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Abstract

Flavonoids are phenolic compounds naturally found in plants and commonly con-

sumed in diets. Herein, flavonoids were sequentially evaluated by a comparative in

silico study associated with systematic literature search. This was followed by an

in vitro study and enzyme inhibition assays against vital SARS-CoV-2 proteins includ-

ing spike (S) protein, main protease (Mpro), RNA-dependent RNA-polymerase (RdRp),

and human transmembrane serine protease (TMPRSS2). The results obtained rev-

ealed 10 flavonoids with potential antiviral activity. Out of them, silibinin showed

promising selectivity index against SARS-CoV-2 in vitro. Screening against S protein

discloses the highest inhibition activity of silibinin. Mapping the activity of silibinin

indicated its excellent binding inhibition activity against SARS-CoV-2 S protein, Mpro

and RdRP at IC50 0.029, 0.021, and 0.042 μM, respectively, while it showed no inhi-

bition activity against TMPRSS2 at its IC50(SARS-CoV-2). Silibinin was tested safe on

human mammalian cells at >7-fold its IC50(SARS-CoV-2). Additionally, silibinin exhibited

>90% virucidal activity at 0.031 μM. Comparative molecular docking (MD) showed

that silibinin possesses the highest binding affinity to S protein and RdRP at �7.78

and �7.15 kcal/mol, respectively. MDs showed that silibinin exhibited stable interac-

tion with key amino acids of SARS-CoV-2 targets. Collectively, silibinin, an FDA-

approved drug, can significantly interfere with SARS-CoV-2 entry and replication

through multi-targeting activity.
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1 | INTRODUCTION

SARS-CoV-2 is an emerging single stranded, positive-sense RNA virus

(Yang et al., 2020). By March 11th 2020, the World Health Organiza-

tion (WHO) considered SARS-CoV-2 infection as a pandemic disease,

named COVID-19, due to the dramatic increase in the number of

deaths (Riva et al., 2020). Despite the presence of several potential

targets for the inhibition of SARS-CoV-2 (Gil et al., 2020), U.S. FDA

has granted the emergency use authorization (EUA) to remdesivir
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against SARS-CoV-2 infection (Wang et al., 2020). Similarly, mol-

nupiravir and paxlovid were granted EUA to manage the COVID-19

hospitalized patients (Wen et al., 2022). Paxlovid is a combination

therapy of nirmatrelvir and ritonavir. Both showed a significant

reduced rate of mortality and severity (Wen et al., 2022).While the

emergence of new virus variants is a serious health problem, the dis-

covery of novel drugs effective against SARS-CoV-2 that can over-

come the virus resistance mechanisms is urgent.

Flavonoids, on the other hand, are naturally occurring polypheno-

lic compounds with potential antiviral (Kim, Leem, Lee, & Kim, 2020),

and immunomodulatory (Lalani & Poh, 2020) activities. The antiviral

activity of flavonoids has been identified since 1940s. The mechanism

of action mainly involves the inhibition of various essential enzymes

associated with the virus life cycle (Coelho et al., 2018). For example,

the potential role of quercetin and its derivatives against SARS-CoV2

infection have been highlighted in several studies (Di Petrillo, Orrù,

Fais, & Fantini, 2021). Quercetin has potential antioxidant, antiviral

and anti-inflammatory activities and showed promising binding affin-

ity towards SARS-CoV-2 proteins (Derosa, Maffioli, D'Angelo, & Di

Pierro, 2021). Quercetin has also been reported as potent inhibitor

against SARS-CoV-2 Mpro at Ki 7 μM (Abian et al., 2020). On the other

hand, rutin, a glycosylated analogue of quercetin, showed potent inhi-

bition against SARS-CoV-2 Mpro at Ki 11 μM, while its L-arginine

derivative was not able to inhibit the viral replication at the cellular

level, despite its enhanced solubility (Sancineto et al., 2021). The liter-

ature is rich in various in silico studies that suggest the potential

importance of flavonoids as potent antiviral against SARS-CoV-2

infection. Molecular docking studies indicated the potential binding of

naringin and hesperetin against ACE-2, consequently they can control

SARS-CoV-2 entry (Cheng et al., 2020). The binding efficiency of

herbacetin, isobavachalcone, quercetin 3-β-D-glucoside and

helichrysetin flavonoids against MERS-CoV 3C-like protease (3CLpro)

were confirmed by fluorescence resonance energy transfer (FRET)

and tryptophan-based fluorescence methods (Jo, Kim, Kim, Shin, &

Kim, 2019). Naringin also showed significant inhibition activity on the

expression of proinflammatory cytokines in raw macrophage cell line

(Cheng et al., 2020). Furthermore, the immunomodulatory role of fla-

vonoids especially epicatechin, epigallocatechin gallate, hesperidin,

naringenin, quercetin, rutin, luteolin, baicalin, diosmin, genistein,

biochanin A, and silymarin in COVID-19-associated cytokine storm

suggested their potential as phytotherapeutics against SARS-CoV-2

infection (Gour, Manhas, Bag, Gorain, & Nandi, 2021).

Flavonoids are recognized as safe phytochemicals, and hence

they are intensively used as food and health supplements especially

for upper respiratory tract infection and immune-related diseases

(Somerville, Braakhuis, & Hopkins, 2016). Remarkably, a significant

antiviral activity of flavonoids against SARS-CoV following in vitro

and in vivo studies was reported (Jo, Kim, Shin, & Kim, 2020). Flavo-

noids also showed excellent therapeutic activity as antiviral when

taken in a combination therapy such as the synergistic effect of

apigenin with acyclovir (Mucsi, Gyulai, & Beladi, 1992). Flavonoids

attract the interest as candidate against SARS-CoV-2 infection. How-

ever, the lack of supportive experimental validations prohibits their

implementation against SARS-CoV-2. Accordingly, all accumulated

evidence questioned how far the flavonoids would be proven as bene-

ficial treatment against SARS-CoV-2. On the other hand, the higher

cost and long timeline required for the development of new antiviral

drug draw the attention for drug repurposing particularly those are

FDA-approved. Obviously, there is an urgent need to elucidate the

crucial role of flavonoids and verify their mechanisms of action, as

well as the adequate application against SARS-CoV-2 infection.

Several in silico-based studies showed the potential importance

of variable flavonoids against SARS-CoV-2. However, careful compar-

ative studies along with experimental validation were very limited.

Thus, in this study, we propose that a comparative in silico study

accompanied with systematic evaluation of the published data can

narrow down these reported flavonoids to a shortlist with potential

anti-SARS-CoV-2. Consequently, this list can be explored experimen-

tally through in vitro study. The ones with promising activity can be

further mapped against vital viral target proteins in order to select a

flavonoid with superior and multi-targeting activity against SARS-

CoV-2. Selecting a single compound with promising activity against

multiple targets can increase the probability to overcome the devel-

oped resistance by viruses including SARS-CoV-2.

2 | MATERIALS AND METHODS

2.1 | Materials

Flavonoids were purchased from Sigma-Aldrich Company, Germany.

