammation
and lung injury.

In the present research, we screened 32 CBDs and evaluated their
binding affinities with SARS-CoV-2 Mpro using AUTODOCK and VINA.
Leadmoleculeswere estimated for their conformational stability, ligand
reactivity, and stability with SARS-CoV-2 Mpro. Five CBDs, namely, Δ9-
tetrahydrocannabinolic acid (Δ9-THCA), Δ9-tetrahydrocannabinol (Δ9-
THC), cannabinol (CBN), cannabidiol acid (CBDA), and cannabidiol
(CBD) (Table 1)were subjected to further in vitro antiviral assays to pre-
dict the abilities of these five CBDs to inhibit human SARS-CoV-2.While
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the possible therapeutic use of CBDs for COVID-19 patients has been
proposed recently [35], it is the first report that provides actual targets
and possible mechanisms of CBDs against the SARS-CoV-2. Privileged
safety and current in vitro antiviral results of CBDs collectively sup-
ported that CBD and Δ9-THC might work as dual-acting for treating
the human coronavirus infections.

2. Materials and methods

2.1. SARS-CoV-2 Mpro protein and ligands collection

SARS-CoV-2Mpro protein crystal structure (PDB: 6LU7) has been re-
trieved fromRCSBprotein database (https://www.rcsb.org/) at a resolu-
tion of 2.16 Å [36]. The binding active pocket was predicted by the
CASTp server (http://sts.bioe.uic.edu/) for computational based virtual
screening and compared to previous studies [36]. The protein prepara-
tionwizards' approach has been used to prepare and refine the targeted
protein by Schrodinger suite. Excess co-crystallizing water molecules
were deleted, and the required hydrogens were added to the complex
structure of the protein. The 2D structures of 32 cannabinoids were
downloaded in a simulation description format (SDF) from PubChem
(https://pubchem.ncbi.nlm.nih.gov/).

2.2. Preparation of ligands and structure-based virtual molecule screening

CBDs were prepared using LigPrep tools in Schrodinger's suite
and optimized for minimum energy using a density functional the-
ory (DFT) approach [37,38]. Bond orders and conformations were re-
fined and minimized using OPLS 2005 force field [39]. These
prepared ligand libraries were exposed to structure-based virtual
screening with the CASTp server predicted active binding pocket of
SARS-CoV-2 Mpro [40]. Also, the CASTp server predicted active bind-
ing site of SARS-CoV-2Mpro was again re-confirmed by VINA random
25 runs between CBDs and SARS-CoV-2 Mpro (Fig. S1). To the virtual
screening, drug molecules were treated as rigid entities, while the
receptor was treated as a flexible entity [41,42]. To ensure result re-
liability, validity, and reproducibility, molecular docking was per-
formed by two different docking methods, namely AUTODOCK [43]
and VINA [44]. Also, binding energies and interactions between
CBDs and SARS-CoV-2 Mpro were estimated by a computational ap-
proach [43]. To visualize interactions CBDs and the protein, BIOVIA
Discovery Studio Visualizer was used.

2.3. Molecular dynamic (MD) simulation and energy calculation

For access the docking conformations complexes stabilities of the
five CBDs, Δ9-THCA, Δ9-THC, CBN, CBD, and CBDA with SARS-CoV-2
Mpro, molecular dynamic simulations were carried out in explicit
water solution using YASARA dynamic software [45] using a
SAMSUNG Intel(R) Core (TM) i5-CPU, 4GB RAM system,Windows 7 en-
terprise version (64). Best docking binding conformations of CBDs com-
plexes were subjected to evaluate their binding confirmation stabilities
with SARS-CoV-2 Mpro. The simulation cells of complexes were defined
using periodic cell boundaries and filled with an explicit water solvent
at 0.997 g/L (density). A periodic simulation cell boundary size of
X = 61.30 A°, Y = 82.84 A°, Z = 52.14 A° was built around the entire
system. Chloride and sodium ions were arbitrarily placed to achieve
charge neutrality. Pka values were only predicted for the sidechains of
Asp, His, Glu, and Lys residues [46]. The AMBER14 molecular dynamic
force field was selected for MD simulation under physiological condi-
tions 298 K, 0.9% NaCl, and pH 7.4 [47]. System energies were mini-
mized initially by steepest descent minimization and this was
followed as previously describedmethod [48].More than 20 ns runmo-
lecular dynamic simulations were performed at constant temperature
and pressure andMD trajectorieswere saved for 250 ps for further anal-
ysis. These MD trajectories were subjected to analysis by the YASARA

https://www.rcsb.org/
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Table 1
Molecular binding affinities of CBDs with SARS-CoV-2 Mpro, where common residues of the amino acid are indicated by bold font. Δ9-THCA, Δ9-THC, CBN, CBD, and CBDA are the tested
compounds and α-ketoamide 13b (PC) is a positive control.

