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ABSTRACT: Influenza A virus subtype HIN1 (HIN1) and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can both infect the respiratory tract and cause
symptoms such as fever, cough, and shortness of breath. Medicinal plants offer an alterna-
tive treatment strategy, as they can provide relief against these respiratory-related viruses.
The present study aimed to evaluate the antiviral activity and molecular modelling of
metabolites from Eucalyptus globulus Labill., Schinus molle L., and Searsia lancea (L.f)
EA.Barkley. The detection and identification of volatile phytoconstituents in the extracts
were performed by GC-MS analysis. The samples were further assessed through the in
vitro activity screening and followed by molecular modelling-mediated prediction of bio-
active constituents. Volatile compounds were identified in hexane extracts, with hydro-
carbons accounting for the highest peak percentage across all three plant samples. Hexane
extracts from all three plants demonstrated inhibitory activity, varying in potency, with
E. globulus and S. molle extracts being highly potent (IC values < 100 pg/mL) against
PLpro from SARS-CoV-2. Accordingly, the in silico study identified geranylgeranyl
acetate from S. molle and 1-tetracosanol from both E. globulus and S. molle as potential
inhibitors of the SARS-CoV-2 protease (PDB: 7MB1). Molecular dynamics revealed that
they formed stable complexes with the SARS-CoV-2 protease and interacted with key
active-site amino acid residues, including the catalytic site residues His41 and Cys145.
The results of this study highlight the need to assess the efficacy of geranylgeranyl acetate
and 1-tetracosanol against the SARS-CoV-2 protease in pharmacological in vitro and in
vivo studies.
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1. INTRODUCTION

Respiratory viruses are infectious agents that mainly affect
the respiratory system, leading to a range of conditions from
mild respiratory discomfort to severe respiratory illnesses
(Weston and Frieman, 2018). Common symptoms include
coughing, throat irritation, fever, nasal congestion, and, in
severe instances, pneumonia and acute respiratory distress
syndrome (ARDS) (Nelson et al., 2022). Notable viruses in
this category include influenza viruses responsible for seasonal
flu outbreaks and severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), which causes coronavirus disease (Jacek
et al., 2021). Influenza viruses have in the past caused sev-
eral pandemics, including the 2009 HIN1 pandemic (Girard
etal., 2010). This was caused by the HINT1 strain of influenza
A, which remains one of the predominant flu-season strains.
There are multiple targets for combating influenza viruses,
such as the HIN1 (Jhaveri, 2020). One of these targets
includes neuraminidase, an important enzyme found on the
surface of influenza viruses, including HIN1 (Minami et al.,
2021). The primary function of this enzyme is to cleave sialic
acid residues via a hydrolytic reaction that adds a water mol-
ecule, resulting in the separation of sialic acid from the host
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cell glycoprotein (Wallace et al., 2023). The SARS-CoV-2
virus, which previously led to the coronavirus disease 2019
(COVID-19) pandemic, has multiple targets for therapeu-
tic intervention (McClain and Vabret, 2020). Two of these
targets include the papain-like protease (PLP®) and the main
protease (Mpro) of SARS-CoV-2, which are essential enzymes
involved in the replication and proliferation of the virus (Chia
and Lim, 2023; Hu et al., 2022). It has a crucial function in
the cleavage and development of viral polyproteins, formation
of the replicase-transcriptase complex, and interference with
host responses (Ghosh et al., 2023).

Current treatment regimens against influenza and SARS-
CoV-2-related diseases face challenges such as the emergence
of antiviral resistance, medication ineffectiveness, vaccine
hesitancy and low uptake, potential side effects, and the con-
tinuous evolution of viral variants (Sanz-Leon et al., 2022).
Aromatic medicinal plants contain essential oils that have
been explored for their potential antiviral activity (Reichling,
2022). These plants are a rich source of secondary metab-
olites that exhibit antioxidant activity and thus enhance the
plant’s antiviral activity (Tsamo et al., 2021). Their antioxi-
dant ability is due to the presence of at least one benzene ring
in which a hydrogen atom is replaced by a hydroxyl group
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(Shoker et al., 2023). Furthermore, the induction of antioxi-
dant activity by phenolic compounds occurs through various
mechanisms, such as free radical scavenging, metal chelation,
promotion of antioxidant enzyme activity, and inhibition of
pro-oxidant enzymes (Mathew et al., 2015). Some of these
phenolic compounds have been reported to inactivate viruses
by disrupting their lipid envelope (Oxford et al., 2005).
Proliferation of respiratory viruses can disturb redox balance,
ultimately leading to oxidative damage (Chen et al., 2020).
This underscores the therapeutic potential of phenolic com-
pounds in combating viral infections and disease. Therefore,
the aim of this study was to evaluate selected plants commonly
used for colds and influenza for their phytochemical content,
antioxidant potential, and chemical composition, and to assess
their antiviral properties against selected targets of HIN1 and
SARS-CoV-2 viruses using in vitro and in silico analyses.

2. MATERIALS AND METHODS

2.1. Plant collection, extract preparation, and voucher specimen
preparation

The plant macterials were collected in Zebediela, Limpopo
Province, South Africa with their coordinates represented
in Table 1. The leaves of Eucalyptus globulus Labill. (E. glob-
ulus), Schinus molle L. (S. molle), and Searsia lancea (L.f)
EA.Barkley (S. lancea) were separated into batches and left
to dry at room temperature . After drying, the samples were
then ground into powder using a benchtop grinder and stored
in brown bags/airtight containers until further use. The dried
ground plant material was sequentially extracted with hexane,
acetone, and 80% aqueous methanol (v/v) for 24 hours using
an orbital shaker. All extracts were filtered through Whatman
No. 1 filter paper, and the filtrates were concentrated using
a rotary evaporator and left under vacuum with a steady
flow of cool air until completely dry. Plant extracts were pre-
pared in duplicates, and the experiment was repeated three
times to ensure reproducibility of the results. Voucher spec-
imens (Table 1) were prepared and kept at the departmental
specimen collection depot held at Sefako Makgatho Health
Sciences University (SMU).

2.2. Phytochemical content analysis

2.2.1. Determination of the total phenolic content

The total phenolic content of the methanolic extracts was
determined using the Folin—Ciocalteu (Folin-C) method as
described by Tambe and Bhambar (2014). Briefly, extracts
(50 pL; 1 mg/mL) were added to 950 pL of sterile distilled
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Table 1

Coordinates of the collection sites for selected medicinal
plants in Zebediela, Capricorn District Municipality,
Limpopo Province, South Africa.

Name Voucher specimen Location

Eucalyptus globulus ENLMP202401 24°26’52.17S 29°19°55.5”E
Schinus molle ENLMP202402 24°26°52.17S 2919°55.5”E
Searsia lancea ENLMP202403 24°27°19.9”S 2919°59.0"E

water in separate glass test tubes. Folin-Ciocalteu reagent
solution (500 pL; 1N) and 2.5 mL of sodium carbonate (2%,
w/v) were added to the reaction mixture, which was incu-
bated at room temperature for 40 minutes. Gallic acid was
used as a positive control, while a reaction mixture containing
80% aqueous methanol (v/v) was used as a negative control.
The samples were then transferred to a 96-well plate, and the
absorbance was read at 725nm using a microplate reader. The
total phenolic acid content was expressed as gallic acid equiv-
alents (mg GAE/g).

2.2.2. Determination of the total flavonoid content

The total flavonoid content was determined using a
method described by Tambe and Bhambar (2014). Briefly,
methanolic extracts (50 pl; 1 mg/mL) were added to 950 pL
of sterile distilled water in separate glass test tubes. Methanol:
HCI (2.5 mL; 5:1 v/v) and 2.5 mL of vanillin reagent (1%,
w/v) were also added to the reaction mixture, which was incu-
bated in a water bath at 30 °C for 30 minutes. Catechin was
used as a positive control, while a reaction mixture containing
80% aqueous methanol (v/v) was used as a negative control.
The samples were then transferred to a 96-well plate, and the
absorbance was read at 500 nm using a microplate reader. The
total flavonoid content was expressed as catechin equivalents

(mg CE/g).

2.3. Antioxidant activity assay

2.3.1. DPPH (2, 2-diphenyl-1-picryhydrazyl) radical scavenging
activity

The ability of plant extracts to reduce free radicals was
determined using the DPPH radical scavenging assay as
described by Karioti et al. (2004). Methanolic extracts
(30 pL; 10 mg/mL) were serially diluted by two-folds with
80% aqueous methanol (v/v). Methanol (1.47 mL) and a
methanolic DPPH solution (1.5 mL; 0.1mM) were added to
the extract mixture in a glass test tube. The reaction was per-
formed under low-light conditions, and the reaction mixture
was incubated at room temperature (25°C) for 30 minutes.
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L-Ascorbic acid was used as a positive control, and the reac-
tion mixture without any plant extract served as a negative
control. A microplate reader was used to measure the absor-
bance of the reaction mixture at 517 nm. The discoloration of
the purple-colored DPPH working solution by the free radi-
cal scavenging activity (RSA) of plant extracts was calculated
according to Equation (1):

%RSA =1— Ae x100% (1)
AD

where A; is the absorbance of the reaction mixture con-
taining the sample extract/standard antioxidant and A is
the absorbance of the DPPH solution alone. The %RSA was
plotted against the plant extract concentration, and the IC
was determined from the normalized logarithmic regression
curve.