Flavonoids employed in this study are eriodictyol (Cat#: 94258, 95%),

hesperetin (Cat#: H4125, 95%), fisetin (Cat#: PHL82542, 98%),

kaempferol (Cat#: 60010, 90%), morin (Cat#: M4008, 98%), myricetin

(Cat#: M6760, 96%), luteolin (Cat#: L9283, 98%), daidzein (Cat#:

D7802, 98%), genistein (Cat#: G6649, 98%), and silibinin (Cat#:

S0417, 98%). Mammalian cells including Vero-E6 cells and normal

human fibroblast cell line (HDF, 106-05A) were purchased from

Sigma-Aldrich. HDF was cultured in Dulbecco's Modified Eagle

Medium/Nutrient Mixture F-12 (DMEM/F-12) (Sigma-Aldrich), sup-

plemented with FBS (Sigma-Aldrich), and penicillin–streptomycin

(Sigma-Aldrich).

2.2 | Computational studies

All computational work was carried out using Schrödinger suite 12.7

available at www.Schrödinger.com and using Maestro graphical user

interface software.

2.2.1 | Protein and ligand preparation

The 3D crystal structures of SARS-CoV-2 S protein (PDB ID: 6VSB),

Mpro (PDB ID: 6LU7), RdRp (PDB ID: 7BV2), and TMPRSS2 (PDB ID:

2OQ5) enzymes were downloaded from the protein data bank
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(https://www.rcsb.org/). The proteins were prepared and refined

using the Protein Preparation Wizard (Sastry, Adzhigirey, Day,

Annabhimoju, & Sherman, 2013). Crystallographic water molecules

that beyond 5 Å were removed. All the missing hydrogen atoms were

added at appropriate ionization pH and the tautomerization state

were assigned. Next, the refining of protein structures was performed

and the water molecules with <3 hydrogen bonds to non-waters were

deleted. Finally, the energy minimization was performed using

OPLS-4 to relieve the steric clashes (Harder et al., 2016). The 2D

structures of the generated library were converted to 3D structures

using LigPrep, Schrodinger (Giardina et al., 2020). Hydrogen atoms

were added, and the salt ions were removed. The most probable ioni-

zation states were calculated at appropriate ionization pH using the

Epik module (Greenwood, Calkins, Sullivan, & Shelley, 2010; Shelley

et al., 2007). During the ligand preparation, specified chirality of the

3D crystal structure was retained. The subsequent energy minimiza-

tion of each structure was carried out using OPLS4 force field (Harder

et al., 2016) and filtered through a relative energy tool to exclude the

high energy structures from the given input. Besides, any errors in the

ligands were eradicated in order to enhance the accuracy of the

molecular docking (Ganai, Abdullah, Rashid, & Altaf, 2017).

2.2.2 | Grid generation and molecular docking

The ligand in the crystal structure of RdRp and TMPRSS2 enzymes

was used for grid generation. A grid box was generated at the centroid

of the active site for docking studies, and the active site was defined

around the ligand crystal structure. Since the crystal structure of S

protein with its ligand is not available, a sitemap analysis was used for

the identification of the predictable binding site. The binding site that

showed the highest site score and Dscore was used for receptor grid

generation with Glide.

Molecular docking was performed within the catalytic pocket site of

the proteins using standard precision (SP) mode of Grid using Glide

(Friesner et al., 2004; Halgren et al., 2004). The Docking method valida-

tion was carried out using the crystal structure of TMPRSS2 (PDB:

2OQ5) with its co-crystallized ligand. It was prepared using the protein

preparation wizard followed by separation of ligand and protein. The

ligand was then re-docked against the protein using standard precision

(SP) flexible docking protocol, and the RMSD was calculated between the

crystal structure ligand pose and re-docked pose. The accuracy of the

docking procedure was determined by the low RMSD value predicted by

the Glide scoring function resembles the validity of the docking.

2.2.3 | Molecular dynamic simulation MDs

The top-ranked ligand-enzyme complexes were selected for MDs

using the Desmond software (Chow et al., 2008). The Desmond sys-

tem was built using the TIP4P water model (Zeiske, Stafford,

Friesner, & Palmer III, 2013). The orthorhombic water box that

showed the boundary conditions for setting up the shape and size

was also generated and then predefined the simple point charge (SPC)

solvent model, OPLS3 as a force field was selected. Sodium/chloride

ions were added for neutralization by maintaining the salt concentra-

tion of 0.15 M (Na+ and Cl�). The built system was minimized to relax

a model system to a minimum local energy. The minimized system

was used for performing the MD simulation for 100 ns using NPT

(constant temperature, constant number of atoms, and constant pres-

sure ensemble) class at 300 K temperature and 1.01325 bar pressure.

The results from MD simulation were detailed information like protein

and ligand root mean square deviation (RMSD), root mean square

fluctuation (RMSF), and ligand interaction profile were generated from

the simulation trajectory of ligand-enzyme complexes (Hamdy

et al., 2021).

2.2.4 | Pharmacophore model and field-3D-QSAR

The pharmacophore hypothesis of flavonoid was generated with Phase

Schrödinger. The prepared structures were imported with their respec-

tive pIC50. The flavonoids with pIC50 > 5 were assigned as active ligands,

while those <3.7 were assigned inactive, and the rest were assigned as

moderately active. A pharmacophore model was created using shape

screening-based alignments and a default set of six chemical features

including hydrogen-bond acceptor (A), hydrogen-bond donor (D), hydro-

phobic (H), negative ionizable (N), positive ionizable (P), and aromatic ring

(R). The resulting hypotheses were scored and ranked using vector, vol-

ume, sites, survival, and survival inactive scores.

The correlation between the 3D structures of flavonoids and their

biological activity was built using a predictive 3D QSAR model and

Phase Schrödinger. The model was generated by applying Partial Least

Square (PLS) regression statistics and by keeping a grid spacing of 1 Å.

The number of PLS factor included in the development of model was

two. The pharmacophore model was validated by its accuracy in

predicting the training set of ligands activity. The validation of the

model based on the cross-validation coefficient (Q2 = 0.672) and the

regression coefficient for the training set was 0.86, which showed rel-

evance of the model.

2.2.5 | Pharmacokinetics and drug-likeness filter
and target prediction

ADME properties of flavonoids were predicted using Swiss-ADME

server (Daina, Michielin, & Zoete, 2017), and flavonoids in a SMILES

format. Two different filters including Lipinski's rule of five and Ghose

filter were used for flavonoids selection.

