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Abstract

An important obstacle to antiviral therapy is the emergence of drug-resistant virus strains. So, it is vital to find new alternatives with robust
activity and great safety. In this study, eight volatile oils (VOs) were evaluated for their cytotoxic and antiviral activity against respiratory
RNA (HIN1, H5N1, SARS-CoV-2) and DNA (HSV) viruses. The results revealed that Coriandrum sativum and Pimpinella anisum VOs had
antiviral activity against avian influenza A (H5N1) virus (ICsos of 8.11, 13.71 ug/mL, respectively) and influenza A (HIN1) virus (ICsos of
7.11, 1.67 pg/mL, respectively). Also, P. anisum VO exhibited noticeable antiviral activity against herpes simplex virus (HSV) with
1C518.28 pg/mL, while Rosmarinus officinalis and P. anisum VOs were effective against severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) with ICsys of 3.078 and 4.66 pug/mL, respectively. The study investigated the proposed mechanism of the effective VOs (P.
anisum, C. sativum, and R. officinalis) against SARS-CoV-2 molecular targets: papain-like protease (PLpro), angiotensin-converting enzyme
2 (ACE2), and spike protein. The major identified compounds in the potent VOs were docked to PLpro, ACE2, and spike protein to reveal
their mechanism of action on the enzymatic level. The molecular docking study revealed that anethole; a major component of P. anisum,
exhibited a strong binding affinity towards SARS-CoV-2 PLpro and showed a unique binding mode against the SARS-CoV-2 spike protein
compared to other major VO components. Molecular dynamic simulation revealed that anethole selectively targets the catalytic active site of
the SARS-CoV-2 spike receptor, the CoV spike (S) glycoprotein receptor, and the SARS-CoV-2 papain-like protease. This is the first report
examining these VOs' antiviral efficacy against certain respiratory RNA and DNA viruses. It also explains the possible mechanistic study of
the most active VOs on SARS-CoV-2.

Keywords: Anethole, Anise, Molecular dynamic, Molnuiravir, Rosemary, SARS-CoV-2.

1. Introduction

Globally, respiratory infections are the leading cause of death [1]. Across the world, there were 2.4 million deaths from lower
respiratory infections in 2019, and 488 million incident cases [2]. As reported by WHO 2021, lower respiratory infections are
still the deadliest transmissible disease in the world and the fifth biggest cause of mortality [3]. Young children can make up
to 60% of visits to practitioners and approximately 25% of hospital admissions [4]. Most respiratory virus infections are self-
restricting and only affect the upper airways [5], while in vulnerable individuals, the symptoms might affect the lower
airways, causing wheezing, breathing difficulties, pneumonia, or bronchiolitis [6]. Common respiratory viral infections
include adenovirus, enteric viruses, influenza, parainfluenza, rhinovirus, human coronavirus, human metapneumovirus, and
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respiratory syncytial virus [7]. Severe influenza syndrome, including fever, coughing, dyspnea, and radiological signs of
pneumonia, is the hallmark of human H5N1 infection [8, 9]. Acute respiratory distress syndrome is assumed to be connected
to most patients' deaths from progressive respiratory failure [10, 11]. As of February 2023, the novel coronavirus known as
SARS-CoV-2 is the cause of the COVID-19 pandemic, which has claimed the lives of nearly 6 million people globally [12].
The illness can present with a broad range of clinical symptoms, from common cold symptoms like fever, headaches, and
coughing to life-threatening conditions like pneumonia, failure of several organs, and death [13]. The government started a
vaccination program to curb the spread of viruses, but there are several problems with vaccine manufacturing since new virus
varieties, such as influenza and coronaviruses, are constantly being created by virus reassortment, which makes vaccines
unable to offer complete protection. Furthermore, children, the elderly, and those with weakened immune systems should not
receive vaccinations; therefore, there is a pressing need for antiviral drugs that can handle many infections [14, 15].
Researchers are still investigating possible antiviral medications, specifically for COVID-19, for which various protocols have
established antiviral treatments (such as molnupiravir and remdesivir), monoclonal antibody therapy, and symptomatic
therapies like antipyretics, anticoagulants, and corticosteroids [16]. Because of the pandemic nature of these viruses,
especially with the introduction of the SARS-CoV-2 Omicron variant, it is now more difficult to address this public health
concern. Therefore, complementary and alternative approaches should be investigated [17].

Researchers all around the globe are interested in VOs because of their potential value in treating respiratory tract illnesses
caused by diverse bacterial and viral strains [16, 18, 19]. Strong antiviral action of VOs has been demonstrated against a
variety of viruses, including avian influenza, coronavirus, influenza virus, human immunodeficiency virus, human herpes
viruses (HSV1 and HSV2), and yellow fever virus [19-21]. Additionally, the phytochemicals present in VOs are potential
candidates with a wide spectrum of medicinal activity. Anethole, carvacrol, cinnamaldehyde, cinnamyl acetate, geraniol, 1-4-
terpineol, pulegone, and thymol are among the monoterpenes, phenolic terpenoids, and phenylpropanoids that have been
found to be strong antiviral substances and that can block the viral spike protein in vitro [22]. A number of clinical trials were
carried out to assess the effectiveness of VOs as an additional medicine for the therapy of COVID-19, according to recent
studies [23-25].

As a part of our ongoing investigation into potential naturally derived drug templates and following international guidelines
for green urbanization to avoid the side effects and precautions of synthetic compounds for the treatment of respiratory tract
infections caused by viruses, particularly anti-SARS-CoV-2 [26] and influenza viruses, we have selected eight medicinal
herbs that are easily obtained from both commercial and farmed sources. Here, the hydrodistillation method was used to
extract the volatile oils (VOs) from these specific plants. The VOs were tested for their in vitro cytotoxic and antiviral activity
against specific respiratory RNA viruses (human influenza HIN1, avian influenza H5N1, and SARS-CoV-2) and DNA
viruses (Herpes simplex virus (HSV) type 1) (Fig. 1). The approach of gas chromatography-mass spectrometry (GC-MS) was
used to examine the chemical profiling of the potent VOs. The mechanism of action of the most effective VOs, along with
some of their main constituents, was especially studied against the molecular targets of SARS-CoV-2, namely spike protein,
ACE?2, and PLpro. Through investigations using molecular docking, molecular dynamic simulation, and experimentation, the
potential enzymatic mode of action of antivirals was explored.

Common edible volatile oils (VOs)

-

Selected plants with known
antiviral effect

-

Isolation of VOs by hydrodistillation

\l - 1Cg0 CCsp
Antiviral activity against certain DNA and RNA viruses =
infecting the upper respiratory tract Enzymatic and docking studies against SARS-
— CoV-2: Papain like protease, ACE2, RBD spike
protein

Chemical profile identification of the potent VOs
Figure 1: Rationale of the current work

2. Material and methods

2.1. Plant material

In this investigation, eight plants were used (Table 1). Some were obtained from the Experimental Plants Station, Cairo
University, Cairo, Egypt, while others were bought from the herbal commercial marketplace in September 2021, Cairo, Egypt.
Dr. Mohamed Azzazy, a professor of plant ecology at the Surveys of Natural Resources Department, Environmental Studies
and Research Institute, University of Sadat City, Egypt, verified the plant species. The Environmental Studies and Research
Institute's herbarium in Sadat City, Egypt, is home to the voucher specimens.
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Table 1: The botanical names, locations where they were collected, and voucher numbers of the plants used in this work

Scientific name Family Common Part used  Voucher No. Site of collection
name

Citrus sinensis Rutaceae Citrus Peels Cs-En-USC-11 HCM’, Cairo, Egypt
Artemisia cina Asteraceae Santonica Flowers Ac-En-USC-12 HCM, Cairo, Egypt
Coriandrum sativum Apiaceae Coriander Fruits Cs- En-USC-13 HCM, Cairo, Egypt
Lavandula officinalis Lamiaceae Lavander Flowers Lo-En-USC-14 HCM, Cairo, Egypt
Pimpinella anisum Apiaceae Anise Fruits Pa-En-USC-15 HCM, Cairo, Egypt
Cymbopogon citratus Poaceae Lemon grass  Aerial parts ~ Cc-En-USC-16 Cairo University, Cairo, Egypt
Rosmarinus officinalis  Lamiaceae Rosemary Aerial parts  Ro-En-USC-17 Cairo University, Cairo, Egypt
Thymus vulgaris Lamiaceae Thyme Aerial parts  Tv-En-USC-18 Cairo University, Cairo, Egypt

*HCM, Herbal commercial market

2.2. Preparation of Essential Oil

A weight of 250 g of each pulverized plant part (as listed in Table 1) was subjected to hydrodistillation and VO isolation as
reported in [27].

2.3. Cell lines and viruses

Dulbecco's Modified Eagle’s Medium (Lonza, Basel, Germany) (DMEM) supplemented with 10% inactivated fetal bovine
serum (FBS) (Gibco, Waltham, MA, USA) and 1% of a combination of antibiotic-antimycotic (Gibco) was used to maintain
Madin Darby Canine Kidney (MDCK), VERO E6 cells, and VERO cells (ATCC No. CRL-1586). The Vero lineage was
isolated from kidney epithelial cells extracted from an African green monkey (Chlorocebus sp.). The cell lines were
authenticated within 3 years of use in experiments, and they have been tested for mycoplasma contamination. The cells grew
at 37 °C in 5% CO,. Influenza A virus A/California/04/2009 (HIN1, HINlpdm09) and highly pathogenic
A/chicken/Egypt/B13825A/2017 (H5N1wild, clade 2.2.1.2) were employed in this investigation. For 48 hours, both viruses
were grown in specific pathogen-free embryonated chicken eggs (SPF-ECEs) that were 11 days old. The hemagglutination
(HA) assay, the 50% tissue culture infectious dose assay (TCID50/mL), and the 50% egg infectious dose assay (EID50/mL)
were used to titrate the propagated viruses. In this work, the Egyptian Centre of Scientific Excellence for Influenza Viruses,
National Research Centre, gave the Herpes simplex virus type 1. The COVID-19 disease hCoV-19/Egypt/NRC-03/2020
(NRC-03-nhCoV) is caused by SARS-CoV-2 (Accession Number on GSAID: EPI_ISL_430820).

