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Abstract: The expected progress in SARS-CoV-2 vaccinations, as anticipated in 2020 and 2021, has
fallen short, exacerbating global disparities due to a lack of universally recognized “safe and effective”
vaccines. This study focuses on extracts of South African medicinal plants, Artemisia annua and
Artemisia afra, to identify metabolomic bioactive compounds inhibiting the binding of the SARS-CoV-
2 spike protein to ACE2 receptors. The extracts were monitored for cytotoxicity using a resazurin cell
viability assay and xCELLigence real-time cell analyzer. Chemical profiling was performed using
UPLC-MS/MS, orthogonal projection to latent structures (OPLS), and evaluated using principle
component analysis (PCA) models. Identified bioactive compounds were subjected to in vitro SARS-
CoV-2 enzyme inhibition assay using standard methods and docked into the spike (S) glycoprotein
of SARS-CoV-2 using Schrodinger® suite followed by molecular dynamics simulation studies. Cell
viability assays revealed non-toxic effects of extracts on HEK293T cells at lower concentrations.
Chemical profiling identified 81 bioactive compounds, with compounds like 6”-O-acetylglycitin,
25-hydroxyvitamin D3-26,23-lactone, and sesaminol glucoside showing promising binding affinity.
Molecular dynamics simulations suggested less stable binding, but in vitro studies demonstrated
the ability of these compounds to interfere with SARS-CoV-2 spike protein’s binding to the human
ACE?2 receptor. Sesaminol glucoside emerged as the most effective inhibitor against this interaction.
This study emphasizes the importance of multiplatform metabolite profiling and chemometrics to
understand plant extract composition. This finding is of immense significance in terms of unravelling
metabolomics bioactive compounds inhibiting the binding of the SARS-CoV-2 spike protein to ACE2
receptors and holds promise for phytotherapeutics against SARS-CoV-2.

Keywords: spike (S) glycoprotein; angiotensin-converting enzyme 2 (ACE2); Artemisia annua;
Artemisia afra; tryptanthrin; 6”-O-acetylglycitin; 25-hydroxyvitamin D3-26,23-lactone; sesaminol
glucoside; anti-COVID bioactive compounds

1. Introduction

An extremely infectious severe acute respiratory disease, characterized by symptoms
such as fever, fatigue, dry cough, and respiratory issues was initially reported in Wuhan,
China in December 2019 [1]. Later, the World Health Organization (WHO) on 11 February
2020 formally classified this infection as the coronavirus disease 2019 (COVID-19), attribut-
ing it to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus [2-7].

The WHO officially declared the coronavirus outbreak a pandemic on 11 March
2020 [2,3,8]. Despite the pandemic no longer being categorized as a major health crisis,
global populations continue to grapple with various health issues stemming from the per-
sistent post-COVID syndrome, encompassing physical, cognitive, and immunosuppression
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deterioration [9-11]. Despite the knowledge surrounding the pathogenesis of the virus,
it caused increased mortality and morbidity rates, especially in poorly developed coun-
tries with inadequate healthcare systems [12]. Efforts to mitigate the effects of COVID-19
and long-term COVID-19 and associated infections include antiviral and antimicrobial
drugs, immunomodulators, and vaccines; however these are often limited in low-income
countries [12-14]. The expectations projected in 2020 and 2021 regarding the progress of
COVID-19 vaccinations have not been met [15]. Moreover, there is still work to ensure that
vaccines are distributed fairly nationally and internationally, especially in impoverished
nations. Global disparities in vaccination coverage have been exacerbated by the lack of
“safe and effective” vaccinations [16,17]. Booster doses are often needed to strengthen
immunity; however, only 41% of the South African population recently received at least
one dose of vaccination [16-18]. Under these conditions, the necessity of a plant-based
solution for the treatment of COVID-19 has emerged.

The transmembrane spike (S) glycoprotein, which plays a critical role during virus
interaction with the human angiotensin-converting enzyme-2 (ACE2) receptor during cell
entry, is considered a significant target in anti-COVID-19 drug development [1,3]. Bioactive
compounds isolated from natural plant products are often used for the development of
innovative pharmaceuticals [13], including possible agents against SAR-CoV-2 [12,14].

South African traditional medicinal plants have shown a diverse range of compounds
with many biological activities including the treatment of viral diseases [19]. The medicinal
plant Artemisia annua (L.), commonly known as sweet annie, belongs to the Asteraceae
family and is described as an annual short-day plant, with a maximum height of 3 m. A.
annua is distributed across several regions including North China, Europe, North Africa,
North India, North Vietnam, USA, Argentina, and South Africa, where it often grows in
hillsides, edges of forests, and in wastelands [20]. In southern Africa, the plant is often
used traditionally for treating respiratory tract infections, fevers, and malaria [21]. Phyto-
chemical screening of A. annua reveals that artemisinin and sesquiterpenes, caryophyllene
oxide, caryophyllene, farnesene, and germacrene D are the most abundant chemicals in
the oil [22]. These compounds may be responsible for their pharmacological potential as
pharmacological reports of A. annua have shown anti-chloroquine-resistant, anti-cerebral
malaria, and antimicrobial properties [21,23]. Artemisia afra (Jacq.), also known as African
wormwood, is a naturalized South African medicinal plant also belonging to the Asteraceae
family [24]. A. afra is well distributed in the mountain regions of South Africa, Namibia,
Zimbabwe, Kenya, Tanzania, Uganda, and North Ethiopia [25,26]. Its pharmacological
properties range from antibacterial, antiviral, and anti-inflammatory activities, with bioac-
tive compounds such as sesquiterpenes, glaucolides, guaianolides, long-chain alkanes,
organic acids, coumarins, flavonoids, and monoterpene [26,27]. Despite the wealth of infor-
mation regarding the bioactive compounds of South African medicinal plants and their
potential pharmacological benefits, including possible treatment options for SARS-CoV-2,
investigations of South African medicinal plants as likely treatment agents for SARS-CoV-2
have not received the desired attention by researchers.

This study, therefore, focuses on two South African medicinal plants for the discovery
of bioactive compounds displaying anti-SARS-CoV-2 activities. To address these con-
cerns, the cytotoxicity of A. annua and A. afra extracts was tested, and advanced analytical
techniques including ultra-high-performance liquid chromatography—-tandem mass spec-
trometry (UPLC-MS/MS), molecular docking, and in vitro inhibition assays were used
to identify the efficacy of these extracts and provide a rational phytotherapeutic choice
to SARS-CoV-2.

2. Results
2.1. Resazurin Cell Viability Assay
The extracts of A. annua and A. afra leaves were evaluated using the double serial

dilution ranging from 250 pg/mL to 7.81 ug/mL for the resazurin cell viability assay.
Human embryonic kidney 293 transformed (HEK293T) cells exhibited viability values
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of >77.23% and >73.82% after A. afra and A. annua treatment, respectively, after 24 h
at different concentrations when the absorbance for resorufin was measured at 570 nm
(Figure 1). However, fluorescence-based detection showed lower viability for HEK293T
cells, with a value >55.89% viability after A. afra treatment and >59.87% after A. annua
treatment at all different concentrations.
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Figure 1. Viability of HEK293T cells after 24 h of treatment with A. annua and A. afra leaves’ extracts
at different concentrations ranging from 250 to 7.81 pg/mL using absorbance for resorufin and
fluorescence-based detection.

2.2. Cell Viability Assay Using xCELLigence Real-Time Cell Analyzer

The viability of HEK293T cells after treatment with A. annua and A. afra leaves’ extracts
was measured using the xCELLigence real-time cell analyzer (RTCA). The methanol extract
of these plants showed no significant cytotoxic effect on the HEK293T cells at lower concen-
trations of 31.25, 15.63, and 7.81 ug/mL. Records from RTCA indicated a proliferative phase
in the cell index (CI) values between 24 and 98 h post-treatment when lower concentrations
(31.25,15.63, and 7.81 pug/mL) of both plant extracts were used. An increase in CI values
was observed for both the untreated and dimethyl sulfoxide (DMSO)-treated HEK293T
cells (Figure 2).
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Figure 2. Real-time monitoring of HEK293T cells after treatment with A. annua and A. afra
leaves’ extracts at different concentrations ranging from 250 to 7.81 ug/mL using the xCELLigence
RTCA analyzer.