Chemical 

structure

Compounds

(PubChem Id)

Binding 

energy 

(kcal/mol) 

VINA

Binding 

energy 

(kcal/mol) 

AUTODO

CK

Interacting amino 

acids 

Bonds 

α-ketoamide13b 

(PC) [19]

-7.11 -9.50 HIS41, CYS145, 

MET165,GLU166, 

LEU167,

GLN189.

6 π-π,

6 H

Δ9-

Tetrahydrocannabin

olic acid or 

(98523)

-7.17 -10.89 MET49, PRO52, 

CYS145, HIS163, 

MET165,GLU166, 

ARG188, GLN189.

10 π-π, 

2 H

Δ9-

Tetrahydrocannabin

ol or 

(16078)

-7.13 -10.42 HIS41, MET49, 

MET165, GLU166

PRO168, GLN189.

10 π-π, 

1 H

Cannabinol or 

(2543)

-7.16 -10.42 HIS41, MET165, 

GLU166, PRO168, 

GLN189, 

8 π-π, 1 

H

Cannabidiol or 

(644019)

-6.43 -10.53 MET49, PRO52, 

TYP54, CYS145, 

HIS163, HIS164, 

MET165, GLU166,

HIS172, ARG188,

GLN189.

10 π-π, 

2 H

Cannabidiolic 

acid or 

(160570)

-6.39 -10.44 CYS145, HIS163, 

HIS164, MET165, 

GLU166, LEU167, 

PRO168, HIS172.

8 π-π, 3 

H

Δ9-

THCA 

Δ9-THC

CBN

CBD

CBDA
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template file (“md_analysis.mcr”). Binding energy conformations of
complexes were analyzed using another YASARA template file
(“md_analyzebindenergy.mcr”) [49]. Average conformation stabilities
of models were estimated from simulations and root means square de-
viations (RMSDs). As per the YASARA manual, free binding energies
were calculated without the involvement of the entropy term, as fol-
lows. YASARA provides positive binding energies, and therefore, more
positive energies indicate favorable binding with a receptor in the
selected force field, while negative binding energies indicate weak
binding. Trajectory analysis data obtained by MD simulation were rep-
resented graphically using SigmaPlot 10.0. CBD/SARS-CoV-2 Mpro bind-
ing conformations were visualized using Discovery Studio visualization
software.

2.4. Structural stabilities of CBDs as determined by DFT

Frontier molecular orbitals (FMOs) namely lowest unoccupied mo-
lecular orbitals (LUMOs), and highest occupied molecular orbitals
476
(HOMOs) of CBDs were analyzed by density functional theory (DFT).
The LUMOs and HOMOs of molecules Δ9-THCA, Δ9-THC, CBN, CBD,
and CBDA were determined. HOMO-LUMO energy gaps for CBD mole-
cules were calculated by the given equation;

ΔE ¼ ELUMO−EHOMO: ð1Þ

Chemical potentials (μ) and chemical hardnesses (η) were calcu-
lated using the energies associated with HOMOs and LUMOs.

μ ¼ EELUMOþ EHOMO
2

ð2Þ

η ¼ ELUMO−EHOMO
2

ð3Þ

Electronegativity (χ) and electrophilicity (ω) were calculated using
ionization potentials (I), which are generally defined as negative
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EHOMO values, and electron affinities (A) was defined to be equal to neg-
ative ELUMO values.

ω ¼ μ2
2η

ð4Þ

2.5. Extraction and identification of CBDs extraction

Preparative HPLC was performed on a LC-Forte/R (YMC, Japan)
equipped with an ultra-violet (UV) detector (220 nm) using a
Phenomenex Luna C18 column (250 × 21.2 mm, 10 μm), whereas
semi-preparative LCwas conducted systemusing (Gilson, USA) a refrac-
tive index (RI) detector and a Phenomenex Luna C18(2) column
(250 × 10 mm, 5 μm). NMR spectra were recorded on a Varian
Superconducting FT-NMR System (500 and 125MHz for 1H and 13C, re-
spectively) in chloroform-d. Chemical shifts of proton and carbon spec-
tra were obtained in chloroform-d were reported, peaks are reported
residual solvent peaks at 7.26 ppm and 77.0 ppm, respectively.
Ultra-high-performance liquid chromatography (UPLC) ESI mass spec-
trometrywas carried out on a Shimadzu LCMS-2020 system. Chongsam
(Korean hemp, Cannabis sativa L.) was collected from the association
(Andong city, Gyeongsangbuk-do, South Korea) in accord with assign-
ment/transfer approval processes (approval No. 1564) stipulated by
the Korean Ministry of Food and Drug Safety and the Seoul Regional
Food and Drug Administration.