2.3.2. Ferric reducing antioxidant power (FRAP) assay

The ferric-reducing potential of the plant extracts was
determined using the FRAP method as described by Lim
et al. (2009). Plant extracts (30 pL; 10 mg/mL) were serially
diluted with 30 pL of methanol down the 96-well microti-
ter plate. Potassium phosphate buffer (30 pL; 0.2M; pH 7.2)
and potassium ferricyanide (30 pL; 1%, w/v) were later added
to each well. The reaction mixture was protected from light,
and the plate was wrapped with aluminum foil and incubated
at 50°C for 20 minutes. Trichloroacetic acid (TCA) (30 pL;
10%, w/v), 80 pL distilled water, and FeCL3 (30 pL; 0.1%,
w/v) were added to the reaction mixtures, which were then
further incubated for 30 minutes at room temperature in the
dark. L-Ascorbic acid served as the antioxidant positive con-
trol, and methanol served as the negative control. The micro-
plate reader was used to measure the absorbance at 630 nm. A
line graph of FRAP percentage inhibition versus plant extract
concentration was plotted, and the IC, was determined from
the normalized logarithmic regression curve.

2.3.3. Hydrogen peroxide (H,0,) reducing assay

The hydrogen peroxide scavenging potential of plant
extracts was evaluated using the H,O, method as described
by Jayaprakasha et al. (2004). Methanolic extracts (250 pL;
10 mg/ml) were serially diluted with distilled water.
Phosphate buffer (1 mL; 50 mM; pH 7.4) and H,O, solution
(1.5ml; 40mM) were added to each test tube. The reaction
mixture was vortexed and then incubated at room tempera-
ture for 10 minutes. Quercetin was used as the positive con-
trol, and the reaction mixture without any plant extract served
as a negative control. Absorbance was measured at 560 nm
against blank solutions containing plant extracts in phosphate
buffer saline without H,O,. A line graph of H,O, percentage
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inhibition versus plant extract concentration was plotted, and
the IC,  was determined from the normalized logarithmic
regression curve.

2.4. Determination of volatile phytoconstituents

2.4.1. Detection and identification using GC-MS analysis

The detection and identification of volatile compounds test
was performed as described by Gololo et al. (2016). Briefly,
prepared GC-MS analytical vials with extracts of E. globulus,
S. molle, and S. lancea were analyzed using a SHIMADZU
QP2010 SE GC-MS with an inert cap 5MS/SIL, silica capil-
lary column (30 mm x 0.25 mm ID x 1 pm df, composed of
100% dimethyl-polysiloxane). For detection, an electron-ion-
ization system with an ionization energy of 70 eV was used.
The carrier gas used was helium (99.99%) at a constant flow
rate of 1 mL/min, with an injection volume of 2 pL, an injec-
tor temperature of 290°C, and an ion-source temperature of
230°C. The oven temperature was set to 50°C (isothermal for
1 min), then increased at 20°C/min to 180°C (isothermal for
5 minutes), then to 240°C at 20°C/min, and finally to 280°C
(isothermal for 5 minutes). The mass spectra were taken
at 70eV; scan interval of 0.3 sec and fragments from 50 to
700 m/z. The total GC running time was determined thereaf-
ter, and the relative % amounts of each component were cal-
culated by comparing their average peak areas to the total area.
GC-MS Solutions version 2.6 software was adopted to handle
mass spectra and chromatograms. Identification of unknown
compounds was compared with components in the National
Institute of Standards and Technology (NISTO08) library, with
hits of 80% or higher regarded as a positive match.

2.5. In vitro antiviral activity studies

2.5.1. Neuraminidase activity assay

The antiviral (HIN1) potential of the selected plant
extracts was performed using the Amplex™ Red neuramini-
dase assay kit (ThermoFisher Scientific, Waltham, MA USA)
as per manufacturer’s instructions. Briefly, hexane, acetone,
and methanol extracts (50 pL; 1 mg/ml) were added to the
first well containing 50 pL reaction buffer and serially diluted
down the microtiter plate. A volume of 50 pL of a reaction
mixture prepared by adding Amplex™ red reagent (50 pL; 100
pM), horseradish peroxidase (10 pL; 0.2 units/mL), galac-
tose oxidase (100 pL; 4 units/mL), fetuin (250 pL; 500 pg/
mL), and 4.59 mL 1x reaction buffer was added to each well.
Neuraminidase (1-5 U/mL) and H,O, (10 uM) served as the
positive control, and reaction buffer alone served as the nega-
tive control. The plate was protected from light by wrapping
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with aluminum foil and incubated at 37 °C for 30 minutes.
In the presence of horseradish peroxidase, H,O, interacts
with the Amplex™ Red reagent in a 1:1 ratio to produce the
red-fluorescent oxidation product, resorufin. A microplate
reader was used to measure absorbance at 560 nm, and results
were recorded. The IC, was determined from the normalized
logarithmic regression curve of the neuraminidase percentage
inhibition.

2.5.2. Papain-like protease activity assay

'The antiviral (SARS-CoV-2) potential of the selected plant
extracts was assessed using the papain-like protease assay kit
according to the manufacturer’s instructions (BPS Bioscience,
San Diego, CA 92121). Briefly, a reaction mixture was pre-
pared by adding hexane extracts (10 pL; 1 mg/mL) to the first
well containing 10pl PLP™ assay buffer and serially diluted
down the microtiter plate. A PLP® enzyme solution (30 pL;
0.5 ng/pL) was added to each well, and the reaction mixture
was pre-incubated at 37 °C for 30 minutes. The reaction was
initiated by adding the substrate solution (10 pL; 125 pM) to
each well to make a final volume of 50 pL, and the plate was
sealed with a plate sealer and further incubated at 37 °C for
60 minutes. A plate reader was used to measure fluorescence
intensity at an excitation of 360 nm and emission of 460 nm.

2.6. In silico binding efficiency analysis of potential bioactive
constituents

Following GC-MS analysis of extracts to determine
their chemical constituents and subsequent in vitro assess-
ment, molecular modeling and molecular dynamics calcula-
tions were used to predict bioactive molecules. All in silico
studies were conducted through the Maestro 13.6 program
(Schrodinger Inc, USA). We strategically selected the ligands
based on the in vitro biological activity of each plant extract.
The positive controls used in the in vitro screening were also
included. The protein targets used in this study were obtained
from Protein Data Bank (PDB). These included the closely
related SARS-CoV-2 proteases that work in complementar-
ity (PDB: 7CMD and 7MBI1) in the proteolytic processing
of SARS-Cov-2 polyproteins during replication (Narayanan
et al., 2022), and neuraminidase target 1B]JI, the only crystal
structure of influenza neuraminidase in the PDB at the time
this study was executed. The initial molecular modeling was
conducted using the stringent extra-precision docking pro-
tocol (Rants'o et al., 2022a, 2022b). The pre-docking steps
included ligand preparation, receptor optimization and min-
imization, and binding site identification using the original
ligands complexed with the receptors. Docking used the pre-
pared ligands and receptors under the extra precision protocol
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(Narayanan et al., 2022). The best candidates from this first
phase were selected based on their docking scores and bind-
ing conformation, relative to the positive control. These were
subjected to further binding accuracy and stability testing
using advanced techniques, including molecular mechanics
and molecular dynamics calculations (Antony and Vijayan,
2021). REDOCKING?

To assess the binding accuracy, the molecular mechanics-
generalized born surface area (MM-GBSA) redocking study
was performed (Massova and Kollman, 2000). MM-GBSA
is known for its superior performance in reliably predicting
binding affinities and ligand poses (Tuffery and Derreumaux,
2012; Rantso et al., 2022a). In the Schrodinger Prime
MM-GBSA platform, the initial extra-precision complexes
were subjected to the OPLS4 force field in the VGSB sol-
vation model. To allow for flexible binding, the distance
between ligand and receptor was increased from 0 A to 5 A
(Rants’o et al., 2022a). The ligand-receptor flexibility, along
with the implicit solvent model, mimics normal physiology
and increases binding accuracy (Rants'o et al., 2022a).

To perform molecular dynamics, a simulation system con-
taining a 0.15 M NaCl and buffer solution in the TIP3P sol-
vent model was developed using the Desmond System Builder
(van der Westhuizen et al., 2022). This system was generated
in an orthorhombic box placed 10 A from the protein sur-
face and subsequently minimized to ~35,000 atoms (7MB1)
and ~-45,000 atoms (1BJI) using the OPLS4 force field. This
system was then used to initiate molecular dynamics simu-
lation for the duration of 100 ns. Parameters included the
standard relaxation protocol, the isothermal-isobaric factor of
310K and 1.103 bar, as well as the default integrator size and
Coulombic cutoff. Results were analyzed on the Desmond
simulation interaction diagram platform (van der Westhuizen
etal., 2022).