2.3 | In vitro inhibition assay of flavonoids against
SARS-CoV-2

The antiviral activity of flavonoids was performed as previously

described (Mostafa et al., 2020). SARS-CoV-2 strain NRC-03-nhCoV
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isolated in Egypt and deposited in GSAID (Accession # EPI_ISL_430820)

(Kandeil et al., 2020) was used. Vero-E6 cells (passage #11) were

maintained in Dulbecco's modified Eagle's medium (DMEM) containing

10% Fetal Bovine Serum (FBS) (Invitrogen, Waltham, Massachusetts,

USA) and 1% penicillin/streptomycin antibiotic mixture at 37�C, 5% CO2

for 24 h. In 96-well tissue culture plates, 2.4 � 104 Vero-E6 cells/well

were incubated overnight at a humidified 37�C incubator under 5%

CO2. The virus was adsorbed on the cell monolayers and further overlaid

with 50 μl DMEM containing different concentrations of the com-

pounds. Flavonoids were assigned random numbers and have been

tested blindly. The plates were then incubated at 37�C, 5% CO2 for

72 h. The cells were then fixed with 4% paraformaldehyde (100 μl) for

20 min and stained with 0.1% crystal violet (CV) for 15 min at room tem-

perature. CV was then dissolved in absolute methanol (100 μl/well) and

the produced color was measured at 570 nm using Anthos Zenyth 200rt

plate reader (Anthos Labtec Instruments, Heerhugowaard, Netherlands).

The half maximal viral inhibitory (IC50) concentrations of the compounds

were measured as previously described (Mostafa et al., 2020). The cyto-

toxicity of various concentrations compared to the untreated cells was

determined using nonlinear regression analysis by plotting log inhibitor

concentrations versus normalized responses.

2.4 | Virucidal effect of silibinin

SARS-CoV-2 strain was treated with silibinin at 15 μg/ml and incu-

bated for 30 min at room temperature. Vehicle, employed as negative

control, was subjected to the same incubation condition. The mixture

is then diluted three times (10-fold) to reach 10�3 of the original viral

titers. The diluted control virus and silibinin-treated virus were then

inoculated in duplicates to cultured monolayers of Vero-E6 cells in

6 well plates and titrated using plaque infectivity assay as previously

described (Mostafa et al., 2020).

2.5 | Cell viability assay

The cytotoxic activities of flavonoids were assessed blindly using MTT

(3-[4, 5-dimethylthiazolyl-2]-2, 5-diphenyltetrazolium bromide) assay

according to Soliman, Alhamidi, et al. (2020) and Soliman, Saeed, et al.

(2020). Briefly, in 96-well plates, normal human fibroblast cell line

(HDF, passage #6, 106-05A, Sigma-Aldrich) were seeded at 4000 cel-

ls/50 μl and incubated for 24 h at 37�C, and 5% CO2 with the com-

pounds at different concentrations. A 20 μl of sterile filtered MTT

reagent in PBS (5 mg/ml) was added to each well and incubated for

4 h. DMSO (200 μl/well) was added, and the developed purple color

was measured using Multiskan Go machine (spectrophotometer) at

570 nm. Each experiment was repeated 6 times. Cell viability percent-

age was calculated using the following formula,

Cell viability %ð Þ¼ ODtest�ODblankð Þ� ODnegative controlð½
�ODblankÞ��100

2.6 | SARS-CoV-2 S protein inhibition assay

SARS-CoV-2 S protein inhibition assay was performed using

SARS-CoV-2 Spike: ACE-2 inhibitor Screening Assay Kit (CAT #

79331, BPS Bioscience, San Diego, CA, USA) following the sup-

plier protocol. Briefly, in 96 flat-bottom well plate, 50 μl of SAS-

CoV-2 S protein (1 μg/ml PBS) was added and incubated at 4�C

overnight. Next day, supernatant was decanted followed by sev-

eral washings with supplied washing buffer. The plates were then

blocked for 1 h. This was followed by the addition of 10 μl of the

tested flavonoids at 15 μg/ml compared to remdesivir at its

in vitro IC50 (2.5 μg/ml) and the plates were incubated for 1 h at

room temperature. Then, 20 μl ACE-2-His-Tag protein (2.5 ng/ml)

was added and incubated for additional 1 h at room temperature.

The supernatants were then removed, and the plates were

washed several times, followed by the addition of 100 μl blocking

buffer (supplied with the kit) for 10 min. For detection, 100 μl

anti-His-HRP was added and incubated for 1 h, then the plates

were washed and blocked for 10 min. This was followed by the

addition of 100 μl mixture of ECL substrate A and B (1:1) and the

chemiluminescence was measured using microtiter-plate reader

(Synergy H1, Biotek Ltd, Winoosk, VT, USA). The reaction with-

out inhibitors was employed as positive control, while the reac-

tion without inhibitors and ACE-2-His-Tag protein was used as

negative control (blank). To measure the IC50, different concen-

trations (3.87, 7.75, 15.5, 31, and 62 nM) of the inhibitors were

used and the inhibition activity was evaluated following the same

procedure. The inhibitory activity of flavonoids was plotted

against the logarithm of the inhibitor concentrations to calculate

the IC50.

2.7 | SARS-CoV-2 main protease (Mpro, 3CLpro)
inhibition assay

Mpro assay was performed employing 3CL Protease (3CLpro),

Untagged (SARS-CoV-2) Assay Kit (CAT # 78042-1, BPS Biosci-

ence) following the supplier protocol with minor modifications. Ini-

tially, 2.5 μl of the inhibitors at concentrations (3.87, 7.75, 15.5,

31, and 62 nM) were incubated for 1 h at room temperature with

10 μl 3CLpro enzyme (1.5 ng/μl) in a reaction buffer (20 mM Tris–

HCl pH 7.3, 100 mM NaCl, 1 mM EDTA, 0.01% BSA, and 1 mM

1,4-dithio-D, L-threitol (DTT). This was followed by the addition of

12.5 μl of 80 mM 3CLpro substrate (Dabcyl KTSAVLQSGFRKME-

Edans fluorogenic substrate). The reaction was incubated for 1 h at

room temperature in dark, then the fluorescence intensity was

measured by a microtiter plate-reader (Synergy H1, Biotek Ltd) at

an emission and excitation wavelengths 460 and 360 nm, respec-

tively. Cysteine protease covalent inhibitor (GC376) provided by

the supplier was used as positive control at 50 μg/ml according to

Fu et al. (2020), while the reaction without inhibitor and 3CLpro

was used as negative control.
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2.8 | SARS-CoV-2 RNA-dependent RNA
polymerase (RdRp) inhibition assay

SARS-CoV-2 RdRp inhibition assay was performed using viral RNA-

dependent RNA polymerase assay Kit (Cat # VRT500K, Profoldin,

Hudson, MA, USA) following the supplier protocol with modification

according to Yanira et al. 2019 (Sáez-Álvarez, Arias, del Águila, &

Agudo, 2019). Initially, 300 ng (RdRp/NSP7/NSP8, Cat # 100839,

BPS Bioscience) was added to different concentrations (3.87, 7.75,

15.5, 31, and 62 nM) of the tested inhibitors in 10 μl reaction buffer

(200 mM Tris–HCl, pH 8, 500 mM NH4Cl, 80 mM Mg[OAc]2, 0.05%

Tritone X-100) for 30 min at 30�C. The reaction was initiated by the

addition of 5 μl 3 mM MnCl2, 0.5 μl of 0.4 mg/ml RNA template,

0.5 μl of 50 mM NTPs (ATP, UTP, GTP, CTP) and 34 μl of the reaction

buffer. The reaction was incubated for 1 h at 37�C, and then stopped

by adding 50 μl SYTO-9 fluorescence dye. The detection was per-

formed by measuring the fluorescence developed due to the binding

of fluorescence dye with dsRNA using microtiter-plate reader

(Synergy H1, Biotek Ltd) using excitation and emission filters at

485 and 520 nm, respectively. For positive control, remdesivir was

employed at 2.5 μg/ml, while the reactions without inhibitors was

used as negative control.