Chongsam leaves were harvested in July 2019, naturally dried, finely
cut, and 10 g was extracted twice with ethanol (200mL) at the temper-
ature of the room and filtered. The ethanolic extract (1.64 g) was then
suspended in water and afterward successively partitioned versus nor-
mal hexane, which yielded 720 mg of residue. Silica open column chro-
matography (Merck, 230–400 mesh, 2.0 × 10.0 cm ID) was carried out
by using a hexane: ethyl acetate (F1–10:0, F2–25:1, F3–10:1, and
F4–0:10; each 200 mL) stepwise gradient. The F2 (187 mg) fraction
was subjected to preparative HPLC (Phenomenex Luna C18 column;
250× 21.2mm, 10 μm) eluted using awater (A) andMeCN (B) gradient
system (70 to 85% MeCN over 60 min) at 10 mL/min flow rate using a
220 nm UV detector to yield four subfractions (a–d). Further purifica-
tion of each sub-fraction was performed by semi-preparative HPLC
(Phenomenex Luna C18 (2); 250 × 10 mm, 5 μm) using 70 to 85%
MeCN as an eluant at 4 mL/min flow rate to afford pure compounds
Δ9-THCA (17.0 mg), Δ9-THC (48 mg), CBN (1.1 mg), and CBD (1.9 mg)
(Fig. S3). Fraction F3 (35 mg) was subjected to preparative HPLC
(Phenomenex Luna C18 column; 250 × 21.2 mm, 10 μm) and gradient
eluted with water (A) and MeCN (B) at 65 to 80% MeCN over 60 min
at 10 mL/min flow rate using a 220 nm UV detector to yield one sub-
fraction (e). This was purified by semi-preparative HPLC (Phenomenex
Luna C18 (2); 250 × 10mm, 5 μm)using a 65 to 80%MeCN gradient at a
flow rate of 4 mL/min to afford pure CBDA (7.9 mg). The five isolated
molecules were analyzed by comparing NMR spectra with those previ-
ously reported (supplementary) [50,51].

2.5.1. Analysis of cannabinoids
An analytical reversed-phase Shimadzu Nexera X2 UHPLC system

comprised of a solvent degassing unit (DGU–20A), binary pump (LC–
30AD), autosampler (SIL–30AC), systemcontroller unit (CBM–20A), pho-
todiode array detector (SPD–M20A), and column oven unit (CTO–20AC)
was used for qualitative and or quantitative analysis. Electrospray ioniza-
tion (ESI)-mass spectrometry (MS) (Shimadzu LCMS-2020 system) was
used for qualitative analysis. A Phenomenex Luna Omega polar C18 col-
umn (150 × 2.1 mm, 1.6 μm) was used. The mobile phase contained
the binary gradient of solvent A (water) and solvent B (MeCN), as follows,
initially; 70%B, 10.0min; 85%B, 11.0min; 95%B, and15.0min; 70%B. The
flow rate was established to 0.3 mL/min and 220 nm detection wave-
length was used.
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2.6. In vitro estimations of the antiviral potencies of CBDs against SARS-
CoV-2

The antiviral potencies of CBDs were investigated as per the previ-
ously described method [52]. The images of confocal microscopy of
viral N protein and cell nuclei were analyzed using image mining (IM)
software. A dose-response curve (DRC) was made for individual com-
pounds. From the American Type Culture Collection (ATCC CCL-81),
Vero cells were obtained for in vitro drug screening assays. Cells were
maintained in Dulbecco's Modified Eagle's Medium (DMEM; Welgene)
containing, 10% heat-inactivated fetal bovine serum (FBS) and 1×
antibiotic-antimycotic solution (Gibco) in a 5% CO2 atmosphere at
37 °C. Virus SARS-CoV-2 (βCoV/KOR/KCDC03/2020) was given by the
Korea Centers for Disease Control and Prevention (KCDC), and the
virus was propagated in Vero cells. The viral titers were estimated by
subjecting Vero cells to plaque assays. Institute Pasteur Korea supported
this research work, which was carried in accord with rules issued
through the Korea National Institute of Health (KNIH), South Korea,
using level-3 of biosafety control procedures in laboratories approved
for use by the KCDC.