2.7. Statistical analysis

The differences in results amongst plants were determined
using one-way analysis of variance (ANOVA) in the IBM
Statistical Package for the Social Sciences (SPSS). Means were
separated and compared using a student t-test, and differ-
ences between means were considered significant at p < 0.05.
GC-MS Solutions version 2.6 software was adopted to han-
dle mass spectra and chromatograms. Tentative identification
of unknown compounds was based on GC-MS mass spec-
tra obtained using the National Institute of Standards and
Technology (NISTO08) library. The molecular docking system
was subsequently minimized to approximately 35,000 atoms
using the OPLS4 force. This system was then used to initi-
ate an MD simulation for 100 ns. Parameters included the
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standard relaxation protocol, the isothermal-isobaric factor of
310K and 1.103 bar, respectively, the default integrator size,
and the Coulombic cutoff.

3. RESULTS AND DISCUSSION
3.1. Phytochemical content analysis

The total phenolic and total flavonoid contents of three
medicinal plants, namely E. globulus, S. molle, and S. lancea,
were quantitatively determined, and the results are presented
in Table 2. Plant extract of S. molle expressed a level of 82.61
+ 8.57 mg GAE/g which was the lowest when compared to
the other plant extracts. Eucalyptus globulus and S. lancea
expressed total phenolic content of 156.40 + 8.53 mg GAE/g
and 154.54 + 12.26 mg GAE/g, respectively. The total flavo-
noid and phenolic content for S. molle was significantly lower
when compared to those of E. globulus and S. lancea. differ-
ent for E. globulus, S. molle and S. lancea with mean values of
26.03 + 2.77 mg CE/g, 9.91 + 1.72 mg CE/g and 35.49 =
2.00 mg CE/g, respectively. Extracts of S. lancea showed the
highest presence of flavonoids than E. globulus, followed by
S. molle having the least levels of flavonoids.

All three selected plants emit an aroma that suggests
the presence of aromatic compounds (Almas et al., 2021;
Bvenura and Kambizi, 2022; Vambe et al., 2018). Aromatic
compounds are organic hydrocarbons characterized by a sta-
ble ring structure with a specific arrangement of pi electrons
in a conjugated system (Lin et al., 2016). Phenols are a class
of organic compounds that contain a hydroxyl group, which
is responsible for their reducing ability. Aromatic phenols
are characterized by having the hydroxyl group attached to
an aromatic ring. While some non-aromatic phenols such as
aliphatic compounds are bonded to a non-aromatic carbon
chain (Bvenura and Kambizi, 2022). The substituents of the
ring structure are responsible for the compound’s activity as

Table 2
Results for the total phenolic and total flavonoid content of
selected medicinal plants commonly used against colds and flu.

Medicinal plant Total phenolic content Total flavonoid content
(mg GAE/g) (mg CE/g)
Eucalyptus globulus 156.40 + 8.53 26.03+2.77
Schinus molle 82.61 + 8.57" 9.91+1.72"
Searsia lancea 154.54 +12.26 35.49+2.00

Results are presented as mean values + standard deviation; **Means significant
difference with a p < 0.0001.
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well as size (Shoker et al., 2023). The total phenolic content
assay considers the overall measure of phenolic compounds,
from simple to complex, which may account for the high
concentration observed in all three plant samples (Tambe and
Bhambar, 2014). Phenolic compounds such as rutin, querce-
tin, myricetin, and luteoline have been reported to be pres-
ent in leaves of E. globulus, accounting for its high phenolic
content (Dezsi et al., 2015). Rutin has been reported to have
antioxidant properties (Rahmani et al., 2023). Additionally,
rutin inhibits the binding and entry of SARS-CoV-2 and
co-infecting viruses into host cells by blocking viral attach-
ment to cell-surface receptors (Mazik, 2022).

Research suggests that myricetin may inhibit influenza
virus replication and alleviate respiratory conditions by reduc-
ing inflammation. The leaves of S. /ancea have recently been
reported to contain quercetin, kaempferol, gallic acid, and
catechins (Koki et al., 2022). Proanthocyanidins hinder the
early stage of viral atctachment by attaching to viral hemagglu-
tinin (HA) proteins (Morimoto et al., 2022). Furthermore,
proanthocyanidins can inhibit the binding of influenza virus
particles to host cell-surface receptors, specifically sialic acid
residues on respiratory epithelial cells (Morimoto et al.,
2022). Therefore, the presence of phenols suggests that all
three plant extracts may have the potential to exhibit antiviral
activity (Montenegro-Landivar et al., 2021).

Extracts of S. lancea showed the highest concentrations of
Sflavonoids, followed by E. globulus and S. molle. Flavonoids
are a subclass of phenolic compounds that are distinguished
by a 15-carbon structure comprising two aromatic rings (A
and B) that are joined by a three-carbon bridge (Awouafack
et al.,, 2017). Medicinal plants are known to contain several
classes of flavonoids, including quercetin, kaempferol, and
myricetin. For example, kaempferol has been reported to acti-
vate an immune system response, aiding the body in ward-
ing off diseases (Dong et al., 2014). Kaempferol additionally
regulates cytokine synthesis by inhibiting the release of pro-
inflammatory cytokines and enhancing the release of anti-
inflammatory cytokines (Dong et al., 2014). Furthermore,
quercetin has been reported to inhibit the replication of sev-
eral viruses, including the hepatitis B, herpes simplex, and
influenza viruses (Mehrbod et al., 2020).

The replication-inhibitory potential of quercetin against
influenza virus, for instance, was due to its ability to block
neuraminidase activicy (Wu et al., 2015). The antiviral activ-
ity of quercetin was further attributed to its antioxidant
properties in mitigating the oxidative stress induced by viral
infections, thereby limiting viral replication (Mehrbod et al.,
2020). The abundance of flavonoids in medicinal plants is
beneficial for treating viral infections, especially when cur-
rent antiviral remedies have been reported to be ineffec-
tive. Myricetin has been shown to have anti-inflammatory
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properties, helping reduce inflammation and tissue damage
caused by viral infections (Sang et al., 2021).

3.2. Antioxidant activity assays

3.2.1. DPPH radical scavenging activity assay

The % RSA inhibition of the selected three plants is pre-
sented for E. globulus (Figure 1A), S. molle (Figure 1B), S. lan-
cea (Figure 1C), and ascorbic acid (Figure 1D). The graphs of
% RSA inhibition exhibit a sigmoidal pattern characteristic
of activity-based studies (Suriyatem et al., 2017). The linear
regression of the logarithmic plots was used to calculate IC,
values (Sebaugh, 2011).

The DPPH assay primarily measures the ability of the sam-
ples to act as a free radical scavenger whereby antioxidants
react with 2,2-diphenyl-p-picrylhydrazyl (DPPH) to reduce it
to 2,2-diphenyl-p-picrylhydrazine (DPPH-H), indicating the
scavenging potential of the antioxidant compound or extract.
Investigating the antioxidant potential, the tested plant
extracts induced a visible discoloration of the purple DPPH
free radical, transforming it into the colorless DPPH-H.

Eucalyptus globulus
(A)
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80
c
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<
c
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Methanolic extracts of E. globulus, S. molle, and S. lancea
exhibited significant radical scavenging potential with IC
values of 20.098 + 0.96, 28.790 + 1.12, and 17.747 + 0.37
pg/mL, respectively (Figure 1). The radical scavenging poten-
tial of all three plant extracts was significantly lower than that
of the positive control which was 5.327 + 0.19 pg/mlL.

The chemical composition of the selected medicinal plants
is rich in antioxidants that effectively scavenge free radicals.
Viral infections often trigger an inflammatory response and
induce the production of free radicals as a natural host’s
immune system defense mechanism. This can result in exces-
sive production of oxidants, ultimately leading to oxidative
damage (Caliskan and Caliskan, 2021). The presence of
secondary metabolites with radical scavenging properties
can provide additional support to the body’s defense system
against oxidative damage (Pizzino et al., 2017).

3.2.2. Ferric reducing antioxidant potential assay

The % inhibition of ferric reduction of the selected three
plants is presented for E. globulus (Figure 2A), S. molle (Figure
2B), S. lancea (Figure 2C), and ascorbic acid (Figure 2D). The
graphs of % inhibition of ferric reduction show a sigmoidal
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Figure 1. Diagrammatic illustration of the % RSA and IC, values of plants commonly used against colds and flu based on DPPH
assay. IC, results are presented in mean values + standard deviation; Alphabetical letters indicate p < 0.05.
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pattern characteristic of activity-based studies (Suriyatem
et al., 2017). The linear regression of the logarithmic plots
was used to calculate IC, values (Sebaugh, 2011).

