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Background: COVID-19, caused by SARS-CoV-2, is a communicable respiratory
viral disease with no effective curative medicine. The structure of SARS-CoV-
2 spike protein has conserved modules that facilitate both infection and fusion
into human host cells. These modules serve as crucial targets for synthesized and
natural antivirals and therapeutics. In this study, our objective was to explore the
potential of ethno-medicinal practice and molecular modelling of
phytochemicals in informing drug targets against COVID-19 infections.

Methods: The study was conducted at four sites in western Kenya’s Lake Victoria
basin. We used purposive sampling and snowballing to identify traditional health
practitioners (THPs) and documented their experience and response to COVID-
19. Extracts from variousmedicinal plants identified by the THPwere subjected to
phytochemical analysis on Gas Chromatography-Mass-spectrometry (GC-MS).
The resulting active phytochemicals were screened against SARS-CoV-
2 S-protein in silico using molecular modelling tools.

Results: Seventeen (17) THPs with experience in response to COVID-19 were
identified, of whom 92% had more than 10 years of experience in the practice of
traditional medicine. Whereas 43 medical plants were identified and
documented, only seven plants, prescribed consistently by all THPs were
investigated further. Phytochemical analysis on GC-MS identified compounds
belonging to different chemical classes: terpenes, alkanes, alkene, alcohols,
acridone, pyrazine, and carboxylic acid esters. Molecular modelling revealed
the S-protein to possess multiple active sites. The phytochemicals studied
showed potential multiple conformers interacting with each of the S-protein
active sites.

Conclusion:Overall, we identified and modelled phytochemicals with the SARS-
CoV-2 S-protein and explained their bioactivities as reported by traditional
herbalists. The study underscores the beneficial contribution of traditional
medicine in settings where access to comprehensive healthcare services for
COVID-19 is limited. The identified plants and/or their phytochemicals could be
targeted for conservation and future investigations including in-vivo studies
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targeting different aspects of the virus replication process, followed by the
development of drugs with novel mode of action. The phytochemicals can also
be screened for activities against other viruses in the Coronaviridae family.

KEYWORDS

antiviral activity, molecular modeling, spike-protein, human ACE-2, COVID-19, medicinal
plants, phytochemicals, traditional health practitioners (THPs)

1 Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), reveals the
potential of emerging infectious diseases to profoundly impact
public health systems and significantly alter human economic
and social wellbeing globally (Shi et al., 2021; WHO, 2024).
Whilst a number of vaccines against COVID-19 have been
produced, effective drugs that can prevent or halt disease
progression is still considered necessary. At the height of
COVID-19, many patients in sub-Saharan Africa (SSA) relied on
herbal-based traditional medicine to manage the disease. A case
example, is in Madagascar where use of herbal medicine, COVID-
organics, was approved by the government even though its efficacy
was not clinically proven (Atabong, 2020).

In many SSA countries, the use of herbal-based traditional
medicines to boost immunity and/or serve as preventive
measures against infections is not uncommon (UNESCO, 2020).
The world Health Organization (WHO) estimates circa 80% of the
people in underdeveloped nations to rely on traditional medicine
(WHO, 2019). So far, over thousands of plant species with medicinal
properties have been documented worldwide. The Plant Resources
of Tropical Africa (PROTA) program has recorded 6,377 plant
species used in Tropical Africa, of which more than 4,000 are used as
medicinal plants (Bosch et al., 2002). These medicinal plants can
serve as potential sources to discover new molecules for the
treatment of future recurrent COVID-19. Nonetheless, with
COVID-19, limited knowledge of ethno-medicine represents
weak links to effective identification of new compounds against
the disease. Indeed, few studies have empirically linked medicinal
plants and/or their secondary metabolites to the prevention and
treatment of COVID-19 (Adhikari et al., 2021). Recent studies have
highlighted crucial phytochemicals screened for antiviral activities
that could potentially be explored as therapeutic alternatives for
SARS-CoV-2 (Marmitt et al., 2021). To identify leading compounds
that may be used for the design and development of SARS-CoV-
2 inhibitors, most studies have focused on screening via in vitro and
in silico techniques of synthetic compounds belonging to different
chemical groups (Nazir et al., 2024).