2.6.1. Drug and reagents
Isolated CBDswere used, and lopinavir (LPV; S1380) was purchased

from SelleckChem and remdesivir (HY- 104077) from
MedChemExpress, and chloroquine was obtained from Sigma-Aldrich.
Chloroquine was mixed in Dulbecco's Phosphate-Buffered Saline
(DPBS; Welgene). For in vitro studies, all reagents were well mixed in
DMSO. The Anti-SARS-CoV-2 N protein antibody was obtained from
Sino Biological Inc. (China), while Hoechst-33342 and Alexa Fluor-488
goat anti-rabbit IgG (H + L) secondary antibody were bought from
the Molecular Probes. Also, paraformaldehyde (PFA) (32% aqueous so-
lution) and normal goat serum were purchased from Vector Laborato-
ries, Inc. (Burlingame, CA) and Electron Microscopy Sciences (Hatfield,
PA), respectively.

2.6.2. Dose-response curve analysis as estimated by immunofluorescence
DRC analysis was carried out as previously described protocol[52].

Briefly, Vero cells were sown (1.2 × 104 cells/well) in DMEM containing
2% FBS in black and 1× Antibiotic-Antimycotic solution (Gibco), 384-
well, μClear plates (Greiner Bio-One), and allowed to stand for 24 h,
then, cells were treated with compounds at the conc. ranging
0.05–100 μM, in duplicate. Nine-point DRCs were generated. For viral
infection, plates were moved into the BSL-3 containment facility and
SARS-CoV-2 was added at MOI of 0.0125. Later, cells were fixed at 24
hpi with 4% PFA and examined using an immunofluorescence Operetta
(Perkin Elmer). Images acquired using in-house software was used to
estimate infection ratios and cell numbers, and antiviral activity was
normalized versus negative (0.5% DMSO) and positive (mock) controls.
DRCs were fitted using the following sigmoidal dose-response model
using: Y = Bottom + (Top − Bottom) / (1 + (IC50 / X)Hillslope), using
Prism or 7XLfit 4 Software. Finally, IC50 values were analyzed from the
normalized activity dataset-fitted curves. IC50 and CC50 values were
also analyzed in duplicate, and the quality of each assay was verified
using the Z'-factors and coefficients of variation.

3. Results

3.1.Molecular docking of CBDswith SARS-CoV-2Mpro andmapping of their
molecular interactions

To estimate and explore the interactions between CBDs and SARS-
CoV-2 Mpro, we carried out the virtual screening of 32 known CBDs
(Table S1). The predicted active pocket of SARS-CoV-2 Mpro was identi-
fied by the CASTp server which was similar to the privileged reported
binding pocket [19]. As a result, SARS-CoV-2 Mpro (domain-I) was
assigned as the binding active pocket for CBDs docking (Fig. S1),



Fig. 1. 3D conformations of ligand-protein interaction of Δ9-THCA, Δ9-THC, CBN, CBD, CBDA, and α-ketoamide 13b (positive control) with SARS-CoV-2 Mpro. Dotted lines of green colour
show hydrogen bonds between the SARS-CoV-2 Mpro residues and ligands.
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which is similar to earlier studies of α-ketoamide 13b binding [19]. All
CBDs were estimated for their binding with SARS-CoV-2 Mpro, showing
the binding affinities range between −5.67 to −7.62, kcal/mol (VINA)
(Table S1). Redocking of the 32 CBDs was carried out by AUTODOCK,
and all 32 showed binding energies between −8.40 and −10.89 kcal/
mol (Table S1). Based on molecular docking confirmation stabilities,
and interaction with residues of SARS-CoV-2 Mpro, five CBDs namely
Δ9-THCA, Δ9-THC, CBN, CBD, and CBDA showed stable conformation
and remarkable binding interactions with SARS-CoV-2 Mpro (Figs. 1
and S2) where Δ9-THCA, CBN, and CBDA had binding affinities of
−10.89, −10.42, and −10.44 kcal/mol, respectively, while Δ9-THC
and CBD showed molecular binding energies of −10.42 and
−10.53 kcal/mol, respectively, compared to positive control
(α-ketoamide 13b) binding energy of ˗9.50 kcal/mol in AUTODOCK.
The interaction betweenΔ9-THC and SARS-CoV-2Mpro involved onehy-
drogen bond and ten π-π bonds interaction residues (Fig. 1). CBD-SARS-
CoV-2 Mpro complex showed two hydrogen and ten π-π interactions
with various amino acid residues, while Δ9-THCA, CBN, and CBDA
showed the two, one, three hydrogen bindings and ten, eight, and
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eight π-π interactions with amino acid residues, respectively. Impor-
tantly, it was observed that all five hits (Δ9-THCA, Δ9-THC, CBN, CBD
and, CBDA) and the positive control (α-ketoamide 13b) that bound to
SARS-CoV-2 Mpro interacted with similar common amino acids as
GLN189, MET165, and GLU166, (Tables 1 and S1) therefore, it can be
suggested that these common interacting residues may be required
for binding with the active pocket of SARS-CoV-2 Mpro to produce the
inhibitory effect.
3.2. Absorption, distribution, metabolism, and excretion (ADME) profiles
of CBDs