The FRAP assay primarily measures the sample’s ability to
reduce ferric ion (Fe**) to ferrous ion (Fe?*), and the reduc-
tion capacity is directly proportional to the antioxidant activ-
ity of the sample (Gonzdlez-Palma et al., 2016). Methanolic
extracts of E. globulus, S. molle, and S. lancea exhibited signif-
icant radical scavenging potential with IC, values of 26.64
+ 1.266, 71.90 + 2.805, and 45.31 + 1.222 pg/mL, respec-
tively (Figure 2). The ferric-reducing antioxidant potential
of all three plant extracts was significantly lower than that
of the positive control, which was 5.77 + 0.333 pg/mL. This
validates the potential antioxidant activity of all three plant
samples to reduce ferric ions.

There is biological variability within sample populations,
leading to differences in chemical composition and antioxi-
dant potential among samples (Rajurkar and Hande, 2011).
Oxidative stress, which can be reduced by antioxidants, can
weaken the immune system, and make individuals more
susceptible to viral infections (Fernandes et al., 2016).
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Fenton reactions, which produce hydroxyl radicals when
hydrogen peroxide and ferrous iron are present, play a cru-
cial role in the immune system’s response to viral infections
(Schallreuter et al., 2012). The production of these hydroxyl
radicals can trigger oxidative stress, stimulating the produc-
tion of antiviral proteins and cytokines, which ultimately
enhance the immune system’s ability to combat viruses (Wu,
2020). Additionally, high concentrations of hydroxyl radicals
directly obstruct viral particles, hindering their replication
and spread (Molteni et al., 2014). Fenton reactions can also
promote the production of antioxidant enzymes that protect
cells from oxidative stress (Molteni et al., 2014). The antioxi-
dant activity expressed by the above medicinal plants can help
mitigate the detrimental effects of oxidative stress (Chaves et
al., 2020). Due to the hydroxyl group, phenols and flavonoids
can act as reducing agents (Awouafack et al., 2017).

3.2.3. Hydrogen peroxide (H,0,) scavenging activity assay

The H,0, % inhibition of the selected three plants is
presented for E. globulus (Figure 3A), S. molle (Figure 3B),
S. lancea (Figure 3C), and quercetin (Figure 3D). The graphs
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Figure 2. Diagrammatic illustration of the % RSA and IC, | values of plants commonly used against colds and flu based on FRAP
assay. IC, results are presented in mean values + standard deviation; Alphabetical letters indicate p < 0.05.
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Figure 3. Diagrammatic illustration of the % RSA and IC, | values of plants commonly used against colds and flu based on H,O,
assay. IC, | results are presented in mean values + standard deviation; Alphabetical letters indicate p < 0.05.

for the % inhibition of peroxide scavenger portray a sigmoidal
pattern characteristic of activity-based studies (Suriyatem
et al., 2017). The linear regression of the logarithmic plots
was used to calculate IC, values (Sebaugh, 2011). The H,O,
activity assay primarily measures a sample’s ability to act as a
peroxide scavenger (Fernando and Soysa, 2015). Methanolic
extracts of S. molle exhibited notable peroxide scavenging
potential with an IC value of 826 + 42.69 pg/mL (Figure 3).

Even though the antioxidant activity of the plant extracts
against H202 is lower than the DPPH and FRAP results, S.
molle demonstrated better inhibitory potential in the H,O,
assay. The current concentrations of E. globulus and S. lan-
cea samples cannot effectively scavenge hydrogen peroxide,
a reactive oxygen species that can cause damage to cells and
tissues (Ozen and Kinalioglu, 2008). With an increase in
the concentration of plant samples, desirable results can be
achieved, and hydrogen peroxide-like oxidative species can be
reduced (Hyland et al., 2012). However, increasing the con-
centration beyond the current working concentration will be
toxic to host cells rather than therapeutic (Ramulondi et al.,
2019). Some studies have reported that hydrogen peroxide

can augment the antiviral capabilities of immune cells, par-
ticularly macrophages and neutrophils (Dumas and Knaus,
2021). This is achieved by stimulating the production of anti-
viral cytokines, leading to viral clearance (Dumas and Knaus,
2021). Hydrogen peroxide scavenging activity of S. molle can
indirectly enhance the immune cells’ antiviral defense sys-
tems by regulating hydrogen peroxide levels and enhancing
their antiviral effects (Caruso et al., 2020). The assay results
did not demonstrate desirable scavenging of hydrogen per-
oxide by E. globulus and S. lancea plant extracts at working
concentrations.

3.3. Determination of volatile phytoconstituents

3.3.1. Detection and identification using GC-MS analysis

The presence of bioactive chemicals in the extract of
E. globulus leaves was detected using GC-MS analysis, and
their chemical composition was recorded in Table 3. The
results include hydrocarbons, fatty acids, alcohols, aldehydes,
and esters. The leaves of E. globulus possess a notable quantity
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Table 3
Chemical composition of the hexane extract of Eucalyptus globulus leaves.
Functional group Name Retention times Molecular weight Molecular formula Peak area %
Alcohols Globulol 8.665 222 C,H,,O 1.42
Ledol 8.680 222 C,H, 0 111
trans-2-Undecen-1-ol 9.407 170 C,H,,0 1.44
2-Decen-1-ol, (E)- 4.420 156 C,,H,,0 1.72
Cyclohexanol, 2-methyl-5-(1-methylethenyl)- 4.160 154 C,H,O 2.02
n-Tetracosanol-1 8.500 354 C,H,,O 1.71
1-Octanol, 2-butyl- 4.690 186 C,H,0 2.97
Aldehydes 2-Decenal, (E)- 4.180 154 C,H,O 1.80
2-Tridecenal, (E)- 5.035 196 C,H,0 1.81
9-Octadecenal 5.210 266 C,H,0 1.43
Alkanes Nonane 3.020 128 C,H,, 3.21
Decane, 2-methyl- 4.400 156 C, H, 3.28
Undecane, 2-methyl- 4.710 170 C,H,, 0.06
Tridecane 4.695 184 C,H, 37.44
Heptadecane 16.200 240 C,Hy 9.36
Decane, 2,3,5,8-tetramethyl- 8.540 198 C,H,, 3.53
Alkenes 1-Pentadecene, 2-methyl- 4.320 224 C,H,, 1.66
1,12-Tridecadiene 5.030 180 C,H,, 1.65
1-Pentadecene, 2-methyl- 4.320 224 C,H,, 1.73
1-Nonene, 4,6,8-trimethyl- 5.230 168 C,H,, 2.20
Naphthalene, decahydro-2-methyl- 4.895 152 C,H,, 1.65
Esters Pentanoic acid, 10-undecenyl ester 5.455 254 C,H,,0, 1.45
Fatty acids Pentadecanoic acid 14.350 242 CH,,0, 1.37
Terpenes Camphene 6.625 136 C,Hy, 1.47
cis-.alpha.-Bisabolene 7.430 204 CsHy, 1.28
alpha.-Caryophyllene 7.84 204 CsHy, 1.34
alpha.-Pinene 6.635 136 C,,Hy, 1.48
Limonene 4.145 136 CoHy 8.42

of hydrocarbons, which are observed to constitute the largest
percentage of peak area. These hydrocarbons include alkanes,
alkenes, and terpenes. Tridecane, Heptadecane, and limonene
had the largest peak % with a yield of 37.44%, 9.36%, and
8.42%, respectively.

Heptadecane is a hydrophobic organic compound which
is an essential volatile oil of plants such as Opuntia littora-
lis. Little has been reported on the antiviral properties of
heptadecane, however, it has been reported to exert anti-in-
flammatory effect in aged kidney tissues (Kim et al., 2013).
Limonene, a-pinene, and some other hydrocarbons found in
E. globulus have been reported to exhibit immunomodulatory
and antiviral properties (Astani and Schnitzler, 2014; Himed
etal., 2019). Medicinal plants containing limonene as a major
constituent have been reported to possess anti-inflammatory
and analgesic activities (Fadilah et al., 2022). Limonene has

natural resources for human health

been studied in COVID-19 research due to its lack of cyto-
toxicity, its low irritancy when diluted, and its favorable phar-
macokinetic characteristics (Corréa et al., 2023). Limonene
is a cyclic monoterpene, an essential oil found in medicinal
plants and citrus fruits (Meeran et al., 2021). Limonene
has been reported to inhibit viral replication of the influ-
enza HINT1 virus through direct action on the virus (Setzer,
2016). Furthermore, limonene has been proposed to inhibit
viral infection by blocking the ACE-2 and TMPRSS recep-
tors (Meeran et al., 2021). Caryophyllene, one of the detected
terpenes, has shown to protect the host from the risk factors,
prevent the entry of the virus, and ameliorate organ damage
and the pathological manifestation of SARS-CoV-2 on the
different organ systems (Jha et al., 2021). This is achieved
through the mediation of the activation of Cannabinoid type
2 receptors (Jha et al., 2021).
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Most of the reported antiviral activity emanates from the
presence of terpenes, which, unlike heptadecane and tridec-
ane, are present in quantities less than 5%. Through fractional
distillation, terpenes can be separated from other compounds
in plant samples and enriched due to their low boiling point
(Frolova et al., 2019). By enriching these terpenes, the yield
would be lowered; however, the antiviral activity would be
maximized. Main compounds such as 1,8-cineole may be
found in polar extracts, including methanol (Jerbi et al.,
2017). However, this study only focused on the hexane
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extracts due to their polarity. The antiviral properties of E.
globulus can be attributed to the presence of bioactive com-
pounds. The biological activities exhibited by the essential oil
of E. globulus emphasize the potential efficacy of this medici-
nal plant in healthcare against respiratory infections, includ-
ing HIN1 and SARS-CoV-2.