2.3.1. Cytotoxicity assay on cells:

In vitro cytotoxicity assay to determine the cytotoxic concentration of 50% (CCsy) of each oil on different cell lines: [28]

The test VOs were generated in stock solutions in 10% DMSO in ddH,O, and these solutions were then further diluted to the
working solutions using DMEM to ascertain the half maximum cytotoxic concentration (CCsp). Using slightly modified
versions of the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) technique, the cytotoxic activity of the
VOs was assessed in MDCK, VERO E6, and VERO cells. In summary, the cells were seeded at a density of 3x10° cells/mL
in 96-well plates with 100 uL of CO, per well, and they were incubated for 24 hours at 37 °C. Cells were exposed to different
doses and serial dilutions of the tested VOs in triplicate after 24 hours.

Following a 24-hour incubation period, the supernatant was disposed of, and the cell monolayers underwent three rounds of
washing with sterile 1x phosphate-buffered saline (PBS), and each well received an MTT solution (20 pL of 5 mg/mL stock
solution). The medium was then aspirated after four hours of incubation at 37 °C. 200 pL of acidified isopropanol (0.04 M
HCI in 100% isopropanol = 0.073 mL HCI in 50 mL isopropanol) was used to dissolve the formazan crystals that had been
generated in each well. The absorbance of formazan solutions at A ,,,x 540 nm was measured using a multi-well plate reader,
with 620 nm as a reference wavelength.

2.3.2. Antiviral activity:

2.3.2.1. Inhibitory concentration 50% (ICs,):

2.4x10* MDCK cells for the influenza viruses H5SN1 and HIN1, Vero E6 cells for the SARS-CoV-2 virus, and VERO cells
for herpes simplex were evenly distributed in each well of 96-well tissue culture plates. The plates were then incubated for an
entire night at 37 °C in a humidified incubator with 5% CO,. Following a single wash with 1x PBS, the cell monolayers were
then exposed to serial dilutions from VOs mixed with the viruses B13825A (H5N1), SARS-CoV-2, and Herpes simplex based
on the TCIDs, concentration for each one separately for one hour in an incubator with 5% CO, that was humidified to 37 °C.
On top of the cell monolayers, 100 pl more of DMEM was added. After being incubated for 72 hours at 37 °C in an incubator
with 5% CO,, the cells were fixed for two hours with 50 pL of 10% paraformaldehyde and stained for fifteen minutes at room
temperature using 1% crystal violet in distilled water. Next, 100 uL of 100% methanol per well was used to dissolve the
crystal violet dye. An Anthos Zenyth 200rt plate reader (Anthos Labtec Instruments, Heerhugowaard, Netherlands) was used
to measure the optical density of the color at 570 nm. The quantity required to cut the viral-induced cytopathic effect (CPE)
by 50% in comparison to the virus control is known as the tested VOs' ICs, [29, 30].
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2.3.2.2. Papain-like protease (PLpro) inhibition assay

After dispensing 40 uL of 142 nM PLpro in Buffer A [S0 mM Hepes, pH 7.5; 0.1 mg/mL bovine serum albumin (BSA); and 5
mM dithiothreitol (DTT)] into each well, 10 uL of the tested drug or VOs were incubated for five minutes. Following a
vigorous 30-second shaking, 10 uL of 250 uM Arg-Leu-Arg-Gly-Gly-AMC (RLRGG-AMC) in Buffer A was added to start
the reaction, which was then incubated for six minutes. After quenching the reactions with 10 uL of 0.5 M acetic acid,
shaking the mixture for 30 seconds, and measuring the intensity of the fluorescence emission (excitation A: 360 nm; emission
A: 460 nm) [31]. The following medications were utilized as standard drugs: molnuiravir (donated by PHARCO
Pharmaceuticals, New Borg El Arab City, Alexandria, Egypt), remdesivir (donated by PHARCO Pharmaceuticals, New Borg
El Arab City, Alexandria, Egypt), hydroxychloroquine (donated by Future pharmaceutical industries, Cairo, Egypt), and
anethole (donated by Averroes Pharma, Sadat City, Menoufia, Egypt).

2.3.2.3. Spike protein receptor binding domain (RBD) inhibition assay

Before being placed on a 96-well plate and blocked with 2% fat-free milk in PBS for two hours at 37 °C, SARS-CoV-2 and
RBD (1 pg/mL) were first incubated with the tested substance or VOs at 37 °C for two hours. After adding 100 uL of sACE2
protein to the plates, they were incubated at 37 °C for two hours. Following four washings, the bound protein was detected for
two hours at 37°C using a goat antibody specific to hACE2 (0.5 pg/mL, R&D system). This was followed by an hour-long
incubation at the same temperature using a horseradish peroxidase (HRP)-conjugated anti-goat IgG antibody (1:5,000,
Thermo Fisher Scientific). Substratum 3,3',5,5'-Tetramethylbenzidine (TMB) (Sigma, St. Louis, MO) was added to visualize
the reaction, and H,SO, (1 N) was used to stop it. The ELISA plate reader (Tecan, San Jose, CA) was utilized to quantify the
absorbance at Amax 450 nm (A450) [32].

2.3.2.4. Angiotensin-converting enzyme (ACE2) binding efficiency

The following criteria were used to evaluate the compounds' and/or VOs' angiotensin-converting enzyme binding efficiency:
After adding 100 uL of sACE2 protein to the plates, they were incubated for two hours at 37 °C with varying doses of the
tested chemicals and/or VOs. The plates were then left to incubate overnight at 4 °C and blocked for two hours at 37 °C using
2% fat-free milk in PBST. Following four washings, the bound protein was identified by incubating with HRP-conjugated
anti-goat IgG antibody (1:5,000, Thermo Fisher Scientific) for one hour at 37 °C after hACE2-specific goat antibody (0.5
pg/mL, R&D system) was applied for two hours at that temperature. Substratum 3,3',5,5'-Tetramethylbenzidine (TMB)
(Sigma, St. Louis, MO) was added to visualize the reaction, and H,SO,4 (1 N) was used to stop it. The ELISA plate reader
(Tecan, San Jose, CA) was utilized to quantify the absorbance at 450 nm A max (A450) [33].

2.4. Gas chromatography-mass spectrometry analysis (GC-MS)

At the Central Laboratories Network, National Research Centre, Cairo, Egypt, a mass spectrometer detector (5977A) and gas
chromatograph (7890B) were fitted with an Agilent Technologies GC-MS system. A DB-624 column (30 m x 320 um internal
diameter and 1.8 pum film thickness) was fitted to the GC. The following temperature program, an injection volume of 1 uL, a
split ratio of 1:10, and hydrogen as the carrier gas were used in the analyses: after one minute at 40 °C, rise at 7 °C/min to 250
°C, and hold for five minutes. At 250 °C, the injector and detector were maintained. Using a spectral range of m/z 30-440 and
a solvent delay of 3.5 minutes, mass spectra were produced by electron ionization (EI) at 70 eV. Component identification
was done using their mass spectra and Kovat index (KI), which were then compared to NIST and Wiley along with additional
data from the literature.

2.5. Molecular docking

SARS-CoV-2 targets' X-ray crystal structure coordinates were obtained from PDB (PDB IDs: 7tzj, 6m0j, and 6vsb). Version
2.2.5 (Santa Fe, NM (USA), http://www.eyesopen.com) of the OpenEye scientific program was used to conduct the docking
investigation. Targeted proteins' X-ray crystal structure coordinates were obtained from PDB along with their co-crystallized
binding ligands. OpenEye scientific software version 2.2.5 (Santa Fe, NM (USA), http://www.eyesopen.com), with an
academic license from The Laboratory of Yaseen A. M. Mohamed Elshaier, was used for the docking investigation. Using a
virtual library of compounds, the MMFF94 force field was utilized to minimize their energies, and the OMEGA application
was then used to generate multi-conformers. Omega combined the library into a single file. The OeDocking application was
used to operate the generated receptor, and the target proteins were obtained from PDB. To carry out the molecular docking
investigation, FRED was applied to both the ligand and the receptor input files. To forecast the ligand-receptor complex's
energy profile, many scoring systems were used. The visualization technique employed was Vida.

2.6. Molecular dynamic (MD) simulations

2.6.1. Molecular dynamic simulations

Exploring the physical motion of atoms and molecules that is not easily accessible by any other means is made possible by the
integration of molecular dynamic (MD) simulations in biological systems investigations [34]. The knowledge gained from
running this simulation offers a detailed viewpoint on the dynamic evolution of biological systems, including molecular
affiliation and conformational changes [34]. All of the systems' MD simulations were carried out using the GPU version of the
PMEMD engine found in the AMBER 18 package [35]. The General Amber Force Field (GAFF) method developed by
ANTECHAMBER was used to determine the partial atomic charge of every compound [36]. Within an orthorhombic box of
TIP3P water molecules, each system was implicitly solved within 10 A of any box edge by the Leap module of the AMBER
18 package. Na* and Cl counterions were added to each system using the Leap module to neutralize it. Each system
underwent a 2000-step initial minimization with an imposed restraint potential of 500 kcal/mol and a 1000-step full
minimization with the conjugate gradient algorithm in the absence of constraints.

To guarantee that every system had the same number of atoms and volume throughout the MD simulation, each system was
progressively heated over 500 ps from 0 K to 300 K. The solutes in the system were subjected to a collision frequency of 1 ps
and a potential harmonic constraint of 10 kcal/mol. Every system was then heated to a constant temperature of 300K and
allowed to equilibrate for 500 ps. The number of atoms and pressure in each system were kept constant for each production
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simulation to model an isobaric-isothermal (NPT) ensemble. The system's pressure was then maintained at 1 bar using a
Berendsen barostat [37]. Every system was MD-simulated for 20 ns. In every simulation, the hydrogen bond atoms were
constrained using the SHAKE approach. Every simulation was integrated into an SPFP precision model and used a 2fs step
size. The simulations employed a Langevin thermostat with a collision frequency of 1 ps, an isobaric-isothermal ensemble
(NPT) with randomized seeding, a constant pressure of 1 bar, a pressure-coupling constant of 2 ps, and a temperature of 300
K.