2.3. Chemical Profiling of A. annua and A. afra Leaves

The base peak intensity (BPI) chromatograms of the sample in ESI+ mode from A. an-
nua and A. afra leaves exhibited a total of 225 peaks (Figure 3). These identified compounds
belong to different classes of secondary metabolites including triterpenoids, flavonoids,
iridoid glycosides, hydroxy fatty acids, phenolic acids, carboxylic acid, phenylethanoid,
and glycosides. Table S1 (Supplementary Material) presents the data for the identified
compounds including retention times, molecular weights, m/z values, human metabolome
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database identification (HMDB_ID), compound names, formulas, monoisotopic masses,
and Delta (ppm). To investigate the global metabolism variations, principal component
analysis (PCA) was used to analyze all observations acquired in both ion modes. The PCA
plot (Figure 4) illustrates an overview of all metabolites in the data, displaying an evident
grouping trend between two groups of A. annua and A. afra. A PCA model’s quality was
assessed using R? (cum) as a metric, where values close to 1.0 denoted high fitness and
good predictive ability. R%X (cum) in this study is 0.799, indicating that the PCA model
developed has a sufficient level of fitness and predictive ability (Table 1).
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Figure 3. Base peak intensity (BPI) chromatograms obtained from the positive ion UPLC-MS/MS
analyses of (a) A. annua and (b) A. afra samples.
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Figure 4. The scores scatter plot of the PCA model of A. annua and A. afra metabolite groups.

Table 1. Parameters for PCA, PLS-DA, and OPLS-DA models for A. annua and A. afra metabolite
groups.

Model Type Number of Model Dimensions N @ R2X (cum) ® R%Y (cum) ® Q? (cum) ©
Parameters
PCA-X 2 12 0.799 - 0.697
PLS-DA 2 12 0.793 1 0.999
OPLS-DA 1+1+0 12 0.793 1 0.999

Key: @ N: number of components. ®) RZX (cum) and R?Y (cum) represent the cumulative model variations in the
X and Y matrices, respectively. ) Q? (cum) represents the predictive accuracy of the model.

2.4. Determination of the Bioactive Compounds Utilizing Supervised Pattern Recognition Analysis

To eliminate any non-specific effects and predict the potential anti-COVID-19 bioactive
compounds, orthogonal partial least squares discriminant analysis (OPLS-DA) and partial
least squares discriminant analysis (PLS-DA) models were used to compare metabolic
changes in the two groups (A. annua and A. afra). R? represents the goodness of fit, and
the results indicated that the R>X and R?Y of both models were 0.793 and 1, respectively
(Table 1). In the OPLS-DA score plot (Figure 5a), a clear separation of the two groups
was observed. The significantly changed metabolites (ions) between the two groups
were filtered out based on variable importance of projection (VIP) (VIP > 1.5), with the
distribution of numerical values presented in Figure 5b. The PLS-DA loading plot shown in
Figure 5c indicates the metabolites with significant compounds. The metabolites meeting
the criteria of VIP > 1.5, fold change (FC) > 2.0, and p-value < 0.05 were selected as
significant compounds. Univariate analysis, including fold change analysis and t-tests, was
performed and visualized on the volcano plot (Figure 6). Table S2 (supplementary material)
presents the identified potential bioactive compounds showing differences between the
groups of A. annua and A. afra, under electrospray ionization ESI+ scan (positive data).
Hierarchical cluster analysis supports these results, as shown in Figure 7, where a cluster of
metabolome data from A. annua and A. afra groups is displayed. Metabolite ratios from
two independent experiments of significant potential bioactive compounds were used for
Hierarchical cluster analysis, with color intensity indicating the degree of increase (red)
and decrease (green) relative to the mean metabolite ratio.
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Figure 5. (a) The scores scatter plot of OPLS-DA model of A. annua and A. afra metabolites.
(b) The distribution of VIP values (VIP > 1.5) of A. annua and A. afra metabolites. (c) The load-
ing plot of PLS-DA model of A. annua and A. afra metabolites. Key: The metabolites with red color
were labeled as significant compounds (VIP > 1.5) and the metabolites with green color were labeled
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2.5. Binding Site Prediction of the SARS-CoV-2 Spike S Glycoprotein (6LZG)

The PrankWeb tool was employed in this study to predict and visualize the protein—
ligand binding sites of the SARS-CoV-2 spike S glycoprotein (6LZG). The tool identified a
pocket within the S glycoprotein highly conducive to ligand binding, demonstrated by a
pocket score of 15.76 and a probability score of 0.764. The pocket score designates a specific
region of the protein as a ligand-binding site, while the probability score is a value ranging
from 0 to 1 that indicates the probability of the predicted pocket being a true ligand-binding
site (Figure 8). This pocket, consisting of 22 amino acids, exhibited an average conservation
score of 2.207. The conservation score quantifies the degree of conservation of the amino
acid residues in the predicted pocket across different species, suggesting a high degree of
conservation for these residues. The residues constituting this pocket were His345, Pro346,
Thr347, Ala348, Asp350, Leu370, Thr371, His374, Glu375, His378, Asp382, Arg393, Asn394,
Glu398, His401, Glu402, Glu406, Ser409, Leu410, GIn442, Tyr515, and Arg518.
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Figure 8. Molecular interactions plot of the three potential compounds: (a) 6”-O-acetylglycitin;
(b) 25-hydroxyvitamin D3-26,23-lactone; (c) sesaminol glucoside with Optimal Binding Affinities
against SARS-CoV-2 spike S glycoprotein. (d) The predicted binding site of the test compounds (stick)
on the S glycoprotein spike protein.

2.6. Molecular Docking Studies on the Plant-Based Bioactive Compounds

The tested compounds interacted with different binding affinities with the active
site of SARS-CoV-2 spike S glycoprotein (PDB code: 6LZG) and were ranked based on
their binding energy (kcal/mol). Among the 81 compounds (Supplementary Material,
Table S2), three compounds, namely 6”-O-acetylglycitin, 25-hydroxyvitamin D3-26,23-
lactone, and sesaminol glucoside, exhibited the lowest docking scores on SARS-CoV-2
spike S glycoprotein, with binding affinities of —9.7, —9.9, and —10 kcal/mol, respectively.
Consequently, they are considered promising candidates for the discovery of potential
SARS-CoV-2 inhibitory drugs.

The receptor-binding domain (RBD) of the SARS-CoV-2 spike protein presents a
promising target for the development of antiviral therapies. The molecular docking study
successfully predicted potential compounds and elucidated the molecular interactions
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between the SARS-CoV-2 spike S receptor and three potential ligands: 6”-O-acetylglycitin,
25-hydroxyvitamin D3-26,23-lactone, and sesaminol glucoside.

As shown in Figure 8, all compounds similarly bind to the S receptor. The docking
results indicated robust interactions of all three ligands with the receptor’s RBD domain,
responsible for binding to the host cell’s angiotensin-converting enzyme 2 (ACE2) receptor.
These interactions were facilitated by various non-covalent forces, including hydrogen
bonds, pi-stacking, and van der Waals interactions. The specific interactions formed by the
compounds with the RBD domain are as follows. 6”-O-acetylglycitin formed hydrogen
bonds with the following residues: Asn290, 11e291, Asp367, Lys441, and Thr445, along with
hydrophobic interactions with Pro415 and Phe438. Similarly, 25-hydroxyvitamin D3-26,23-
lactone formed hydrogen bonds with GIn442 and hydrophobic interactions with ILE291,
Phe428, Phe438, and Lys441. Sesaminol glucoside, exhibiting the strongest binding energy,
formed hydrophobic interactions with I1e291, Pro415, and Phe438, along with electrostatic
interactions with Lys441 and Asp367. The presence of these electrostatic interactions is
hypothesized to account for this compound’s superior binding affinity compared to the
other two compounds.

2.7. Molecular Dynamics Simulation Studies on the Plant-Based Bioactive Compounds

The root mean square deviation (RMSD) plot for the compounds of selected lig-
ands against spike S glycoprotein-ligand is depicted in Figure 9a. The RMSD of the
25-hydroxyvitamin-D3-26,23-lactone (red line) and 6”-O-Acetylglycitin (green line) exhibits
a relatively stable average RMSD of approximately 1 A throughout the entire simulation
period (50 ns). In contrast, the RMSD of sesaminol glucoside (black line) initially remains
within the range of 1 A but significantly increases to values greater than 2 A after 35 ns,
indicating a less stable conformation compared to the two preceding compounds.
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(@) (b)

Figure 9. (a) Root mean square deviation (RMSD) plot of selected compounds with best binding
affinity against spike S glycoprotein over 50 ns of molecular dynamics simulations. (b) Root mean
square fluctuation (RMSF) plot of selected compounds with best binding affinity against spike S
glycoprotein over 50 ns of molecular dynamics simulations.

