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ABSTRACT

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infections generate approximately one million
virions per day, and the majority of available antivirals are ineffective against it due to the virus’s inherent
genetic mutability. This necessitates the investigation of concurrent inhibition of multiple SARS-CoV-2 targets.
We show that fortunellin (acacetin 7-O-neohesperidoside), a phytochemical, is a promising candidate for pre-
venting and treating coronavirus disease (COVID-19) by targeting multiple key viral target proteins. Fortunellin
supports protective immunity while inhibiting pro-inflammatory cytokines and apoptosis pathways and pro-
tecting against tissue damage. Fortunellin is a phytochemical found in Gojihwadi kwath, an Indian traditional
Ayurvedic formulation with an antiviral activity that is effective in COVID-19 patients. The mechanistic action of
its antiviral activity, however, is unknown. The current study comprehensively evaluates the potential thera-
peutic mechanisms of fortunellin in preventing and treating COVID-19. We have used molecular docking, mo-
lecular dynamics simulations, free-energy calculations, host target mining of fortunellin, gene ontology
enrichment, pathway analyses, and protein-protein interaction analysis. We discovered that fortunellin reliably
binds to key targets that are necessary for viral replication, growth, invasion, and infectivity including Nucle-
ocapsid (N-CTD) (—54.62 kcal/mol), Replicase-monomer at NSP-8 binding site (—34.48 kcal/mol), Replicase-
dimer interface (—31.29 kcal/mol), Helicase (—30.02 kcal/mol), Papain-like-protease (—28.12 kcal/mol), 2'-
O-methyltransferase (—23.17 kcal/mol), Main-protease (—21.63 kcal/mol), Replicase-monomer at dimer inter-
face (—22.04 kcal/mol), RNA-dependent-RNA-polymerase (—19.98 kcal/mol), Nucleocapsid-NTD (—16.92 kcal/
mol), and Endoribonuclease (—16.81 kcal/mol). Furthermore, we identify and evaluate the potential human
targets of fortunellin and its effect on the SARS-CoV-2 infected tissues, including normal-human-bronchial-
epithelium (NHBE) and lung cells and organoids such as pancreatic, colon, liver, and cornea using a network
pharmacology approach. Thus, our findings indicate that fortunellin has a dual role; multi-target antiviral ac-
tivities against SARS-CoV-2 and immunomodulatory capabilities against the host.
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1. Introduction

The coronavirus disease (COVID-19), caused by severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2), has posed a serious threat
to global public health. There had been 537,591,764 confirmed in-
stances of COVID-19 documented as of June 22nd, 2022, resulting in
6,319,395 deaths globally [1]. COVID-19 patients exhibit respiratory
symptoms, multi-organ failure, and inflammation, and therapeutic op-
tions are currently limited [2-4]. COVID-19 continues to spread over the
world despite the availability of vaccines to the wider population,
fueling the need for effective therapeutics to prevent and treat COVID-19
[5]. With various SARS-CoV-2 variations spreading internationally,
there is concern about the vaccine’s efficacy. Also, from patient to
location, the effectiveness of repurposed drugs and vaccines differs [6,
71. The COVID-19 vaccines have been found to show reduced neutrali-
zation activities against the Omicron variant compared to the original
and Delta variants of SARS-CoV-2 [8,9]. Although proposed drugs and
vaccine candidates were approved for emergency treatment of
COVID-19, the FDA recommended a few drugs to help control the
pandemic. But there is still a need to expand the number of potential
drug candidates that could have higher efficacy and fewer side effects
for the treatment of COVID-19 [10-13].

Computational strategies are being extensively used to accelerate the
discovery of low-cost and effective anti-SARS-CoV-2 potentials of phy-
tocompounds against SARS-CoV-2 [14-21]. Several traditional herbal
medicines have been reported as having inhibitory effects on
SARS-CoV-2 infection in vitro and in vivo [20,22-24]. Many herbs have
been shown to contain active antiviral natural components that effec-
tively diminish COVID-19 virus transmission and disease progression
[19,20,22], and some have been reported to work by targeting both
(dual role) host and viral proteins [13,25]. However, understanding the
mechanisms of action of antiviral compounds in herbal treatments could
lead to more effective COVID-19 prevention and therapy.

SARS-CoV-2 is an enveloped virus with a 30 kb RNA genome that
encodes four structural proteins: 16 non-structural proteins [26]. These
proteins help the virus multiply and survive in the host cell [27]. So
targeting several viral proteins is an appealing way to reduce viral load.
The Main-protease (Mpro) is a crucial enzyme in SARS-CoV-2 replica-
tion and transcription [28,29]. Papain-like protease (PLpro) inhibits the
activation of the host’s innate immune responses, allowing the corona-
virus to invade the host cell [30]. RNA-dependent RNA polymerase
(RdRp) catalyzes the replication and transcription of the viral genome,
making it essential for their survival [31]. The RNA processing enzyme
uridine-specific endoribonuclease (NendoU) has been identified as
critical for the viral life cycle [32]. Replicase of SARS-CoV-2 is vital for
viral replication and transcription [33]. It undergoes dimerization, binds
with RNA, interacts further with non-structural protein (NSP-8), and
finally triggers the essential functions [34-36]. Helicase has both
ATPase and helicase activity as it unwinds the RNA helices in an
ATP-dependent manner [37]. Another promising target is 2’-O-methyl-
transferase. It participates in the cap formation at the 5’ ends of the viral
RNA, which resembles the native mRNA of the host cells [38,39].
Inhibiting the multifunctional nucleocapsid protein can block both viral
transcription and replication [40].

In this study, we have discovered a natural flavonoid O-glycoside
compound, fortunellin (PubChem ID: 5317385), as a potent inhibitor of
11 domains of the eight key protein targets of SARS-CoV-2 using Mo-
lecular docking, MD simulations, and MM-GBSA analysis. Fortunellin,
an antioxidant and anti-inflammatory compound found in Gojihwadi
Kwath, an Indian traditional-Ayurvedic formulation, is also found in
Citrus japonica var margarita fruits [41]. Gojihwadi Kwath is antiviral
and helpful in COVID-19 management [42-45]. But its antiviral activ-
ity’s molecular mechanism is unknown. Fortunellin inhibits Mpro
dimerization [46]. Fortunellin also possesses antibacterial and
anti-HIV-1 protease activities [47,48]. Fortunellin is non-toxic since it
does not interact with the CYPs involved in drug metabolism. A
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molecule is considered prospective in early-stage drug research if it can
reliably dock to the targeted protein with high binding affinity and
dynamic stability [49-51]. Aiming to inhibit viral replication, growth,
invasion, and infectivity, we tested the fortunellin binding to SARS
CoV-2 key targets. We found that fortunellin targets the virus’s Mpro,
PLpro, RdRp, NendoU, Replicase monomer at the NSP-8 binding site,
Replicase at the dimer interface, Replicase dimer, Helicase, 2'-O-ribose
methyltransferase (MT), Nucleocapsid-NTD, and Nucleocapsid-CTD.
Additionally, using free energy calculations and residue decomposi-
tion analysis, we show that fortunellin masks the catalytically important
residues of these targets. In addition, we have used the network phar-
macology approach to detect the impact of fortunellin on normal human
bronchial epithelial cells (NHBE), lung cells, and organoids such as
pancreatic, colon, liver, and cornea of the host system. We link the target
host genes of fortunellin to anti-inflammatory, immunomodulatory, and
apoptotic pathways. Our findings show that fortunellin has a dual role;
multi-target antiviral activities against SARS-CoV-2 and immunomod-
ulatory capabilities against the host. Given fortunellin’s oral bioavail-
ability and safety, this study could develop fortunellin as an orally active
therapeutic against COVID-19 and new variants of coronavirus.

2. Methodology
2.1. Molecular docking of fortunellin to SARS CoV-2 key targets

The experimental structures of SARS-CoV-2 target proteins were
retrieved from PDB [52] (Supplementary Table S1(A)). We used the
dock prep tool [53] and refined the target proteins by adding missing
atoms, polar hydrogen atoms, and Kollman charges to the residues and
removing crystallographic water molecules. The structure of fortunellin
(PubChem ID: 5317385) was retrieved from NCBI PubChem [54]. En-
ergy minimization and geometry optimization of the structure were
achieved using the Merck Molecular Force Field (MMFF94) in the Open
Babel module of PyRx software [55]. Fortunellin was docked at the
active binding pockets/functional sites of the SARS-CoV-2 protein tar-
gets employing a grid-based docking method using the rigid protein
receptor and flexible ligand docking protocol. Molecular docking was
achieved using the AutoDockVina 1.2.0 software [56,57] and SwissDock
tools [58]. For the selected targets, the center grid box values and the
number of grid points along the x, y, and z dimensions were set to cover
the active/functional site and are given in Supplementary Table S1(C).
The grid size was based on the target proteins’ known active/functional
site. The grid spacing was set to a default value of 1.0 A. The exhaus-
tiveness numbers 8 and 200 were used in the docking experiment
(Supplementary Table S1(B)). The structures were visualized and
analyzed using UCSF Chimera 1.15 [53].