2.6.2. Post-MD Analysis
The CPPTRAJ module of the AMBERIS suite was used to analyze the trajectories after they were saved every 1 ps from the
MD simulations [38]. All graphs and visualizations were made using a data analysis program [39] and Chimera [40].

2.6.3. Thermodynamic calculation

For estimating ligand-binding affinities, the Poisson-Boltzmann, or generalized Born, and surface area continuum solvation
(MM/PBSA and MM/GBSA) techniques are helpful [41-43]. Within a specified force field, the Protein-Ligand complex
molecular simulations utilized by MM/GBSA and MM/PBSA provide accurate statistical-mechanical binding -free energy.
The average binding free energy is over 2000 images taken from the full 200 ns trajectory. The following can be used to
depict the estimation of the change in binding-free energy (AG) for each molecular species (complex, ligand, and receptor)
[44]:

AGbind = Gcomplex - Greceptor - Gligand (1)
AGping = Egas + Gso1 — TS @)
Egas = Eint + Evaw + Eele 3
Gso1 = Ggp + Gsa C)]

The gas-phase energy, Coulomb energy, internal energy, and van der Waals energy are represented by the terms Egas, Eint,
Eele, and Evdw. The FF14SB force field words were used to assess the Egas. Based on the energy involvement of the polar
states (GGB) and non-polar states (G), the calculation of the solution-free energy (Gsol) was performed. Using a water probe
radius of 1.4 A, the non-polar solvation free energy (GSA) was calculated from the Solvent Accessible Surface Area (SASA)
[45, 46]. On the other hand, the polar solvation (GGB) contribution was evaluated by solving the GB equation. The total
entropy of the solute and temperature are represented by items S and T, respectively. The contribution of each residue to the
total binding free energy was determined using Amber18's MM/GBSA-binding free energy approach.

2.7. Physicochemical and preADME parameters

Software commands were used to determine the anticipated ADMET parameters and the rule of five. The results are
automatically generated. The online tool kit Mol inspiration (https://www.molinspiration.com/), and the free websites
https://www.molsoft.com/servers.html, https://preadmet.webservice.bmdrc.org/ (accessed on December 23, 2023) were used
to compute Lipinski's rule (Rule of Five) and PreADME properties.

2.8. Statistical Analysis

Every experiment was carried out in three biological replications. The software titled GraphPad Prism 8.01 was used to
perform statistical tests and exhibit the data graphically. The average of the means is used to display the data. The nonlinear fit
of "Normalize" and "Transform" of the acquired data is represented by the ICs, and CCj, curves; their values were determined
as the "best fit value" using GraphPad Prism.

2.9. Ethical Approval
The NRC ethics committee accepted the protocol, which was followed in the completion of all procedures and tests (approval
number: NRC-20074).

3. Results

Clear essential oil residues with a fragrant odor were isolated through hydrodistillation of Citrus sinensis peels, Artemisia cina
flowers, Coriandrum sativum fruits, Lavendula officinalis tlowers, Pimpinella anisum fruits, Cymbopogon citratus aerial
parts, Rosmarinus officinalis aerial parts, and Thymus vulgaris aerial parts, with yields of 0.124%, 0.151%, 0.033%, 1.122%,
0.910%, 0.185%, 0.073%, and 0.120% (w/w), respectively.

3.1. Cytotoxicity assay

Based on the experimental data, the cytotoxicity results (Fig. 2) proved that the most secure oil on MDCK cells was A. cina
(h) oil with a CCs,of 1545 ng/mL, followed by P. anisum (d) and C. sativum (b) with CCs of 581.5 and 561.3 pg/mL,
respectively. Conversely, the more toxic one on MDCK cells was T. vulgaris. In the case of VERO cells (Fig. 3), the safest oil
was C. sativum (b) with a CCs, of 580.8 pg/mL, followed by C. sinensis (g) with a CCs, of 580.7 ug/mL, and R. officinalis (f)
with a CCsj of 557.9 pg/mL. The safest oil assessed on VERO E6 cells against the SARS-CoV-2 virus (Fig. 4) was C.
sinensis (g) with a CCs of 216.7 pg/mL, followed by R. officinalis (f) and P. anisum (d) with CCsy of 205.0 and 198.7
ug/mL, respectively. Almost all oils were safe on different cells except C. citratus (a), which had toxicity on MDCK cells and
VERO E6 cells with CCs values of 29.28 and 33.73 pug/mL, respectively.
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Figure 2: Cytotoxicity Concentration 50% (CCs), inhibitory concentrations 50% (ICsy) graph against H5N1 (red color) and HIN1 (blue
color), and safety index of C. citratus (a), C. sativum (b), L. officinalis (c), P. anisum (d), T. vulgaris (e), R. officinalis (f), C. sinesis (g), and
A. cina (h). Plotting log inhibitor versus normalized response (varying slope) allowed for the nonlinear regression analysis. CCsp and ICsy
values were calculated using GraphPad Prism software (version 8.01).
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Figure 3: Cytotoxicity Concentration 50% (CC50), inhibitory concentrations 50% (IC50) graph against herpes simplex type 1 and Safety
Index of C. citratus (a), C. sativum (b), L. officinalis (c), P. anisum (d), T. vulgaris (e), R. officinalis (f), C. sinesis (g), and A. cina (h).
Plotting log inhibitor versus normalized response (varying slope) allowed for the nonlinear regression analysis. CC50 and IC50 values were
calculated using GraphPad Prism software (version 8.01).
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Figure 4: Cytotoxicity Concentration 50% (CCs), inhibitory concentrations 50% (ICs) graph showing inhibition of SARS-CoV-2 and safety
index of C. citratus (a), C. sativum (b), L. officinalis (c), P. anisum (d), T. vulgaris (e), R. officinalis (f), C. sinesis (g), and A. cina (h).
Plotting log inhibitor versus normalized response (varying slope) allowed for the nonlinear regression analysis. CCsy and ICsy values were
calculated using GraphPad Prism software (version 8.01).
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3.2. Antiviral activity

Inhibitory Concentration 50 (1Cs)

Finding the oil concentration that inhibits viral propagation by 50% requires knowledge of the inhibitory concentration (ICs).
The VOs of C. sativum (b) and P. anisum (d) had antiviral activity against HSN1 (Fig. 2), with inhibitory concentrations of
8.117 pg/mL and 7.117 pg/mL and a safety index equal to 68.64 and 81.7, respectively. As well, the two VOs had antiviral
activity against HIN1 (Fig. 2), with inhibitory concentrations of 1.673 ug/mL of P. anisum (d) and 13.71 pg/mL of C.
sativum (b). The VOs demonstrated antiviral activity against Herpes simplex type 1 (HSV-1), a DNA virus (Fig. 3), which
mostly causes infections associated with or after influenza infection. The best one from the tested VOs (Fig. 2) was P. anisum
(d), with a selectivity index (SI) of 25, inhibitory concentrations of 18.28 ug/mL, and a cytotoxic concentration value of 468.2
ug/mL on Vero cells. Almost eight VOs had antiviral activity against SARS-CoV-2 (Fig. 4), with inhibitory concentration
values of 3.078 ug/mL, 3.332 pg/mL, 3.903 pug/mL, 4.664 pg/mL, 4.847 pg/mL, 6.310 pg/mL, 6.540 pug/mL, and 19.94
ug/mL of R. officinalis (), T. vulgaris (e), C. sinensis (g), P. anisum (d), C. sativum (b), C. citratus (a), A. cina (h), and L.
officinalis (c), respectively. The broad safety index (SI) of 74 for R. officinalis was the highest one, followed by C. sinensis (SI
of 55) and P. anisum (SI of 42).

3.3. GC-MS analysis of the effective volatile oils

After screening the volatile oils of C. citratus, C. sativum, L. officinalis, P. anisum, T. vulgaris, R. officinalis, C. sinesis, and
A. cina as antiviral agents against SARS-CoV-2, H5N1, HINI, and HSV, the most potent VOs against these viruses were
chosen for GC-MS examination. The VOs of C. sativum, P. anisum, and R. officinalis were examined using GC-MS analysis
to determine the components in charge of their efficacy (see total ion chromatograms S1-S3). The composition of C. sativum,
P. anisum, and R. officinalis VOs according to GC-MS analysis was presented in Tables 2, 3, and 4, respectively, while their
chemical structures were listed in Fig. 5.