Generally, the root mean square fluctuation (RMSF) values of compounds bound to
spike S glycoprotein appear to be higher, suggesting that they are less rigidly bound to
spike S glycoprotein. Figure 9b depicts the RMSF values of the individual residues of the



Pharmaceuticals 2024, 17, 821 12 of 21

bound compounds. Typically, residues with the highest RMSF values are located in the
flexible loops and protein regions prone to fluctuations, while those with the lowest RMSF
values are situated in more stable regions of the proteins. However, the amino acids in
spike S glycoprotein exhibit lower stability, as indicated by the RMSF of >3 A, and are more
likely to fluctuate.

2.8. SARS-CoV-2 Enzyme In Vitro Inhibition Assay

The abilities of plant extracts (A. annua and A. afra) and compounds (25-hydroxyvitamin
D3 monohydrate, sesaminol glucoside, and 6”-O-acetylglycitin) to inhibit the interaction of
SARS-CoV-2 S1 spike protein and ACE-2 were evaluated. Both the plant extracts and all
compound samples showed the potential to inhibit the interaction between SARS-CoV-2 S1
spike protein and ACE-2 receptors. However, the degree of inhibition (ICs() varied depending
on the concentration (Figure 10). The ICs values differed between the A. annua and A. afra
samples. A. annua exhibited superior inhibition against the interaction of SARS-CoV-2 S1
spike protein and ACE-2, with the ICsj value of the A. afra sample (66.5 = 1.23 pg/mL)
being greater than that of the A. annua sample (34.5 =+ 0.82 pg/mL). Sesaminol glucoside
exhibited superior inhibition against the interaction of SARS-CoV-2 S1 spike protein and ACE-
2, with an ICs( value of 0.33 & 1.13 uM, followed by 25-hydroxyvitamin D3 monohydrate
(0.39 £ 0.69 uM) and 6”-O-acetylglycitin (0.95 £ 1.27 uM). Comparison between the results of
the in silico and in vitro study showed that 25-hydroxyvitamin D3 monohydrate exhibited a
higher inhibitory effect in the in silico study, whereas 6”-O-acetylglycitin exhibited greater
activity in the in vitro study. However, sesaminol glucoside consistently emerged as the most
potent inhibitor in both in silico and in vitro studies.
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Figure 10. Inhibition effects of interaction between SARS-CoV-2 S1 spike protein and ACE-2 receptor
by (a) A. annua and A. afra extracts and (b) compounds of 25-hydroxyvitamin D3 monohydrate,
sesaminol glucoside, and 6”-O-Acetylglycitin.

3. Discussion

In 2020, the World Health Organization (WHO) welcomed innovations around the
world including repurposing drugs, traditional medicines, and developing new therapies
in the search for potential treatments for COVID-19 [28]. Among the medicinal plant-based
bioactive compounds previously unexplored for their efficacy against COVID-19 are those
from South African, A. annua and A. afra. Before conducting the SARS-CoV-2 enzyme
in vitro inhibition assay, it was necessary to evaluate the cytotoxicity of the plant extracts
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on HEK293T cells to ensure their safety. HEK293T cells were chosen for this study because
they are considered susceptible to virus proliferation [29,30]. Moreover, since HEK293
cell surfaces are not known for productive SARS-CoV-2 infections; HEK293T cells may
be utilized in SARS-CoV-2 studies [31,32]. The A. annua and A. afra extracts exhibited
comparable non-toxic effects on HEK293T cells at lower concentrations of 31.25, 15.63, and
7.81 pg/mL when using the resazurin cell viability assay and xCELLigence real-time cell
analyzer. The real-time monitoring approach permitted label-free analysis of cell viability,
providing insight into the mode of action of the test extract [33]. The xCelligence system
generated cell index values as cells that were treated with the extracts. The cell index, which
is influenced by the concentration of extracts, increased with decreasing concentrations of
extracts administered to the cells. Records from RTCA indicating an increase in cell index
values after treatment supported a proliferative phase between 24 and 98 hours when lower
concentrations (31.25, 15.63 and 7.81 ug/mL) of both plant extracts were used. Several
classes of phytochemicals from A. annua and A. afra involving volatile and non-volatile
secondary metabolites such as artemisinin, caryophyllene oxide, caryophyllene, farnesene,
germacrene D, sesquiterpenes, glaucolides, guaianolides, long-chain alkanes, organic acids,
coumarins, flavonoids, and monoterpene have been identified [22,27]. Recently, there has
been a surge in research on these metabolites directed to their noteworthy pharmacological
activities and medicinal values [23,26]. This prompted the exploration of the metabolic pro-
files of several plants and the identification of valuable bioactive compounds accountable
for their marked biological activities. In this study, the UPLC-MS base peak intensity (BPI)
chromatograms of sample ESI+ mode of A. annua and A. afra leaf extracts exhibited a total of
225 peaks. The identified compounds belong to different classes of secondary metabolites
involving triterpenoids, flavonoids, iridoid glycosides, hydroxy fatty acids, phenolic acids,
carboxylic acid, phenylethanoid, and glycosides. Prior to finding the binding affinity of
the identified compounds, the approach of P2Rank score as a parameter (PrankWeb) of
interest was utilized, which allowed us to predict potential binding sites and assess their
druggability, providing valuable insights for the development of therapeutic interventions
against SARS-CoV-2. This approach offers several advantages over previous methods [34].
For instance, it not only predicts the location of potential binding sites but also provides a
visual representation of these sites, which can be particularly useful for understanding the
spatial relationship between the protein and potential ligands. Furthermore, the ability to
compare predicted pockets with highly conserved areas and actual ligand-binding sites
can provide additional insights into the functional importance of these sites [35,36]. The
identified plant-based bioactive compounds were based on their highest binding affinity;
6'"-O-acetylglycitin, 25-hydroxyvitamin D3-26,23-lactone, and sesaminol glucoside had
the lowest docking scores on SARS-CoV-2 spike S glycoprotein, with binding affinities
of —9.7 kcal/mol; —9.9 kcal/mol; and —10 kcal/mol, respectively. All identified plant-
based bioactive compounds have been detected in different plant species [37-39]. In this
study, sesaminol glucoside was found to be more abundant in A. afra compared to A annua.
6"-O-acetylglycitin and 25-hydroxyvitamin D3-26,23-lactone are abundant in A. annua
compared to A. afra. Sesaminol glucoside, the compound with the strongest binding energy,
formed hydrophobic interactions with 11291, Pro415, and Phe438, as well as electrostatic
interactions with Lys441 and Asp367. The presence of these electrostatic interactions is
hypothesized to be the reason for this compound’s superior binding affinity compared to
the other two compounds. These simulation results have significant implications for the
development of antiviral therapies. The stability and rigidity of a complex may increase the
likelihood that the inhibitor will prevent the protease from cleaving its target protein [40].
However, the molecular dynamics simulations conducted in this study suggest that the
compounds bind less stably to S glycoprotein-ligand complexes. This stability is likely
due to the fact that the S glycoprotein binding site is larger and more flexible, allowing for
more ligand movement. These findings align with previous research, which found similar
RMSD values for S glycoprotein-ligand complexes [41,42]. The higher RMSF values of
the compounds bound to the spike S glycoprotein could be attributed to several factors,
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including the larger size and greater complexity of the spike S glycoprotein, its increased
flexibility, and the weaker interactions between the bound compounds and the spike S
glycoprotein [43—-45]. Nonetheless, the average RMSD falls within the expected range
(<3 A) for protein complexes [46,47]. As expected, the complexes exhibiting the lowest
RMSD are those with the strongest binding affinities [35].