2.2. Molecular dynamics (MD) simulation of fortunellin-SARS CoV-2 key
target complex

To validate the stability of the docked complex of fortunellin with
Mpro, PLpro, RdRp, Endoribonuclease, Replicase (monomer as well as a
dimer), Helicase, Methyltransferase, Nucleocapsid NTD, and N-CTD
were subjected to molecular dynamics simulation for a timescale of 200
ns (ns) using GROMACS 2021.1 [59] and CHARMM 36 m force field
parameter set [60]. The web server SwissParam was used to generate the
ligand topologies as well as the atomic charges of the ligands [61]. We
have ignored the entropy contribution in the binding energy calculation.
Because of the high computational cost and limited prediction accuracy
of NMA, many applications using MM/GBSA and MM/PBSA ignore the
entropy change for protein-ligand binding. The MD simulations were
conducted in a cubic water box solvated with TIP3P water molecules.
Periodic boundary conditions were imposed in all directions, and Na™
Cl™ counter ions were added to make the system electrically neutral. The
energy minimization of the systems was then achieved through 50,000
steps of steepest descents to alleviate any steric conflicts. After that,



S. Agrawal et al.

energy minimization for 100 ps was followed by NVT and NPT equili-
bration. These systems were then submitted to MD simulation at 300 K
for 200 ns, with no restrictions on the residues, after they had been
equilibrated in terms of pressure and density. Using a Berendsen ther-
mostat, the system’s temperature was kept at 300 K throughout the
experiment. The particle mesh Ewald method [62] was employed to
account for the long-range electrostatic interactions, and the LINCS al-
gorithm [63] was used, with a time step of 2fs to restrain bond lengths.
The constant temperature and pressure (300 K and 1 bar) were main-
tained using a V-rescale thermostat [64] and Parrinello-Rahmanbarostat
[65]. The production run was performed for 200 ns with a leapfrog
integrator [66], and the coordinates were saved every 10 ps. A total of
20,000 frames were generated. MD trajectories were analyzed using the
RMSD (root mean square deviation), RMSF (root mean square fluctua-
tion), Rg (radius of gyration), hydrogen bond, and minimum distance
between the ligand (as one group) and the protein target (another
group). The tools of GROMACS 2021.1 were utilized [59]. The plots
were generated using XMGRACE [67]. To analyze the target-fortunellin
interactions, we used the representative snapshot of the most populated
cluster obtained from the 150-200 ns simulations using MD movie
analysis of UCSF Chimera [53] package, and 2D interaction profiling
was constructed using Maestro-12.4 (Schrodinger Release 2020-2:
Maestro, Schrodinger, LLC, New York, NY, USA).

2.3. Binding free energy calculations of the SARS-CoV-2 targets and
fortunellin complexes

We have performed the MD in GROMACS 2021.1, and the MMGBSA
analysis was calculated using the MMPBSA.py program of Amber-
Tools21 (AMBER2021) [68-70]. We have used VMD 1.9.3 [71] to
convert the trajectory generated by GROMACS program to the AMBER
compatible trajectory. We have used the GROMBER tool of AMBER2021
and converted the GROMACS topology file to AMBER topology file. The
GB radius was set to mbondi2. We generated complex, receptor, and
ligand topology files from a solvated topology file using the ante--
MMPBSA.py.

For free energy calculation, the following equation was used:

AG (bind) = AG (complex) — [AG (receptor) + AG (ligand)]

The binding free energy (ATotal) was estimated using van der Waals
energy (AEypw); electrostatic energy (AEggy); polar solvation energy
(AEgp); non-polar solvation energy (AEsy,f); total solvation free energy
(AGso)); total gas-phase free energy (AGgas). From the 200 ns MD
simulation run, a total of 1000 snapshots were extracted, starting from
the frame 15000 to 20000 with an interval of 5 snapshots. Furthermore,
we also performed a per-residues energy decomposition analysis to
evaluate the energy contribution of each residue to the total energy.

2.4. Assessment of pharmacokinetic and pharmacodynamics features

Using ADMETlab 2.0 [72] and pkCSM servers [73], the comparative
pharmacokinetic attributes like absorption, distribution, metabolism,
excretion (ADME), and other important pharmacological properties
(physicochemical properties, lipophilicity, water-solubility, and
drug-likeness) of fortunellin were calculated. Furthermore, toxicity pa-
rameters like mutagenicity (AMES mutagenesis), hepatotoxicity, cyto-
toxicity, minnow toxicity, etc., of fortunellin were also predicted.

2.5. Prediction of upregulated host gene targets of fortunellin in COVID-
19 infected cells/organoids

We predicted the targets of fortunellin using the similarity ensemble
approach [74] and the SwissTargetPrediction tool [75]. Next, the
differentially expressed (DE) gene lists specific to human -cell-
s/tissues/organoids, including human NHBE cells (GSE147507), lung
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cells (GSE147507), pancreatic organoids (GSE151803), colon organoids
(GSE148696), liver organoids (GSE151803), and cornea organoids
(GSE164073) were downloaded from the Enrichr library “COVI-
D-19 Related_Gene_Sets_2021”. Using Venn diagram (http://bioinfogp.
cnb.csic.es/tools/venny/), we identified the tissue-specific gene tar-
gets of fortunellin, which were upregulated after infection with
COVID-19.

2.6. Functional enrichment analysis

The identified host gene targets of fortunellin were further analyzed
for its enriched biological processes, molecular functions, and cellular
components utilizing the Enrichr tool [76]. Scatter plots were generated
using the ggplot2 in Rstudio [77]. To obtain statistically significant re-
sults, we used the cut-off p-value of less than 0.05 (p-value <0.05).

2.7. Protein-protein interaction analysis, module detection, and pathway
analysis

Furthermore, the Cytoscape STRING App plugin [78] was used to
investigate the protein-protein interaction network of fortunellin’s
target genes. With a confidence score of 0.4, we added 100 neighbor
genes to the network. The expression of the integrated genes was
investigated for its upregulation in COVID-19 infected cells/organoids
using Enrichr library “COVID-19_Related_Gene_Sets_2021. We identified
the network module using Cytoscape’s MCODE plugin [78]. MCODE
detects clusters that are highly interconnected within a network.
Furthermore, we used Cytoscape’scytohubba plugin’s [79] maximum
clique centrality (MCC) approach to determine the important (HUB)
genes that were also targeted by fortunellin. Finally, we used the KEGG
database [80] to identify the top five metabolic pathways of these
modules to ascertain fortunellin’s mode of action in the corresponding
cell/organoids.

3. Results

3.1. Fortunellin targets 11 active pockets of eight key target proteins of
SARS-CoV-2

We have found that fortunellin, a phytochemical derived from the
ayurvedic (Indian traditional medicine) formulation Gojihwadi, has
multitargeting potential against SARS-CoV-2. Fortunellin showed a
reliable negative binding energy, better than the reference ligand
(Supplementary Table S1(B)), against the 11 ligand binding sites of eight
key protein targets, including the virus’s main protease (—8.9 kcal/mol),
papain-like protease (—8.7 kcal/mol), RdRp (—9.2 kcal/mol), NendoU
(—9.0 kcal/mol), replicase monomer at NSP-8 binding site (—8.6 kcal/
mol), replicase monomer at dimeric interface (—7.0 kcal/mol), replicase
dimer (—8.2 kcal/mol), helicase (—9.8 kcal/mol), 2'-O-methyltransfer-
ase (—9.4 kcal/mol), nucleocapsid-NTD (—8.0 kcal/mol), and
nucleocapsid-CTD (—9.2 kcal/mol) (Fig. 1, Supplementary Table S1(B)).
The docking experiment was carried out with the exhaustiveness
numbers of 8 and 200. The docked complex’s structural superimposition
showed that the binding mode of the ligand with exhaustiveness
numbers of 8 and 200 was comparable (Supplementary Figure S1 and
Supplementary Table S1(B)). The molecular interactions of the
fortunellin-target protein docked complexes are given in Supplementary
Table S2. Furthermore, to evaluate the reliability and validate the sta-
bility of docked complexes, each of the 11 fortunellin-SARS-CoV-2 target
complexes was subjected to a 200 ns MD simulation, producing a total of
2.2 ps of molecular trajectory data for analysis.

3.2. Molecular dynamics simulation and MMGBSA analysis of
fortunellin-Mpro complex

We observed a stable backbone conformational state with an average
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(NSPS8 binding site)
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Fortunellin

2’-O-Methyltransferase

(PubChem ID: 5317385)

Helicase

Replicase monomer
(Dimer interface)

Replicase dimer

Fig. 1. Molecular docking of fortunellin to SARS CoV-2 targets. SARS-CoV-2 protein targets are depicted in a grey surface view. Fortunellin is shown as a red color
surface. The binding energy values (kcal/mol) are calculated using AutodockVina 1.2.0 [56].

RMSD value of 0.24 £+ 0.06 nm (Fig. 2(I-A)), suggesting interaction
stability. A steady Rg value ranging between 2.22 and 2.28 nm indicated
a compact and stable structure (Fig. 2(I-B)). A minimum distance of
~0.28 nm between the fortunellin (as one group) and the protein target
(another group) indicated a stable interaction (Fig. 2(I-C)). The mini-
mum distance ensures that the ligand is in the target’s pocket. RMSF
analysis revealed that the catalytic dyad, His41-Cys145 residues, was
stably masked by the fortunellin (Fig. 2(I-D)). Fortunellin-Mpro complex
exhibited an average of three hydrogen bonds (Fig. 2(I-E)). The 2D in-
teractions analysis revealed that fortunellin interacts with the catalytic
dyad residues His41 and Cys145. Also, the formation of two H-bond
pairs with Cys145 and Glul66, charged interactions, and hydrophobic
and hydrophilic interactions provide extra stability to the complex
(Fig. 2(I-F)). Thus, it marks the unavailability of the main protease for
participating in polyprotein cleavage [81,82]. Furthermore, MMGBSA
analysis showed a reliable binding free energy of —21.6386 kcal/mol
(Table 1). As shown in Fig. 2(I-G), residue decomposition analyses
revealed the key residues, including Thr25, His41, Cys145, Met149, Met
165, and GIn189, stabilizing the fortunellin-Mpro complex.

3.3. MD simulation and MMGBSA analysis of fortunellin papain-like
protease complex

Fortunellin-PLpro complex was stabilized with an average RMSD
value of 0.23 nm (Fig. 2(I-A)). A steady Rg value of ~2.52 nm suggested
compactness and stability (Fig. 2(II-B)). Fortunellin-PLpro complex was
stabilized at a minimum distance of ~0.20 nm (Fig. 2(II-C)). RMSF
analysis of active site residues, especially the catalytic triad residues
Cys111-His272-Asp286 of PLpro revealed low fluctuations and

indicated a stable complex formation (Fig. 2(II-D)). The stability is
contributed by three to four H-bonds (Fig. 2(1I-E)). The 2D interaction
analysis revealed that fortunellin was stabilized by H-bonds contributed
by GIn250, Gly266 backbone; non-polar and polar interactions. Notably,
interaction with His272, one of the catalytic triad residues, suggests its
inhibitory role (Fig. 2(II-F)). Furthermore, MMGBSA analysis revealed a
reliable binding free energy of —28.1218 kcal/mol (Table 1). Residue
decomposition analyses revealed that the Pro248, Tyr264, Tyr268, and
Cys270 residues majorly contributed to the total binding energy favor-
ing the PLpro-fortunellin complex formation (Fig. 2(1I-G)).