2.9 | Human TMPRSS2 fluorogenic assay

TMPRSS2 fluorogenic assay was carried out using TMPRSS2 fluo-

rogenic assay kit (CAT # 78083, BPS Bioscience) following the sup-

plier protocol. Briefly, 10 μl silibinin (3 mg/ml) was incubated with

30 μl TMPRSS2 (5 ng/μl) for 30 min at room temperature. Following

incubation, 10 μl TMPRSS2 substrate (50 μM) was added, and the

fluorescence intensity was measured in dark by a microtiter plate-

reader (Synergy H1, Biotek Ltd) at an emission and excitation wave-

lengths 383 and 455 nm, respectively. Camostat mesylate (10 μM)

was used as positive control (Hoffmann et al., 2021), while the reac-

tion without inhibitor and enzyme was employed as negative control.

2.10 | Statistical analysis

The data were collected and graphed using GraphPad Prism (5.04,

GraphPad Inc., La Jolla, CA, USA). The enzyme inhibition and cytotoxic

activities of the compounds were analysed by one-way analysis of

variance (ANOVA) using Bonferroni's multiple comparisons test.

p < 0.05 was considered as significant. The data display the mean

± SEM of 3–6 replicas. The best practice in natural products pharma-

cological research has been taken into account (Heinrich et al., 2020;

Izzo et al., 2020) including the purity and activity of the tested com-

pounds, their mechanism of action, their activity in comparison to the

vehicle as a negative control and clinically approved drug as a positive

control, the appropriate concentrations were also reported for further

pharmaceutical development, and the safety of the compounds was

also mentioned.

3 | RESULTS

3.1 | Rational selection of candidate flavonoids
with potential anti-SARS-CoV-2 activity

The rational procedure for the selection of flavonoids with potential

activity against SARS-CoV-2 was summarized in Figure 1. SARS-CoV-2 S

protein was selected as a target since it can provide a potential strategy

to inhibit the viral binding and cell entry. Flavonoids database with �500

compounds was downloaded from PubChem and filtered using PAINS

filter. Lipinski rule of 5 was used as a second filter to reject those

showed 3 or more violations (Table S1). Literature search using keywords

such as flavonoids and antiviral filtered >50 articles that narrow down

the selection of candidates that have been previously reported with ant-

iviral activity and good binding affinity to essential viral proteins

(Table S1). Molecular docking of 45 flavonoids was performed to select

the flavonoids with high binding affinity to SARS-CoV-2 S protein. The

cut off binding score value was set at �6 kcal/mol (Figure 2 and

Table S1). The top candidates were then mapped against other vital

SARS-CoV-2 targets to select the most promising candidate flavonoid

(Figure 2). Eventually, the process resulted in the selection of 10 flavo-

noids, which were purchased for further experimental validation against

SARS-CoV-2 and its vital target proteins (Figure 3).

The filtered flavonoids were further classified according to the

structure to select the flavonoid with optimal anti-SARS-CoV-2 activ-

ity for further future lead optimization. These included flavonoids in

which the B ring is linked in position 3 to the C ring (isoflavones) such

as daidzein and genistein, and flavonoids in which the B ring is linked

in position 2 to the C ring (typical flavonoids) (Figure 3). The flavo-

noids from the second type were further classified based on (i) the

absence of (OH) at position 3 and the absence of 2,3-double bond

(flavanone) such as eriodyctiol and hesperetin, (ii) the absence of

(OH) at position 3 and the presence of 2,3-double bond (flavone) such

as luteolin, (iii) the presence of (OH) at position 3 and the presence of

2,3-double bond (flavonol) such as fisetin, kaempferol, morin, and

myricetin. Furthermore, the classification depended on the number,

and position of (OH) group on the B ring (Figure 3). They also classi-

fied according to the blockage of OH group on the B ring. This

includes a single blocking by forming a methoxy ether such as

hesperetin or blocking both (OH) groups by oxidative coupling with

coniferyl alcohol (flavonolignan) such as silibinin (Figure 3).

3.2 | Identification of S protein binding site using
sitemap analysis

To determine the S protein best binding site for molecular docking, a

sitemap analysis was performed. The best docking sites were determined

based on the site score and Dscore (Table 1). Among these sites, site 3 with

the highest Dscore of 1.076 and site score of 1.006 were selected for

receptor-grid generation and subsequent docking studies. Molecular dock-

ing study indicated the superiority and potential multi-targeting activity of

eriodictyol, myricetin, hesperetin and silibinin against SARS-CoV-2.Our
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F IGURE 1 Schematic representation for the rational selection of flavonoids with potential activity against SARS-CoV-2

F IGURE 2 Heatmap representing the
levels of binding affinity of flavonoids against
vital SARS-CoV-2 protein targets. Relative
binding affinity levels were displayed as colors

ranging from red to green as shown in the key
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molecular docking study against SARS-CoV-2 S protein (PDB: 6VSB) rev-

ealed that all selected flavonoids showed moderate binding affinity close

to the cut off value ranged from – 6.68 to �7.78 kcal/mol (Figure 2 and

Table S1). The binding affinity of the selected flavonoids was further

mapped against Mpro (PDB: 6UL7), RdRp (PDB: 7BV2), and human

TMPRSS2 (PDB: 2OQ5). Eriodictyol showed high binding affinity at

�7.28, �7.43, and �7.43 towards S protein, RdRp and Mpro, respectively.

Hesperetin showed high binding affinity against Mpro at �7.64 kcal/mol

similar to the Mpro inhibitor GC-376 (Figure 2 and Table S1). Myricetin

showed significant binding affinity at �7.51, and �7.1 kcal/mol towards S

and RdRp, respectively. Silibinin showed also significant binding affinity at

�7.78, �7.15, and �7.05 kcal/mol against S, RdRp, and Mpro, respectively.

This in silico study indicated that eriodictyol, myricetin, hesperetin and

silibinin out of the selected flavonoids showed potential binding affinity to

multiple SARS-CoV-2 targets.

3.3 | ADME indicated the drug-likeness of the
selected flavonoids

The selected flavonoids were examined with the Lipinski rule of 5 includ-

ing hydrogen bond donors (HBD) <5, hydrogen bond acceptors (HBA)

<10, octanol–water partition coefficient (Log P) <5, and molecular mass

F IGURE 3 Chemical structures of selected flavonoids

TABLE 1 Sitemap analysis of S protein

Title SiteScore Size Dscore

sitemap_spikep_site_3 1.067 898 1.006

sitemap_spikep_site_1 1.06 932 1.049

sitemap_spikep_site_4 1.037 657 1.055

sitemap_spikep_site_2 1.022 916 1.004

sitemap_spikep_site_5 1.009 353 0.97
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(Mwt) <500 (Table S1). Flavonoids that showed three or more violations

were rejected since they do not fulfil the criteria of drug-likeliness. The

passing criteria were set at rotatable bonds ≤10, topological polar surface

area (TPSA) ≤ 140, and rotatable bonds ≥6. The compounds that follow

Lipinski rule were considered promising drug candidates. Further, a good

gastrointestinal absorption with good bioavailability, and good solubility

(log s < 5) was employed (Table S1). All the selected flavonoids were

complied with the Lipinski rule of five. Although the in silico study

including ADME indicated the drug-likeness of all selected flavonoids,

molecular docking favored eriodictyol, myricetin, hesperetin and silibinin

because of their potential binding affinity with multiple viral targets.