The presence of bioactive chemicals in the hexane
extract of S. molle leaves was detected using GC-MS anal-
ysis and their chemical composition was recorded in Table 4.
The results include hydrocarbons, carboxylic acids, alcohols,

Table 4
Chemical composition of the hexane extract of Schinus molle leaves.
Functional Name Retention Molecular Molecular Peak
group times weight formula area %
Alcohols 1-Heptanol, 2-propyl- 5.190 158 C,H,,0 1.05
1-Pentanol, 4-methyl-2-propyl- 4.385 144 C,H,,0 0.9
1-Hexacosanol 4.440 382 C,H,,0 0.93
Bi-cyclo[3.1.0]hexan-3-ol, 4-methyl-1-(1-methylethyl)- 8.065 154 C,H,O 7.39
2,6,10,14-Hexadecatetraen-1-ol, 3,7,11,15-tetramethyl-, acetate, (E,E,E) 8.540 332 C,,H,0, 5.17
n-Tetracosanol-1 4.320 354 C,H, 0 0.91
3,6-Octadien-1-ol, 3,7-dimethyl-, (2)- 8.105 154 C,H,O 5.62
Cyclohexanemethanol, 4-ethenyl-.alpha.,.alpha.,4-trimethyl-3- 8.040 222 C,H,O 0.8
(1-methylethenyl)-, [1R-(1.alpha.,3.alpha.,4.beta.)]-
2-Decen-1-ol, (E)- 4.420 156 C,,H,,0 0.86
trans-2-Undecen-1-ol 4.795 170 C,H,,0 0.97
Aldehydes Decanal 4.410 156 C,,H,,0 0.83
4,8,12-Tetradecatrienal, 5,9,13-trimethyl- 20.130 248 C,H,0 2.49
Alkanes Decane, 2-methyl- 4.395 156 C, H,, 1.74
Tridecane 8.575 184 C,H, 27.94
Pentadecane 5.530 212 CH,, 14.01
Hexadecane 11.150 226 CH;, 3.44
Eicosane 11.115 282 C,H, 1.68
Alkenes 6-Dodecene, (Z)- 4.650 168 C,H,, 0.84
1,12-Tridecadiene 5.030 180 C,H,, 0.92
1,9-Tetradecadiene 5.450 194 C H, 0.86
1-Decene, 4-methyl- 5.625 154 C H, 2.07
1,6-Cyclodecadiene, 1-methyl-5-methylene-8-(1-methylethyl)-, [s-(E,E)]- 7.735 204 CH,, 0.7
2,6,10,14,18,22-Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-E)- 20.130 410 C,H, 2.42
Alkyne 1-Undecyne 4.890 152 C, H, 0.96
Carboxylic n-Hexadecanoic acid 14.380 256 C,H,,0, 0.93
acid 9,12,15-Octadecatrienoic acid, (Z,7,7)- 15.995 278 CH,,0, 0.58
Cyclic Ether 5,10-Dioxatricyclo[7.1.0.0(4,6)]decane 4.160 140 CH_O, 0.91
Cycloalkane Cyclopentane, 1-methyl-3-(2-methylpropyl)- 4.595 140 C,H,, 0.89
Epoxide Oxirane, dodecyl- 4.415 212 C H,0 0.89
Ester Pentanoic acid, 10-undecenyl ester 5.445 254 C,H,,0, 0.81
Ether Heptane, 3-[(ethenyloxy)methyl]- 4.035 156 C,H,,0 0.97
Isooctane, (ethenyloxy)- 4.720 156 C,H,0 3.21
Ketone 4-Heptanone, 3-methyl- 3.010 128 CH O 1.27
Terpene Limonene 4.140 136 CHy 4.05
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aldehydes, ethers, epoxides, ketones, polyenes, and esters. The
leaves of S. molle possess a notable quantity of hydrocarbons,
which are observed to constitute the largest percentage of peak
area. These hydrocarbons include alkanes, alkenes, alkynes,
and terpenes. Tridecane; pentadecane; Bicyclo[3.1.0]hexan-
3-ol,4-methyl-1-(1-methylethyl)-;  3,6-Octadien-1-0l,3,7-
dimethyl-(Z)- and 2,6,10,14-Hexadecatetraen-1-0l,3,7,11,
15-tetramethyl-acetate,(E,E,E)- with peak % of 27.94%,
14.01%, 7.39%, 5.62%, and 5.17% are the compounds with
the highest peak area.

Tridecane and pentadecane are both colorless alkanes
with 13 carbon atoms and 15 carbon atoms in their struc-
ture, respectively. Tridecane forms part of various sol-
vents and fuels; however, like pentadecane, no specific
antiviral activity has been reported on their structures (Touazi
et al, 2024). Bicyclo[3.1.0]hexan-3-ol,4-methyl-1-(1-
methylethyl)-;  3,6-Octadien-1-0l,3,7-dimethyl-(Z)-  and
2,6,10,14-Hexadecatetraen-1-0l,3,7,11,15-tetramethyl-,
acetate,(E,E,E)- are alcohols constituting the third, fourth,
and fifth most major peak areas in the chemical composition
of S. molle leaf extracts. The antiviral activity of the com-
pounds to combat HIN1 and SARS-CoV-2 infections is little
to inadequate. The bioactive compounds, such as limonene,
found in S. molle possess antiviral and anti-inflammatory
properties as well. The mechanism and properties of limonene
were previously described under E. globulus since the com-
pound is present in both plant samples. Respiratory infections
such as colds and flu, as well as SARS CoV-2, present a risk
to public health; however, chemical compositions, including
limonene and other compounds, can potentially aid in the
alleviation of these respiratory symptoms. Studies have been
conducted that report on the ability of essential oils to regu-
late the immune responses and limit extreme inflammatory
responses, which can result in severe respiratory symptoms
(Jha et al., 2021). Schinus molle has been medicinally used for
treating colds and flu symptoms through inhaling steam from
boiled leaves (Magwede and Van Wyk, 2016). The presence of
volatile constituents accounts for this method of administra-
tion in South African homes.

The presence of bioactive chemicals in the hexane extract
of S. lancea leaves was detected using GC-MS analysis, and
their chemical composition was recorded in Table 5. The
results include hydrocarbons, alcohols, aldehydes, epoxides,
ketones, siloxanes, and esters. The leaves of S. lancea possess
a notable quantity of hydrocarbons, which are observed to
constitute the largest percentage of peak area. These hydro-
carbons include alkanes, alkenes, alkynes, and terpenes. The
alkane group of hydrocarbons constitutes the largest peak area
represented in Table 5. Undecane,2-methyl-; Pentadecane;
limonene and octadecane,2-methyl- demonstrated the high-
est peak percentages above 5% of 42.62, 6.74, 6.55, and 6.03,
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respectively. Limonene is a major terpene in the essential oil
of S. lancea, as observed in Table 3.

The results represented above differed slightly from other
studies due to various factors. Extraction method, tempera-
ture and storage conditions, soil characteristics, environmen-
tal factors, specific plant part used, ecosystem, time of harvest,
and presence of contaminants are such factors responsible for
a varying chemical composition. Compounds such as limo-
nene are found to be present in all three plant extracts, which
supports findings from other studies (Belhoussaine et al.,
2022; Gundidza et al., 2009; Tyagi and Malik, 2011). The
GC-MS analysis was only conducted on hexane extracts;
however, volatile compounds may be found through other
extraction solvents. These compounds include eucalyptol,
which is the main component of E. globulus, mainly extracted
through polar solvents. Hexane, due to its low polarity, allows
the volatile compounds to spend less time interacting with
the stationary phase of the GC column, ultimately leading to
an improved separation of volatile compounds. Polar solvents
nevertheless remain viable when handling compounds with a
greater molecular weight.