3.4. MD simulation and MMGBSA analysis of fortunellin-RdRp complex

In the fortunellin-RdRp complex, the stability and tight packing of
the ligand-target complex were validated by a stable RMSD profile (0.45
nm) (Fig. 2(I1I-A)), and Rg values of 3.27 nm (Fig. 2(III-B)), respectively.
The ligand and target were stabilized at a minimum distance of
0.16-0.22 nm (Fig. 2 (III-C)). The RMSF analysis (Fig. 2(III-D)) revealed
that catalytic residues 7>°SDD%! and the divalent-cation-binding res-
idue D618 for RARp were stabilized. An average of two to three H-bonds
showed the stability of the complex (Fig. 2(III-E)). 2D interaction anal-
ysis revealed the residues stabilizing the complex. Extra stability is
provided by the formation of an H-bond with the backbone of Ala550,
Ile548, and Arg555 (Fig. 2(III-F)). MMGBSA analysis revealed free
binding energy of —19.9824 kcal/mol (Table 1). The residues Ala547,
Ile548, Ser549, Ala550, Lys551, Asn552, Arg555, and Lys798 contrib-
uted to the favorable energy in the fortunellin-RdRp complex stabili-
zation (Fig. 2(III-G)). Thus, targeting the RdRp active sites with
fortunellin could be a potential therapeutic option.
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Fig. 2. MD analysis of fortunellin-SARS-CoV-2 complex. I) Mpro, II) PLpro, III) RdRp in the complex. The plots are (A) RMSD trends for the backbone of SARS-CoV-2
targets (B) Radius of gyration (C) minimum distance between the ligand (as one group) and the protein target (another group) (D) RMSF (E) distribution of H-bonds,
(F) 2D-interaction of target-fortunellin complex (G) residue wise contribution to the binding energy of the complex.
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Table 1
Binding free energy components of major protein targets of SARS CoV-2 with fortunellin calculated by MM-GBSA analysis.

SARS CoV-2 Targets AEypw AEggL AEgp AEgyrp AGgas AGs,) ATotal

Main protease (Mpro) —34.6921 + —8.2224 + 25.8394 + —4.5636 + —42.9145 + 21.2758 + —21.6386 +
8.1008 5.5123 6.2532 0.9617 10.9054 5.5307 6.7620

Papain like protease (PLpro) —37.3163 + —17.9992 + 31.6529 + —4.4593 + —55.3154 + 27.1936 + —28.1218 +
3.8958 5.7697 4.3466 0.3950 7.2522 4.1915 4.3684

RNA dependent RNA polymerase —30.5246 + —11.4507 + 26.0611 + —4.0683 + —41.9753 + 21.9929 + —19.9824 +
(RdRp) 4.5811 11.5929 9.3520 0.4998 11.3421 9.2557 3.9152

Endo-ribo nuclease (NendoU) —24.8025 + —5.5534 + 16.5303 + —2.9866 + —30.3559 + 13.5437 + —16.8122 +
4.3057 10.4810 8.7225 0.5737 11.4113 8.5521 4.6891

Replicase (monomer)- NSP-8 —45.3806 + —12.6115 + 29.5393 + —6.0315 + —57.9920 + 23.5077 + —34.4843 +
binding site 4.2238 6.5500 4.6927 0.4546 8.0942 4.4838 5.0140

Replicase (monomer) dimer —33.9562 + —5.4207 + 21.7849 + —4.4565 + —39.3768 + 17.3285 + —22.0484 +
interface 5.9479 6.2276 7.1180 0.7615 10.5510 6.5329 4.9459

Replicase (dimer) —43.9169 + —29.3451 + 47.8652 + —5.8939 + —73.2620 + 41.9713 + —31.2907 +
6.2230 14.5247 11.9748 0.8274 18.1369 11.3507 8.2294

Helicase —48.8710 + —37.7330 £ 63.4362 + —6.8620 + —86.6040 + 56.5742 + —30.0298 +
4.7475 10.4724 8.2675 0.6780 12.1651 7.8932 6.0144

2’-0-methyltransferase —37.2238 + —13.1796 + 32.2444 + —5.0129 + —50.4034 + 27.2315 + —23.1719 +
5.9696 11.7826 9.9715 0.8717 14.3369 9.4562 6.5122

Nucleocapsid (N-NTD) —31.0888 + —15.8757 + 34.5686 + —4.5284 + —46.9645 + 30.0401 + —16.9243 +
6.6578 9.7707 9.9877 0.9410 12.7222 9.4599 5.3302

Nucleocapsid (N-CTD) —59.6115 + —25.9493 + 38.6931 + —7.7539 + —85.5609 + 30.9392 + —54.6217 +
4.5382 11.6046 7.4143 0.4125 10.1257 7.5381 5.0680

All energies are in kcal/mol along with their standard deviation. AEypw, van der Waals energy; AEggy, Electrostatic energy; AEgp Polar solvation energy; AEgy.;, Non-polar
solvation energy; AGsoy, Total solvation free energy; AGgqs, Total gas-phase free energy and ATotal, is the binding free energy.

3.5. MD and MMGBSA analysis of fortunellin-endoribonuclease
(NendoU) complex

Fortunellin-endoribonuclease complex was stabilized with an RMSD
between 0.4 and 0.6 nm (Fig. 3 (I-A)) and was also compact (Rg value of
2.5-2.7 nm) (Fig. 3 (I-B)). Fortunellin at a minimum distance of 0.2 nm
with endoribonuclease suggested its proximity (Fig. 3 (I-C)). A stable
RMSF profile of binding site residues His235, His250, Lys290, Ser294,
Thr341, and Tyr343 suggests the thermodynamic stability of the
endoribonuclease-fortunellin complex (Fig. 3 (I-D)). An average of three
H-bonds between target-ligand was observed (Fig. 3 (I-E)). Fortunellin
was bound to endo-ribonuclease enzyme utilizing the polar amino acids
His235, Ser316, and Thr341; hydrophobic Val314, Val315, Met 331,
Trp333, Cys334, and Tyr343, and charged Lys335, Asp336, and Glu340
amino acids respectively. An additional H-bond with Cys334 and
Glu340 contributed to its stability (Fig. 3 (I-F)). Furthermore, the
binding free energy calculations using the MMGBSA revealed reliable
binding free energy of —16.8122 kcal/mol (Table 1). Trp333 and
Cys334 residues majorly contributed to the binding energy. In addition,
Lys290, Met331, Cys334, Glu340, Thr34land Tyr343 with negative
binding energy suggest the favorable fortunellin-endoribonuclease
complex formation (Fig. 3 (I-G)).

3.6. MD simulation and MMGBSA analysis of fortunellin-replicase
(monomer) at the NSP-8 binding site and the dimer interface

Fortunellin was found to bind at two sites, equally important in viral
replication, i.e., the NSP-8 binding site [83] as well as the dimeric
interface of the replicase enzyme. Firstly, the NSP-8 binding site of the
replicase-fortunellin complex was investigated. The complex showed a
stabilized RMSD value of 0.59 nm up to 125 ns, after which RMSD was
stabilized at a lower value of 0.25 nm (Fig. 3(II-A)). The Rg value was
stabilized at ~1.5 nm (Fig. 3(II-B)). The distance between the ligand
and receptor was maintained at an average value of 0.2 nm (Fig. 3
(II-C)). The RMSF values of all the interacting residues, including Leu46,
Cys74, Arg75, Phe76, Lys87, Leu89, Phe91, Vallll, and Leull3, were
found to be ~0.1 nm (Fig. 3(II-D)). The ligand-receptor, on average,
consists of two to three H-bonds (Fig. 3(II-E)). 2D-interaction analysis
revealed hydrogen bonded interactions with the backbone of Leul0 and
Thr110; and other polar and non-polar interactions (Fig. 3(II-F)). Using

MMGBSA analysis, we found binding energy of —34.4843 kcal/mol
(Table 1), favouring ligand-receptor interactions. Furthermore, the
residue-wise energy decomposition revealed that GIn12, Leu30, Tyr32,
Leu46, Phe76, Thr78, Lys87, Leul07, Thr110, Vallll, and Leull3 are
the residues contributing to the binding energy (Fig. 3 (II-G)).

Next, we explored the fortunellin binding at the functionally
important dimeric interface of the replicase. An RMSD of 0.25-0.33 nm
(Fig. 3(I1I-A)) showed that the complex was stable and compact. After
100 ns, we observed a conformational change in the protein complex,
but fortunellin was still found to reside in the pocket of replicase. The Rg
value of 1.42 nm (Fig. 3(III-B)) was observed, and the minimum dis-
tance between ligand and receptor was maintained at 0.2 nm (Fig. 3
(II1-C)) throughout the 200 ns simulation run. The RMSF of the GXXXG
domain responsible for dimer formation was observed to be stabilized
upon ligand binding at 0.2 nm (Fig. 3(III-D)). Complex showed two to
seven H-bonds (Fig. 3 (III-E)). 2D-interaction analysis revealed that
fortunellin was stabilized at dimeric interface contributed by GxxxG
domain residues: Gly101, Met102, Leul04, and Gly105. It showed in-
teractions with polar, non-polar, and charged amino acids including one
hydrogen bond interaction with residues Asn97 (Fig. 3(III-F)). MMGBSA
study estimated the overall binding free energy to be —22.0484 kcal/
mol (Table 1). Metl, Asn2, Asn3, Pro7, Val8, Leu98, Argl100, Gly101,
Met102, Val103, Leul04, Glyl05, and Alal08 also contributed to the
observed binding energy (Fig. 3(III-G)). Thus, occupying the enzyme’s
interface may prevent dimer formation, which in turn may hamper the
NSP8 binding.