3.4 | Out of the selected flavonoid candidates,
eriodictyol, myricetin, and silibinin showed significant
anti-SARS-CoV-2 in vitro

The in vitro anti-SARS-CoV-2 activity of flavonoids under study was

screened in comparison to remdesivir as positive control and DMSO

as negative control. The results obtained revealed that only

eriodictyol, myricetin, and silibinin showed high selectivity index for

antiviral activity relative to Vero-E6 cells toxicity with CC50 values

higher than the IC50 values by 2-, 2.5-, and 1.5-fold, respectively

(Table 2 and Figure 4).The pharmacophore hypothesis also indicated

that the best model with the higher survival score of 5.04 was AADRR

(Figure 5a), which consisted of two acceptors, one donor and two aro-

matic rings. These chemical features existed in silibinin, myricetin, and

eriodictyol (Figure 5b) alongside their good alignment to the

pharmacophore model, indicating their importance against SARS-

CoV-2. On the other hand, the good alignment of silibinin as the most

active flavonoid (Figure 5c) was compared to the bad alignment of

daidzein (Figure 5d), which illustrated their different activity profiles.

3.5 | Eriodictyol, myricetin, and silibinin are safe on
normal human cells

The cytotoxic activity of all tested flavonoids was performed on nor-

mal human fibroblast cells (HDF) using MTT assay. Although most of

the compounds were tested safe on human cells, eriodictyol,

myricetin, and silibinin showed �100% cell viability at 17-, 8.5-, and

seven-fold their IC50(SARS-CoV-2), respectively, compared to 65% for

remdesivir (Figure 6).

3.6 | Silibinin at its IC50(SARS-CoV-2) showed
promising inhibition activity against SARS-CoV-2 S
protein, Mpro and RdRp, but not against human
TMPRSS2

Following the in vitro SARS-CoV-2 inhibition and cell viability assays,

eriodictyol, myricetin, and silibinin were selected for further screening

against SARS-CoV-2 S protein. Our data indicated that only silibinin

showed potent inhibition activity at 15 μg/ml (�52% ± 3.0) against

SARS-CoV-2 S protein, while eriodictyol and myricetin showed lower

inhibition activity at double their IC50 value and with inhibition per-

centages �22 ± 0.03 and 31 ± 0.69, respectively, compared to 4%

± 0.02 for remdesivir at its IC50 value (Figure 7). Following the primary

screening, silibinin IC50 was determined by evaluating the inhibition

efficacy in a dose–response curve. The data obtained showed that

silibinin IC50 was 0.029 ± 0.004 μM (Figure 8a). The inhibition activity

of silibinin was further tested against SARS-CoV-2 Mpro and RdRp.

Interestingly, silibinin showed potent inhibition activity against Mpro

(Figure 8b) and RdRp (Figure 8c) at IC50 0.021 ± 0.003 and 0.042

± 0.004 μM, respectively. The inhibition activity of silibinin against

RdRp was �35% less than remdesivir (Figure 8d). Silibinin did not

inhibit TMPRSS2 at the identified IC50(SARS-CoV-2) concentration. Addi-

tionally, silibinin exhibited >90% virucidal effect, indicating its direct

inactivation effect on the virion (Figure 9a,b).

3.7 | Molecular docking and ADME analysis
indicated the superiority of silibinin against SARS-
CoV-2 target proteins

The interactions of silibinin as the best candidate from the experimen-

tal analysis with the target proteins compared to native ligand were

further studied by Glide standard precision mode. Silibinin showed

several interactions with S protein (PDB: 7VSB) amino acid residues.

Silibinin formed 5 H-bonds with Asn-907, Lys-1038, Ile-909,

Glu-1092, and Tyr-904, alongside 3 aromatic H-bonds with Asn-907,

Gly-904, and Tyr-904, in addition to hydrophobic interactions

with Tyr-904, Asn-907, Gly-910, Gly-908, Lys-1038, Glu-1092, and

Tyr-904 that stabilize the complex (Table 3, Figure 10a).

The interactions of silibinin with RdRp (PDB: 7VB2) compared to

remdesivir, the native ligand, were evaluated (Table 4). The silibinin

showed three H-bonds with U-20, Asp-618, and Ile-548, while remdesivir

showed one H-bond with U-20. Both showed two metal bond interac-

tions with Mg-1004, and Mg-1005. Silibinin showed aromatic H-bond

interaction with Asp-618 and hydrophobic interactions with Arg-836,

Asp-618, Ser-814, Glu-811, Lys-545, Lys-551, Ala-547, Asp-760, and Ile-

548 (Figure 10b). Remdesivir showed pi-cation interaction with Arg-555

and hydrophobic interaction with Asp-761, and Arg-555.The interaction

of silibinin with SARS-CoV-2 Mpro enzyme (PDB:6LU7) showed H-bond

TABLE 2 Flavonoids IC50 and CC50 values in μM

Name of flavonoid CC50 IC50

Eriodictyol 42.2 ± 0.6 22.3 ± 1.2

Hesperetin 53.8 ± 1.0 465.8 ± 1.4

Fisetin 60.9 ± 0.7 315.6 ± 1.1

Kaempferol 68.3 ± 0.5 182.5 ± 0.9

Morin 115.1 ± 0.8 527.2 ± 1.1

Myricetin 49.0 ± 0.6 19.11 ± 0.5

Luteolin 32.2 ± 0.5 212.6 ± 0.6

Daidzein 48.5 ± 0.8 655.9 ± 0.9

Silibinin 34.3 ± 0.5 31.2 ± 0.5
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with Glu-166, pi-pi stacking interaction with His-163, and Glu-166 and

hydrophobic interaction with Gly-143, Arg-188, Phe-140, Ser-144, Asn-

142, Leu-167, Pro-168, Thr-190, Ala-191, Gln-189, and Glu-166 amino

acids (Table 5, Figure 10c). Native ligand showed 3 H-bonds with Gly-

143, Glu-166, and catalytic amino acid Cys-145, in addition to hydropho-

bic interaction with Met-49, Met-165, His-163, and Gln-189 (Table 5).

Although, silibinin showed good interaction with TMPRSS2 (Table 6,

Figure 10d), it did not show inhibition at its IC50 (SARS-CoV-2) value. There-

fore, we turn our attention to examine the mechanism of inhibition at the

IC50 concentration of silibinin.

The bioavailability radar of silibinin was represented in Figure 11.