3.4. In vitro antiviral activity studies

3.4.1. Neuraminidase activity assay

The neuraminidase activity test kit uses Amplex™ Red to
detect hydrogen peroxide, produced by the oxidation of desi-
alylated galactose by galactose oxidase. The final product of
neuraminidase activity is the oxidation of galactose, and the
enzyme plays a crucial role in releasing newly formed virions
from the host cell membrane into the surrounding environ-
ment, leading to metastasis. Due to its role, it has become a
key target in antiviral studies of influenza viruses (Do et al,,
2023). Hexane, acetone, and methanol extracts were evaluated
for antiviral activity, with hexane extracts showing the highest
inhibition of neuraminidase activity. The subsequent quan-
tified hexane extracts of S. lancea and E. globulus exhibited
notable neuraminidase inhibition with IC, values of 506 +
21.00 and 526 + 3.00 pg/mL, respectively, when compared to
S. molle, which demonstrated the poorest activity with an IC,
value of 1326.00 = 42.00 (Table 6). Compared to the positive
control, the plant samples demonstrated poor activity with
Oseltamivir having an IC, of 3.529 + 0.01 pg/mL.

The extracts of hexane, acetone, and methanol were eval-
uated for their inhibition of neuraminidase activity; how-
ever, only the hexane extracts expressed the best activity
amongst the three. Due to the activity demonstrated by hex-
ane extracts, it was then the preferred solvent of choice when
conducting antiviral studies. The S. Jancea extract exhibited
the most notable anti-neuraminidase activity, expressed by an
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Table 5
Chemical composition of the hexane extract of Searsia lancea leaves.
Functional group Name Retention Molecular Molecular Peak area
times weight formula %
Alcohols Cyclohexanol, 2-methyl-5-(1-methylethenyl)- 4.16 154 C,H,,0 1.35
2,4-Decadien-1-ol 4.165 154 C,H,0 1.38
1-Hexacosanol 5.145 382 C,H,,0 1.29
2-Decen-1-ol 4.41 156 C,,H,,0 1.25
trans-2-Undecen-1-ol 4.885 170 C,H,,0 1.30
Phytol 15.57 296 C,H,0 0.94
Aldehydes cis-4-Decenal 5.045 154 C,H,0 1.30
6-Octenal, 3,7-dimethyl- 4.17 154 C,H,O 1.40
2-Tridecenal, (E)- 5.04 196 C,H,,0 1.13
9-Octadecenal 5.455 266 C,H,,0 1.19
9,12,15-Octadecatrienal 15.99 262 C,H,,0 0.76
Alkanes Nonane 3.02 128 C,H,, 2.44
Pentadecane 4.705 212 CH,, 6.74
Undecane, 2-methyl- 4.71 170 C,H,, 42.62
Octadecane, 2-methyl- 23.28 268 C,Hy, 6.03
Hexatriacontane 18.53 506 C,H,, 1.32
Naphthalene, decahydro-2-methyl- 4.9 152 C,H,, 1.09
Alkenes 1-Pentadecene, 2-methyl- 4.34 224 CH,, 1.30
1-Decene, 4-methyl- 5.63 154 C H,, 2.80
2-Methyl-n-1-tridecene 4.63 196 C,,H, 1.29
1-Nonene, 4,6,8-trimethyl- 4.39 168 C,H,, 2.23
Alkynes 1-Dodecyne 4.89 166 C,H,, 1.15
1-Undecyne 4.895 152 C, H,, 1.27
Cycloalkanes Cyclohexane, 1,2,3-trimethyl- 4.65 126 CH ¢ 1.16
Cycloalkenes 1,12-Tridecadiene 5.03 180 C,H,, 1.16
Epoxide Oxirane, dodecyl- 4.8 212 C, H,0 1.13
Esters 2-Furancarboxylic acid, 4-pentadecyl ester 4.31 322 C,,H,0, 1.23
Opxalic acid, allyl hexadecyl ester 4.755 354 C, H;0, 1.34
Ether Isooctane, (ethenyloxy)- 5.545 156 C,,H,,0 1.76
Halogenated alkane 2-Bromononane 4.45 206 C,H,,Br 1.35
Ketone 2-Butanone, 4-cyclohexyl- 15.41 154 C,H, 0 0.73
Terpene Limonene 4.145 136 C,Hy 6.55
Table 6 IC, of 506 + 21.00 pg/mL, followed by E. globulus (526

+ 3.00 pg/mL) and lastly S. molle (1326 + 42.00 pg/mL),
which had the poorest inhibition potential of neuraminidase
activity. Statistically, the half-inhibitory concentration of E.

IC, activity of the hexane extracts of selected medicinal plants

against neuraminidase.

Medicinal plant 1Cs0 (pg/mb) globulus and S. lancea is similar. Research has shown that
Eucalyptus globulus 526.00£ 3.00 certain aromatic plants used in traditional medicine have
Schinus molle 132600 42.00 potential anti-influenza properties and are commonly used
Searsia lancea 506.00 + 21.00 to treat flu and related symptoms such as colds, coughs, sore
Oseltamivir 3.529 + 0.01"

throats, and bronchitis (Wu et al., 2012). However, the mech-
anisms of action of these aromatic plants are seldom reported.

Results are presented as mean values + standard deviation; **Means significant
difference with a p < 0.0001. For example, 1,8-cineole (eucalyptol) found in E. globulus
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has been reported to directly block neuraminidase activity
(Mieres-Castro et al., 2021). The compound decreased the
levels of inflammatory response markers intercellular adhe-
sion molecule ICAM)-1 and vascular cell adhesion mole-
cule (VCAM)-1 in lung tssues (Ait-Ouazzou et al., 2011).
Active compounds from selected medicinal plants attach
to the active site of neuraminidase, hindering its interac-
tion with sialic acid residues and therefore limiting its func-
tion. Furthermore, other phytochemical compounds bind
to allosteric sites on the neuraminidase enzyme, altering its
structure and preventing catalytic function, thereby decreas-
ing its capacity to cleave sialic acid residues. Eucalyprus globu-
lus also possesses antiviral activity emanating from its ability
to modulate the immune system (Oriola and Oyedeji, 2022).
This activity can enhance the host’s immune defenses, leading
to better viral clearance and reduced viral symptom severity
(Oriola and Oyedeji, 2022).

The presence of phytochemical compounds has been
shown to modulate cytokine production and release, signal-
ing molecules that regulate immune responses (Ti, 2021). By
influencing cytokine expression, these compounds can help
regulate the balance between pro-inflammatory and anti-in-
flammatory immune responses (Ti, 2021). Some components
of Eucalyptus essential oil may suppress cytokines that cause
inflammation, such as tumor necrosis factor-alpha (TNF-
alpha) and interleukin-6 (IL-6), while increasing the secretion
of anti-inflammatory cytokines such as interleukin-10 (IL-10)
(Arooj et al., 2023). A more balanced immune response can
help mitigate excessive inflammation and tissue damage asso-
ciated with viral infections (Arooj et al., 2023). Additionally,
compounds from E. globulus have been reported to stimulate
the activity of various immune cells, including macrophages,
natural killer (NK) cells, and T lymphocytes (Shao et al.,
2020). Macrophages play a crucial role in the innate immune
response by engulfing and destroying pathogens, while NK
cells and T lymphocytes are involved in the adaptive immune
response by targeting virus-infected cells for destruction
(Shao et al., 2020). By enhancing the function of these
immune cells, Eucalyptus-derived compounds can strengthen
the host’s ability to produce an effective immune response
against viral infections (Sandner et al., 2020). Studies have
also shown that some compounds from E. globulus can induce
the expression of interferons, thereby activating the antivi-
ral state in surrounding cells and enhancing their resistance
to viral infection (Mieres-Castro et al., 2021). Stimulation
of the host’s innate immune response to viral infections via
this mechanism can enhance the overall antiviral activity of
Eucalyptus extracts. Viral infections can occasionally trig-
ger excessive or uncontrolled immune responses, leading to
immunopathology and tissue damage. Immunomodulatory
compounds from E. globulus help mitigate these adverse
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effects by regulating the intensity and duration of the immune
response (Sandner et al., 2020).

3.4.2. Papain-like protease activity assay

The Papain-like protease assay kit is specifically intended
to quantitatively evaluate the activity of Papain-like Protease.
The quantified hexane extracts of E. globulus, S. molle, and
S. lancea exhibited significant PLP™ inhibition activity with
ICSO values of 70.175 + 17.66, 60.5 + 4.37, and 132.525 +
1.41 pg/mL, respectively (Table 7). The results of the IC, as
observed in Table 7 suggests that S. molle portrayed notable
activity in comparison to the other plant extracts. However,
both E. globulus and S. molle achieved 1C | values below
100 pg/mL suggesting their strong potency against PLP™
(Chassagne et al., 2021).