Moreover, in the in vitro study, all compounds and plant extracts bound to the recep-
tor’s RBD domain, which is responsible for binding to the host cell’s Angiotensin-converting
enzyme II (ACE2) receptor. The binding of the SARS-CoV-2 S protein with the ACE2 of the
host cell to advance membrane fusion is an important first step for SARS-CoV-2 infection.
According to some researchers, such as Mani et al. [48]; Tay [49]; and Wang et al. [1], the
SARS-CoV-2 spike protein interacts with the ACE2 receptor on the surface of epithelial cells
from the respiratory tract or oral cavity. In the present in vitro study, the identified three
best bioactive compounds and extracts from A. annua and A. afra were able to interfere
with the binding between the SARS-CoV-2 spike protein and the human ACE2 receptor.
Sesaminol glucoside emerged as the best inhibitor against the interaction of SARS-CoV-2
S1 spike protein and ACE-2 when compared to 6”-O-acetylglycitin and 25-hydroxyvitamin
D3-26,23-lactone. Literature searches revealed limited pockets of evidence of identified
bioactive compounds as blockers of SARS-CoV-2 S protein and ACE2 interaction. Natesh
et al. [37] in their study of the sesaminol compound from Sesamum indicum recorded a
weaker binding affinity of —7.0 kcal/mol against SARS-CoV-2 spike protein, forming hy-
drophobic interactions with different residues of spike proteins including Phe490 [50,51].
As revealed in this study, the electrostatic interactions with Lys441 and Asp367 are hypoth-
esized to be the reason for the compound sesaminol’s superior binding affinity compared
to the other two compounds. Most of the virus’s binding to ACE2 is caused by the receptor-
binding motif (RBM) (437-508 amino acids) found in the RBD (319-541 amino acids) of
the S1 subunit (13-685 amino acids) of the spike protein [52,53]. In observational studies,
a reverse relationship was discovered between serum 25-hydroxyvitamin D (25(OH)D)
concentrations and the danger or rigorousness of COVID-19 [54,55].

4. Materials and Methods
4.1. Plant Collection and Identification

The A. annua and A. afra leaves were collected from Hartbeespoort, North-West
province of South Africa (25.7236° S, 27.9653° E). The identity of the plants was authen-
ticated and confirmed by taxonomists at the National Herbarium where A. annua and A.
afra sample specimens were deposited, and voucher specimens were assigned as NR 902
and NR 903, respectively. Moreover, plant collection permits have been received from the
Department of Agriculture and Rural Development-Nature Conservation, South Africa
(Permit No.: CF6-0234; Permit Holder: Prof. Mkolo Nqobile Monate).

4.2. Preparation of Plant Extracts

Five grams each of ground samples of A. annua and A. afra leaves was extracted with
50 mL of methanol (Merck, Johannesburg, South Africa) in containers placed on a Labotec
shaker for 30 min and then centrifuged at 3000 rpm for approximately 15 min. The resulting
extracts were filtered using Whatman No. 1 filter paper to remove plant debris, and the
filtrates were allowed to dry under a stream of air at room temperature. The resulting
crude extracts were dissolved in 0.5% dimethyl sulfoxide to obtain a final stock solution
of 10 mg/mL. The prepared stock solutions of A. annua and A. afra leaves’ extracts were
subsequently used for cell viability assays.

4.3. Resazurin Cell Viability Assay

The resazurin cell viability assay was conducted using HEK293T cells, purchased from
Cellonex Separation Scientific, Johannesburg, South Africa. The cells were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM) (Sigma, Darmstadt, Germany) supplemented
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with 10% fetal bovine serum (FBS) (Thermo Scientific, Waltham, MA, USA). Cells were
handled in a sterile laminar flow hood, which was cleaned with 70% ethanol [56].

HEK293T (1.13 x 10° cells/mL) cells in media were cultivated in the incubator under
a 5% CO, atmosphere at 37 °C for 24 h. Thereafter, the cells were seeded at a density
of 5000 cells/well in 100 pL media before treatment with plant methanol extracts of A.
annua and A. afra leaves for 24 h. Then, 20 uL of resazurin dye (Sigma TOX-8) was
added. The plant extracts were dissolved in 100% DMSO and further diluted with media
to achieve concentrations of 250, 125, 62.5, 31.25, 15.63, and 7.81 pg/mL. A Modulus
II Multifunction Plate Reader (Turner BioSystems, Sunnyvale, CA, USA) was used to
measure resorufin fluorescence which was monitored at a wavelength (EM) of 590 nm,
using an excitation wavelength (EX) of 560 nm. Simultaneously, absorbance readings for
resorufin were recorded at 570 nm, while the peak absorbance for resazurin was observed at
600 nm wavelengths.

4.4. Cell Viability Assay Using xCELLigence Real-Time Cell Analyzer

In brief, the xCELLigence instrument (Real-Time Cell Analyzer—RTCA; ACEA Bio-
sciences Inc., San Diego, CA, USA), an impedance technology with RTCA software (version
1.2.1), was utilized to monitor the exposure effects of A. annua and A. afra leaves” methanol
extracts on the viability of HEK293T cells, according to the manufacturer’s instructions [57].
The HEK293T cells were seeded at a density of 1.13 x 10° cells/mL in the 96-well gold-
plated E-plate and left for 24 h to adhere to the plate. Then, cells were exposed to the
plant extracts with a concentration range of 250, 125, 62.5, 31.25, 15.63, and 7.81 ug/mL.
Continuous real-time impedance recording of cell growth was conducted over 98 h and
converted into cell index (CI) values, which were measured at 15 min intervals.

4.5. Metabolomics: Establishment of the Metabolites” Bioactive Compounds
4.5.1. Instruments and Reagents

Ultimate 3000LC combined with Q Exactive MS (Thermo, Waltham, MA, USA),
Temp functional Centrifugation (Eppendorf, Enfield, CT, USA), ACQUITY UPLC HSS T3
(100 x 2.1 mm x 1.8 um), Acetonitrile (Merck, Rahway, NJ, USA), methanol (Merck, Rah-
way, NJ, USA), formic acid (Merck, Rahway, NJ, USA), and DL-o-Chlorophenylalanine
(Merck, Rahway, NJ, USA) were used.

4.5.2. Sample Preparation

Each sample of A. annua and A. afra leaves was lyophilized to dryness and subse-
quently crushed to fine powder, in a 5 mL homogenizing tube, at 30 Hz with the aid of
four 5 mm metal balls on an MM 400 mill mixer. Then, 50 mg of each sample was precisely
weighed into a tube and 800 uL of 80% methanol was added. Thereafter, samples were
vortexed for 30 s, followed by sonication for 30 min at 4 °C. All samples were kept at
—20 °C for 1 h and centrifuged at 12,000 rpm and 4 °C for 15 min. Finally, 200 pL of
supernatant and 5 puL of DL-o-Chlorophenylalanine (140 ng/mL) were transferred to the
vial for liquid chromatography—mass spectroscopy (LC-MS) analysis. The same amount
of extract was obtained from each sample and mixed as quality control (QC) samples
to evaluate the methodology. QC samples were used to demonstrate the stability of the
LC-MS system. The UPLC-MS/MS raw data were acquired and aligned using Compound
Discover (3.0, Thermo) based on the m/z value and the retention time of the ion signals.
The ion features of the QC samples were used to calculate the relative standard deviation
(RSD). The %RSD distribution is presented in Figure 11; an overwhelming majority of
the RSD was less than 30%. Thus, the analysis procedure was robust and was used for
subsequent sample analysis.
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Figure 11. The principal component analysis (PCA) score plot of the QC samples, the X axis indicates
the number of QC samples, the Y axis indicates the range of RSD.

4.5.3. Analysis of the Prepared Plant Samples Using UPLC-MS/MS

Separation was performed by Ultimate 3000LC combined with Q Exactive MS (Thermo)
and screened with ESI-MS [58]. The LC system is comprised of an ACQUITY UPLC HSS T3
(100 x 2.1 mm x 1.8 um) with Ultimate 3000LC. The mobile phase is composed of solvent
A (0.05% formic acid water) and solvent B (acetonitrile) with a gradient elution (0-1 min,
95% A; 1-12 min, 95%-5% A; 12-13.5 min, 5% A; 13.5-13.6 min, 5-95% A; 13.6-16 min, 95%
A). The flow rate of the mobile phase was 0.3 mL-min~!. The column temperature was
maintained at 40 °C, and the sample manager temperature was set at 4 °C. Samples were
examined in the positive ionization mode because it showed more selection and sensitiv-
ity for the LC-MS analysis of secondary metabolites in the extracts. Mass spectrometry
parameters in electrospray ionization ESI+ modes are listed as follows:

ESI+: heater temp 300 °C; sheath gas flow rate, 45 arb; aux gas flow rate, 15 arb; sweep
gas flow rate, 1 arb; spray voltage, 3.0 kV; capillary temp, 350 °C; S-Lens RF level, 30%.