ADME indicates that silibinin is in the conformity range and with

acceptable pharmacokinetics parameters. The pink areas revealed the

optimum range of properties including lipophilicity, flexibility,

unsaturation, insolubility, polarity, and size.

3.8 | Molecular dynamic simulation confirmed the
stability of silibinin complex with SARS-CoV-2 target
proteins

MD simulation study provides information about the ligand-protein

complex interaction that mimics its physiological condition. The inhibi-

tory activity was related to the decrease in residues fluctuation within

F IGURE 4 In vitro antiviral activity of flavonoids under study. The antiviral activity of the compounds was screened on SARS-CoV-2 co-
cultured with Vero-E6 cells. Values of inhibitory concentration 50% (IC50) on viral cells and cytotoxic concentration 50% (CC50) on Vero cells
were calculated using nonlinear regression analysis. The data display the mean of cell viability percentage ± SEM of 4 replicates
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the pocket site. MDs was performed for silibinin with the top selected

targeting proteins. The results were represented in Figure 12. MDs

root mean square deviation (RMSD) plot showed stability of protein

structure with RMSD value <3 Å, while the ligand RMSD range was

from 5.2 to 7.3 Å, indicating its stable interaction (Figure 12a).

Molecular dynamic simulation of silibinin with RdRp showed ligand

contacts with the protein key amino acid residues. It showed H-bond

interaction with His-438, Ala-547, Ile-548, Ala-550, Lys-551, Arg-553,

Ala-554, Arg-555, Asp-618, Lys-621, and Arg-836, in addition to ionic

bond interaction with His-438, Lys-551, Arg-553, Lys-621, and Lys-798,

in addition to hydrophobic interaction with Ala-547, Lys-551, Arg-553,

Arg-555, Pro-620, Lys-621, and Lys-798. The region made of Try-619,

Thr-556, His-164, and Val-557 and Ser-549, Asp-452, and Phe-442 resi-

dues was more flexible and with no interactions (Figure 12b). Silibinin-

protein complex showed similar interactions to the molecular docking

interaction (Figure 12c). Silibinin exhibited hydrogen bond interactions

between OH and Asp-618, OH formed a water bridge with Asp-618,

phenyl ring formed pi-cation bond with Lys-798, while CH2OH displayed

H-bond interaction with Ala-550 (Figure 12c).

MDs of silibinin with S protein (Figure 13) indicated a favorable

ligand interaction with S protein amino acid residues. The complex

showed fluctuation and reached stabilization after 30 ns with

accepted RMSD range that revealed the complex stabilization

(Figure 13a). MDs showed H-bond interaction with chain C, Lys-

1038, Asn-907, and Tyr-904 as well as water bridge interaction with

Lys-1038, Trp-886, Asn-907, Tyr-904, and Gln-1036 along with

hydrophobic contact with Lys-1038, Trp-886, and Tyr-904

(Figure 13b). It also showed interaction with chain B via H-bond inter-

actions with Tyr-904, Asn-907, Gly-910, Lys-1038, and Arg-1107,

and hydrophobic contacts with Tyr-904, and Lys-1038, in addition to

water bridge with Gly-908, Ile-909, Gly-910, Val-911, Gln-1106, Tyr-

904, Asn-907, Gln-1036, and Asn-1108 (Figure 13b). The OH of

silibinin created water bridge with Gln-1036, Lys-1038, and Trp-886,

while the CH2OH exhibited water bridge with Asn-907, and

1,4-dioxane, and the O showed water bridge with Ile-909 of chain

C. OH also formed H-bond with Lys-1038, and Tyr-906 (Figure 13c).

3.9 | QSAR indicated the favorable
pharmacophoric features of silibinin

To illustrate the effect of spatial arrangement on the activity of silibinin,

contour plot analysis was performed. Silibinin showed the most

F IGURE 5 Pharmacophore features of flavonoids required for the anti-SARS-CoV-2 activity. (a) Common pharmacophore generation sites
with distance in Å with two acceptors [pink sphere with two arrows], two aromatic rings [dark yellow circle], and one donor [blue sphere with
arrow]. (b) Alignment of all active flavonoids including silibinin, myricetin and eriodictyol to the pharmacophore. (c) The good alignment of the
active silibinin to the pharmacophore. (d) The bad alignment of inactive daidzein to the pharmacophore

F IGURE 6 Cytotoxic activities of flavonoids understudy
compared to remdesivir, employed as positive control drug. The
cytotoxic activity of the compounds was tested on normal human
cells at 100 μg/ml. The data was analyzed using one-way ANOVA and
statistical significance was calculated with Dunnett's multiple
comparisons test and significance level indicated by asterisks
(*p < 0.05; **p < 0.01: ***p < 0.001; ****p < 0.0001). The data display
the mean of cell viability percentage ± SEM of 3 replicates
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significant favorable features as indicated in Figure 14. The positive con-

tribution of steric, and electrostatic factors was indicated in green, and

blue, respectively, while the negative one was shown as red.

4 | DISCUSSION

The outbreak of the global pandemic caused by SARS-CoV-2 infection

creates devastating social, economic, political, and health problems

(Wang et al., 2020). SARS-CoV-2 is a coronavirus type with a lipid

envelope and a positive-sense single-stranded RNA genome. The

virion has structural and functional proteins that are essential for

virion assembly and infection. These proteins include S protein, RdRp,

and Mpro enzymes. Hence, the development of a therapeutic strategy

that can target any of these proteins could combat SARS-CoV-2 and

possibly other emergent new variants.

Plants natural products have been historically used in the preven-

tion of many respiratory infections including viral infection. Recent

F IGURE 7 Inhibition percentage of
selected flavonoids against SARS-CoV-2 S
protein compared to remdesivir. The
inhibition percentage of eriodictyol, myricetin,
and silibinin flavonoids to the binding of S
protein to ACE-2 receptor was screened at
15 μg/ml compared to remdesivir at its IC50

(2.5 μg/ml). The data was analyzed using one-
way ANOVA and statistical significance was

calculated with Dunnett's multiple
comparisons test and significance level
indicated by asterisks (*p < 0.05; **p < 0.01:
***p < 0.001; ****p < 0.0001). The data
display the mean ± SEM of three independent
replicates. p-value <0.05 was considered as
significant

F IGURE 8 Inhibition percentage of silibinin against selected critical SARS-CoV-2 targets. (a) IC50 calculation of silibinin against SARS-CoV-2 S
protein. (b) IC50 calculation of silibinin against SARS-CoV-2 Mpro enzyme. (c) IC50 calculation of silibinin against SARS-CoV-2 RdRp. (d) Inhibition
percentage of silibinin on SARS-CoV-2 RdRp compared to remdesivir. The data was analyzed using Unpaired t test with Welch's correction and
significance level indicated by asterisks. The data display the mean of the percentage of the enzyme inhibition ± SEM of 3 replicates
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extensive in silico studies using the natural products library indicated

the potential activity of several natural products against COVID-19.