Schinus molle is observed to be the most notable inhibitor
of PLr, thereby limiting the activity of PLP®. Among the
three medicinal plant extracts, only S. molle and E. globulus
demonstrated potent activity as observed from the IC; value
of potentially mimicking an inhibitor 5-amino-2-methyl-N-
[(1R)-1-(1-naphthalenyl)ethyl]benzamide (GRL0617). The
two plant samples have the potential of blocking the substrate
from binding with the PLP® enzyme, similar to GRL0617,
which had an IC, of 0.4870 pg/mL, which is significantly
different from the medicinal plant extracts with a p<0.0001.
The present phytochemicals, such as flavonoids and phe-
nols, which possess antiviral properties, are attributed to the
observed ability of these plant extracts to inhibit PLpro and
disrupe its viral life cycle. Immunomodulatory compounds
can boost the immune system’s capacity to combat viral
infections. While certain plant compounds possess virucidal
properties, enabling them to directly deactivate viruses by
reacting with the PLP® enzyme. This enzyme plays a crucial
role in cleaving large polyproteins at specific locations in the
early stages of SARS-CoV-2 infection (Ghosh et al., 2023),
thus leading to the production of vital nonstructural pro-
teins necessary for virus replication (Ribaudo et al., 2023).

Table 7
IC, activity of hexane extracts of the selected medicinal plants
against PLP™.

Medicinal plant IC,, (ng/ml)
Eucalyptus globulus 70.175 + 17.66
Schinus molle 60.5 + 4.37
Searsia lancea 132.525 + 1.41
5-Amino-2-methyl-N-[(1R)-1-(1-naphthalenyl)ethyl] 0.4870"

benzamide (GRL0617)*

Results are presented in mean values + standard deviation; **Means significant
difference with a p < 0.0001; *Data for GRL0617 is not specific as reported by
manufacturer.
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In addition to its main activity, PLP™ also serves as a deubig-
uitinating enzyme, allowing it to remove ubiquitin moieties
from proteins (Cao et al., 2023). This distinctive function
enables PLpro to modulate the host cell’s immune response,
potentially disrupting antiviral mechanisms. Eucalyptus leaves
contain volatile oils, primarily composed of monoterpenoids
such 1,8-cineole and a-pinene, as well as smaller amounts
of sesquiterpenes, like globulol (Mieres-Castro et al., 2021).
Steam inhalation of Eucalyptus globulus oil has been found to
have a beneficial effect on alleviating symptoms associated with
specific respiratory virus illnesses (Mieres-Castro et al., 2021).

3.5. Molecular modeling-mediated identification of bioactive
constituents

The ligand selection for the in silico analysis followed the
trend from iz vitro analysis, where the hexane extracts of
E. globulus and S. lancea were relatively more active against
HINI1 neuraminidase, while E. globulus and S. molle were
potent against PLP™. The two-phase analysis included initial
extra precision docking of the hexane constituents of these
extracts as identified by GC-MS (Tables 3-5) followed by the
extensive molecular dynamics simulation of potential hit(s).
The highest binding energies of the compounds against both
neuraminidase and SARS-CoV-2 receptors are represented in

Table 8.

3.5.1. In silico identification of SARS-CoV-2 protease inhibitors
Docking against the first SARS-Cov-2  protease
(7CMD) suggested 2,6,10,14-hexadecatetraen-1-ol, 3,7,11,
15-tetramethyl-, acetate, also known as geranylgeranyl acetate,
as a potential 7CMD inhibitor with however a lower binding
score (-3.363 kcal/mol) to that of the positive control (-6.551

Table 8
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kcal/mol). Geranylgeranyl acetate is a constituent of S. molle
hexane extract (Table 4). The second predicted 7CMD inhib-
itor was ledol, a constituent of E. globulus hexane extract,
with a binding score of -3.338 kcal/mol. Through its car-
boxyl oxygen, geranylgeranyl acetate formed two hydrogen
bonds with Argl66 while Tyr268 contributed an aromatic
hydrogen bond to the compound’s binding pose (Figure 4A).
Ledol could form only this Tyr268-mediated aromatic hydro-
gen bond (Figure 4B). On the other hand, positive control
GRLO617 formed two hydrogen bonds involving Aspl64
and GLN269. The binding conformation of GRL0617 was
stabilized by the aromatic pi—pi bonds involving its three aro-
matic rings and Tyr268 (Figure 4C).

In the docking against a second SARS-CoV-2 prote-
ase, 7MBI1, geranylgeranyl acetate was still identified as a
potent SARS-CoV-2 protease inhibitor with similar bind-
ing score (—6.297 kcal/mol) to that of the positive control,
GRLO617 (-6.504 kcal/mol). Geranylgeranyl acetate inter-
acted with 7MB1 through a hydrogen bond from Hiel63
residue (Figure 5A). The predicted second most active con-
stituent was 1-tetracosanol from both E. globulus and S.
molle hexane extracts (docking score: -6.224 kcal/mol) with
two hydrogen bonds from GIn192 and Thr190 (Figure 5B).
Similarly, GRL0617 attained a hydrogen bond from Thr190,
and utilized its aromaticity to form aromatic hydrogen bond
with Asp187 and a pi-pi bond with a catalytic site His41
(Figure 5C).

In general, docking against 7MB1 produced better dock-
ing scores for the test compounds while the positive con-
trol’s binding score stayed relative the same between the two
SARS-Cov-2 proteases. It was also notable that geranylgera-
nyl acetate maintained superior binding scores against both
SARS-Cov-2 protease targets. Additionally, the binding scores
of geranylgeranyl acetate and 1-tetracosanol against 7MB1

Binding energies of selected compounds with the highest scores against neuraminidase (7MB1) and SARS-CoV-2 protease

(1BJI) receptors.

Docking score (kcal/mol)

Compound SARS-CoV-2 protease SARS-CoV-2 protease Neuraminidase
(7CMD) (7MB1) (1BJ1)

2,6,10,14-Hexadecatetraen-1-ol, 3,7,11,15-tetramethyl-, acetate, (E,E,E)- -3.363 -6.297 —2.414

Ledol -3.338 -2.966

n-Tetracosanol -—6.224

Isopulegol —2.531

2,4-Decadien-1-ol -2.270

5-Amino-2-methyl-N-[(1R)-1-(1-naphthalenyl)ethyl]benzamide (GRL0617) -6.551 -6.504

Oseltamivir -7.027
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(B)
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4
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Figure 4. Extra precision docking results of geranylgeranyl acetate (A), ledol (B), and GRL0617 (positive control) (C) against SARS-

Cov-2 7CMD.

were almost the same (—6.297 and —6.224 kcal/mol, respec-
tively), and it was observed that their chemical structures have
notable similarities including a long alkyl chain and one polar
end; this may introduce a new class of SARS-Cov-2 prote-
ase inhibitors. For this reason, geranylgeranyl acetate and
1-tetracosanol were selected for 7MB1 binding accuracy and
stability testing in the MM-GBSA and molecular dynamics
platforms, respectively.

In the MM-GBSA redocking study, both geranylgeranyl
acetate and 1-tetracosanol retained their binding conforma-
tions observed in the initial extra precision docking against
7MB1. Thus, geranylgeranyl acetate showed hydrogen bond-
ing with Hiel63 at a dG Bind score of —56.61 kcal/mol.
Interestingly, 1-tetracosanol obtained a dG Bind score of
—61.49 kcal/mol suggesting a higher binding affinity, evident
from the strong hydrogen bonding coordination by Thr190-
GIn192 (Figure 6). This confirms the higher accuracy of
MM-GBSA-based dG Bind scoring algorithm in comparison
to the empirical docking scores.

Apart from the binding stability assessment, the molec-
ular dynamics calculations were also important to clarify if

geranylgeranyl acetate and 1-tetracosanol established other
interactions with 7MB1 including the expected nonpolar
interactions with their alkyl chains. Nonpolar interactions
often play a critical role in ligand trafficking to the active site
(Rants’o et al., 2023). In the molecular dynamics assessment,
the target receptor 7MB1 remained stable when in complex
with either geranylgeranyl acetate or 1-tetracosanol as shown
by protein root mean square deviations (RMSDs) that equil-
ibrated below 3.0 A (Figure 7A and 7B) (Al Khzem et al.,
2025; Alturki et al., 2025). Though 7MB1 experienced some
fluctuations between 90 and 100 ns when complexed with
1-tetraconasol, these were minor (RMSD < 3.0) and short-
lived (Figure 7B). Similarly, the RMSDs for both ligands
remained steady throughout the 100 ns run signaling that the
complexes were stable (Figure 7A and 7B).

In the dynamic mode, the frequent interactions between
7MB1 and geranylgeranyl acetate included hydrogen bonds
involving Cys22 and Gly23, several water bridge-assisted
hydrogen bonds involving Thr24-Thr26, His41, Ser46,
Gly143, Serl44, Cys145, His163, Glul66, and GInl89,
and hydrophobic bonds from Leu27, Cys44, Met49,
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Figure 5. Extra precision docking results of geranylgeranyl acetate (A), 1-tetracosanol (B), and GRL0617 (C) against SARS-Cov-2

7MBI1.

(A) \ B)

GLN 192

ALA 191

THR 190

Figure 6. MM-GBSA redocking results of geranylgeranyl acetate (A) and 1-tetracosanol (B) against the 7MB1 SARS-Cov-2 protease.