4.6. Binding Site Prediction

PrankWeb, an online platform that enables the prediction and visualization of protein—
ligand interaction sites, was utilized. A unique feature of PrankWeb is its ability to allow
users to compare the locations of predicted pockets with areas of high conservation and
actual ligand-binding sites, providing a comprehensive view of potential binding sites. We
applied this method to the SARS-CoV-2 protein, specifically for protein lacking a native
ligand, i.e., SARS-CoV-2 spike S glycoprotein (PDB: 6LZG). The parameter of interest was
the P2Rank score, with higher values indicating a greater likelihood of the cavity being
bound by ligands.

4.7. Molecular Docking Studies on the Bioactive Compounds

A total of 81 compounds, identified as bioactive compounds through metabolite
profiling, were used as test compounds (Supplementary Material, Table S2). These com-
pounds’ chemical structures were constructed using ChemDraw and further optimized
with Chem3D, utilizing the MMFF94 force field. Concurrently, protein targets in SARS-
CoV-2 were prepared by removing all non-receptor heteroatoms, including water and ions.
Kollman charges were also assigned to the protein atoms. Grid boxes were positioned
based on the native ligand for several proteins that possessed a native ligand. Molecular
docking simulation was conducted using AutoDock Vina 1.2.3 ver 2021 based on grid
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dimensions for each of the protein targets, the dimensions for the SARS-CoV-2 spike S
glycoprotein (PDB ID: 6LZG) were 50 A x 50 A x 50 A (x = —8.974,y = —2.13, z = —26.225),
with a spacing of 0.375 A and exhaustiveness set to 8. For the protein lacking a native
ligand, PrankWeb’s binding site predictions were utilized with the Probability Score set as
a parameter.

4.8. Molecular Dynamics Simulation

The docking results with the most favorable binding energy were selected for molecu-
lar dynamics (MD) simulations [59,60]. In this study, we conducted MD simulations on
the SARS-CoV-2 spike S glycoprotein (6LZG) proteins. The simulation was performed
using the Amber20 package on the three compounds with the best binding affinity. During
the molecular dynamics process, the protein structures were prepared using the AMBER
FF99SB force field. Topology preparation files for ligands were generated using the gen-
eral amber force field (GAFF) through the Antechamber module in AmberTools20. The
complexes were then immersed in truncated octahedral boxes filled with TIP3P water
molecules, with a buffer region of 10 A, and neutralized by adding either Na* or Cl~ ions.
The default protonation settings in Amber20 were used for residues within the proteins.
The energy minimization and MD simulations were carried out for each system utilizing the
SANDER module in the Amber20 package. Approximately 10,000 cycles of minimization
(MAXCYC) were performed, employing the first 500 steps of steepest descent (NCYC) and
1000 steps of conjugate gradients, addressing steric clashes and approaching an energy
minimum. Following energy minimization, position restraints at constant volume (NVT)
were applied for 100 ps, employing a restraint force of 10 kcal/mol at a temperature of
310 K. Subsequently, constant pressure (NPT) equilibration was conducted for 100 ps with
a restraint force of 1 kcal/mol at 310 K. The next step involved equilibration under constant
pressure (NPT) at 310 K, lasting 100 ps with a time step of 2 fs. During this phase, the
restraint forces were removed, allowing the water to reach an equilibrium density around
the protein. Langevin dynamics were employed to control temperature in both the position
restraints and equilibration steps. Finally, a production run of 50 ns was performed with a
time step of 2 fs under constant pressure conditions (NPT ensemble) and isotropic position
scaling (ntp = 1) at 310 K.

4.9. SARS-CoV-2 Enzyme In Vitro Inhibition Assay

The SARS-CoV-2 Spike S1: ACE2 inhibitor screening colorimetric assay kit (Cat. No.
79954, BPS Bioscience, San Diego, CA, USA) was used to screen and profile inhibitors of this
interaction according to the manufacturer’s instructions. The assay began by coating the
plate with Spike S1, which was thawed on ice and diluted to 2 ug/mL in PBS. Subsequently,
50 pL of the diluted Spike S1 solution was added to each well and incubated overnight
at 4 °C. After decanting the supernatant, the plate was washed three times with 100 pL
1x Immuno Buffer 1 and tapped onto clean paper towels to remove liquid. Then, each well
was blocked by adding 100 uL of Blocking Buffer 2. Following a 1 h incubation at room
temperature and supernatant removal, 20 pL of 1 x Immuno Buffer 1 was added to each
well.

Inhibitor solutions, including different plant extract concentrations (250, 125, 62.5,
31.25,15.63, and 7.81 ug/mL) and different concentrations of 25-hydroxyvitamin D3 mono-
hydrate (Sigma-Aldrich), Sesaminol glucoside (Sigma-Aldrich), and 6”-O-acetylglycitin
(GlpBio, Monclair, NJ, USA) (1.5,1, 0.75, 0.5, 0.25, and 0.1 uM), were prepared using DMSO
(0.5%). An amount of 10 pL of inhibitor solutions were added to the test inhibitor wells,
while positive control and blank wells received 10 pL of inhibitor buffer (no inhibitor).
ACE2-Biotin, diluted to 1 ng/pL (approximately 12 nM) in 1x Immuno Buffer 1, was added
to initiate the reaction in positive control and test inhibitor wells, whereas blank wells
received 20 uL of 1 x Immuno Buffer 1 (Table 2).
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Table 2. Outline of the component’s quantities added to blank, positive control, and test inhibitor.

Blank Positive Control Test Inhibitor
1x Immuno Buffer 1 40 uL 20 uL 20 uL
Inhibitor buffer (no inhibitor) 10 uL 10 uL -
ACE2-Biotin (1 ng/uL) 20 uL 20 uL
Test Inhibitor - - 10 uL
Total 50 uL 50 uL 50 uL

After an hour of incubation at room temperature, the supernatant was decanted, the
plate went through three washes with 100 pL 1x Immuno Buffer 1, and it was tapped
onto clean paper towels to remove liquid. The wells were then blocked with 100 uL of
Blocking Buffer 2 and incubated for 10 min at room temperature. Before adding 100 uL of
diluted Streptavidin-HRP with Blocking Buffer 2 (1000-fold), the supernatant was removed,
followed by another 1 h incubation at room temperature. The plate went through three
more washes and taps onto clean paper towels to remove liquid. The wells were blocked
using 100 pL of Blocking Buffer 2 and incubated at room temperature for 10 min. Thereafter,
100 puL of Colorimetric HRP substrate was added to each well, incubating until a blue color
developed in the positive control wells. Finally, 100 uL of 1N HCl was added to each well,
and absorbance was measured at 450 nm using a UV /Vis spectrophotometer microplate
reader (Turner BioSystems, Sunnyvale, CA, USA). The tests were performed in triplicate,
and percentage inhibition values for plant extracts and compounds were calculated. The
results are also represented as ICsg & SD.

4.10. Statistical Analysis

Ions from ESI+ were merged and imported into the SIMCA-P program version 14.1
(Umetrics, Umea, Sweden) for multivariate analysis. A principal component analysis (PCA)
was used first as an unsupervised method for data visualization and outlier identification.
Supervised regression modeling was performed on the data set using partial least squares
discriminant analysis (PLS-DA) or orthogonal partial least squares discriminant analysis
(OPLS-DA) to identify the potential bioactive compounds related to anti-COVID-19 activity.
The bioactive compounds were filtered and confirmed by combining the results of the VIP
values (VIP > 1.5) and t-test (p < 0.05). The quality of the fitting model can be explained by
R? and Q2 values. R? displayed the variance explained in the model, indicating the quality
of the fit. Q2 displayed the variance in the data, indicating the model’s predictability.

5. Conclusions

The findings of this study, supported by other studies, underscore the significance
of integrating multiplatform metabolite profiling using UPLC-MS/MS and chemometrics
to discover the chemical composition of different plant extracts. By correlating these
findings with anti-COVID-19 activities, potential metabolite candidates responsible for the
biological activities of the extracts can be identified. Additionally, molecular docking and
in vitro studies provide a rational phytotherapeutic choice of A. annua and A. afra against
SARS-CoV-2. Notably, sesaminol glucoside, 6”-O-acetylglycitin, and 25-hydroxyvitamin
D3-26,23-lactone emerge as potential candidates responsible for the activities of both A.
annua and A. afra extracts. Considering the findings of RMSD and RMSF values regarding
the stability and rigidity of protein-ligand complexes, future research would explore the
inhibitory effects of these candidates on other targets, such as 3-chymotrypsin-like proteases
(3CLpro), to further understand their activities and determine their potential activities
using in vitro assays.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph17070821/s1, Table S1: Distinguished metabolites in the extracts
of Artemisia annua and Artemisia afra using UPLC-MS/MS set in positive ionization mode; Table S2:
Identified and docked compound-based bioactive compounds from Artemisia annua and Artemisia
afra (ESI+ scan).