Table 2: GC-MS analysis of C. sativum volatile oil

Area .
P}:"" ( R Sum . M°"la mz  KI  KI C'd“““ﬁ“('is Class Ref.
0. min) (%) ormul (obs) (lit) ompoun
8.778 1.14 CoHyg 136 942 942 alpha-Pinene Monoterpene
1 [47]
hydrocarbons
9.206 0.11 CioHie 136 956 955 Camphene Monoterpene
2 [47]
hydrocarbons
9.906 0.22 CioHy6 136 980 980 beta-Pinene Monoterpene
3 [47]
hydrocarbons
10.206 0.24 CoHyg 136 990 991 beta-Myrcene Monoterpene
4 [47]
hydrocarbons
11.126 0.65 CioHe 136 1017 1019 Limonene Monoterpene
5 [47]
hydrocarbons
11.226 1.02 CoHys 134 1016 1020 O-Cymene Monoterpene
6 [47)
hydrocarbons
5 11.821 223 CoHyg 136 1032 1035 gamma- Monoterpene (47
Terpinene hydrocarbons
3 12.745 0.12 CgH,,0 126 1057 1059 2-Octyn-1-ol Oxygenated MS
monoterpene ’
9 12.902 0.15 CgH, 0 130 1065 1067 1-Octanol Oxygenated MS
monoterpene :
10 13.521 854 CyoH,50 154 1080 1083 Linalool Oxygenated (47)
monoterpene
1 14.74 1.6 C,oH,;O 152 1119 1124 Camphor Oxygenated [47]
monoterpene
12 15.126 0.25 C,oH; 0 154 1131 1137 Terpinen-4-ol Oxygenated (47
monoterpene
13 15.254 0.39 CyoH,50 154 1146 1149 endo-Borneol Oxygenated (47)
monoterpene
14 15.578 0.26 C,oH,s0 154 1181 1185  alpha-Terpineol Oxygenated (48]
monoterpene
15 15.645 0.31 C0Hx»0 156 1196 1201 Decanal Oxygenated (48]
monoterpene
16 16.85 1.62 C,oH; 30 154 1250 1255 Geraniol Oxygenated (48]
monoterpene
17 17.111 0.54 CgH, O 140 1269 1276  2-Nonenal, (E)- Oxygenated 49
monoterpene (49]
18 18.973 3.64 C2H00, 196 1366 1373 Geranyl acetate Oxygenated (48]
monoterpene
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Table 3: GC-MS analysis of P. anisum volatile oil

Area

Peak R gum MM Kiebs  KIGio Identified Class Ref.
No. (min) (%) formula Compounds
1 11.125 0.06 CioHy6 136 1016 1019 Limonene Cyclic MS
monoterpene,
2 11.225  0.12 CioH 4 134 1022 1020 O-Cymene Aromatic MS
hydrocarbon
15.449 127 CyHppO 148 1190 1196 Estragole Phenylpropan
3 oid [50]
17516 883 C,H,0 148 1278 1284 Anethole Phenylpropan
4 oid [50]
17.883  0.12 CioHy6 136 1298 1307 Cyclopentene, Cyclic
4-ethenyl-
5 1.5.5- MS
trimethyl-
19.573 032 CHj,0 164 1345 1340 2-(4-methoxy- Phenolic
2 3-
6 methylphenyl) MS
oxirane
7 19959 021 C,H,0 164 1377 1385 Anisketone Phenolic (51]
2
3 20202 493 CisHyy 204 1398 1412 Longifolene Tri? yclic (52]
sesquiterpene
20.71 0.3 CysHay 204 1290 1351 alpha- monoterpene
9 - [50]
Longipinene
10 20.816  0.68 CisHay 204 1420 1428 alpha- Sesquiterpene [51]
Himachalene
21.035 043 CisHyy 204 1423 1433 alpha- Sesquiterpene
11 [51]
Bergamotene
21.092  0.18 CisHyy 204 1488 1506 beta- Sesquiterpene
12 . (50
Bisabolene
23959 025 CyHyN 313 1569 1576 Preg-4-en-3- Sterol
0, one, 17-alpha- derivative
13 hydroxy-17- MS
beta-cyano-
27.345 2,19 CisHyxO 248 1809 1821 Pseudoisoeuge  Phenolic ester
14 3 nol 2- methyl [51]
butanoate
15 28.331 063 CiHyO 264 1871 1882 Thellucn;gianin Phenolic ester (51)
4
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Table 4: GC-MS analysis of R. officinalis volatile oil

Area
P Mol.
I::‘ (:i‘n) Sum formula m/z KI KI Identified Compounds Class Ref.
(%) (obs)  (lit)
1 8.497 0.12 CioHy6 136 926 928  Tricyclo[2.2.1.0(2,6)]hep M pene (53]
1,7,7-trimethyl- hydrocarbons
2 8.783 11.51 CioHye 136 945 942 alpha-Pinene Monoterpene (53]
hydrocarbons
3 9.211 2.88 CioHye 136 958 955 Camphene Monoterpene 53
hydrocarbons [33]
4 9.392 0.63 CioHyy 134 964 956 Bicyclo[3.1.0]hex-2-ene, 4- Monoterpene (53]
methylene-1-(1-methylethyl)-
9911 0.31 CgH, O 128 978 976 1-Octen-3-ol Hydrocarbon
5 MS
alcohol
6 10206  0.65 CioHye 136 983 980 beta-Pinene Monoterpene [53]
7 10.644 0.5 CioHye 136 997 991 beta-Myrcene Monoterpene [54]
s 10735 032 CioHye 136 1016 1019 Limonene Cyclic (53]
monoterpene
9 11.13 2.89 CoHyy 134 1019 1020 0O-Cymene Monoterpene [54]
10 11235 1.96 CyHigO 154 1020 1023 Eucalyptol Monoterpene [53]
11 1138 2474 CioHye 136 1023 1040 beta-Oci M pene MS
12 12497  0.12 CioHye 136 1052 - Bicyclo[4.1.0]hep 7-(1- M penoid MS
methylethylidene)-
3 12.849 0.12 CioHj2 132 1060 1050 p-cymenene Monoterpene MS
hydrocarbon
13435 5.97 CoH,;50 154 1078 1083 Linalool Monoterpene
14 [54)
alcohol
15 14.049 0.18 CyoH;s0 154 1094 - 2-Decyn-1-ol Hydrocarbon NIST
alcohol
14.173  0.16 CpHigO 152 1097 1100 Camphen-6-ol Monoterpene
16 MS
alcohol
17 14249 0.32 CyoH1 0 150 1099 1105 2-Pinen-7-one Bicyclic ketone MS
14502  0.19 CyoH,O 152 1106 1106 cis-Verbenol Bicyclic
18 monoterpene (54)
alcohols.
14745 2224 CyHO 152 1113 1123 Camphor Monoterpene
19 [54]
ketone
14.992 1.39 CHO 154 1129 1137 Terpinen-4-ol Monoterpene
20 [54]
alcohol
21 15.054 1144 CoH;50 154 1146 1149 endo-Borneol Bicyclic (54]
monoterpene
2 15.13 0.22 CpHigO 152 1150 1159 3-Pinanone Bicyclic MS
monoterpene
2 15264 1.16 CyH, ;O 150 1154 1162 Pinocarvone Bicyclic (4]
monoterpene
15583 1.85 CH,;50 154 1180 1185 alpha-Terpineol Monoterpene
24 [54]
alcohol
15878  0.29 CpHigO 152 1143 1194 Myrtenol Monoterpene
25 [55]
alcohol
2% 16011 0.66 CyHisO 166 1207 1212 Nopol Bicyclic MS
monoterpene
27 16559  4.07 C,H,,0 150 1210 1217 Verbenone Monoterpene (54, 56]
ketone
28 16754 047 CioHys 136 1219 - 7-isopropylidene- Monoterpene MS
bicyclo[4.1.0]heptane
16897 094 CioHisO 154 1230 1234 (-)-cis-Myrtanol Monoterpene
29 MS
alcohol
30 17297 0.46 C2Hx0s 196 1275 1281 Bornyl acetate Monoterpene [54)
31 17.388 0.3 CpHp2O 148 1279 1284 Anethole Monomethoxyb MS
enzene
19.05 0.16 CyHyg 150 1280 - Bicyclo[5.1.0]octane, 8-(1- Bicyclic
32 . MS
methylethylidene)- monoterpene
33 19.535 0.22 CyoHy O, 162 1378 1388  2-Propenoic acid, 3-phenyl-, Cinnamic ester MS
methyl ester
34 19716 031 CysHay 204 1411 1418 Caryophyllene Sesquiterpene [54]
20578 025 CisHyO 222 1544 1554 Nerolidol Acyclic
35 : MS
Sesquiterpene

MS, NIST, and Wiley library
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Figure 5: Chemical structure of the identified compounds using GC-MS analysis: A: C. sativum volatile oil, B: P. anisum volatile oil, and C:
R. officinalis volatile oil.
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3.4. Antiviral enzymatic assays against SARS-CoV-2

To explore the possible mechanism of action, the most potent anti-SARS-CoV-2 VO (R. officinalis) and the most effective
antiviral VO tested against all viral strains (P. anisum) along with anethole, the major compound in P. anisum VO, were
selected.

3.4.1. ACE2 Enzyme Inhibitory Activity

The in vitro ACE2 enzyme inhibitory activity of P. anisum and R. officinalis (both at 5 mg/mL concentration) along with
anethole (at 5 mg/mL concentration) was assessed. The results presented in Table 5 showed that P. anisum VO had a higher
ACE2 inhibitory activity compared to R. officinalis VO, anethole, remdesivir, and molnuiravir, but was less potent than
hydroxychloroquine.

3.4.2. Spike Protein RBD Enzyme Inhibitory Activity

P. anisum VO showed 76% spike protein RBD enzyme inhibitory activity, which was the highest percent compared to other
VOs or the standard antiviral drugs (Table 5). The inhibitory activity percentage was reduced from 76% to 61%, 48%, and
46% for remdesivir, molnuiravir, and R. officinalis VO, respectively.

3.4.3. PLpro Enzyme Inhibitory Activity

Compared to the standard antiviral drugs (Table 5), P. anisum VO was the most potent sample, with a percent up to 76.8%
effective against papain-like protease enzyme.

Table 5: Percent inhibition of the most active antiviral Vos along with anethole, the major VO component in P. anisum
Mean % inhibition + SD

V.O/compound Conc. Spike protein RBD  PLpro ACE2

R. officinalis 5 mg/mL 46.00+2.8284 44.32+1.3790 20.83+1.3598
P. anisum 5 mg/mL 76.00+5.6568 76.80£1.1618 39.42+3.1729
Anethole 5 mg/mL 33.50+1.1048 22.33+1.5310 12.50+2.2663
Hydroxychloroquine 5 mg/mL 27.37%19940 83.80+3.5355 69.00+5.6568
Remdesivir 500ug/mL 61.47+1.2244 88.67+1.3773 7.14+2.6799
Molnuiravir 500ug/mL 48.05+1.8366 89.84+1.2803 16.32+0.8246

3.5. Molecular Docking Study

After selecting VOs C. sativum, P. anisum, and R. officinalis depending on their activity against tested viral strains to be
analyzed through the GC-MS technique, the major components in each VO were examined in the molecular docking study.
Anethole, longifolene (from P. anisum), a-pinene, camphor, endoborneol, eucalyptol (from R. officinalis), and linalool (from
C. sativum) were examined in this docking study.