3.7. MD simulation and MMGBSA analysis of fortunellin-replicase
(dimer) complex

We also investigated the binding and stability of fortunellin at the
pocket formed after replicase dimerization. A steady RMSD value of 0.30
+ 0.08 nm (Fig. 4(I-A)) and a stable Rg value of ~2.0 nm (Fig. 4(I-B))
indicated the stability and compactness of the complex. The minimum
distance analysis showed that fortunellin was stabilized at a ~0.19 nm
distance from the protein (Fig. 4(I-C)). The binding site residues,
including Gly101, Met102, Val103, Leul04, Gly105, and Leu46, showed
stabilized RMSF (Fig. 4(I-D)). We observed around five to six H-bonds
contributing to the stability of the complex (Fig. 4(I-E)). These H-bonds
were contributed by Asn2 of chain A, Arg75 (3 H-bonds), and Gly83 of
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Fig. 3. MD analysis of fortunellin-SARS-CoV-2 complex. I) NendoU, II) Replicase monomer at NSP-8 site, III) Replicase monomer at dimer-interface. (A) RMSD trends
for the backbone of SARS-CoV-2 targets, (B) Radius of gyration, (C) minimum distance between the ligand (as one group) and the protein target (another group), (D)
RMSF (E) distribution of H-bonds, (F) 2D-interaction of target-fortunellin complex (G) residue wise contribution to the binding energy of the complex.



S. Agrawal et al. Computers in Biology and Medicine 149 (2022) 106049

I- Rephcase (dimer) B 22 D 0.8
A 08 21 —
£ £ 0.6 Gly101
= Bl = '
= = Met102
2 = 0.4 Val103
8 = 02 Leul04
PN N T T “o 50 100 150 200 & e Gly105
0 50 100 150 200 Time (ns) 0 f
C Time (ns) Gy ﬁs 0 0 20 40 60 80 100 120
PROg: g3 "B: 82 " -~
2 F :7:84 & & B'B}‘THR G
s _, (€D VAL \ HO o -20
] VflLl B: 113 a;as&!.!’gss Y VA
s Y : HO,, CH_ (OH B: 77
2 ALA i o .
B: 109 BHE 5 -
I H,C” NeH e, B:76 £
) 50 100 150 200 (ALA |\ =
Time (ns) B: 108 RG 8 10
E \ 1 75 ) X
kY o 7=
B: 10, A9 s o
AL g7a &
A: 8 w i
B-qu oﬁﬁ*__F_A_ - " [
~N = o 0
,‘:mo'\wﬁgﬁka:::
0 50 100 150 20( 22 9E2EEI2220
Time (ns) S Y% aS>ST<ca>SYsS Y3
II- Helicase B D 08_| T T T T T T T ™ [
A 08 O B
— = - -
E 0.6 zZ E 0.6 — =
£ et = = =
004 I~ o =
Z »n 04
Z 02 s TE
obE—i L s I s § | ) 50 100 150 200 ~ 0.2
0 50 100 150 200 Time (ns)
Time (ns) 0

0 100 200 300 400 500 600

(@]
-

LYS

—— :
£ o4 w, ¢ G Residue
£ > o0 D
g 539 o -20
3 GLY ,
- 538
a 7 _
| ST T %{) 3L
0 50 100 150 200 gu E
E Time (ns) 340, g 10
SER =
535 5
5 o s -5 -
£ 534) .CH2 S - d---i.n.__ sk | | Lo
£ HIS™ 312 + " -
= i é 311 0
SALA - ch MET Qe N NMOND N NN n QN
N T SR R R RSN e S L
' o) SRR PEREER RS L R R
0 50 100 150 200 COFOIHIIIILHOILO=2<<0O0OHNO<S
Time (ns)
¥
- 2 O-Methyltransferase B D 12— I r | =
A 06 T T T R “L
E £ COS ]
£04 a
a Z £ 08 His6867 ]
: 0.2 S Gly6869 Pro6878 _
SR 7 Asn6Ba1 S O
0 50 100 150 200 s Tyregas A1a6870 Gly ]
Ittt Time (ns) 2 04 1% Giyes71 Thresso ]
C Time (ns) W HIS Ser6872 —
T T T T T 6@ P b C L [ ]
z 5 = F 5 G;Zli ,ELCﬁO 7'318 Q796 6846 6896 6946 6996 7046 7096
%04 m AP 6978 LS Residue
8 6977 \ . cH,
= H, CH.” VAL G
202 & THR How #CCH H, 7094 15.0
2 02r ] ~ch} z X
a [k - $949 ) (EOLSER
ol L 1 1] TYR o #SHsch 7093 7090 -12.5
0 50 100 150 200 638 e N i =100
Time (ns \ 752 VAL =2
E (ns) &S HCamcf] 206 7099 £
o 6952 HO \OH . - 375
- » " Hyf =
Ggg HOmwcf C\H L o 69% > 5.0
56 \ O ¢ ~CH &0
£ s O \ @ -25
E, e CH-cfy \., CHeon J;':: S -
z H}:\Ov 'C‘H ] 0 —t= —_— :
OH VAL < wn © ~
6(;'52 6916 a 3 a 2 & g
50 100 5 2 SOUN oo gm HIS 2 € - @ i 5
Time (ns) 6957 &58 THR 6917 3 z E 2 S ©
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chain B (Fig. 4 (I-F)). MMGBSA analysis of fortunellin-replicase (dimer)
complex yielded an overall binding free energy of —31.2907 kcal/mol
(Table 1). As shown in (Fig. 4(I-G)), residues of both the chains
contributed to the negative free energy, including Metl, Leu5, Ser6,
Pro7, and Val8 residues of Chain A and Cys74, Arg75, Phe76, Val77,
Leul07, Vallll and Leull3 residues of Chain B, respectively. Thus,
fortunellin binding to the cavity at the dimeric contact point of replicase
may prevent it from binding with RNA and NSP-8 essential for viral
propagation.
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3.8. MD simulation and MMGBSA analysis of fortunellin-helicase
complex

The structural stability of the fortunellin-helicase complex was
assessed with an RMSD value of ~0.4 nm (Fig. 4 (II-A)). A steady Rg
value of ~2.85 nm ensured the compactness of the complex (Fig. 4
(II-B)). The minimum distance between fortunellin and helicase was
stabilized at ~0.27 nm and maintained until the simulation end (Fig. 4
(II-C)). The RMSF value for residues including Asn265, Lys288, His290,
Gly439, Arg442, Arg443, GIn537, and Arg567 was found to be low,
suggesting the stability of the complex (Fig. 4(II-D)). We found that four
H-bonds were contributing to the stability of the complex (Fig. 4(II-E)).
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Fig. 5. MD analysis of fortunellin-SARS-CoV-2 complex. I) Nucleocapsid (N-NTD) and II) Nucleocapsid (C-NTD). The plots are (A) RMSD trends for the backbone of
SARS-CoV-2 targets (B) Radius of gyration (C) minimum distance between the ligand (as one group) and the protein target (another group) (D) RMSF (E) distribution
of H-bonds, (F) 2D-interaction of target-fortunellin complex (G) residue wise contribution to the binding energy of the complex.
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These H-bonds were contributed by Ser289 (two H-bonds), Lys320, and
Glu375 (Fig. 4 (II-F)). Notably, interactions with catalytically and
functionally important residues Lys288, His290, and Arg443 enabled
masking of the pocket and thus, making them unavailable during the
viral replication process (Fig. 4(II-F)). Using MMGBSA, the total binding
free energy was observed to be —30.0298 kcal/mol (Table 1). The
catalytically important residues His290, Arg442, and Arg443, contrib-
uted to the binding free energy. Also, Pro283, Gly285, Thr286, Gly287,
Ser289, Ala312, Ala313, Ala316, Leu317, Asp374, Glu375, I1e399,
GIn537, Gly538, Ser539, and Glu540 were found to be contributing
toward the negative binding free energy Fig. 4(II-G)).

3.9. MD simulation and MMGBSA analysis of fortunellin-2'O
methyltransferase complex

Fortunellin-methyltransferase complex showed a stable and compact
structure with a steady RMSD of 0.36 + 0.03 nm (Fig. 4 (III-A)) and an
Rg value of 1.91 + 0.03 nm (Fig. 4(III-B)). The minimum distance of
0.22 nm (Fig. 4 (III-C)) further suggested the formation of a stable
complex. A stable RMSF value for the catalytically important residues at
the binding site further suggested the stability of the complex (Fig. 4(III-
D)). We found 3-5 H-bonds in the trajectory of 200 ns (Fig. 4 (III-E)). 2D
interaction analysis of fortunellin-methyltransferase complex revealed
five hydrogen bonds contributed by Thr6915, Val6916, GIn6957,
Lys6958, and Val7092 (Fig. 4(III-F)). The total binding free energy
suggests a stable complex formation with —23.1719 kcal/mol (Table 1).
The energy was mainly contributed by the residues Ala6914, Thr6915,
Val6916, Lys6933, and Phe6947 (Fig. 4 (III-G)).

3.10. MD simulation and MMGBSA analysis of fortunellin-nucleocapsid
(N-NTD) complex

The atomistic dynamics movements and conformational variations
of fortunellin-nucleocapsid (NTD) complex Ca backbone atoms revealed
initial fluctuations in RMSD values up to 60 ns. A steady RMSD at 0.62
+ 0.04 nm was observed until the molecular simulation of 175ns (Fig. 5
(I-A)). This variation in RMSD indicates fortunellin conformational
changes in the receptor pocket to acquire the optimal stable connections.
A steady Rg value suggests a stable and compact structure (Fig. 5(I-B)).
Furthermore, a minimal distance of 0.16-0.22 nm between the ligand
and receptor confirmed the stability of the ligand-target complex. The
key substrate-binding residues (with a 5 A zone), with RMSF values
ranging from 0.22 to 0.25 nm, were observed to be Arg89, Ala91, Thr92,
Arg93, Tyrl10, Argl50, Asn151, and Pro152 (Fig. 5(I-D)). We observed
an average of four H-bonds during the simulation (Fig. 5(I-E)). We
noticed that Arg89, Thr92, and Arg94 (two H-bonds) contributed to the
H-bonds. Furthermore, we found that fortunellin was stabilized through
non-polar and polar interactions, as shown in Fig. 5(I-F). These con-
nections are strong enough to keep the complex structure intact,
reducing the viral-RNA interaction and infectivity to the host. Energy
calculations using MM-GBSA revealed total binding free energy of
—16.9243 kcal/mol (Table 1). The residues Thr50, Ala51, Arg89, Ala9dl,
Thr92, Arg93, Tyr110, Tyrl12, Pro118, and Pro152 contributed to the
stable binding energy (Fig. 5(I-G)).