Author Contributions: N.M.M. conceptualized the study and received funding; N.M.M., E.P, RK.
and C.M.N. performed the experiments and conducted software analysis; N.M.M., CM.N. and
M.S.Z. wrote the original draft; N.M.M., CM.N., C.L.O., 0.0.0. and B.C.I. reviewed and edited the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the South African Medical Research Council (SAMRC) through
its Division of Research Capacity Development, contract number RCDI MKOLO NM 21/24.

Institutional Review Board Statement: Not applicable for study. This study does not involve humans
or animals.

Informed Consent Statement: Not applicable. This study does not involve humans.

Data Availability Statement: Data are included in the article or Supplementary Materials, further
inquiries can be directed to the corresponding author.

Acknowledgments: Research reported in this publication/article was supported by the South
African Medical Research Council (SAMRC) through its Division of Research Capacity Development
under the Research Capacity Development Initiative from funding received from the South African
National Treasury. The content and findings reported/illustrated are the sole deduction, view, and
responsibility of the researcher and do not reflect the official position and sentiments of the SAMRC.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Wang, F; Chen, L.; Chen, H; Yan, Z; Liu, Y. Discovery of the key active compounds in Citri Reticulatae Pericarpium (Citrus
reticulata “Chachi”) and their therapeutic potential for the treatment of COVID-19 based on comparative metabolomics and
network pharmacology. Front. Pharmacol. 2022, 13, 1048926. [CrossRef] [PubMed]

Lv, Y,; Wang, S.; Liang, P.; Wang, Y.; Zhang, X.; Jia, Q.; Fu, J.; Han, S.; He, L. Screening and evaluation of anti-SARS-CoV-2
components from Ephedra sinica by ACE2/CMC-HPLC-IT-TOF-MS approach. Anal. Bioanal. Chem. 2021, 413, 2995-3004.
[CrossRef]

Hu, B.; Guo, H.; Zhou, P,; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141-154.
[CrossRef] [PubMed]

Samprathi, M.; Jayashree, M. Biomarkers in COVID-19: An Up-To-Date Review. Front. Pediatr. 2021, 8, 607647. [CrossRef]
[PubMed]

Ciotti, M.; Angeletti, S.; Minieri, M.; Giovannetti, M.; Benvenuto, D.; Pascarella, S.; Sagnelli, C.; Bianchi, M.; Bernardini, S.;
Ciccozzi, M. COVID-19 Outbreak: An Overview. Chemotherapy 2019, 64, 215-222. [CrossRef] [PubMed]

Rasaily, S.; Haldipur, A.C.; Srividya, N. Indian red rice phenolic metabolites as potential natural inhibitors of SARS-CoV-2 main
protease: A metabolomic and in silico study. Ann. Phytomed. 2021, 1, S40-S50. [CrossRef]

Liu, J.; Xie, W.; Wang, Y.; Xiong, Y.; Chen, S.; Han, J.; Wu, Q. A comparative overview of COVID-19, MERS and SARS: Review
article. Int. J. Surg. 2020, 81, 1-8. [CrossRef] [PubMed]

Rana, R.; Tripathi, A.; Kumar, N.; Ganguly, N.K. A Comprehensive Overview on COVID-19: Future Perspectives. Front. Cell.
Infect. Microbiol. 2021, 11, 744903. [CrossRef] [PubMed]

Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3-20.
[CrossRef]

Oronsky, B.; Larson, C.; Hammond, T.C.; Oronsky, A.; Kesari, S.; Lybeck, M.; Reid, T.R. A Review of Persistent Post-COVID
Syndrome (PPCS). Clin. Rev. Allergy Immunol. 2023, 64, 66-74. [CrossRef]

Raveendran, A.V,; Jayadevan, R.; Sashidharan, S. Long COVID: An overview. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15,
869-875. [CrossRef]

Akindele, A.J.; Sowemimo, A.; Agunbiade, FO.; Sofidiya, M.O.; Awodele, O.; Ade-Ademilua, O.; Orabueze, L.; Ishola, 1.O;
Ayolabi, C.I.; Salu, O.B; et al. Bioprospecting for anti-COVID-19 interventions from African medicinal plants: A review. Nat.
Prod. Commun. 2022, 17,1934578X221096968. [CrossRef]

Invernizzi, L.; Moyo, P,; Cassel, J.; Isaacs, FJ.; Salvino, ].M.; Montaner, L.J.; Tietjen, L.; Maharaj, V. Use of hyphenated analytical
techniques to identify the bioactive constituents of Gunnera perpensa L., a South African medicinal plant, which potently inhibit
SARS-CoV-2 spike glycoprotein-host ACE2 binding. Anal. Bioanal. Chem. 2022, 414, 3971-3985. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ph17070821/s1
https://www.mdpi.com/article/10.3390/ph17070821/s1
https://doi.org/10.3389/fphar.2022.1048926
https://www.ncbi.nlm.nih.gov/pubmed/36506534
https://doi.org/10.1007/s00216-021-03233-7
https://doi.org/10.1038/s41579-020-00459-7
https://www.ncbi.nlm.nih.gov/pubmed/33024307
https://doi.org/10.3389/fped.2020.607647
https://www.ncbi.nlm.nih.gov/pubmed/33859967
https://doi.org/10.1159/000507423
https://www.ncbi.nlm.nih.gov/pubmed/32259829
https://doi.org/10.21276/ap.covid19.2021.10.1.5
https://doi.org/10.1016/j.ijsu.2020.07.032
https://www.ncbi.nlm.nih.gov/pubmed/32730205
https://doi.org/10.3389/fcimb.2021.744903
https://www.ncbi.nlm.nih.gov/pubmed/34595136
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1007/s12016-021-08848-3
https://doi.org/10.1016/j.dsx.2021.04.007
https://doi.org/10.1177/1934578X221096968
https://doi.org/10.1007/s00216-022-04041-3
https://www.ncbi.nlm.nih.gov/pubmed/35419694

Pharmaceuticals 2024, 17, 821 20 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

Dwarka, D.; Agoni, C.; Mellem, J.J.; Soliman, M.E.; Baijnath, H. Identification of potential SARS-CoV-2 inhibitors from South
African medicinal plant extracts using molecular modelling approaches. S. Afr. J. Bot. 2020, 133, 273-284. [CrossRef] [PubMed]
Richman, D.D. COVID-19 vaccines: Implementation, limitations and opportunities. Glob. Health Med. 2021, 3, 1-5. [CrossRef]
[PubMed]

Chattopadhyay, A.; Jailani, A.A.K.; Mandal, B. Exigency of Plant-Based Vaccine against COVID-19 Emergence as Pandemic
Preparedness. Vaccines 2023, 11, 1347. [CrossRef] [PubMed]

Gillim-Ross, L.; Subbarao, K. Emerging respiratory viruses: Challenges and vaccine strategies. Clin. Microbiol. Rev. 2006, 19,
614-636. [CrossRef] [PubMed]

Ortega-Berlanga, B.; Pniewski, T. Plant-Based Vaccines in Combat against Coronavirus Diseases. Vaccines 2022, 10, 138. [CrossRef]
Mehrbod, P.; Abdalla, M.A.; Njoya, E.M.; Ahmed, A.S.; Fotouhi, F; Farahmand, B.; Gado, D.A.; Tabatabaian, M.; Fasanmi, O.G.;
Eloff, ].N.; et al. South African medicinal plant extracts active against influenza A virus. BMC Complement. Altern. Med. 2018,
18, 112. [CrossRef]

World Health Organization. WHO Monograph on Good Agricultural and Collection Practices (GACP) for Artemisia annua L.
2006. Available online: https:/ /iris.who.int/bitstream /handle/10665/43509/9241594438_eng.pdf?sequence=1 (accessed on 11
January 2024).