3.5.1. Molecular docking study with SARS-CoV-2 papain-like protease (PDB:ID 7TZJ) [57]

To validate our docking study, the co-crystalized ligand (N-[(3-fluorophenyl)methyl]-1-[(1R)-1-naphthalen-1-
ylethyl]piperidine-4-carboxamide-S88) was redocked with the downloaded protein and created receptor by OpenEye software.
Both structures are overlaid with each other completely (Fig. 6a). In (Fig. 6b), anethole docked with the receptor in the same
pocket as the co-crystalized ligand. Moreover, all volatile oils with a high ratio, namely linalool, anethole, longifolene, a-
pinene, camphor, endoborneol, and eucalyptol, were clustered in the same cleft (Fig. 6¢). Compound consensus scores are
represented in Table 6.
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Figure 6: Visual representation by the Vida application for the docking of selected compounds with SARS-CoV-2 papain-like protease
(PDB:ID 7TZJ): (a) standard ligand redocked; (b) anethole (green color) with the standard co-crystallized ligand (grey); (c) selected VO’s
major compounds clustered in the same domain in the receptors.

Table 6: Compound consensus scores for selected VO’s major compounds with PDB:ID 7TZJ

Compound Consensus Score Binding interaction

S88 3.0000 HB with GIn:269A
Linalool 32.0000 Hydrophobic-hydrophobic
Anethole 33.0000 Hydrophobic-hydrophobic
Longifolene 39.0000 Hydrophobic-hydrophobic
a-Pinene 41.0000 Hydrophobic-hydrophobic
Camphor 46.0000 Hydrophobic-hydrophobic

Endoborneol 47.0000 HB with Tyr:273A
Eucalyptol 51.0000 Hydrophobic-hydrophobic

Egypt. J. Chem. 68, No. 12 (2025)



REVEALING THE ANTIVIRAL ACTIVITY OF CERTAIN VOLATILE OILS AGAINST RESPIRATORY.. 655

3.5.2. Docking with the SARS-CoV-2 spike receptor-binding domain bound with ACE2 (PDB:ID 6M0J]) [58]

In (Fig. 7a), anethole docked with the receptor in a hydrophobic-hydrophobic interaction. Moreover, all volatile oils with a
high ratio, namely linalool, anethole, longifolene, a-pinene, camphor, endoborneol, and eucalyptol were clustered in the same
cleft (Fig. 7b). The compound consensus score is represented in Table 7.

a)

HIS:417:A

b)

HIS:417:A

Figure 7: Visual representation by the Vida application for the docking of selected compounds with the SARS-CoV-2 spike receptor-binding
domain bound with ACE2 (PDB:ID 6MO0J): (a) anethole; (b) selected VO’s major compounds clustered in the same domain in the receptors.

Table 7: Compound consensus scores for selected VO’s major compounds with PDB:ID 6MO0J

Compound Consensus Score Binding interaction
2-acetamido-2-deoxy- 5.0000 Hydrophobic-hydrophobic
beta-D-glucopyranose

o- Pinene 32.0000 Hydrophobic-hydrophobic
Endoborneol 35.0000 Hydrophobic-hydrophobic
Linalool 39.0000 Hydrophobic-hydrophobic
Camphor 41.0000 Hydrophobic-hydrophobic
Longifolene 46.0000 Hydrophobic-hydrophobic
Anethole 49.0000 Hydrophobic-hydrophobic

Eucalyptol 50.0000 Hydrophobic-hydrophobic

3.5.3. Docking with SARS-CoV-2 spike receptor (PDB:ID 6VSB) [59]

The compound pattern was changed in the case of interaction with the spike glycoprotein. Anethole docked with the receptor
in a hydrophobic hydrophobic interaction (Fig. 8a), and other VO’s major components were clustered outside the receptor,
except anethole and linalool which were overlaid and interacted with the same domains inside the receptor (Fig. 8b).
Compound consensus scores are represented in Table 8.
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Figure 8: Visual representation by the Vida application for the docking of selected compounds with the SARS-CoV-2 spike receptor
(PDB:ID 6VSB): (a) anethole; (b) selected VO’s major compounds clustered outside the receptor except anethole and linalool.

Table 8: Compound consensus scores for selected VO’s major compounds with PDB:ID 6VSB

Consensus Score

compound
S88 12.0000
Longifolene 35.0000
a-Pinene 42.0000
Linalool 42.0000
Camphor 48.0000
Anethole 49.0000
Endoborneol 54.0000
Eucalyptol 54.0000

3.6. Predicted ADMET calculations

It states that for a substance to be a promising biologically active molecule, it must meet the following criteria: (1) molecular
weight <500, (2) log P (lipophilicity) <5, (3) < 5 H-bond donors (sum of NH and OH), (4) <10 H-bond acceptors (sum of N
and O), and (5) <10 rotatable bonds (an additional criterion provided by Veber) and also should show no more than one
violation of the above criteria. On the basis of the above criteria, the extracted compounds were subjected to in silico tests for
ADMET prediction for testing the bioavailability, toxicity, Lipinski's rule of five, topological polar surface area, and number
of rotatable bonds. These calculated parameters are presented in Table 9.

According to Table 10, endoborneol, eucalyptol, and linalool illustrate the same molecular formula (154.14). Endoborneol and
linalool showed the same HBD (hydrogen bond donor), HBA (hydrogen bond acceptor), and BBB (blood-brain barrier) and
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differed in the drug-likeness score. Camphor has the best drug-likeness score (0.11) with a high polar surface area (MolPSA)
and low lipophilicity parameter (logP). Anethole represented the highest blood-brain barrier score (4.36); however, it has a
low drug likeness score (-1.68). Anethole has the lowest value of plasma protein binding, and all compounds have 100% HIA
(percentage of human intestinal absorption). For toxicity prediction by calculation of Amestest and Carcino_Mouse, all
compounds showed mutagen and negative values except Eucalyptol, which illustrated mutagen and positive values,

respectively.

Table 9: Topological polar surface area, number of rotatable bonds, and calculated Lipinski’s rule of five for the

extracted compounds using Molinspiration server
miLog TPSA®
Comp. P" @& MW* nON* nOHNH® Nvoilation Nrot? Vol
Anethole 3.10 9.23 148.21 1 153.57
longifolene 4.95 0.00 204.36 0 0 0 0 225.02
a-Pinene 3.54 0.00 136.24 0 0 0 0 151.81
Camphor 2.16 17.07 152.24 1 0 0 0 159.86
[Endoborneol]  2.35 20.23 154.25 1 1 0 0 165.72
Eucalyptol 2.72 9.23 154.25 1 0 0 0 166.66
Linalool 3.21 20.23 154.25 1 1 0 4 175.59

*milog P (the calculated n-octanol-water partition coefficient); “Topological polar surface area (TPSA); ‘Molecular weight (MW);
‘Number of hydrogen bond acceptor (nON); “Number of hydrogen bond donor (nOHNH); "Number of violations (nvoilations); *Number
of rotatable bonds (nrot).

Table 10: Pre-predicted Lipinski’s Rule of Five and preADME parameters of the most active compounds.

compound Chemical Lipinski's Rule of Five ™ Pre-ADMET prediction ™
structure Molecul HBA HB MolLog MolPS BBB Drug- CaCo2 Skin HIA  Plasma Toxicity
ar D P A Scor  likenes permeabi protein
weight e s lity binding —

model Amestest Carcino
score _Mouse

Ancthole O@\/\ 148.09 1 0 3.27 778 A2 436 -1.68  58.08 100.00  89.23 mutagen  negative

-L15
Z

longifolene 63@ 204.19 0 0 425 000A2 126 -1.16 2349 -1.17 100.00 9235  mutagen negative

a-Pinene ~ j / 136.13 0 0 449  000A2 098 -145 23.63 -1.44 100.00 10000  mutagen negative

Camphor o 152.12 1 0 2.34 1433 430 0.1 26.81 -1.84 100.00 10000  mutagen negative

%&/r A2
Endoborne 154.14 1 1 3.00 1670 426 -051 2423 -1.88 100.00 10000  mutagen negative
ol > OH A2
Eucalyptol 154.14 1 0 2.61 637 3.88 -4 21.89 -1.32 100.00  100.00  mutagen positive
A2
(0]
Linalool &/\)\ 154.14 1 1 3.07 1684 426 -099 2935 -0.89 100.00 10000  mutagen negative
Z A2

HBD (hydrogen bond donor); HBA (hydrogen bond acceptor); BBB (blood-brain barrier); PPB (plasma protein binding); HIA (percentage
human intestinal absorption); permeability to Caco-2 (human colorectal carcinoma) cells in vitro; the Ames test, a two-year mouse
carcinogenicity bioassay, is a straightforward technique for determining a compound's mutagenicity [62].

3.7. Molecular dynamics and system stability
To forecast the behavior of the isolated compounds upon binding to the protein's active site as well as their interaction and
stability through simulation, a molecular dynamic simulation was run [63, 64]. To identify interrupted motions and prevent
any artifacts during the simulation, system stability must be validated. The stability of the systems was evaluated in this study
using Root-Mean-Square Deviation (RMSD) during the 20 ns simulations. For the complete frames of the systems, the
obtained average RMSD values were 3.04 + 0.54 A and 1.30 + 0.13 A for the apo and anethole-SARS-CoV-2 spike-complex,
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respectively, Fig. 9A, and 1.34 = 0.19 A and 1.23 % 0.17 A for the Apo and anethole-CoV spike (S) glycoprotein,
respectively. Fig. 10a, and 2.20 + 0.36 A, and 1.92 + 0.40 A, for Apo, anethole-SARS CoV-2 papain-like protease (PLpro),
respectively, Fig. 11a’. These findings demonstrated that, in comparison to the other systems under investigation, the
anethole-bound protein complex system developed a comparatively more stable shape.