Withanone derived from Withania somnifera showed potential binding

activity against TMPRSS2 (Kumar et al., 2020). Alkaloids such as

10-hydroxyusambarensine, and cryptoquindoline, and terpenoids such

as 6-oxoisoiguesterin, and 22-hydroxyhopan-3-one have been pro-

posed as potential inhibitors against SARS-CoV-2 Mpro (Gyebi,

Ogunro, Adegunloye, Ogunyemi, & Afolabi, 2021). Natural polyphe-

nols including quercetin, naringenin, caffeine, oleuropein, ellagic acid,

benzoic acid, resveratrol, and gallic acid showed potential inhibition

activity against SARS-CoV-2 RdRp (El-Aziz Abd, Mohamed, Awad, &

El-Sohaimy, 2020). Similarly, molecular docking indicated the potential

activity of several flavonoids against SARS-CoV-2 targets (Alzaabi

et al., 2021). Flavonoids are ubiquitous compounds of the plant king-

dom and many have been approved as drugs or food supplements

(Ahmad, Kaleem, Ahmed, & Shafiq, 2015; Yahia, García-Solís, &

Celis, 2019).

In this study, we showed that the flavonolignan silibinin out of

10 flavonoids with diverse structures including two flavanones, one

flavone, four flavonols, and two isoflavones possesses significant and

promising anti-SARS-CoV-2 activity through in vitro assay and by

targeting essential enzymes required for viral life cycle including Mpro,

and RdRp. Silibinin showed also excellent binding activity to the viral

S protein and hence inhibits the viral entry.

Our comparative in silico analysis of different flavonoids sub-

classes indicated the superior multi-binding activity of the

flavonolignan silibinin against SARS-CoV-2 vital proteins. This is con-

sistent with several computational studies, which predict the forma-

tion of a stable complex between silibinin and SARS-CoV-2 S protein,

its interaction with many residues of Mpro (Speciale et al., 2021), and

the binding activity with SARS-CoV-2 RdRp (Bosch-Barrera

et al., 2020). The obtained in silico results were further confirmed

in vitro. Silibinin, compared to other flavonoids subclasses, showed a

promising selectivity index against SARS-CoV-2 incubated with Vero

F IGURE 9 Silibinin exhibited strong virucidal effect on SARS-CoV-2 strain NRC-03-nhCoV. The diluted pre-incubated control virus and
silibinin-treated virus were cultured with Vero E6 cells using plaque infectivity assay. (a) Viral titer of virus control (untreated) and silibinin-treated
virus. (b) Plaque reduction by treatment with silibinin. The data was analyzed using Unpaired t test with Welch's correction and significance level
indicated by asterisks. The data display the mean of the percentage of virucidal activity of silibinin ± SEM of 4 replicates

TABLE 3 Molecular modeling of silibinin within the binding active site of SARS-CoV-2 S protein

Compound Moiety Interaction Amino acid residue

Silibinin OH H-bond Asn-907

CH2OH H-bond Lys-1038

OH H-bond Ile-909

OH H-bond Glu-1092

1,4-dioxane H-bond Tyr-904

CH Aromatic H-bond Asn-907

Phenyl Aromatic H-bond Gly-904

1,4-dioxane Aromatic H-bond Tyr-904

Phenyl Hydrophobic bond Gly-908, Gly-910, Asn-907 and Glu-1092, Asn-907

and Tyr-904

Phenyl Hydrophobic bond Lys-1038

CH Hydrophobic bond
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F IGURE 10 Interaction of silibinin with SARS-CoV-2 target proteins. (a–d) Interaction of silibinin within the active site of viral proteins.
(a) Interaction of silibinin with SARS-CoV-2 S protein (PDB:6VSB). (b) Interaction of silibinin with SARS-CoV-2 Mpro enzyme (PDB: 6LU7).
(c) Interaction of silibinin with SARS-CoV-2 RdRp enzyme (PDB:7BV2). (d) Interaction of silibinin with TMPRSS2 enzyme (PDB:2OQ5)

TABLE 4 Molecular modeling of silibinin within the binding active site of SARS-CoV-2 RdRp compared to the native ligand

Compound Moiety Interaction Amino acid residue

Silibinin OH H-bond U-20

OH Metal bond Mg-1004

CO Metal bond Mg-1005

OH H-bond Asp-618

CH2OH H-bond Ile-548

CH Aromatic H-bond hydrophobic bond Asp-618

Phenyl ring Hydrophobic bond Lys-545, Glu-811, Asp-618 and Ser-814

CH Hydrophobic bond Ile-548, Lys-551, ala-547 and Asp-760

OCH3 Arg-836

Native ligand OH H-bond U-20

Phosphate OH Metal bond Mg-1004

Phosphate OH Metal bond Mg-1005

Pyrrole Pi-cation Arg-555

Phenyl Hydrophobic bond Arg-555 and Asp-761

NH2 Hydrophobic bond Thr-687
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cells. Experimental validation of in vitro activity of silibinin against

SARS-CoV-2 has never been investigated. For instance, silibinin

shows excellent well-tolerated antiviral activity against hepatitis C

virus following intravenous injection particularly in patients not

responding to treatment with interferon (Ferenci et al., 2008). Our

obtained results were experimentally confirmed by investigating the

enzyme binding activity of silibinin on vital SARS-CoV-2 proteins. In

this study, silibinin exhibited excellent binding inhibition activity

against SARS-CoV-2 S protein, Mpro and RdRp. MDs also confirmed

the stability of silibinin complex with SARS-CoV-2 target proteins.

However, as of our knowledge, there is no single report that tested

the enzyme binding inhibition activity of silibinin with SARS-CoV-2

target proteins. Comparative in silico analysis accompanied with

in vitro validation and enzyme inhibition assays of flavonoids

TABLE 5 Molecular modeling of
silibinin within the binding active site of
SARS-CoV-2 Mpro compared to the
native ligand

Compound Moiety Interaction Amino acid residue

Silibinin OH H-bond Glu-166

Phenyl ring Pi-pi stacking bond Glu-1166

Phenyl ring Pi-pi stacking bond His-163

Phenyl ring Hydrophobic bond Leu-167, Glu-166, Asn-142 and Gln-189

Phenyl CH Hydrophobic bond Gly-143, Arg-188, Thr-190 and ala-191

OH Hydrophobic bond Phe-140, Ser-144 and Pro-168

Native ligand NH2 H-bond Gly-143

Carbonyl H-bond Cys-145

NH H-bond Glu-166

Hydrophobic bond Met-49, His-163, Met-165 and Gln-189

TABLE 6 Molecular modeling of

silibinin within the binding active site of
TMPRSS2 compared to the native ligand

Compound Moiety Interaction Amino acid residue

Silibinin OH H-bond Glu-218

OH H-bond Arg-41

OH H-bond Thr-62

Phenyl Pi-cation bond Arg-41

CH2OH Pi-cation bond His-57 and Gly-197

Phenyl ring Hydrophobic bond Cys-219, Gln-192 and Thr-63

Native ligand NH H-bond Asp-189

NH2 H-bond Asp-189

NH2 H-bond Glu-218

CH Aromatic H-bond Glu-216 and Gly-216

Phenyl ring Hydrophobic bond Val-213

Phenyl ring Hydrophobic bond Ala-190

F IGURE 11 Bioavailability radar of silibinin. The pink area indicates the preferred properties range
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F IGURE 12 Interaction diagram of silibinin with RdRP observed during the molecular dynamic simulation. (a) Protein-ligand interaction
diagram. (b) Silibinin in contact with RdRP protein. (c) Schematic diagram of silibinin interaction with the amino acid residues of RdRP protein
during MDs

F IGURE 13 Interaction diagram of silibinin with S protein observed during the molecular dynamic simulation. (a) Protein-ligand interaction
diagram. (b) Silibinin in contact with S protein. (c) Schematic diagram of silibinin interaction with the amino acid residues of S protein during MDs
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representing different subclasses are considered as a powerful study

to narrow down the selection of candidate compounds with promising

activity, while the limitation of the QSAR model can be explained

because of the few number of flavonoids identified with anti-SARS-

CoV-2 activity.