3.11. MD simulation and MMGBSA analysis of fortunellin-nucleocapsid
(N-CTD) complex

Similarly, the stability of the Nucleocapsid-CTD complex with for-
tunellin was examined. A RMSD value of 0.70 +0 .12 nm (Fig. 5(I1I-A))
and an Rg value of 1.7 £+ 0.1 nm suggested the stability, compactness,
and integrity of the complex (Fig. 5(II-B)). We observed a conforma-
tional change after ~150 ns. The distance between fortunellin and N-
CTD was found to be a minimum of 0.2 nm (Fig. 5(II-C)). The important
residues had a low RMSF value of 0.25 nm on average throughout the
simulation (Fig. 5 (II-D)). Three to four H-bonds between protein-ligand
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complex depict its stability (Fig. 5 (II-E)). We observed that Asn285,
Pro309, Leu331, and Tyr333 showed H-bond. Fortunellin also showed
non-polar hydrophobic, polar, and charged interaction (Fig. 5(II-F)).
Notably, fortunellin has the highest binding affinity to the N-CTD
compared to any target under consideration, as revealed by MM-GBSA
energy calculations. The total binding free energy was found to be
—54.6217 kcal/mol (Table 1). The residues that contributed to the stable
binding energy were Arg277, Gly284, Asn285, Phe286, Leu291, 11e304,
Ala308, Pro309, Ser310, Ala311, Ser312, Phe314, Phe315, Leu331,
Tyr333, Leu353, and Ile357 (Fig. 5(1I-G)).

3.12. Molecular and ADMET properties of fortunellin

The various molecular and physicochemical properties of fortunellin
were calculated, and the observed results are listed in Supplementary
Table S3. The molecular weight of fortunellin is 592.180 Da with14 H-
bond acceptors and 7 H-bond donors. The number of rotatable bonds
was found to be seven, thus providing enough flexibility to rotate about
its axis and interact with the receptor residues. It constitutes five rings
with ten atoms in the biggest ring. There exists no formal charge. The log
of aqueous solubility (logS) of fortunellin is —3.891 mol/L, and the log
of octanol/water partition coefficient (logP) is 0.568, indicating its na-
ture to be more hydrophilic than hydrophobic. Also, the value of logP at
physiological pH was found to be in an optimum range. After satisfac-
tory results from the molecular features, fortunellin was further evalu-
ated for its ADMET properties. We calculated the pharmacokinetic
properties of fortunellin using ADMETlab 2.0, and pkCSM (Supple-
mentary Table S4). We observed a preferable water solubility of
—2.8371log mol/L, with reliable gastric absorption that complied with
the stated bioavailability score. We found that fortunellin was skin
impermeable. It is also known as P-glycoprotein substrate, a cellular
efflux pump that pumps drugs to extracellular fluid and does not inhibit
any P-glycoprotein [46]. An optimum volume distribution (VDss) of
0.603 L/kg and 17.24% of the unbound fraction of the drug in the body
were predicted. It showed a low probability of 0.293 for passing the
blood-brain barrier (BBB) and thus would not cause any side effects to
CNS. Moreover, the cytochrome P450 (CYP P450) enzymes family is not
predicted to have any impact on encountering fortunellin in the body.
The compound showed a probability of a short half-life time and thus
would be consumed quickly without interfering with other cell func-
tionalities. Fortunellin did not provoke skin sensitization and was not
predicted to have AMES, hERG I & II, minnow, respiratory, and
hepato-toxicity.

3.13. Identification of targets of fortunellin in COVID-19 infected host
cells/organoids

We identified 129 host proteins that could be targeted by fortunellin
(Supplementary Table S5) using SwissTargetPrediction (STP) [75] and
the Similarity Ensemble Approach (SEA) [74]. We retrieved 500
up-regulated genes from SARS-CoV-2 infected human NHBE cells
(GSE147507), lung cells (GSE147507), pancreatic organoids
(GSE151803), colon organoids (GSE148696), liver organoids
(GSE151803), and cornea organoids (GSE164073) using the Enrichr li-
brary “COVID-19 Related Gene Sets 2021.” In NHBE cells, fortunellin
targets 11 genes, ten genes in lung cells, six genes in pancreatic orga-
noids, eight genes in colon organoids, seven genes in liver organoids,
and eight genes in cornea organoids (Fig. 6, Supplementary Table S6).

3.14. Functional enrichment analysis of gene targets of fortunellin in
NHBE cells

In NHBE cells, we performed the functional enrichment analysis
using the 11 gene targets of fortunellin, including FN1, PTGS2, TNF,
IGFBP3, EPHA2, LGALS9, AKR1B1, XDH, MMP1, VEGFA, and IL6. The
major biological processes (BPs) include positive regulation of acute
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Fig. 6. Venn diagram showing targets of fortunellin in COVID-19 infected cells/organoids.

inflammatory responses, regulation of transforming growth factor-beta
production, regulation of neuro-inflammatory responses, cytokine-
mediated signaling pathway, positive regulation of leukocyte migra-
tion, regulation of the p38MAPK cascade, positive regulation of
macromolecule metabolic processes, and regulation of chemokine pro-
duction (Fig. 7-I). The major molecular functions enriched were cyto-
kine activity, receptor-ligand activity, growth factor activity, growth
factor receptor binding, and cytokine receptor binding (Fig. 7-I). The
significant enriched cellular components include the endoplasmic re-
ticulum lumen, platelet alpha granule lumen, and intracellular organelle
lumen (Fig. 7-I).

3.15. Functional enrichment analysis of gene targets of fortunellin in lung
cells

In lung cells, functional enrichment analysis was performed on the
identified ten gene targets of fortunellin, i.e., TNF, ADRA2A, CYP19A1,
LGALS9, CD38, CA12, HCAR2, MMP8, CASP1, and CAl. The major
biological processes include negative regulation of lipid catabolic and
metabolic processes, positive regulation of NIK/NF-kappaB signaling,
positive regulation of interleukin-1 beta production, positive regulation
of intracellular signal transduction, positive regulation of interleukin-6
production, and positive regulation of MAPK cascade (Fig. 7-III). The
enriched molecular functions include cysteine-type endopeptidase ac-
tivity involved in the apoptotic signaling pathway and; in the execution
phase of apoptosis and tumor necrosis factor receptor binding (Fig. 7-
III). Furthermore, the gene targets were associated with cellular com-
ponents: collagen-containing extracellular matrix, tertiary granule
lumen, and specific granule lumen (Fig. 7-III).

3.16. Functional enrichment analysis of gene targets of fortunellin in
pancreatic organoids

In pancreatic organoids, the functional enrichment analysis was
performed on TNF, ADRA2C, ECE1, LGALS1, ABCB1, and CBS gene
targets of fortunellin. The biological processes were enriched in positive
regulation of signaling, regulation of peptide hormone secretion, posi-
tive regulation of intracellular signal transduction, regulation of insulin
secretion, regulation of protein secretion, positive regulation of (Ikap-
paB kinase/NF-kappaB signaling, regulation of programmed cell death,
regulation of fever generation, positive regulation of anion

transmembrane transport, and cellular response (Fig. 7-VI). The
enriched molecular functions and cellular components were primarily
involved in protein homo-dimerization activity and the external side of
the apical plasma membrane, clathrin-coated vesicle, and membrane
raft (Fig. 7-VI).

3.17. Functional enrichment analysis of gene targets of fortunellin in
colon organoids

In colon organoids, the gene targets including TNF, ADRA2C, ECE1,
LGALS3, LGALS1, MMP7, MMP1, and ALDH1A2 were subjected to
functional enrichment analysis. Analysis revealed the positive regula-
tion of dendritic cell differentiation, positive regulation of leukocyte
differentiation, positive regulation of cellular component biogenesis,
regulation of dendritic cell differentiation, positive regulation of cellular
component organization, regulation of protein-containing complex as-
sembly, positive regulation of protein-containing complex assembly and
regulation of mononuclear cell migration as the major biological pro-
cesses. Metallo-endopeptidase and peptidase activity were the most
common molecular functions (Fig. 7-IV). We also found that the gene
targets were part of the collagen-rich extracellular matrix, the ficolin-1-
rich granule membrane, and the clathrin-coated vesicles (Fig. 7-IV).

3.18. Functional enrichment analysis of gene targets of fortunellin in liver
organoids

In SARS-CoV-2 infected liver organoids, the role of fortunellin was
identified by performing the functional enrichment analysis using its
upregulated gene targets, i.e., ACHE, NRAS, IGFBP3, FGF2, ERAP2,
CASP7, and CASP1. The enriched biological processes and molecular
functions included proteolysis, positive regulation of endothelial cell
proliferation, regulation of endothelial cell proliferation, small GTPase
mediated signal transduction, positive regulation of epithelial cell pro-
liferation, Ras protein signal transduction, negative regulation of cell
migration, glycerophospholipid biosynthetic process, positive regula-
tion of cAMP, positive regulation of various cysteine-type endo-pepti-
dase activity, insulin-like growth factor I&II binding, and protein
phosphatase activator activity (Fig. 7-V). The cellular components were
primarily involved in the endoplasmic reticulum lumen, basement
membrane, tertiary granule membrane, and intracellular organelle
lumen (Fig. 7-V).
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3.19. Functional enrichment analysis of gene targets of fortunellin in
cornea organoids

In cornea organoids, we used the eight gene targets of fortunellin:
IL6, CA12, CYP1B1, ABCC1, CYP19A1, FN1, ANPEP, and ADAM17 to
perform the functional enrichment analysis. We found that the enriched
terms for the biological processes include myeloid leukocyte mediated
immunity, regulation of leukocyte chemotaxis, positive regulation of
vascular endothelial growth factor production, regulation of vascular
endothelial growth factor production, positive regulation of leukocyte
migration, estrogen metabolic process, positive regulation of receptor
signaling pathway via STAT, positive regulation of receptor signaling
pathway via JAK-STAT. Also, the molecular function analysis results
revealed interleukin-6 receptor binding to be the essential function in
which the gene targets of fortunellin are involved (Fig. 7-II). Further-
more, their involvement in cellular components of the endoplasmic re-
ticulum lumen and membrane, intracellular organelle lumen, platelet
alpha granule & its lumen, and organelle bounding membrane was
discovered (Fig. 7-11).