All optimized CBDswere subjected to analysis of their ADME profiles
using Schrodinger software. Accordingly, Lipinski's rule, all CBDs had an
acceptable range of molecularweights, Lipinski's violation, n-OHNH do-
nors, n-OH acceptors, and n-ROTB (Table S2), indicating these CBDs are
likely to exhibit good absorption profiles and pharmacological effects.



Fig. 2. Molecular geometries with charges and atomic numbers for A. Δ9-THCA, C.Δ9-THC, E. CBN, G. CBD, and I. CBDA. Frontier molecular orbitals used to explore the HOMO-LUMO of
optimized B. Δ9-THCA, D. Δ9-THC, F. CBN, H. CBD, and J. CBDA were calculated using the DFT approach of Gaussian program package.
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3.3. Stability confirmation of CBDs estimated through density functional
theory (DFT)

DFT approach was applied to calculate the energy gaps between
HOMO and LUMO for the five CDBs. HOMO orbitals were located at 2,
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2-dimethylchroman-5-ol andmethyl-1′, 2′, 3′, 4′-tetrahydro-[1,1′-biphe-
nyl]-2, 6-diol ringmotifs ofΔ9-THC, and CBD, respectively (Fig. 2). The en-
ergy gap was observed to be slightly high for compounds Δ9-THC, and
CBD than CBDA. However, the LUMOs of these CBDs were detected at
the 3-propyl-6a, 7, 8, 10a-tetrahydro-6H-benzo[c]chromen-1-ol and



Table 2
DFT calculation results of CBDs for quantum chemical parameters.

Quantum chemical parameters (eV
unit)

Δ9-THCA Δ9-THC CBN CBD CBDA

HOMO −6.07 −5.74 −5.81 −5.91 −6.16
LUMO −0.78 −0.10 −0.95 −0.11 −0.91
Energy gap (ΔE) 5.29 5.63 4.85 5.80 5.25
Chemical potential (μ) −3.42 −2.92 −3.38 −3.01 −3.53
Global hardness (η) 2.64 2.82 2.42 2.90 2.62
Ionization potential (I) 6.07 5.74 5.81 5.91 6.16
Electrophilicity (ω) 2.21 1.51 2.37 1.56 2.37
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(S)-4, 5′-dimethyl-1′, 2′, 3′, 4′-tetrahydro-[1, 1′-biphenyl]-2, 6 -diol motif
of Δ9-THC, and CBD, respectively (Fig. 2). While HOMO orbitals of Δ9-
THCA, CBN, and CBDA were located at chromene with the carboxylic
acid group, chromene fused cyclic ring with an aliphatic side chain and,
dihydroxyl benzoic acid motif, respectively. It is well documented that a
molecule with a small frontier energy orbital gap is chemically reactive,
highly polarized, and has low kinetic stability, while a higher HOMO to
LUMO gap between frontier orbitals confers stability (Table 2) [53]. Com-
poundsΔ9-THC andCBDhad a slightly higherHOMOto LUMOenergy gap
than Δ9-THCA, CBN, and CBDA, which indicated that Δ9-THC and CBD
have a good stability profile. Chemical hardness (η) is defined as resis-
tance to distortion of the electron cloud during chemical processes and
represents compound stability [54]. Interestingly the η values of Δ9-THC
Fig. 3.Dose-response curve analysis of three control drugs, lopinavir, chloroquine, and remdesiv
inhibitory concentrations against SARS-CoV-2 infection (%) and the red squares represent Vero
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and CBD were higher than Δ9-THCA, CBN, and CBDA, showing the good
stability of Δ9-THC and CBD.
3.4. Estimation of in vitro antiviral effects of CBDs on SARS-CoV-2