In MD modeling, evaluating the structural flexibility of proteins following ligand binding is essential for investigating residue
behavior and its relationship to the ligand [65]. The Root-Mean-Square Fluctuation (RMSF) technique was utilized to assess
protein residue changes to assess the impact of inhibitor binding to the corresponding targets over 20 ns simulations. As
shown in Fig. 9B, the estimated average RMSF values for the apo and anethole-SARS-CoV-2 spike complex were 1.62+ 0.59
A and 1.27 +0.55 A, respectively, and 4.81 + 0.60 A, and 3.99 + 0.40 A, for the Apo, anethole-CoV spike (S) glycoprotein,
respectively. Fig. 10b and Fig. 11b’ showed 1.42 + 0.41 A, and 1.49 + 0.63 A, for Apo, anethole-SARS CoV-2 papain-like
protease (PLpro), respectively. These results showed that, in comparison to the other systems, the anethole-bound-to protein
complex system has less residue fluctuation.

In MD simulation, ROG was found to assess both the overall compactness of the system and its stability upon ligand binding
[66, 67]. The average Rg values were 31.39 + 0.31A, and 30.85 % 0.15 A, for the apo and anethole-SARS-CoV-2 spike
complex, Fig. 9C, and 46.79 + 0.41 A, and 45.39 + 0.54 A, for the Apo and anethole-CoV spike (S) glycoprotein,
respectively. Fig. 10c and Fig. 11¢’ showed 23.06 + 0.12 A, and 22.90 + 0.16 A, for Apo, anethole-SARS CoV-2 papain-like
protease (PLpro), respectively. The behavior observed suggests that anethole-complex complexes have a very stiff structure
when compared to the receptors under study. By determining the protein's solvent-accessible surface area (SASA), the
compactness of the hydrophobic core of the protein was investigated. This was accomplished by measuring the protein's
solvent-visible surface area, which is crucial for the stability of biomolecules [68]. The average SASA values were 34351.54
A, and 33982 A, for the apo and anethole-SARS-CoV-2 spike complex (Fig. 9D), and 50836.45 A, and 50523.21 A, for the
apo and anethole-CoV spike (S) glycoprotein, respectively. Fig. 10d and Fig. 11d” showed 14580.08 A, and 14247.00 A, for
apo, anethole-SARS-CoV-2 papain-like protease (PLpro), respectively. The anethole-complex system is still present inside
the catalytic domain binding region of the receptors under study, as demonstrated by the SASA result in conjunction with the
results from the RMSD, RMSF, and ROG computations.
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Figure 9: (A) RMSD of the protein backbone atoms' Ca atoms; (B) RMSF of each residue of the protein backbone Ca atoms of protein
residues; (C) ROG of Ca atoms of protein residues; (D) Solvent accessible surface area (SASA) of the Ca of the backbone atoms relative
(black) to the starting minimized over 200 ns for the ATP binding site of SARS-CoV-2 spike receptor with anethol (red).
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3.7.1. Binding interaction mechanism based on binding free energy calculation:

The molecular mechanics energy technique (MM/GBSA), which combines generalized Born and surface area continuum
solvation, is a prominent method for measuring the free binding energies of small molecules to biological macromolecules
and may be more reliable than docking scores [69]. By taking snapshots of the systems' trajectories, the binding free energies
were determined using AMBER18's MM-GBSA program. Table 11 demonstrates that, with the exception of AGyy,, all
reported computed energy components produced substantial negative values, indicating favorable interactions. According to
the data, anethole-SARS-CoV-2 spike, anethole-CoV spike (S) glycoprotein, and anethole-SARS-CoV-2 papain-like protease
systems had binding affinities of -21.43 kcal/mol, -21.83 kcal/mol, and -11.15 kcal/mol, respectively.

Table 11: The calculated energy binding for anethole compounds against the TMK receptor and CDK receptor, respectively

Energy Components (kcal/mol)

Complex | AEvdW | AEelec | AGg‘gls | A(}solv | A(}bind
SARS-CoV-2 spike
Anethole- -24.93 +0.28 -5.26 £0.29 -30.55 +0.44 9.21 £0.29 -21.43+0.36
complex
CoV spike (S) glycoprotein
Anethole- -25.57+£0.47 -3.91+£0.50 -29.48 £0.42 7.64 £0.21 -21.83+£043
complex
SARS-CoV-2 papain-like protease (PLpro) receptor

Anethole- -15.44 £0.27 -2.70 £0.30 -18.14 £ 0.42 6.99 £0.31 -11.15+0.26
complex

AEele = electrostatic energy; AGbind = calculated total binding free energy; AGsolv = solvation free energy; AEvdW = van der Waals energy

The interactions between anethole and the SARS-CoV-2 spike, CoV spike (S) glycoprotein, and SARS-CoV-2 papain-like
protease are fueled by the more positive Vander Waals energy and electrostatic energy components, respectively; according to
a thorough analysis of each energy contribution that yields the reported binding free energies (Table 11).

3.7.2. Identification of the critical residues responsible for ligand binding:

In order to get additional insight into the significance of specific residues involved in the inhibition of the ATP binding site of
the SARS-CoV-2 spike receptor, the total energy involved in the binding of these enzymes by the anethole molecule was
further broken down into their individual site residue participation. As shown in Fig. 12A, residues Asn 72 (-0.67 kcal/mol),
Leu 73 (-0.83 kcal/mol), Thr 74 (-0.338 kcal/mol), Lys 76 (-0.203 kcal/mol), Leu 77 (-1.991 kcal/mol), Gln 80 (-0.216
kcal/mol), Glu 190 (-0.165 kcal/mol), Val 191 (-2.396 kcal/mol), Asn 192 (-0.818 kcal/mol), Val 194 (-0.786 kcal/mol), Glu
546 (-0.365 kcal/mol), Pro 547 (-1.19 kcal/mol), and Trp 548 (-0.43 kcal/mol) are the main positive contributions of the
anethole compound to the ATP binding site receptor.

However, the major favourable role of the anethole compound to the ATP binding site receptor of the CoV spike (S)
glycoprotein receptor is mostly seen in the remnants Val 48 (-0.393 kcal/mol), Ile 70 (-1.55 kcal/mol), Leu 75 (-0.808
kcal/mol), Asp 76 (-0.127 kcal/mol), Leu 83 (-0.516 kcal/mol), Phe 98 (-1.312 kcal/mol), Phe100 (-1.887 kcal/mol), Cys 101
(-0.994 kcal/mol), Pro 104 (-0.418 kcal/mol), Val 113 (-0.154 kcal/mol), Tyr 114 (-0.175 kcal/mol), Ser 115 (-0.719
kcal/mol), Met 63 (-0.4 kcal/mol), Fig. 12B. Furthermore, Leu 160 (-0.932 kcal/mol), Gly 161 (-0.243 kcal/mol), Asp 162 (-
0.148 kcal/mol), Pro 237 (-0.439 kcal/mol), Pro 238 (-0.673 kcal/mol), Tyr 254 (-0.707 kcal/mol), Asn 257 (-0.149 kcal/mol),
Tyr 258 (-1.26 kcal/mol), Tyr 263 (-0.211 kcal/mol), and Thr 291 (-0.114 kcal/mol) residues, Fig. 12C, composed the
majority of the anethole compound's favourable contribution to the ATP binding site receptor of the SARS CoV-2 papain-like
protease (PLpro) receptor.
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Figure 12: Per-residue breakdown plots showing the energy contributions to the binding and stabilization of anethole to the ATP binding site
of the SARS-CoV-2 spike receptor (A), CoV spike (S) glycoprotein (B), and SARS-CoV-2 papain-like protease (PLpro) receptors (C).

3.7.3. Ligand-residue interaction network profiles

Making structural modifications to medicinal compounds to boost bioavailability, lower toxicity, and enhance
pharmacokinetics is one goal of drug design [70]. S1 and S2 are the two subunits that make up the spike (S) protein of SARS-
CoV-2, which is essential for receptor recognition and cell membrane fusion. The S2 subunit mediates viral cell membrane
fusion by forming a six-helical bundle via the two-heptad repeat domain, making it a possible target for medication. The S1
subunit has a receptor-binding domain that identifies and binds to the host receptor, angiotensin-converting enzyme 2 [71].
Fig. 13A depicts an anethole compound fitting in the catalytic working site of the SARS-CoV-2 spike. Anethole compound
has been discovered to create a Pi-alkyl contact with Leu 73, Val 191, and Val 194. With the phenyl and methoxy groups, the
pharmacophoric hotspot residue Leu 77 has generated Pi-sigma and Pi-alkyl interactions. Conversely, a Pi-alkyl interaction
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has been generated by the docked anethole-CoV spike (S) glycoprotein with Val 48, Ile 70, Leu 75, Leu 83, Phe 98, Phe 100,
Cys 101, and Pro 104 (Fig. 13B). Additionally, the docked anethole-SARS-CoV-2 papain-like protease (PLpro) displays that
lipophilic components account for most of the binding affinity as a result of the benzene ring forming a pi-alkyl interaction
with Ile 70, Leu 75, Cys 101, and Pro 104 (Fig. 13C).
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Figure 13:: The interaction residue of anethole into the catalytic spot of the SARS-CoV-2 spike receptor (A), CoV spike (S) glycoprotein (B),
and SARS-CoV-2 papain-like protease (PLpro) receptors (C).

4. Discussion

The emergence of drug-resistant viral strains has recently become a notable concern due to the ongoing evolution of
respiratory tract viruses in their natural or intermediate reservoirs and/or the ongoing release of antiviral drugs into the
environment as a result of unrestricted drug prescription to humans and animals for prophylactic and therapeutic purposes [72,
73]. Treatment plans are still lacking for patients with respiratory tract viral infections who are not critically sick, particularly
those affected by the COVID-19 pandemic. Finding novel antiviral candidates with high activity and low toxicity requires
constant screening. In this vein, studies have been done on natural products as well as repurposing current drugs against
known or anticipated SARS-CoV-2 protein activities, HSN1, HIN1, and herpes simplex viruses.