Cys145, Met165, and Pro168 (Figure 8A and 8B). Similarly,
1-tetracosanol constantly established water bridge-supple-
mented hydrogen bonds involving Thr24-Thr26, His4l,
Ser46, Asn119, Asn142, Gly143, Glul66, Argl88, Gln189,
Thr190, and GIn192 (Figure 8C and 8D).

The 1-tetracosanol-7MBD complex was also maintained
by frequent hydrophobic bonds involving Cys44, Met49,

'natural resources for human health

Met165, Leul67, and Prol68. In general, the 7MB1 bind-
ing conformation of geranylgeranyl acetate and 1-tetracosanol
had their long alkyl chains involved in hydrophobic inter-
actions with the protein’s hydrophobic amino acid residues,
mainly Met49 and Met165, and their polar ends involved in
hydrogen bonds; the carboxylic acid ester of geranylgeranyl
acetate mainly interacted with Cys22, Gly23, Thr26, and
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Figure 7. Binding stability testing displayed by fluctuations of the 7MB1 backbone and ligands geranylgeranyl acetate (A) and

1-tetracosanol (B) during the molecular dynamics simulation.

Glul66 while the hydroxyl group of 1-tetracosanol main-
tained its interaction with GIn192 and Thr25.

While the hydrophobic portions of geranylgeranyl acetate
and 1-tetracosanol seemed to interact with the same amino
acid residues, there was a clear distinction on the amino
acid residues interacting with the polar groups of the com-
pounds; this indicated that their binding conformations may
be slightly different. This is possible because the active site of
SARS-Cov-2 protease 7MB1 has several sub-pockets known

'natural resources for human health

as subsites, two of which express the catalytic residues His41
and Cys145 (Lockbaum et al., 2021). Indeed, while the alkyl
portions of geranylgeranyl acetate (orange) and 1-tetracosa-
nol (green) were configured between Met49 and Metl65,
the polar end of geranylgeranyl acetate occupied the subsite
marked by Glul66 and 1-tetracosanol preferred the Pro168
subsite (Figure 9).

The Pro168 subsite was also a preferred site for the polar
amine group of the positive control GRL0O617 (red). In
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Figure 8. Frequent molecular interactions of the SARS-Cov-2 target (/MB1) with geranylgeranyl acetate (A and B) and

1-tetracosanol (C and D).

agreement with the extra precision docking results (Figure
5), the fused ring portion of GRL0617 interacted with the
catalytic His41 subsite. Remarkably, geranylgeranyl acetate
and 1-tetracosanol interacted with the catalytic subsites where
the former favored the His41 subsite, and the latter occupied
the Cys145 subsite (Figure 9). This may explain their potent

'natural resources for human health

activity of the hexane extracts containing these constituents
against SARS-Cov-2 protease i vitro.

3.5.2. In silico identification of HIN1 neuraminidase inhibitors

Both the E. globulus and S. lancea hexane extracts inhib-
ited HIN1 neuraminidase at IC,  value of approximately 500
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Figure 9. Comparison of the 7MB1 binding poses of geranylgeranyl acetate (orange) 1-tetracosanol (green), and GRLO617 (red).

pg/mL (Table 7). Ledol obtained the highest binding score of
—2.966 kcal/mol, however, this was an exclusive constituent
of E. globulus hexane extract (Table 3). We looked for a com-
mon constituent in both E. globulus and S. lancea that may be
responsible for the observed activity. Accordingly, at least two
constituents of both E. globulus and S. lancea that obtained
the highest binding scores against the neuraminidase target
were isopulegol (-2.531 kcal/mol) and 2,4-decadien-1-ol
(—2.270 kcal/mol). However, these scores were much lower
than that of the positive control, oseltamivir (-7.027 kcal/
mol), suggesting that these constituents may have lower bind-
ing affinity towards 1BJI. Like ledol, isopulegol could only
form a water-assisted hydrogen bond through their hydroxyl
groups while 2,4-decadien-1-ol established at least two hydro-
gen bounds with Tyr406 and Arg361 residues (Figure 10A—
10C). Conversely, oseltamivir was superior with six hydrogen

bonds and two electrostatic interactions contributing to its
favorable binding (Figure 10D).

Even though terpenoids are notorious with low binding
scores in docking applications even when their potency has
been confirmed by the biological assays (Rants'o et al., 2023),
our in silico data agreed with the in vitro results, where both
E. globulus and S. lancea obtained inactive IC,; values > 100
pg/mL (Chassagne et al., 2021) while oseltamivir attained a
lower IC, of 3.529 + 0.01 pg/mL (Table 7). For this rea-
son, the molecular dynamics-based binding stability of any of
these constituents against IBJI was not pursued.

3.5.3. Molecular modeling-mediated prediction of bioactive
constituents

The in wvitro screening data indicated that the hex-
ane extracts of E. globulus and S. molle were potent against
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Figure 10. Extra precision docking results of ledol (A), isopulegol (B), 2,4-decadien-1-ol (C), and oseltamivir (positive control)

(D) against HIN1 1BJI.

SARS-Cov-2 protease (Table 8). Thus, the in silico dock-
ing screened the constituents of these extracts as identified
by GC-MS (Tables 3 and 4) against two principal SARS-
Cov-2 proteases (PDB: 7CMD and 7MB1) that comple-
mentarily hydrolyse the viral polyproteins during replication
(Narayanan et al., 2022). In the initial extra precision screen-
ing, the E. globulus constituent geranylgeranyl acetate emerged
as a potential inhibitor of both proteases, with its affinity

Inatural resources for human health
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leaning towards 7MB1, where its binding score matched that
of the positive control, GRL0617. Interestingly, another con-
stituent from both E. globulus and S. molle hexane extracts,
1-tetracosanol, had a similar affinity to geranylgeranyl acetate
and GRL0G617. Nevertheless, the MM-GBSA-mediated red-
ocking studies showed that more hydrogen bonds established
by 1-tetracosanol against 7MB1 granted it a higher binding
affinity than geranylgeranyl acetate.
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Binding stability assessment through molecular dynam-
ics showed that the 7MB1 complexes with geranylgeranyl
acetate and 1-tetracosanol remained stable throughout the
100 ns simulation (Figure 7). Furthermore, the molecular
dynamics analysis displayed that geranylgeranyl acetate strik-
ingly interacted with the recognized key amino acid residues
in the SARS-Cov-2 protease active site, such as Glyl43,
Ser144, Cys145, His163, and Glul66 (Aminah et al., 2021;
Venugopal and Chakraborty, 2022; Yan et al., 2024). Further
docking visualizations (Figure 9) identified that this is caused
by its preferred configuration that places its carboxylic acid
ester in the Glul66-based active site sub-pocket. Conversely,
1-tetracosanol’s hydroxyl group occupied the subsite marked
by Pro168, where it predominantly interacted with Argl88,
GIn189, Thr190, and GIn192. Another notable advan-
tage of the long alkyl chains of geranylgeranyl acetate and
1-tetracosanol was their ability to interact with the catalytic
subsites marked by His41 and Cys145 (Figure 9).

Conversely, the E. globulus and S. lancea hexane extracts
were relatively active against HIN1 neuraminidase (Table 7).
However, the activity of E. globulus and S. lancea hexane
extracts against HIN1 neuraminidase was low, with IC, val-
ues ~500 pg/mL. In agreement with this, the in silico dock-
ing of the GC-MS-identified constituents (Tables 3 and 5)
of E. globulus and S. lancea hexane extracts could not iden-
tify any constituent with a docking score closer to, or above,
that of the positive control, oseltamivir. Similarly, none of the
three compounds with the relatively highest scores against
neuraminidase 1BJI assumed the binding conformation simi-
lar to that of oseltamivir (Figure 10).

4. CONCLUSIONS

Total phenolic and flavonoid content showed the presence
of both phenolic compounds and flavonoids in all three plant
samples at varying quantities, with E. globulus and S. lan-
cea demonstrating the highest possession in both classes.
Eucalyptus globulus proved to be the best candidate to act as
a ferric ion reducer, S. molle proved to be the best hydrogen
peroxide scavenger, while S. lancea proved to be the best can-
didate to act as a DPPH radical scavenger, as observed from
the %RSA recordings. GC-MS analysis determined the chem-
ical composition of non-polar volatile compounds potentially
found in the selected medicinal plants, with hydrocarbons
constituting the highest % peak area. The non-polar com-
pounds of E. globulus, S. molle, and S. lancea have been
demonstrated to possess notable antineuraminidase and anti-
PLP properties, with E. globulus acting as the best candidate
among the three. In silico studies identified geranylgeranyl
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acetate from S. molle and 1-tetracosanol from both E. globulus
and S. molle as potential inhibitors of SARS-Cov-2 protease
(PDB: 7MB1), given their striking interaction with key active
site residues and binding affinities closer to that of the posi-
tive control, GRL0617. These results suggest in vitro and in
vivo validation of the anti-SARS-CoV-2 protease activities of
geranylgeranyl acetate and 1-tetracosanol.
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