Based on our virtual screening results with SARS-CoV-2, five CBDs
were assigned to be assessed in vitro antiviral assay against the
SARS-CoV-2. These five CBDs, namely for Δ9-THCA, Δ9-THC, CBN, CBD,
and CBDA (Table 1) were successfully isolated and purified (Fig. S3)
and their in vitro antiviral activities were estimated using Vero cells as
previously reported [52]. Using in-house ImageMining software, the con-
focalmicroscope images of viral N protein and cell nuclei were evaluated,
and DRC was produced for individual CBDs (Fig. 3). In this experiment,
chloroquine, ramdesivir, and lopinavir were used as standard drugs;
they have IC50 of 9.78, 8.17, and 13.16 μM, respectively, which ismatched
with previously reported studies [52]. Of the five CBDs, Δ9-THC, and CBD
showed potent antiviral activity against SARS-CoV-2 with IC50 of 10.25
and 7.91 μM, respectively, while for Δ9-THCA, CBN, and CBDA showed
moderate antiviral activity with IC50 of 13.17, 11.07, and 37.61 μM, re-
spectively. The most active compound CBD exhibited higher inhibition
of SARS-CoV-2 virus at concentration 12.50 μM (99.19%) and a Vero cell
survival ratio was 97.46% (Fig. 3). Also, it was noticed that the host cell
survival ratio suddenly decreased at a concentration of 50 μM. Therefore,
12.50 μM of CBD was deemed safe for inhibiting SARS-CoV-2 without
ir, and thefive CBDs,Δ9-THCA,Δ9-THC, CBN, CBD, and CBDA. The blue circles represent the
cell viability (%). Means ± SD was calculated from the results of duplicate experiments.



Fig. 4. The plots show the stability of the interaction between the CBDs and SARS-CoV-2 Mpro complexes in MD simulation over time. (A-C) Binding energy profile, RMSD, and potential
energy of Δ9-THCA-SARS-CoV-2 Mpro complex estimation during MD simulation as determined using YASARA. (D-F) Binding energy profile, RMSD, and potential energy of CBN-SARS-
CoV-2 Mpro during MD simulation as determined using YASARA. (G-I) Binding energy profile, RMSD, and potential energy of CBDA- SARS-CoV-2 Mpro complex during MD simulation
as determined using YASARA. (J-L) Binding energy profile, RMSD, and potential energy of Δ9-THC-SARS-CoV-2 Mpro complex during MD simulation as described using YASARA. (M-O)
Binding energy profile, RMSD, and potential energy of CBD-SARS-CoV-2 Mpro complex during MD simulation as determined using YASARA.
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Fig. 5. The comparative binding position of CBDs-SARS-CoV-2 Mpro complex before and after a long run of MD simulations for (A) Δ9-THC, and (B) CBD.
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causing any cytotoxicity, in vitro. A similar concentration-dependent inhi-
bition pattern was also observed for Δ9-THCA.
3.5. Conformation of stability of CBDs-SARS-CoV-2 Mpro complexes by mo-
lecular dynamic (MD) simulation

The motions and conformation stabilities of CBDs-SARS-CoV-2 Mpro

complexes were further evaluated under solution conditions by MD sim-
ulation. Complexeswith high binding energywere allowed to the estima-
tion of amino acid interactions over time. Generated trajectories were
analyzed to determine ligand binding energies, root-mean-square devia-
tion (RMSD), and total potential energies of ligand-receptor complexes
over time 20 ns. The average binding energies of the Δ9-THC and CBD
were 164.73 and 93.10 kcal/mol, respectively. These positive binding en-
ergies as per the assigned forcefield suggested that CBDs bind strongly
with SARS-CoV-2 Mpro throughout MD runs. Δ9-THC-SARS-CoV-2 Mpro

and CBD-SARS-CoV-2Mpro complexes exhibited the equilibriumof trajec-
tories after 1500 and 500 ps respectively, indicated complex stability dur-
ing a 20nsMDrun. Interestingly, theRMSDof the complex of SARS-CoV-2
Mpro with Δ9-THC, and CBD, respectively did not show additional fluctu-
ation during MD simulation runs (Fig. 4). The stability profiles of SARS-
CoV-2 Mpro with Δ9-THCA, CBN, and CBDA complexes are represented
in Fig. 4 in MD simulation, where CBN showed the stability at 1300 ps
andΔ9-THCA showed at 1100ps (Fig. 4). Besides, compoundCBDAexhib-
ited slightly higher fluctuation in RMSD of backbone and heavy atoms.
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These observations showed CBDA-SARS-CoV-2 Mpro complex is slightly
less stable than Δ9-THC-SARS-CoV-2 Mpro and CBD-SARS-CoV-2 Mpro

complexes. The initial and last poses of Δ9-THC and CBD to the SARS-
CoV-2 Mpro binding pocket did not show any conformational changes in
the complex structures over 20 ns (Fig. 5). The potential energies of Δ9-
THC-SARS-CoV-2 Mpro and CBD-SARS-CoV-2 Mpro complexes exhibited
a linear trajectory. Hence, RMSDs and binding energies confirmed the sta-
bilities of complexes Δ9-THC, and CBD with SARS-CoV-2 Mpro during the
20 ns MD simulation.
4. Discussion