Generally, inhibition of SARS-CoV-2 can be achieved by targeting

either the SARS-CoV-2 proteins or the host cell proteins that are

important in viral infection (Shyr, Gorshkov, Chen, & Zheng, 2020).

Targeting viral proteins have a major advantage over targeting the

host cell targets as it provides higher specificity with minimal toxicity

on humans. However, due to the frequent mutation that occurs in

RNA virus, the emergence of drug resistance is a major challenge

when developing new antiviral drugs. Therefore, it is essential to tar-

get more than one protein to overcome resistance mechanisms devel-

oped by the virus. Interestingly, silibinin showed excellent binding

inhibition activity against three critical SARS-CoV-2 proteins including

S protein, Mpro, and RdRp, which are essential for the virus entry (Zhu

et al., 2020) and replication (Wu et al., 2020). On the other hand,

silibinin did not show activity against TMPRSS2, despite its moderate

binding affinity. This cannot exclude the potential binding inhibition

activity of silibinin against TMPRSS2 since the examined concentra-

tions were exceeded the in vitro IC50 by the double, whereas increas-

ing the concentrations would increase the chance of toxicity.

Therefore, it is not obvious to increase the concentration to reach the

activity regardless of toxicity. It is important to prove the activity of

the compound at its IC50, while avoiding any chance of toxicity.

Structural diversity of flavonoids including different electronic

properties, hydrophobicity, and steric effects are closely correlated to

their biological activity. Therefore, flavonoids are considered as an

ideal candidate for structure activity-related studies. The first screen-

ing revealed that silibinin showed the highest binding affinity to S pro-

tein, in addition to the potent in vitro antiviral activity. Further, the

pharmacophore model discriminates the active and inactive flavo-

noids, explaining that spatial arrangement was crucial for the interac-

tion and potential activity of silibinin, which has been confirmed by

several computational studies as previously reported. The desirable

structural features of silibinin and its good alignment indicates its

superiority with the highest biological activity.

Recently, few studies highlighted the in vitro inhibition and

enzyme inhibition efficacy of some flavonoids such as quercetin and

its derivatives on SARS-CoV-2. For instance, rutin (quercetin-3-O-

rutinose) exhibited inhibition activity against Mpro with IC50 32 μM as

reported by (Rizzuti et al., 2021). However, the obtained data was not

validated on infected cells. Another recent study by (Mangiavacchi

et al., 2021), showed that quercetin and its organoselenium derivative

[8-(p-tolylselenyl) quercetin] blocked SARS-CoV-2 replication in

infected cells at non-toxic concentrations, and with IC50 192 μM and

8 μM, respectively. Quercetin and quercetin-9 derivative exhibited

inhibition activity against Mpro at IC50 21 μM and 2.2 μM, respectively.

However, both compounds have not been screened against other

SARS-CoV-2 proteins. By our study, silibinin is the only flavonoid

tested on SARS-CoV-2 enzymes and on infected cells and showed

multiple activity against SARS-CoV-2 S protein, Mpro and RdRp.

Silibinin also known as silybin, is a flavonolignan isolated from Sil-

ybum marianum (L.) Gaertn. (Asteraceae) (milk thistle) plant (Cheung,

Gibbons, Johnson, & Nicol, 2010). Silibinin is the major active constit-

uent of silymarin, a standardized extract of the milk thistle presents in

the market under different trade names. Furthermore, following sys-

tematic administration, peak levels of silibinin were observed at 0.5–

1 h in the liver, lung, lower bowel, pancreas, skin and prostate, indicat-

ing its excellent bioavailability and efficient targeting (Zhao &

Agarwal, 1999). Silibinin like most flavonoids downregulates the NF-

κb pathway and pro-inflammatory cytokine production (Giorgi, Per-

acoli, Peracoli, Witkin, & Bannwart-Castro, 2012). Additionally,

silibinin exhibits immunosuppressive and immunomodulatory activity

by downregulating the secretion of pro-inflammatory Th1 cytokines

and upregulating the anti-inflammatory Th2 cytokines (Min, Yoon,

Kim, & Kim, 2007). This indicates the beneficial role of silibinin in

COVID-19 particularly in severe condition when cytokine storm is

progressive.

Our study, which is a blind mapping study of selected flavonoids,

indicated the multi-targeting efficacy of silibinin against COVID-19.

F IGURE 14 QSAR model visualized silibinin in the context of favorable and unfavorable factors. (a) Steric factor. (b) Electrostatic factors.
Silibinin showed favorable binding features
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Furthermore, in accordance with our safety study, silibinin confirms a

wide safety profile and tolerability without interaction with immuno-

suppressive drugs (Rendina et al., 2014). Interestingly, a randomized

placebo-controlled trial to assess the clinical outcome in COVID-19

pneumonia following administration of silymarin is currently in Phase

III (Salem & Alfishawy, 2020). This study provided a tool to highlight

the activity of untested flavonoids and to identify the features of their

desirable structures for designing novel and more potent anti-SARS-

CoV-2 compounds.

5 | CONCLUSIONS

Recently, flavonoids have gained lots of attention because of their

potential activity against SARS-CoV-2, which is confirmed by several

in silico studies. However, there is no single experimental validation as

of our knowledge. Here, a comparative in silico study along with sys-

tematic evaluation of available literature were used to select a list of

flavonoids with the highest scoring potential activity against SARS-

CoV-2. This resulted in the selection of 10 flavonoids with diverse

structures representing flavanone, flavone, flavonol, isoflavone, and

flavonolignan. The selected flavonoids were then evaluated in vitro

and by enzyme inhibition assays against vital SARS-CoV-2 target pro-

teins. The results revealed that the flavonolignan silibinin possesses

promising anti-SARS-CoV-2 activity by multi-targeting the virus itself,

and its vital proteins including S protein, Mpro and RdRp, while

maintaining a safety profile on normal human cells. Silibinin can be a

subject of comparative study for further investigation in the future for

the lead discovery of more potent and broader spectrum antiviral

flavonolignans. Furthermore, silibinin and its flavonolignans analogues

are U.S. FDA-approved, giving an excellent opportunity for a future

clinical study.
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