Natural remedies are better than synthetic ones because of their superior binding affinity, high efficacy, and lack of side
effects. Synthetic pharmaceuticals are highly reactive and may inadvertently affect other human tissues or organs [74].
However, overusing synthetic drugs is riskier than using natural remedies. As a result, this study aimed to assess the antiviral
efficacy of a panel of naturally occurring plant VOs against certain respiratory viruses, including herpes simplex virus (HSV)
type 1 and avian influenza HSN1, human influenza HIN1, and SARS-CoV-2.

In this work, before assessing the antiviral efficacy of the eight VOs that were chosen for this investigation, we evaluated their
cytotoxicity, which is measured in terms of CCs, (50% cytotoxic concentration), or the EO concentration that causes a 50%
decrease in cell viability. This was conducted to ensure that the EOs are not destructive to host cells at the evaluated
concentrations. Viral activity is determined by measuring the amount of EO required to reduce viral infection by 50%, or the
1Cs. To determine the therapeutic suitability of EO, the antiviral selectivity index (SI) is calculated using the ratio of CCs, to
1Cs 175). Theoretically, medication would be safer and more effective for a particular viral infection if its SI ratio was higher
[76]. According to our study, the therapeutic index for A. cina against MDCK cells was the highest one, followed by P.
anisum and C. sativum. In the case of VERO cells, the safest oil was C. sativum, followed by C. sinensis and R. officinalis.
The safest oil assessed on VERO E6 cells was C. sinensis, followed by R. officinalis and P. anisum. Selectivity index is a
commonly recognized metric for expressing a compound's effectiveness in vitro at inhibiting virus multiplication [76]. This
was evident from the antiviral outcomes of these VOs; for instance, the VOs of P. anisum and C. sativum demonstrated
antiviral efficacy against HSN1 with ICs values of 7.117 ug/mL and 8.117 pg/mL, respectively. As well, the two VOs had
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antiviral activity against HIN1 with ICs, values of 1.673 pg/mL of P. anisum and 13.71 pg/mL of C. sativum. This activity
matched those documented in the literature. According to a study by GabAllah et al., only anise (P. anisum) exhibited
substantial antiviral activity against the avian influenza HSN1 virus out of eight aqueous extracts of the Apiaceae family,
which included dill, celery, caraway, coriander, cumin, fennel, and anise [77]. The author suggested that the mode of action of
this effective anise extract was due to its virucidal effect, as well as its direct effect on the replication of the avian influenza
HS5NI virus. Compared to the research conducted by Gaballah et al., the aqueous extracts of the plants that were evaluated
showed weaker ICs, values than their equivalent VOs in our investigation.

Furthermore, with an ICs, of 18.28 pg/mL, P. anisum demonstrated the highest activity of any VO against HSV. This was in
line with a study by Koch et al. that demonstrated anise oil had strong antiviral activity against isolates of acyclovir-resistant
and acyclovir-sensitive HSV [78]. Additionally, three lignin-carbohydrate-protein complexes, LC1, LC2, and LC3, that were
separated from a hot water extract of P. anisum seeds had antiviral properties against types 1 and 2 of the HSV [79].
Moreover, trans-anethole, which is the major constituent in P. anisum VO, was one of six metabolites examined in an in vitro
study that, at a maximal noncytotoxic concentration, inhibited the HSV-1 infectivity by more than 90% [80]. Also, in another
study on star anise oil, which is nearly similar to P. anisum, anethole inhibited herpes virus infectivity by more than 90%
using an in vitro plaque reduction assay.

Additionally, R. officinalis, T. vulgaris, C. sinensis, P. anisum, and C. sativum exhibited the best inhibitory activity against
SARS-CoV-2 with ICs, values of 3.07 pg/mL, 3.33 ug/mL, 3.90 ug/mL, 4.66 pg/mL, and 4.84 pg/mL, respectively. This was
agreed with those reported in the literature. In a study done by Zeljkovi¢, et al., the compound 1,8-cineol (eucalyptol), which
is found in R. officinalis VO, was found to be effective in preventing SARS-CoV-2 multiplication in infected cells [81].
Additionally, in silico research suggested that 1,8-cineol may possess antiviral capabilities against SARS-CoV-2 [82]. Also,
1,8-cineol, together with the major components in Laurus nobilis VO, displayed an intriguing inhibitory effect against SARS-
CoV replication (ICsy = 120 g/mL) as a result of their in vitro antiviral properties [83]. According to an in silico study, 1,8-
cineole had the ability to bind with the SARS-CoV-2 major protease and create hydrophobic, ionic, and hydrogen bonding
interactions [84]. Furthermore, the in silico investigation showed that the compounds thymol, p-cymene, carvacrol, y-
terpinene, and linalool, which are prevalent in our prospective VOs, showed anti-SARS-CoV-2 characteristics through ACE2
inhibition [85]. It is noted that the inhibitory concentrations of the eight VOs in our study as anti-SARS-CoV-2 were more
potent than those previously reported [81].

Although the paucity of antiviral research focused on particular virus strains as in our study, their results were consistent with
other investigations of these oils' antiviral properties. These VOs have been shown to have antiviral efficacy against a variety
of viral strains in addition to their effects on HSN1, HSV, HIN1, and SARS-CoV-2 viruses. P. anisum demonstrated antiviral
activity against dengue virus at concentrations of 200 g/ml to 500 g/ml, which may prevent the virus from reproducing,
according to the findings of a study conducted to assess the antiviral activity of P. anisum against dengue virus [86]. Also,
thirty-four extracts, including those of P. anisum, demonstrated considerable inhibitory action greater than 60% at 100 pg/mL
during a massive screening in Sudan that examined 152 water and methanol extracts of 71 plants often used in traditional
medicine against C virus (HCV) protease [87]. Moreover, P. anisum VO demonstrated potent anti-influenza A/WS/33 viral
action, which may be attributed to its primary constituents, anethole, estragole, and linalool (82.78%, 8.21%, and 2.74%,
respectively) [88]. When rosemary extract (R. officinalis) was added at a concentration of 30 pg/ml, HSV-1 plaques were
inhibited by 55%, while HSV-2 plaques were inhibited by 65%. The extracts, at 50 pg/ml, totally prevented the production of
HSV-1 and HSV-2 plaques [89]. Moreover, the seed extract of coriander exhibited antiviral activity against the hepatitis A
virus [90].

Linalool was a common constituent in the chemical compositions of C. sativum and R. officinalis VOs as in our study, and
was also reported in P. anisum VO [88]. According to Choi, Hwa-Jung, et al., linalool may be responsible for the antiviral
activity of the P. anisum and other plants’ VO which also contain linalool as marjoram and sage against the influenza
A/WS/33 virus [88]. According to a recent study, the compound dodecanal, which is one of the C. sativum oil components,
inhibited the growth of several viruses, including the coronavirus responsible for the dengue virus and Middle East respiratory
syndrome (MERS) [90]. Also, the compounds decanal, E-2-dodecanol, and E-2-decenol present in C. sativum were docked
with thirteen proteins of dengue virus as well as the MERS corona via in silico methods [91]. The molecular docking results
showed that the possible binding modes of these compounds were succeeded with 7 proteins of the dengue virus and 6
proteins of the MERS coronavirus [91].

After screening the eight VOs, three VOs (C. sativum, P. anisum, and R. officinalis) were chosen based on their effectiveness
against the tested viral strains. To comprehend potential mechanisms and identify targets of antiviral activity of these oils, we
analyzed these VOs using the GC-MS technique to determine their constituents. The composition of these oils was matched
with those reported in the literature. In line with our analysis, Salem et al., reported that anethole and himachalene were the
major constituents of P. anisum VO [47], whereas El-Kersh et al. reported that the most prominent constituents in P. anisum
VO were anethol, pseudoisoeugenol 2-methyl butanoate, himachalane, and thellungianin G [51]. Salem et al., stated that
linalool, terpinene, camphor, and alpha-pinene were the major constituents of C. sativum VO [47], while Mohamed et al.
reported that linalool, a-pinene, cymene, estragole, and limonene were the major ones [56], and our analysis agrees with these
findings. In line with our study, K. Hussein et al. revealed that the main components of R. officinalis oil were a-pinene,
camphor, eucalyptol, camphene, and D-limonene [92]. Alpha-pinene, eucalyptol, and verbenone were the primary compounds
found in rosemary oil, according to a different study presented by G. Mwithiga et al.; these findings aligned with our inquiry
[93].

Given the widespread interest in finding drugs to combat the COVID-19 pandemic, this study chose to investigate the
suggested mechanism of the most potent VOs (P. anisum, C. sativum, and R. officinalis) in conjunction with the main
compound in P. anisum (anethole) against the molecular targets of SARS-CoV-2, PLpro, ACE2, and spike protein. To

Egypt. J. Chem. 68, No. 12 (2025)



664 Mohamed S. Refaey et. al.

understand the possible mechanism that may contribute to SARS-CoV-2 viral suppression, we must identify the virus's
pathways, starting with its attachment to host cells. SARS-CoV-2 mostly infects type II pneumocytes and lymphatic epithelial
cells, which trigger the body's innate defense mechanism by releasing interferons (IFNs) [94]. IFN activates the ACE2
protein, which functions as a receptor for viral attachment to host cells. The proteolytic cleavage of the spike (S) protein and
ACE2 at the S1-S2 boundary and S2' location is catalyzed by transmembrane protease serine 2 (TMPRSS2). This process
further facilitates the fusion of the viral and host cell plasma membranes [94]. The virus's single-stranded RNA is translated
by host machinery into viral polypeptides (ppla and pplab), which are subsequently broken down by PLpro and main
protease (Mpro) proteins through proteolysis to produce non-structural proteins (Nsps). These Nsps generate a series of
subgenomic messenger RNAs via the replication transcription complex (RTC), which is constantly duplicated, that code for
structural and auxiliary proteins [94]. Viral genomic RNA and proteins are used to assemble the virus particles in the ER-
Golgi intermediate compartment (ERGIC). The virus that is contained in the vesicle subsequently merges with the host's
plasma membrane to release the viral particles from the cell. Thus, compounds that break the link between the ACE2 receptor
and the SARS-CoV-2 spike protein receptor binding domain protein (RBD) could act as entrance inhibitors [95].