3.20. PPI, module detection, and pathway enrichment analysis in NHBE
cells, lung cells, pancreatic, colon, liver, and cornea organoids

In NHBE cells, we constructed the PPI network of 28 upregulated
gene targets of fortunellin. A significant network module (20 nodes and
173 edges) was detected with an MCODE score of 18.211 (Fig. 8(A)). We
found six key hub genes associated with the network module: VEGFA,
TNF, IL6, FN1, PTGS2, and MMP1. The top five enriched pathways of the
network modules’ highlighted the fortunellin’s role in the TNF signaling
system, the IL-17 signaling pathway, the AGE-RAGE signaling pathway
in diabetic complications, the NF-kappa B signaling pathway, and the
relaxin signaling circuit (Table 2). In lung cells, we constructed a PPI
network of 26 upregulated gene targets and found a significant module
(18 nodes and 143 edges) with an MCODE score of 16.824 (Fig. 8(B))
that included key genes such as TNF, CASP1, and CD38, which are all
targets of fortunellin. The pathways linked with the module included
influenza A, cytokine-cytokine receptor interaction, viral-protein inter-
action with cytokine and cytokine receptor, toll-like receptor signaling
pathways, and neutrophil extracellular trap formation (Table 2). In
pancreatic organoids, 11 gene targets were used to construct a PPI, and a
module (5 nodes and 10 edges) with an MCODE score of 5.00 was found
(Fig. 8(C)). We found that fortunellin targets the module’s TNF gene.
The adipocytokine signalling pathway, insulin resistance, lipid and
atherosclerosis, inflammatory bowel disease, and the AGE-RAGE sig-
nalling pathway in diabetic complications were unearthed through the
module’s pathway enrichment analysis (Table 2). In colon organoids, 26
gene targets were used to build a PPI, and a module (16 nodes and 104
edges) with an MCODE score of 13.867 was found (Fig. 8(D)). TNF,
MMP1, and MMP7 were identified as crucial genes that served as a hub
for the module and were fortunellin targets. Rheumatoid arthritis, the
IL-17 signalling pathway, the TNF signalling pathway, lipid and
atherosclerosis, and the NF-kappa B signalling pathway are among the
results of the pathway enrichment analysis (Table 2). In liver organoids,
a PPI was constructed using 11 gene targets, a module with 5 nodes and
10 edges and an MCODE score of 5.0 was found (Fig. 8(E)). Furthermore,
we identified two key genes, CASP1 and FGF2, which served as network
hubs. The top five pathways linked with the network module include
influenza A, lipid and atherosclerosis, AGE-RAGE signaling pathway in
diabetic complications, TNF signaling route, and the NOD-like receptor
signaling pathway (Table 2). Similarly, in cornea organoids, a PPI with
12 gene targets was created, and a module with 6 nodes and 14 edges
was found with an MCODE score of 5.60. (Fig. 8(F)). We identified three
key genes, IL6, ANPEP, and FN1, which acted as the hub of the module
and were fortunellin targets. Fortunellin has been associated with a
variety of biological pathways, including hematopoietic cell lineage,
AGE-RAGE signalling pathway in diabetic complications, PI3K-Akt
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signalling system, ECM-receptor interaction, and TNF signalling
pathway (Table 2).

4. Discussion

Because of the high replication rate, a SARS-CoV-2 infection gener-
ates more than one million virions in one day [80], and most known
antivirals are ineffective against it due to SARS- CoV-2’s inherent ge-
netic mutability [84-86]. COVID-19 patients showed respiratory
symptoms, multi-organ dysfunction, and inflammation [2-4]. There-
fore, in comparison to single target approaches, concurrent inhibition of
multiple SARS-CoV-2 targets [87,88] combined with inflammation and
immunomodulation associated with tissue-specific host targets may be
more effective and have a significantly higher therapeutic potential in
saving the life of a COVID-19 patient. In this study, we discovered that
fortunellin, a naturally occurring flavonoid O-glycoside molecule, ex-
hibits multi-targeting potential against key SARS-CoV-2 target proteins.
We have also found the possible human targets of fortunellin in
SARS-CoV-2 infected tissues. These include human NHBE cells, lung
cells, pancreatic organoids, colon organoids, liver organoids, and cornea
organoids.

Fortunellin, one of the constituents of Gojihwadi Kwath, an Indian
traditional-Ayurvedic formulation, is known to have antioxidant and
ant-inflammatory biological properties in animals [89,90] and can also
be extracted from Citrus japonica var. margarita fruits [41]. Traditionally,
the Gojihwadi Kwath is well known to have antiviral properties and has
been used in COVID-19 treatment and management [42-45]. However,
the mechanism of its antiviral activity remains unknown. It was recently
found that fortunellin inhibits Mpro dimerization [46]. Fortunellin has
also been shown to exhibit inhibitory activity against HIV-1 protease
[47], as well as antibacterial properties [48]. Furthermore, fortunellin’s
pharmacodynamic-pharmacokinetic properties show that it is
water-soluble with low absorption in the GI tract; fortunellin is non-toxic
because it does not interact with the CYPs involved in drug metabolism;
and fortunellin is a substrate of the P-glycoprotein 1 (Pgp or MDR1)
multidrug transporter, implying rapid elimination from the body (Sup-
plementary Table S3 and S4) [46]. As an outcome, the application of
fortunellin’s multi-target potentials for the therapy of COVID-19 could
be promising. This prompted us to examine the effect of fortunellin on
the key targets of SARS CoV-2, including Mpro, PLpro, RdRp, NendoU,
replicase (monomer and dimer forms), Helicase, 2'O-methyltransferase,
N-NTD, and N-CTD, all of which are considered necessary for viral
replication, growth, invasion, and infectivity. The negative binding en-
ergies of the docked complex of fortunellin-SARS-CoV-2 targets (Fig. 1,
Supplementary Figure S1, and Table S1 (B)) allowed us to propose that
fortunellin may act as a potential multi-target drug against COVID-19.
Additionally, to validate the reliability and interaction stability of the
docked complexes, we performed 200 ns long MD simulations of each of
the twelve fortunellin-target complexes that resulted in a total of 2.2 ps
long molecular trajectories. We found that all the complexes were stable
throughout the run, as indicated by their steady RMSD values and low
and stable Rg values. Also, the minimum distance between the
fortunellin-target complexes was stable, indicating that the ligand was
in close proximity to the receptor throughout 200 ns. A stable residue
fluctuation (RMSF value) of the residues of ligand binding site in all the
fortunellin-target complexes suggests the favorable accommodation of
fortunellin. Next, through MD simulation, we intend to evaluate the
binding affinity of the fortunellin-target complexes and identified the
key residues contributing to their affinity. We validated and computed
the binding free energy of the ligand-target complexes using MM-GBSA.
The MM/GBSA approach is widely used to examine receptor-ligand
interaction. For the MM-GBSA calculations, we extracted 1000 snap-
shots at every five ps intervals from the last 50 ns MD trajectory. The
negative binding free energy, which ranges from —54.62 to —16.81
kcal/mol, indicates that fortunellin-target complexes are stable,
including N-CTD (—54.62 kcal/mol) at the top of the list, followed by
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Fig. 7. Functional enrichment analysis of upregulated genes targets fortunellin
provided in Supplementary Table S7 (A-F).

in COVID-19 infected cells/organoids. The details of the genes of the GO terms are
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(C) Pancreatic organoids

(F) Cornea organoids

Fig. 8. Modules and hub gene targets of fortunellin. Hub genes targeted by fortunellin in COVID-19 infected cells/organoids are shown in blue diamonds. The

upregulated neighbors of the fortunellin targets are depicted in a pink circle.

Replicase-monomer-non-structural protein (NSP)-8 binding site
(—34.48 kcal/mol), Replicase-dimer (—31.29 kcal/mol), Helicase
(—30.02 kcal/mol), Papain-like-protease (—28.12 kcal/mol), 2’-O-me-
thyltransferase (—23.17 kcal/mol), Main-protease (—21.63 kcal/mol),
Replicase-monomer at dimer interface (—22.04) kcal/mol,
RNA-dependent-RNA-polymerase (—19.98 kcal/mol), Nucleocapsid-
NTD (—16.92 kcal/mol), and Endoribonuclease (—16.81 kcal/mol)
(Table 1). We decomposed the binding energy AGyni.gasa by residue to
get a more precise thermodynamic description of the residue contribu-
tions [91]. The decomposition method helped identify residues involved
in receptor-ligand interactions. Masking these residues via fortunellin
may prevent them from participating in their molecular functions.

A comparison of the N3-Mpro (NSP5) co-crystal structure (PDB ID:
6LU7) with the fortunellin-Mpro docked complex revealed that for-
tunellin inherited the key interactions that are featured by N3, including
hydrogen bonds with Cysl145 and Glul66. These interactions likely
stabilize the fortunellin in the binding pocket and increase the binding
affinity. The residue decomposition analyses based on 200 ns MD
simulation analysis revealed the key residues, including Thr25, His41,
Cys145, Met149, Met165, and GIn189, that stabilize the fortunellin-
Mpro complex. Also, we found that fortunellin fully occupies the
active site, which likely explains the good MMGBSA score. Moreover,
the residue contribution analysis reveals that catalytically and func-
tionally important residues His41l, Glyl143, Cys145, and GIn189
contribute to binding with the ligand. This is consistent with the reports
[92-94] that noted these residues are key players in ligand interactions
with Mpro. Thus, fortunellin targeting Mpro may be considered a po-
tential blocker of viral replication during the COVID-19 infection.