This study represents a preliminary effort to discover dual-acting
phytochemicals capable of interacting with SARS-CoV-2 Mpro as an an-
tagonist and CB-2 receptors in the lungs (agonist). SARS-CoV-2 Mpro is
known to play a significant role in the viral replication of SARS-CoV-2,
but as yet, no effective target-based vaccine or drug has been developed
against COVID-19. Herein, we performed structured based screening of
diverse CBDs because they directly or indirectly activate CB-2 receptor
and attenuate the properties of proinflammatory cytokines. We
screened 32 CBDs molecules for estimation of their interaction with
the validated binding active site of SARS-CoV-2 Mpro. From the point
of view of availability and cost of molecules, virtual screening has
been carried out to find a smaller number of good hit molecules and



Fig. 6.A. A plausiblemechanism of CBDs asmay act dual-acting to inhibit SARS-CoV-2: structure features of SARS-CoV-2 and its main SARS-CoV-2Mpro binding pocket, B. SARS-CoV-2 life
cycle in host lung cells is initiated by binding between viral spike glycoprotein and ACE2 cellular receptor. Spike glycoprotein facilitates viral envelope/cell fusion through the endosomal
pathways, consequently, release RNA of SARS-CoV-2 and translate the RNA genome of viral by viral polyproteins replicase of 1ab and pp1a and their subsequent cleavage by the viral
proteinases into small products. A sequence of subgenomic mRNAs is produced by SARS-CoV-2 Mpro, which are next translated into similar viral proteins. Further, genome RNA and
viral proteins accumulate into virions in the ER and Golgi, and SARS-CoV-2 is transported in vesicles to the extracellular compartment. During this process, T-helper cells and M1 pro-
inflammatory macrophages secrete interleukins and induce inflammation inside lung cells.

V. Raj, J.G. Park, K.-H. Cho et al. International Journal of Biological Macromolecules 168 (2021) 474–485
reduce the risk of the matter of luck and time. Also, CBDs are the li-
censed product to use experimentally and these are not readily
available.

As collectively observation indicates that molecular docking, DFT,
and MD simulation showed stable binding of CBDs with SARS-CoV-2
Mpro. Based on our computational study (Fig. 1) and in vitro antiviral po-
tencies (Fig. 3) of CBD, and Δ9-THC against SARS-CoV-2 suggested that
these both molecules might inhibit SARS-CoV-2 in two ways, i.e. they
may bind to and inhibit SARS-CoV-2 Mpro, leads to blocking the transla-
tion procedure as well as reduce pro-inflammatory cytokines levels in
lung cells by acting as agonists of CB-2 receptor (Fig. 6).

The structural features of SARS-CoV-2 indicate that several proteins
likely spike glycoprotein (S), chymotrypsin-like main protease, SARS-
CoV-2 Mpro, papain-like protease, and RNA polymerase play essential
roles in the progress of SARS-CoV-2 [33]. The SARS-CoV-2 life cycle in
host lung cells is initiated by binding between the S-protein of SARS-
CoV-2 and ACE2 (cellular receptor) [55–57]. S-protein facilitates viral
wrapping fusion with host cells, through an endosomal pathway, which
results in the viral cell release the RNA of SARS-CoV-2 into the host cell
and translates the viral genome RNA into replicase polyproteins 1ab and
pp1a, are later cleaved by proteinases into small products (Fig. 6) [3,58].
SARS-CoV-2Mpro andpapain-like protease are essential for theprocessing
of polyproteins [19]. Later, sub-genomic mRNA is formed by polymerase
[59]. In this pathway, T-helper cells and M1 pro-inflammatory macro-
phages secrete interleukins, which cause inflammation inside lung cells
[60,61]. However, the binding affinities, complex stabilities, and in vitro
potencies of CBDs suggested that these CBDs inhibit SARS-CoV-2Mpro ac-
tivity and lead to blocking viral replication. Importantly, no human similar
protease to SARS-CoV-2 Mpro has reported been yet, and such inhibitors
(inhibitor for SARS-CoV-2 Mpro) are improbable to be toxic [19]. On the
other side, CBDs trigger the stimulation of CB-2 receptor in the lung,
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and induce immunosuppression, apoptosis, increase anti-inflammatory
cytokine levels and inhibit pro-inflammatory cytokine production and
the inductions of regulatory T-cells [62].