According to the study's findings, P. anisum’s VO strongly inhibited the ACE2 spike protein RBD and PLpro enzymes
compared to remdesivir and molnuiravir. This was matched with an in silico study reported by Kulkarni et al., in which
specific VO compounds from star anise, clove, cinnamon, thyme, holy basil, basil, ajwain, eucalyptus, oregano, and geranium
were analyzed against the spike protein. Anethole, carvacrol, cinnamaldehyde, cinnamyl acetate, geraniol, and 1-4-terpineol
displayed better binding affinities for the target protein. Hydrophobic interactions and hydrogen bonds stabilized the protein—
ligand complexes [22]. Furthermore, compared to the entire volatile oil, the main component of P. anisum VO, anethole,
displayed less inhibitory activity on these enzymes. This may be explained by the synergistic complex interactions between
the various compounds in the entire oil, which result in total inhibition rather than just being caused by anethole. The results
given by C. Zeljkovié, et al. proved the aforementioned claim, which affirms the efficacy of the entire oil rather than its
constituents [81].

P. anisum VO showed 76% spike protein RBD enzyme inhibitory activity, which was the highest percent compared to other
VOs or the standard antiviral drugs. This was in accordance with the work presented by Kulkarni ef al., who assessed the
effectiveness of a range of VOs found in various plant families against the S1 (also known as receptor binding domain, RBD)
subunit of spike (S) proteins of SARS-CoV-2. According to the findings, anethole, cinnamaldehyde, carvacrol, geraniol, L-4-
terpineol, cinnamoyl acetate, thymol, and pulegone had the strongest ability to inhibit the S1 subunit of S proteins among the
assessed VOs [22]. P. anisum VO was also the most potent sample, with a percentage up to 76.8% effective against papain-
like protease enzyme.

The molecular docking investigation revealed that, in comparison to other selected targets, the main component of P. anisum
VO, anethole, exhibited a significant binding affinity towards SARS-CoV-2 papain-like protease. Additionally, compared to
other major VO components, it demonstrated a distinct binding mechanism against the SARS-CoV-2 spike protein. This was
supported by the research conducted by Prabhu, ef al. which docked the phytochemical components of C. sativum against the
main protease of SARS-CoV-2. Among the substances under investigation, erucic acid, cosomosiin, rosmarinic, and pimentel
seem to have the capacity to block the primary protease of SARS-CoV-2. This could account for the lower activity of linalool,
a key component of C. sativum, against the specific targets we examined in our study. The ADMET characteristics of the
major VO components (anethole, longifolene, o-pinene, camphor, endoborneol, eucalyptol, and linalool) were summarized in
Table 10, emphasizing important information of pharmacological significance. All of the investigated compounds from the
three potent VOs satisfy Lipinski's five criteria and are good candidates for pharmaceutical drug development due to their
favourable pharmacokinetic features, based on the in-silico predictions of physicochemical properties.

Based on computational molecular docking, anethole was selected for further analysis using MD simulation in order to assess
the flexibility and stability of the protein-ligand complex. Our finding revealed that anethole-SARS-CoV-2 spike, anethole-
CoV spike (S) glycoprotein, and anethole-SARS-CoV-2 papain-like protease systems had binding affinities of -21.43
kcal/mol, -21.83 kcal/mol, and -11.15 kcal/mol, respectively. Also, anethole had fitted in the catalytic working site of the
SARS-CoV-2 spike and created a Pi-alkyl contact with Leu 73, Val 191, and Val 194. The MD simulation study indicates that
anethole binds to the catalytic pocket of the SARS-CoV-2 spike receptor, the CoV spike (S) glycoprotein receptor, and the
SARS-CoV-2 papain-like protease with binding affinity, stability, and structural conformation.

Interestingly, the docking data also closely matched the previously mentioned in vitro results. The results of this study
ultimately highlight the possible antiviral properties of selected natural volatile oils and their main active ingredient against
specific respiratory RNA and DNA viruses that have a detrimental effect on public health. The identity of additional antiviral
compounds in these oils, their virucidal or inhibitory potential in experimental animals (preclinical studies), and the potential
synergistic effects among the active ingredients and effective oils in targeting upper respiratory tract viruses all require more
research.

Conclusion

In the present work, we investigated the cytotoxicity and antiviral activity of eight selected volatile oils. The most secure oil
on MDCK cells was Artemisia cina, followed by Pimpinella anisum and Coriandrum sativum. In the case of VERO cells, the
safest oil was C. sativum, followed by Citrus sinensis and Rosmarinus officinalis. The safest oil assessed on VERO E6 cells
against the SARS-CoV-2 virus was C. sinensis, followed by R. officinalis and P. anisum. The VOs of C. sativum and P.
anisum exhibited noticeable antiviral activity against HSN1 and HIN1, while the best one from the tested VOs tested against
HSV was P. anisum. Almost eight VOs had antiviral activity against SARS-CoV-2. The screening of the eight VOs based on
their effectiveness against the tested viral strains led to the selection of three VOs (C. sativum, P. anisum, and R. officinalis).
In order to comprehend potential mechanisms and identify targets of antiviral activity of these oils, these VOs were analyzed
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using a GC-MS approach to determine their constituents. Linalool, geranyl acetate, and gamma terpenine were the major
constituents in C. sativum, while anethol and longifolene were more prominent in P. anisum. Eucalyptol, camphor, endo-
borneol, a-pinene were the major compounds in R. officinalis. The study chose to investigate the suggested mechanism of the
most potent VOs (P. anisum, C. sativum, and R. officinalis) in conjunction with the main compound in P. anisum (anethole)
against the molecular targets of SARS-CoV-2, PLpro, ACE2, and spike protein due to the widespread interest in finding drugs
to combat the COVID-19 pandemic. P. anisum’s VO strongly inhibited the ACE2 spike protein RBD and PLpro enzymes
compared to remdesivir and molnuiravir. Furthermore, compared to the entire volatile oil, the main component of P. anisum
VO, anethole, displayed less inhibitory activity on these enzymes. P. anisum VO showed the highest percent spike protein
RBD enzyme inhibitory activity, compared to other VOs or the standard antiviral drugs. Additionally, P. anisum VO was the
most potent VO effective against papain-like protease enzyme. The docking study of the major components of the three
selected potent VOs revealed that anethole docked with the receptor in the same pocket as the co-crystalized ligand when
docked against SARS-CoV-2 papain-like protease. While in the case of the SARS-CoV-2 spike receptor-binding domain
bound with ACE2, anethole docked with the receptor in a hydrophobic-hydrophobic interaction, and the other compounds
were clustered in the same cleft. In the case of docking against the SARS-CoV-2 spike receptor, anethole docked with the
receptor in a hydrophobic hydrophobic interaction, and other VO’s major components were clustered outside the receptor,
except for anethole and linalool, which were overlaid and interacted with the same domains inside the receptor. According to
the in-silico predictions of physicochemical properties, all examined compounds from the three powerful VOs meet Lipinski's
five requirements and are suitable candidates for pharmaceutical medication development because of their advantageous
pharmacokinetic characteristics. Anethole was selected for analysis using MD simulation to assess the flexibility and stability
of the protein-ligand complex. Anethole-SARS-CoV-2 spike, anethole-CoV spike (S) glycoprotein, and anethole-SARS-CoV-
2 papain-like protease systems exhibited a noticeable binding affinity. Also, anethole had fitted in the catalytic working site of
the SARS-CoV-2 spike and created a Pi-alkyl contact with Leu 73, Val 191, and Val 194. The MD simulation study indicates
that anethole binds to the catalytic pocket of the SARS-CoV-2 spike receptor, the CoV spike (S) glycoprotein receptor, and
the SARS-CoV-2 papain-like protease with binding affinity, stability, and structural conformation. These results point to a
potential application of P. anisum, C. sativum, and R. officinalis VOs as a natural remedy for upper respiratory tract infection
caused by DNA or RNA viruses. Future in vitro and in vivo research to find effective EOs can be supported by our findings,
which can also be utilized to direct the development of novel formulations against COVID-19 for a range of food,
pharmaceutical, cosmetic, and medical applications. The preclinical and clinical trials of a variety of edible VOs to treat
certain respiratory tract illnesses are made possible by this work.
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Abbreviations:

ACE2: Angiotensin-converting enzyme 2

BSA: Bovine serum albumin

CPE: Cytopathic effect

DMEM: Dulbecco's Modified Eagle Medium
DTT: Dithiothreitol

EI: Electron ionization

ERGIC: ER-Golgi intermediate compartment
GC-MS: Gas chromatography-mass spectroscopy
HINT1: Influenza A virus

HS5N1: Avian influenza A

HRP: horseradish peroxidase

HSV: Herpes simplex virus

ICsy: Half-maximal inhibitory concentration
IFNs: Interferons

MDCK: Madin-Darby canine kidney

MERS: Middle East respiratory syndrome

Mpro: Main protease

MTT: 3-(4, 5-dimethylthiazol -2-yl)-2, 5-diphenyltetrazolium bromide
Nsps: Non-structural proteins

PBS: Phosphate buffer saline

PLpro: Papain-like protease

RBD: Receptor binding domain

RTC: Replication transcription complex
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2
TMB: 3,3',5,5"-Tetramethylbenzidine
TMPRSS2: Transmembrane protease serine 2
VO: Volatile oil
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