To evaluate the binding affinity of fortunellin with PLpro (NSP3), we
used the crystal structures of SARS-CoV-2 PLpro in a complex with a
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peptide inhibitor VIR251 (PDB ID: 6WX4) [95]. Interestingly, the
binding mode of fortunellin appears to be similar to VIR-251. Our
docking studies showed that fortunellin binds to the active site and in-
teracts with His272, therefore likely hindering the catalytic triad of
Cys111, His272, and Asp286 and suggesting its inhibitory role (Fig. 2
(II-F)). Like VIR-251, fortunellin also showed interactions with the
residues Tyr268, Gly271, and Tyr264 [95]. Furthermore, we discovered
that the hydrophobic interactions Leul62, Pro248, Ala249, Tyr264,
Tyr268, Cys270, and Pro299 help to stabilize the binding interactions.
Furthermore, MMGBSA-based residue decomposition analyses revealed
that the Pro248, Tyr264, Tyr268, and Cys270 residues majorly
contributed to the reliable total binding free energy value of —28.1218
kcal/mol (Table 1), favoring the PLpro-fortunellin complex formation.
The SARS-CoV-2 RdARP (NSP12) was found to be targeted by
Remdesivir, Molnupiravir, Favipiravir, and Galidesivir antivirals
[96-99]. We compared the residues interacting with the Remdesivir
[PDB ID: 7BV2] and found that fortunellin binds to the active site
similarly. Ala547, Ile548, Ser549, Ala550, Lys551, Asn552, Arg555, and
Lys798 contributed to the favorable energy in the fortunellin-RdRp
complex stabilization (Fig. 2 (III-G)). Thus, targeting the RdRp active
sites with fortunellin could be a potential therapeutic option. RARp
catalytic residues 7°°SDD’®! and the divalent-cation-binding residue
D618 were stabilized. Although Remdesivir showed clinical benefits in
patients with severe COVID-19, it was ineffective in improving survival,
and hence a molecule like fortunellin could be a promising oral drug.
The inhibitor tipiracil or modified RNA with 2'-fluorine on the uri-
dine ribose targets NendoU (Nsp15) (PDB ID: 6WXC) [100]. We found
that fortunellin effectively binds to the active site of NendoU like tipir-
acil. The binding free energy calculations using the MMGBSA analysis
revealed a reliable binding free energy of —16.8122 kcal/mol (Table 1).
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Table 2
Pathway enrichment analysis of genes of network modules.
Pathways Gene Genes Adjusted p-
count value
NHBE cells
TNF signaling pathway 13 EDN1, CSF2, VEGFC, CXCL1, 1.94E-25
PTGS2, MMP9, CXCL2, TNF,
ICAM1, NFKBIA, IL6, IL1B,
MAPK3
Rheumatoid arthritis 11 IL1A, IL6, CSF2, MMP1, 1.93E-21
IL1B, CXCL1, CXCL2, TNF,
VEGFA, ICAM1, TLR2
IL-17 signaling pathway 11 NFKBIA, IL6, CSF2, MMP1, 2.19E-21
IL1B, CXCL1, PTGS2, MMP9,
CXCL2, TNF, MAPK3
AGE-RAGE signaling 10 IL1A, EDN1, IL6, IL1B, FN1, 1.09E-18
pathway in diabetic VEGFC, TNF, VEGFA,
complications ICAM1, MAPK3
Lipid and atherosclerosis 11 NFKBIA, IL6, MMP1, IL1B, 2.64E-17
CXCL1, MMP9, CXCL2, TNF,
ICAM1, MAPK3, TLR2
Lung Cells
Influenza A 8 IL1A, CXCL10, IL1B, CASP1, 3.18E-12
CCL2, TNF, TLR4, ACTB
Rheumatoid arthritis 6 IL1A, IL1B, CCL3, CCL2, 4.83E-10
TNF, TLR4
Cytokine-cytokine 7 IL1A, CXCL10, CD4, IL1B, 5.68E-09
receptor interaction CCL3, CCL2, TNF
Toll-like receptor 5 CXCL10, IL1B, CCL3, TNF, 4.34E-08
signaling pathway TLR4
NOD-like receptor 5 IL1B, CASP1, CCL2, TNF, 4.22E-07
signaling pathway TLR4
Pancreatic organoids
Adipocytokine signaling 3 STAT3, SLC2A1, TNF 3.79E-05
pathway
Insulin resistance 3 STAT3, SLC2A1, TNF 5.05E-05
Lipid and atherosclerosis 3 STAT3, SOD2, TNF 2.92E-04
Inflammatory bowel 2 STAT3, TNF 0.002005
disease
AGE-RAGE signaling 2 STAT3, TNF 0.003396
pathway in diabetic
complications
Colon organoids
Rheumatoid arthritis 10 CSF2, MMP1, IL1B, CCL2, 2.24E-20
CXCL1, FOS, CXCL2, TNF,
TLR4, ICAM1
IL-17 signaling pathway 9 CSF2, MMP1, IL1B, LCN2, 8.40E-18
CCL2, CXCL1, FOS, CXCL2,
TNF
TNF signaling pathway 9 EDN1, CSF2, IL1B, CCL2, 4.32E-17
CXCL1, FOS, CXCL2, TNF,
ICAM1
Lipid and atherosclerosis 9 MMP1, IL1B, CCL2, CXCL1, 1.74E-14
FOS, CXCL2, TNF, TLR4,
ICAM1
NF-kappa B signaling 7 PLAU, IL1B, CXCL1, CXCL2, 9.22E-13
pathway TNF, TLR4, ICAM1
Liver organoids
Influenza A 3 CASP1, CCL2, ICAM1 6.17E-06
Lipid and atherosclerosis 3 CASP1, CCL2, ICAM1 1.21E-05
AGE-RAGE signaling 2 CCL2, ICAM1 2.45E-04
pathway in diabetic
complications
TNF signaling pathway 2 CCL2, ICAM1 3.07E-04
NOD-like receptor 2 CASP1, CCL2 8.00E-04
signaling pathway
Cornea organoids
Hematopoietic cell 3 IL6, ANPEP, ITGB3 2.33E-06
lineage
AGE-RAGE signaling 3 IL6, FN1, ICAM1 2.40E-06
pathway in diabetic
complications
PI3K-Akt signaling 3 IL6, ITGB3, FN1 1.06E-04
pathway
ECM-receptor interaction 2 ITGB3, FN1 2.84E-04
TNF signaling pathway 2 IL6, ICAM1 4.59E-04
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Lys290, Ser316, Met331, Trp333, Cys334, Glu340, Thr341, and Tyr343
with  negative  binding energy suggest the favorable
fortunellin-endoribonuclease complex formation. The H-bond contrib-
uted by Cys334 and Glu340 conferred stability to the complex (Fig. 3
(I-F)). We observed that fortunellin interacts with His235 and Lys290.
These residues constitute the catalytic triad and His250 [100,101]. Also,
conserved amino acid residues including His235, Lys290, Thr341,
Trp333, Tyr343, His250, Ser294, Gly248, Lys345, Val295, and GIn245
were found to interact with fortunellin, thereby masking the functional
site. These residues are involved in substrate specificity, nuclease ac-
tivity, and oligomerization of NendoU [100,101]. Therefore, fortunellin
like tipiracil may potentially interfere with the stability and activity of
NendoU and could be an effective inhibitor.

We have utilized the well-characterized and druggable pocket
located on the dimer’s surface and near the monomer-monomer inter-
face of replicase (NSP9) (PDB ID: 6W4B) [83,102]. A computational
study has shown that the replicase monomer pocket harbors small
molecules such as Simeprevir, Darunavir, and Rimantadine [102].
Simeprevir, a potent suppressor of SARS-CoV-2 replication, interacts
with the residues Leu46, Cys74, Arg75, Phe76, Lys87, Leu89, Phe9l,
LeulO4, Leul07, Alal08, Vallll, and Leull3 [102]. We have found
that fortunellin occupies the same location and interacts with the resi-
dues GInl2, Leu30, Tyr32, Leu46, Phe76, Thr78, Lys87, Leul07,
Thr110, Vall1l, and Leul13 of chain A. Furthermore, we have chosen a
cavity of the protein mediating homodimer formation [103]. We found
that fortunellin interacts with the residues Met1, Asn2, Asn3, Pro7, Val8,
Leu98, Argl00, Gly101, Met102, Val103, Leul04, Gly105, and Ala108.
Our result suggests that fortunellin could inhibit monomer-monomer
interactions to prevent replicase-dimer formation.

Next, fortunellin binds to a region of the replicase, mediating
homodimer formation [103]. This site was also targeted by an
ent-kaurane natural product, oridonin [104], and its clinical analog
HAO472 [105] inhibits SARS-CoV-2 replication. We compared the res-
idues interacting with the Oridonin and prodrug HAO472 and found that
fortunellin binds to the dimer binding site. Notably, we observed that
fortunellin interacts with the Cys74, a key residue within the replicase
protein that interacts with oridonin and HAO472. MMGBSA analysis of
fortunellin-replicase (dimer) complex yielded an overall binding free
energy of —31.2907 kcal/mol. As shown in (Fig. 4 (I-G)), residues of
both the chains contributed to the negative free energy including Met1,
Leub, Ser6, Pro7, and Val8 residues of Chain A and Cys74, Arg75, Phe76,
Val77, Leul07, Vallll and Leull3 residues of Chain B, respectively.
Thus, fortunellin binding to the cavity at the dimeric contact point of
replicase may prevent it from binding with RNA and NSP-8 essential for
viral propagation. Conclusively, our result suggests that fortunellin
could either disrupt pre-formed replicase-dimers or may prevent
replicase-dimer  formation by inhibiting monomer-monomer
interactions.

The binding site of the SARS-COV-2 helicase (NSP13) is located be-
tween the 1A and 2A domains, comprising important amino acids
necessary for ATP binding; Asp374, Glu375, Ser377, Asp401, Gln404,
Arg443, Lys288, Ser289, Arg567, and Gly538 (PDB ID: 5RLG). Experi-
mental and in-silico studies have also been reported targeting the heli-
case with different molecules [106-111]. We docked the fortunellin into
the active site of the SARS-CoV-2 helicase and found that it achieved a
better docking score of —9.8 kcal/mol than the re-docked co-crystallized
ligand. Interestingly, fortunellin could stably occupy the ATP binding
domain, forming four hydrogen bonds contributed by Ser289 (two
H-bonds), Lys320, and Glu375. We observed that the catalytically
important residues His290, Arg442, and Arg443, contributed to the
binding free energy. Also, Pro283, Gly285, Thr286, Gly287, Ser289,
Ala312, Ala313, Ala316, Leu317, Asp374, Glu375, Ile399, Gln537,
Gly538, Ser539, and Glu540 were found to be contributing toward the
negative binding free energy (Fig. 4 (II-G)). Fortunellin binding to the
ATP binding site may disrupt the ATP binding and inhibit the
SARS-CoV-2 helicase and could be regarded as a potential drug for
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treating COVID-19.