Kapepula, PM.; Kabengele, ].K.; Kingombe, M.; Van Bambeke, F.; Tulkens, PM.; Kishabongo, A.S.; Decloedt, E.; Zumla, A.; Tiberi,
S.; Suleman, F.; et al. Artemisia spp. Derivatives for COVID-19 Treatment: Anecdotal Use, Political Hype, Treatment Potential,
Challenges, and Road Map to Randomized Clinical Trials. Am. J. Trop. Med. Hyg. 2020, 103, 960-964. [CrossRef]

Bilia, A.R.; Santomauro, F; Sacco, C.; Bergonzi, M.C.; Donato, R. Essential Oil of Artemisia annua L.: An Extraordinary Component
with Numerous Antimicrobial Properties. Evid.-Based Complement. Altern. Med. 2014, 2014, 159819. [CrossRef] [PubMed]
Ferreira, J.F,; Luthria, D.L.; Sasaki, T.; Heyerick, A. Flavonoids from Artemisia annua L. as antioxidants and their potential
synergism with artemisinin against malaria and cancer. Molecules 2010, 15, 3135-3170. [CrossRef] [PubMed]

Jackson, W.P.U. Origins and Meanings of Names of South African Plant Genera; University of Cape Town UCT Ecolab: Cape Town,
South Africa, 1990; ISBN 0799212849.

Van Wyk, B.E.; Van Oudtshoorn, B.; Gerike, N. Medicinal Plants of South Africa; Briza Publications: Pretoria, South Africa,
1997; 142p.

Liu, N.Q.; Van der Kooy, E; Verpoorte, R. Artemisia afra: A potential flagship for African medicinal plants. S. Afr. J. Bot. 2009, 75,
185-195. [CrossRef]

Motshudi, M.C.; Olaokun, O.O.; Mkolo, N.M. Evaluation of GC x GC-TOF-MS untargeted metabolomics, cytotoxicity and
antimicrobial activity of leaf extracts of Artemisia afra (Jacq.) purchased from three local vendors. J. King Saud Univ. Sci. 2021,
33, 101422. [CrossRef]

World Health Organization (WHO). WHO Supports Scientifically-Proven Traditional Medicine. 2020. Available online: https:
/ /www.afro.who.int/news/who-supports-scientifically-proven-traditional-medicine (accessed on 11 January 2024).

Gobel, S.; Kortum, F.; Chavez, K.J; Jordan, I.; Sandig, V.; Reichl, U.; Altomonte, J.; Genzel, Y. Cell-line screening and process
development for a fusogenic oncolytic virus in small-scale suspension cultures. Appl. Microbiol. Biotechnol. 2022, 106, 4945-4961.
[CrossRef] [PubMed]

Dolskiy, A.A.; Grishchenko, I.V.; Yudkin, D.V. Cell Cultures for Virology: Usability, Advantages, and Prospects. Int. J. Mol. Sci.
2020, 21, 7978. [CrossRef] [PubMed]

Harcourt, J.; Tamin, A.; Lu, X.; Kamili, S.; Sakthivel, S.K.; Murray, J.; Queen, K; Tao, Y.; Paden, C.R.; Zhang, J.; et al. Severe
Acute Respiratory Syndrome Coronavirus 2 from Patient with Coronavirus Disease, United States. Emerg. Infect. Dis. 2020, 26,
1266-1273. [CrossRef]

Modrof, J.; Kerschbaum, A.; Farcet, M.R.; Niemeyer, D.; Corman, V.M.; Kreil, T.R. SARS-CoV-2 and the safety margins of cell-based
biological medicinal products. Biologicals 2020, 68, 122-124. [CrossRef] [PubMed]

O’Brien, J.; Wilson, I; Orton, T.; Pognan, F. Investigation of the Alamar Blue (resazurin) fluorescent dye for the assessment of
mammalian cell cytotoxicity. Eur. J. Biochem. 2000, 267, 5421-5426. [CrossRef]

Su, HX; Yao, S.; Zhao, WE,; Li, M.],; Liu, J.; Shang, W.J.; Xie, H.; Ke, C.Q.; Hu, H.C.; Gao, M.N,; et al. Anti-SARS-CoV-2 activities
in vitro of Shuanghuanglian preparations and bioactive ingredients. Acta Pharmacol. Sin. 2020, 41, 1167-1177. [CrossRef]
Schrodinger Release 2020-3: Protein Preparation Wizard; Schrodinger: New York, NY, USA, 2020.

Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation: Parameters, protocols, and
influence on virtual screening enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221-234. [CrossRef] [PubMed]

Natesh, J.; Mondal, P; Penta, D.; Abdul Salam, A.A.; Meeran, S.M. Culinary spice bioactives as potential therapeutics against
SARS-CoV-2: Computational investigation. Comput. Biol. Med. 2021, 128, 104102. [CrossRef] [PubMed]

Kim, LS. Current perspectives on the beneficial effects of soybean isoflavones and their metabolites on plants. Food Sci. Biotechnol.
2022, 31, 515-526. [CrossRef] [PubMed]

Boland, R.; Skliar, M.; Curino, A.; Milanesi, L. Vitamin D compounds in plants. Plant Sci. 2003, 164, 357-369. [CrossRef]
Aghaee, E.; Ghodrati, M.; Ghasemi, ].B. In silico exploration of novel protease inhibitors against coronavirus 2019 (COVID-19).
Inform. Med. Unlocked 2021, 23, 100516. [CrossRef] [PubMed]

Bepari, A.K.; Reza, H.M. Identification of a novel inhibitor of SARS-CoV-2 3CL-PRO through virtual screening and molecular
dynamics simulation. Peer] 2021, 9, e11261. [CrossRef] [PubMed]


https://doi.org/10.1016/j.sajb.2020.07.035
https://www.ncbi.nlm.nih.gov/pubmed/32839635
https://doi.org/10.35772/ghm.2021.01010
https://www.ncbi.nlm.nih.gov/pubmed/33688588
https://doi.org/10.3390/vaccines11081347
https://www.ncbi.nlm.nih.gov/pubmed/37631915
https://doi.org/10.1128/CMR.00005-06
https://www.ncbi.nlm.nih.gov/pubmed/17041137
https://doi.org/10.3390/vaccines10020138
https://doi.org/10.1186/s12906-018-2184-y
https://iris.who.int/bitstream/handle/10665/43509/9241594438_eng.pdf?sequence=1
https://doi.org/10.4269/ajtmh.20-0820
https://doi.org/10.1155/2014/159819
https://www.ncbi.nlm.nih.gov/pubmed/24799936
https://doi.org/10.3390/molecules15053135
https://www.ncbi.nlm.nih.gov/pubmed/20657468
https://doi.org/10.1016/j.sajb.2008.11.001
https://doi.org/10.1016/j.jksus.2021.101422
https://www.afro.who.int/news/who-supports-scientifically-proven-traditional-medicine
https://www.afro.who.int/news/who-supports-scientifically-proven-traditional-medicine
https://doi.org/10.1007/s00253-022-12027-5
https://www.ncbi.nlm.nih.gov/pubmed/35767011
https://doi.org/10.3390/ijms21217978
https://www.ncbi.nlm.nih.gov/pubmed/33121109
https://doi.org/10.3201/eid2606.200516
https://doi.org/10.1016/j.biologicals.2020.08.010
https://www.ncbi.nlm.nih.gov/pubmed/32891497
https://doi.org/10.1046/j.1432-1327.2000.01606.x
https://doi.org/10.1038/s41401-020-0483-6
https://doi.org/10.1007/s10822-013-9644-8
https://www.ncbi.nlm.nih.gov/pubmed/23579614
https://doi.org/10.1016/j.compbiomed.2020.104102
https://www.ncbi.nlm.nih.gov/pubmed/33190011
https://doi.org/10.1007/s10068-022-01070-7
https://www.ncbi.nlm.nih.gov/pubmed/35529690
https://doi.org/10.1016/S0168-9452(02)00420-X
https://doi.org/10.1016/j.imu.2021.100516
https://www.ncbi.nlm.nih.gov/pubmed/33457495
https://doi.org/10.7717/peerj.11261
https://www.ncbi.nlm.nih.gov/pubmed/33954055

Pharmaceuticals 2024, 17, 821 21 of 21

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Abraham, M.].; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1, 19-25. [CrossRef]

Rehman, M.T.; AlAjmi, M.F,; Hussain, A. Natural Compounds as Inhibitors of SARS-CoV-2 Main Protease (3CLpro): A Molecular
Docking and Simulation Approach to Combat COVID-19. Curr. Pharm. Des. 2021, 27, 3577-3589. [CrossRef]