The presence of hydrogens and diverse π-π bonds and other
intramolecular interactions between the residues of amino acid of
SARS-CoV-2 Mpro (Fig. 1) and the five selected CBDs suggested better
conformational complex stability among all CBDs. Importantly, binding
of the five CBDs, Δ9-THCA, Δ9-THC, CBN, CBD, and CBDA with the bind-
ing active site of SARS-CoV-2Mpro had good docking scores compared to
reference compoundα-ketoamidewith similar binding pocket of SARS-
CoV-2 Mpro (Tables 1 and S1). Also, Δ9-THC and CBD showed a slightly
higher HOMO-LUMO energy gap in DFT calculations, which supported
that these molecules are stable with SARS-CoV-2 Mpro compared to re-
maining CBDs (Fig. 2). In MD simulations, Δ9-THC- or CBD-SARS-CoV-
2 Mpro complexes showed better conformation stability than Δ9-THCA,
CBN, and CBDA complexes (Figs. 4 and 5). The above-obtained results
suggested Δ9-THC or CBD bind to SARS-CoV-2 Mpro with stable confor-
mations. For further confirmation of protein binding and affinity, the
surface plasmon resonance technique or other protein binding assay is
required in the next phase of the study of the research.

Moreover, the significant in vitro antiviral results against SARS-CoV-
2 of Δ9-THC, and CBD compared to Δ9-THCA, CBN, and CBDA suggested
their higher potency to inhibit SARS-CoV-2, but higher doses of Δ9-THC
or CBD, caused cytotoxicity in the host cell, which attracts the attention
regarding safety issues for human. But based on privileged safety pro-
files of Δ9-THC, and CBD for humans [63,64], it has been proposed sub-
therapeutic dosing of CBD at 0.3 mg/kg/day is effective in Crohn's
disease. In humans, CBD has been tested over a wide dose range from
<1 to 50 mg/kg/day [63,64]. Moreover, Δ9-THC acts as a partial agonist
of CB1R and CBR2 and reportedly induces immunological and anti-
inflammatory effects via activation of CB2R [65,66]. Δ9-THC is a well-
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known psychoactive cannabinoid and high doses of Δ9-THC cause side
effects such as depolarization, paranoid delusions, the flight of ideas,
disorganized thinking, and visual hallucination [67]. Also, Δ9-THC in-
creases the anxiety when used alone, particularly at high doses under
conditions of stress, while co-administration with CBD can counteract
the Δ9-THC induced anxiety [66]. Thus, the safe dose of Δ9-THC for fur-
ther treatment of SARS-CoV-2 infected patient is amajor concern for the
safety of patients.

CBD controls the stimulation of the immune not only in the human
immunodeficiency virus but also in post-Ebola syndromewhen admin-
istered orally at 10–20mg/kg and 1.7–10mg/kg daily, respectively [68].
Notably, the Therapeutic Goods Administration of the Australian De-
partment of Health recently (April 2020) [69] recommended that low
dose CBD can be administered orally or by inhaler or vaporization for
the treatment of insomnia and anxiety secondary to post-traumatic
stress disorder at 25–40 mg/day for a 10-year-old child and 50 to
75 mg/day for adults [70,71]. CBD has been also administered at
1 mg/kg/day for the management of local and systemic chronic
pain [72,73]. Thus, it appears CBD is safe at up to 60 mg per day. Fur-
thermore, it has been described that a single oral dose of CBD at
100 mg, or a combination of 10.8 mg THC and 10 mg CBD was safe
and tolerable in the healthy volunteers [74,75]. Based on these
above privileged preclinical studies on these two cannabinoids
(CBD and Δ9-THC) for their safety profiles for the management of
various diseases and our encouraging in vitro antiviral potencies of
CBD and Δ9-THC (Fig. 3) against SARS-CoV-2, it can be suggested
that CBD and Δ9-THC may attract additional research communities
to estimate their significance clinically for the treatment of human
coronavirus affected patients.
5. Conclusion

In summary, this report demonstrates the antiviral potencies of
CBD and Δ9-THC against SARS-CoV-2. Based on privileged safety
index CBD and Δ9-THC in human and their current in vitro potencies
against SARS-CoV-2, it can be concluded that these compounds are
potential antiviral molecules towards SARS-CoV-2 and may have
worked as dual-acting against SARS-CoV-2, not only block the viral
translation procedure by inhibiting SARS-CoV-2 Mpro but also re-
duce pro-inflammatory cytokines levels in lung cells by acting as ag-
onists of CB-2 receptor. The successful in vitrowork here of CBD and
Δ9-THC lays the framework for their application in human clinical
trials for the treatment of human coronavirus infections. Thus, CBD
and Δ9-THC may be used in combination or with other drugs to
treat COVID-19 patients.
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