We report that fortunellin occupies the SAM and its analogs (such as
sinefungin [SFG]) binding pocket of 2'-O-methyltransferase (NSP16;
PDB ID 6W4H) and, therefore, may inhibit its activity. Since several
residues that participate in catalysis and SAM binding are conserved and
homologous to other coronaviruses [112,113], fortunellin as a methyl-
transferase inhibitor could be a promising broad-spectrum antiviral
candidate. Experimental and in-silico studies have shown the inhibitory
potential of the different molecules against the SARS-CoV-2 methyl-
transferase [14,114-116]. We report that in fortune-
1lin-2’-O-methyltransferase complex (Fig. 4 (III-F), fortunellin has
interactions similar to SAM. Fortunellin-methyltransferase complex
revealed five hydrogen bonds contributed by Thr6915, Val6916,
GIn6957, Lys6958, and Val7092 (Fig. 4 (III-F)). We observed that for-
tunellin accommodates an adjacent cavity of the RNA methylation site.
However, its bulkier size and stable binding may hinder the incoming
RNA and the methylation process (Fig. 4 (III-F)). The total binding free
energy of —23.1719 kcal/mol suggests a stable complex formation. The
energy was mainly contributed by the residues Ala6914, Thr6915,
Val6916, Lys6933, and Phe6947 (Fig. 4 (I1I-G)).

Based on the available experimental and computational studies, we
have chosen the druggable pocket located on the surface of the nucle-
ocapsid N-terminal RNA binding domain (PDB ID: 6M3M). The pocket
has been shown to bind with the small molecule via Ala91, Thr92,
Arg93, Arg94, 11e95, Asp104, Leul05, Ser106, Arg108, Tyr110, Tyrl12,
and Arg150 [40,117-120]. The drug Naproxen binds and interacts with
the key residues Thr50, Ala51, Tyr112, and Arg150 [119]. Also, in vitro
assays indicated that the phenanthridine derivatives could bind to the
N-NTD cavity to inhibit the SARS-CoV-2 replication [121]. We have
found that fortunellin occupies a similar location and interacts with the
residues Thr50, Ala51, Arg89, Ala91, Thr92, Arg93, Tyrl10, Tyrl12,
Prol18, Argl50, Asnl51, and Prol52 (Fig. 5 (I-D, and I-G)). Notably,
H-bonds contributed by Arg89, Thr92, and Arg94 (two H-bonds) may
provide stability to the fortunellin-N-NTD complex, impeding the
viral-RNA interaction and infectivity to the host.

Next, we found that fortunellin binds to the SARS-CoV-2 nucleo-
capsid protein (PDB entry: 6WJI) at residues 257-364 of the C-terminal
dimerization domain [122]. Computational and in-vitro studies have
reported that p-cymene, a natural monoterpene, impairs SARS-CoV-2
replication by binding to the CTD part of SARS-CoV-2 nucleocapsid
protein [123,124]. A polyphenol from green tea, Gallocatechin gallate
(GCG), is also reported to bind to nucleocapsid protein and inhibits
SARS-CoV-2 replication [125]. Notably, our study revealed that for-
tunellin showed the highest binding affinity of —54.6217 kcal/mol to
the N-CTD compared to any other target under consideration. We
observed that fortunellin interacts with the residues that contributed to
the stable binding energy were Arg277, Gly284, Asn285, Phe286,
Leu291, Ile304, Ala308, Pro309, Ser310, Ala311, Ser312, Phe314,
Phe315, Leu331, Tyr333, Leu353, and Ile357 (Fig. 5 (II-G)). We noted
that Asn285, Pro309, Leu331, and Tyr333 showed H-bond (Fig. 5
(II-F)). Our findings thus present fortunellin as a potential compound
against the nucleocapsid of the SARS-CoV-2. The N-NTD and N-CTD
proteins are highly conserved in the coronavirus family [126]. There-
fore, targeting nucleocapsid proteins using fortunellin may provide a
novel avenue against SARS-CoV-2 and future variants of coronavirus.

Next, we employed the network pharmacology strategy to reveal the
effect of fortunellin on the host system as an inhibitor of the upregulated
genes responsible for excess inflammation and failure of immune re-
sponses. The role of fortunellin was explored in normal human bronchial
epithelial cells, lung cells, and pancreatic, colon, liver, and cornea
organoids. We have noted that in the SARS-CoV-2 infected six tissues, 36
genes were upregulated and targeted by fortunellin, including ABCB1,
ABCC1, ACHE, ADAM17, ADRA2A, ADRA2C, AKR1B1, ALDH1A2,
ANPEP, CAl, CA12, CASP1, CASP7, CBS, CD38, CYP19A1, CYP1B1,
ECE1l, EPHA2, ERAP2, FGF2, FN1, HCAR2, IGFBP3, IL6, LGALSI,
LGALS3, LGALS9, MMP1, MMP7, MMP8, NRAS, PTGS2, TNF, VEGFA,
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and XDH. Among them, we have found that 11 upregulated genes, i.e.,
TNF, IL6, ANPEP, CASP1, CD38, FGF2, FN1, MMP1, MMP7, PTGS2, and
VEGFA, were associated with functionally important modules (Fig. 7).
The involvement of these genes in various biologically important path-
ways, including anti-inflammatory, immunomodulatory, and apoptotic
pathways, suggests that fortunellin plays a protective role in the host
system. The TNF and IL6 genes encode proteins involved in regulating
inflammatory processes. It has been observed that serum TNF-o [127]
and IL6 [128] levels are elevated in patients with COVID-19 and are
higher with more severe diseases. We noticed that elevated expression of
TNF is associated with four cells/organoids, i.e., normal human bron-
chial epithelial cells, lung cells, and pancreatic and colon organoids. Cell
surface protein ANPEP (analylaminopeptidase membrane), the target of
fortunellin, has been reported to promote SARS-CoV-2 entry into target
cells [129]. Inflammasome activation was observed in COVID-19 pa-
tients’ peripheral immune cells and tissues, and the level of
inflammasome-derived products, including active caspase-1, was asso-
ciated with disease severity and poor outcomes [130]. Horenstein et al.
showed that CD38 plays a central role in altered immune metabolism
resulting from COVID-19 infection and may be a promising therapeutic
target of fortunellin [131]. The hyper-expression of FGF2 could be
implicated in the pathogenesis of coronavirus infections by inducing
apoptosis [132]. Therefore, inhibiting its signaling might represent a
promising target for fortunellin [133]. Alveolar M2 macrophages pro-
duce fibro-proliferative markers, such as MMP7, which promote fibro-
genesis, leading to lung stiffening; thus, their elevated expression is
more vulnerable to COVID-19 infections [134,135]. Plasma MMP-1
enzymatic activity and plasma levels of MMP-1 and VEGF-A were
significantly elevated in critical COVID-19 patients [136]. Excessive
expression of MMP-1 plays a central role in tissue destruction in various
vascular diseases. Upregulated VEGF-A, an endothelial cell (EC) acti-
vation marker, increases vascular permeability [137]. Excessive MMP-1
and hyperactivation of ECs occur in COVID-19 patients and are associ-
ated with the severity of COVID-19. Prostaglandin-endoperoxide syn-
thase 2 (PTGS2) or Cyclo-oxygenase2 (Cox-2) is an inducible
pro-inflammatory enzyme required for efficient entry and RNA repli-
cation. An effective COX-2 inhibitor during early viral infection may
enhance and/or prolong endogenous interferon responses, thereby
increasing anti-viral immunity [138,139]. Thus, the upregulated TNF,
IL6, ANPEP, CASP1, CD38, FGF2, FN1, MMP1, MMP7, PTGS2, and
VEGFA could be promising therapeutic targets of fortunellin. In the
future, fortunellin can undergo further investigations in vitro and in vivo
to unravel its antiviral action against COVID-19 treatment. The use of
phytochemical fortunellin could be promising to minimize the side ef-
fects which are otherwise caused by the use of synthetic drug molecules.

5. Conclusion

Due to the inherent genetic mutability of SARS-CoV-2, most existing
antivirals are ineffective against it. This necessitates the investigation of
concurrent inhibition of several SARS-CoV-2 targets combined with
anti-inflammatory and immunomodulatory effects. We report that for-
tunellin has a dual role; antiviral activities against SARS-CoV-2 and anti-
inflammatory-immunomodulatory capabilities against the host. Molec-
ular docking studies gave us the preliminary idea of the inhibitory action
of fortunellin on the key targets of SARS-CoV-2. Molecular dynamics
simulations validated the stability of the docked complexes. The results
from the energy calculations through the MM-GBSA technique indicated
the extent of interaction between the catalytically important residues of
each protein with fortunellin. Thus, masking these residues makes them
unavailable to participate in their functions. We found that fortunellin,
reliably binds to key targets that are necessary for viral replication,
growth, invasion, and infectivity, including nucleocapsid-CTD (—54.62
kcal/mol), Replicase-monomer-non-structural protein (NSP)-8 binding
site (—34.48 kcal/mol), Replicase-dimer (—31.29 kcal/mol), Helicase
(—30.02 kcal/mol), Papain-like-protease (—28.12 kcal/mol), 2'-O-
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methyltransferase (—23.17 kcal/mol), Main-protease (—21.63 kcal/
mol), Replicase-monomer at dimer interface (—22.04) kcal/mol, RNA-
dependent-RNA-polymerase (—19.98 kcal/mol), Nucleocapsid-NTD
(—=16.92 kcal/mol), and Endoribonuclease (—16.81 kcal/mol).
Furthermore, we have identified and evaluated the potential human
targets of fortunellin and its effect on the SARS-CoV-2 infected cells,
including normal-human-bronchial-epithelium (NHBE) cells, lung cells,
and organoids such as pancreatic, colon, liver, and cornea using a
network pharmacology approach. The network pharmacology analysis
revealed elevated TNF, IL6, ANPEP, CASP1, CD38, FGF2, FN1, MMP1,
MMP7, PTGS2, and VEGFA to be promising therapeutic targets of for-
tunellin in the host system. Fortunellin is a promising candidate for
preventing and treating COVID-19 by supporting protective immunity,
inhibiting pro-inflammatory cytokines, inhibiting viral infection and
replication, inducing apoptosis, and protecting against tissue damage.
Given fortunellin’s oral bioavailability and safety, this study could
develop fortunellin as an orally active therapeutic against SARS-CoV-2
and new variants of coronavirus. However, its clinical usage on
COVID-19 patients is a subject of further in-vivo and in-vitro in-
vestigations and clinical trials.
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