Ogunyemi, O.M.; Gyebi, G.A,; Ibrahim, I.M.; Olaiya, C.O.; Ocheje, ].O.; Fabusiwa, M.M.; Adebayo, J.O. Dietary stigmastane-type
saponins as promising dual-target directed inhibitors of SARS-CoV-2 proteases: A structure-based screening. RSC Adv. 2021, 11,
33380-33398. [CrossRef]

Ahmed, N.Z,; John Davis, G.D.; Khan, A.A.; Prabhakar, L.; Ram Paratap, M.; Afnaan, Z.; Devi Sri, M.; Anwar, N. Arq Ajib—
A wonder Unani formulation for inhibiting SARS-CoV-2 spike glycoprotein and main protease—An in silico approach. J.
Complement. Integr. Med. 2021, 20, 637-649. [CrossRef] [PubMed]

Ekowati, ].; Tejo, B.A.; Maulana, S.; Kusuma, W.A ; Fatriani, R.; Ramadhanti, N.S.; Norhayati, N.; Nofianti, K.A.; Sulistyowaty,
M.L; Zubair, M.S; et al. Potential Utilization of Phenolic Acid Compounds as Anti-Inflammatory Agents through TNF-«
Convertase Inhibition Mechanisms: A Network Pharmacology, Docking, and Molecular Dynamics Approach. ACS Omega 2023, 8,
46851-46868. [CrossRef] [PubMed]

Zubair, M.S.; Maulana, S.; Widodo, A.; Pitopang, R.; Arba, M.; Hariono, M. GC-MS, LC-MS/MS, Docking and Molecular
Dynamics Approaches to Identify Potential SARS-CoV-2 3-Chymotrypsin-Like Protease Inhibitors from Zingiber officinale Roscoe.
Molecules 2021, 26, 5230. [CrossRef] [PubMed]

Mani, ].S.; Johnson, ].B.; Steel, ].C.; Broszczak, D.A.; Neilsen, PM.; Walsh, K.B.; Naiker, M. Natural product-derived phytochemicals
as potential agents against coronaviruses: A review. Virus Res. 2020, 284, 197989. [CrossRef] [PubMed]

Tay, M.Z.; Poh, C.M.; Réniam, L.; MacAry, P.A.; Ng, L.EP. The trinity of COVID-19: Immunity, inflammation and intervention.
Nat. Rev. Immunol. 2020, 20, 363-374. [CrossRef] [PubMed]

World Health Organization. COVID-19 Vaccine Coverage, World Data. 2023. Available online: https://data.who.int/dashboards/
covid19/vaccines?n=c (accessed on 10 April 2024).

Ma, L.L,; Liu, HM,; Liu, X.M,; Yuan, X.Y.; Xu, C.; Wang, F,; Lin, ].Z.; Xu, R.C.; Zhang, D.K. Screening S protein—ACE2 blockers
from natural products: Strategies and advances in the discovery of potential inhibitors of COVID-19. Eur. ]. Med. Chem. 2021, 226,
113857. [CrossRef] [PubMed]

Arokiyaraj, S.; Stalin, A.; Kannan, B.S.; Shin, H. Geranii herba as a Potential Inhibitor of SARS-CoV-2 main 3CLpro, spike RBD, and
regulation of unfolded protein response: An in-silico approach. Antibiotics 2020, 9, 863. [CrossRef] [PubMed]

Wan, Y.; Shang, J.; Graham, R.; Baric, R.S.; Li, F. Receptor Recognition by the Novel Coronavirus from Wuhan: An Analysis Based
on Decade-Long Structural Studies of SARS Coronavirus. J. Virol. 2020, 94, e00127-20. [CrossRef] [PubMed]

Bretz, GPM.; Campos, J.R.; Veloso, A.A.; Gomes, K.B.; Fernandes, A.B. Impact of COVID-19 pandemic on serum 25-
hydroxyvitamin D levels in Brazilian patients. J. Lab. Precis. Med. 2023, 8, 31. [CrossRef]

Bae, ].H.; Choe, H.J.; Holick, M.E,; Lim, S. Association of vitamin D status with COVID-19 and its severity: Vitamin D and
COVID-19: A narrative review. Rev. Endocr. Metab. Disord. 2022, 3, 579-599. [CrossRef]

Prinsloo, S.; Rialet, P; Carlos, C.B. A cell viability assay to determine the cytotoxic Effects of Water contaminated by microbes. S.
Afr. J. Sci. 2013, 109, 1-4. [CrossRef]

Roche Diagnostics GmbH. Introduction of the RTCA DP Instrument. RTCA DP Instrument Operator’s Manual A; ACEA Biosciences
Inc.: San Diego, CA, USA, 2008; Available online: http:/ /www.cytometrie-imagerie-saint-antoine.org/media /4046 /RTCA_DP_
System_Operator_Manual_v3.pdf (accessed on 5 February 2024).

Fabre, N.; Rustan, I.; de Hoffmann, E.; Quetin-Leclercq, J. Determination of flavone, flavonol, and flavanone aglycones by negative
ion liquid chromatography electrospray ion trap mass spectrometry. J. Am. Soc. Mass Spectrom. 2001, 12, 707-715. [CrossRef]
[PubMed]

Schrodinger Release 2020-1: Desmond Molecular Dynamics System; Schrodinger: New York, NY, USA, 2020.

Schrodinger Release 2020-1: Maestro Desmond Interoperability Tools; Schrodinger: New York, NY, USA, 2020.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.2174/1381612826999201116195851
https://doi.org/10.1039/d1ra05976a
https://doi.org/10.1515/jcim-2021-0241
https://www.ncbi.nlm.nih.gov/pubmed/34679263
https://doi.org/10.1021/acsomega.3c06450
https://www.ncbi.nlm.nih.gov/pubmed/38107968
https://doi.org/10.3390/molecules26175230
https://www.ncbi.nlm.nih.gov/pubmed/34500664
https://doi.org/10.1016/j.virusres.2020.197989
https://www.ncbi.nlm.nih.gov/pubmed/32360300
https://doi.org/10.1038/s41577-020-0311-8
https://www.ncbi.nlm.nih.gov/pubmed/32346093
https://data.who.int/dashboards/covid19/vaccines?n=c
https://data.who.int/dashboards/covid19/vaccines?n=c
https://doi.org/10.1016/j.ejmech.2021.113857
https://www.ncbi.nlm.nih.gov/pubmed/34628234
https://doi.org/10.3390/antibiotics9120863
https://www.ncbi.nlm.nih.gov/pubmed/33287311
https://doi.org/10.1128/JVI.00127-20
https://www.ncbi.nlm.nih.gov/pubmed/31996437
https://doi.org/10.21037/jlpm-23-35
https://doi.org/10.1007/s11154-021-09705-6
https://doi.org/10.1590/sajs.2013/20120069
http://www.cytometrie-imagerie-saint-antoine.org/media/4046/RTCA_DP_System_Operator_Manual_v3.pdf
http://www.cytometrie-imagerie-saint-antoine.org/media/4046/RTCA_DP_System_Operator_Manual_v3.pdf
https://doi.org/10.1016/S1044-0305(01)00226-4
https://www.ncbi.nlm.nih.gov/pubmed/11401161

	Introduction 
	Results 
	Resazurin Cell Viability Assay 
	Cell Viability Assay Using xCELLigence Real-Time Cell Analyzer 
	Chemical Profiling of A. annua and A. afra Leaves 
	Determination of the Bioactive Compounds Utilizing Supervised Pattern Recognition Analysis 
	Binding Site Prediction of the SARS-CoV-2 Spike S Glycoprotein (6LZG) 
	Molecular Docking Studies on the Plant-Based Bioactive Compounds 
	Molecular Dynamics Simulation Studies on the Plant-Based Bioactive Compounds 
	SARS-CoV-2 Enzyme In Vitro Inhibition Assay 

	Discussion 
	Materials and Methods 
	Plant Collection and Identification 
	Preparation of Plant Extracts 
	Resazurin Cell Viability Assay 
	Cell Viability Assay Using xCELLigence Real-Time Cell Analyzer 
	Metabolomics: Establishment of the Metabolites’ Bioactive Compounds 
	Instruments and Reagents 
	Sample Preparation 
	Analysis of the Prepared Plant Samples Using UPLC-MS/MS 

	Binding Site Prediction 
	Molecular Docking Studies on the Bioactive Compounds 
	Molecular Dynamics Simulation 
	SARS-CoV-2 Enzyme In Vitro Inhibition Assay 
	Statistical Analysis 

	Conclusions 
	References