SARS-CoV-2 uses their membrane surface receptor binding
proteins to infect human host cells, making them crucial drug
and vaccine targets (Yan et al., 2020). The SARS-CoV-2 virion
RNA genome codes four structural proteins - the membrane (M),
spike (S), envelope (E), and nucleocapsid (N) proteins (Jafary
et al.,2021). The S protein is initially synthesized as two subunits
- amino (N)-terminal (S1) and carboxyl (C)-terminal (S2) regions,
which exist in a non-covalent union until their cleavage to facilitate
viral fusion into host membrane (Xu et al., 2021). During infection,
the S1 subunit binds the human angiotensin converting enzyme

(hACE-2) via its receptor binding domain (RBD) while S2 after
cleavage fuses with the host cell membrane via two heptad motifs
(Huang et al., 2020; Winger and Caspari, 2021). Reportedly,
frequent mutations of the residues in the RBD regions of S1 alter
how the viral S-protein interacts with the human host cells (Jafary
et al., 2021; Xu et al., 2021). In fact, the RBD region is a critical but an
elusive and highly mutable target for neutralizing antibodies against
SARS viruses. In contrast, the S2 fusion peptides are highly
conserved and therefore most stable targets for designing
antiviral inhibitors (Huang et al., 2020).

The hACE-2, enzymatic receptors expressed on surface of many
human cells, is the default ligand for the S-protein, mediating
attachment and priming by transmembrane protease serine 2
(TMPRS2) to induce entry into the host cell (Huang et al., 2020;
Saxena et al., 2020; Xu et al., 2021). Thus, the binding affinity of
hACE-2 and S-protein is vital for the SARS-CoV-2 infection
efficiency. However, hACE-2 is crucial in converting angiotensin
II to angiotensin (1–7) thereby mitigating the negative effects of its
precursor ACE, inducing anti-inflammatory burst and induction of
vasodilations (Turner, 2015; Saxena et al., 2020). For these reasons, it
is necessary to guard the functionality of hACE-2 against any
extraneous molecules such as the antigenic SARS-CoV-
2 S protein. Ultimately, stopping the S protein from accessing the
hACE-2 and aiding entry into the host cells is the most viable
approach to stop the infection and spread of COVID-19. Already,
several anti-SARS-CoV-2 therapeutics including neutralizing
antibodies, main protease inhibitors, fusion peptide inhibitors,
and many vaccine types are under active research (Huang et al.,
2020; Guan et al., 2021). Unfortunately, the approaches currently
being used are lengthy, complex, and costly. With these in mind, we
sought to identify from our ethno-medicinal traditional
practitioners the active phytochemicals with propensity to
binding onto the S-protein active binding sites acting as anti-S
epitope targets using established in silico approaches. Here we
present our findings.

2 Materials and methods

2.1 Study site

This study was conducted in western Kenya, which shares its
border with Uganda to the West and Tanzania to the South. The
climate in this region is generally tropical and the major economic
activities are farming and fishing. The study area has a total flora of
1,969 angiosperm plants in the List of East African plants (Knox,
1996) and is in the K5 floristic region that falls within the Lake
Victoria regional mosaic plant belt of Africa. The natural vegetation
is of a graded type with relict tropical rain-forest, bush grassland
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(dominated by Themeda-Hyparrhenia) and wooded grassland
vegetation of the Combretum-Dodonaea-Balanites-Acacia matrix.
The region is rich in biodiversity and hosts indigenous forests that
are accessible to the local community from where they obtain
medicinal plants for the management of various ailments. The
study sites included Ugenya, Alego, and Bondo in Siaya County
and Rusinga Island in Homa Bay County (Figure 1).

2.2 The plants and ethno-botanical data
collection

The study was conducted in May and June of 2022. Purposive
sampling and snowballing were used to identify the THPs and data
collection was via face-to-face interview and observation. The
following information were captured using a semi-structured
questionnaire: (1) socio-demographic characteristics, (2)
indigenous name of the plants used to treat COVID-19
associated symptoms, (3) plant part(s) used (i.e., leaves, stem
roots, and root bark) (4), method of preparation and
administration. The plants were photographed, samples collected,
wrapped in newspaper, and transported to the laboratory at the
Department of Biochemistry and Biotechnology of the Technical

University of–Kenya (TU-K) for further identification and scientific
naming by a botanist. Some plants had more than one local name
and these documented names fit the ethno-systematic categories and
criteria inMartin, with primary (unitary), secondary (binomial), and
complex (polynomial) names recorded (Martin, 2010).
Semantically, certain plant names are associated with symptoms
of chest conditions. For instance, “Roko” signifies the sharp, rough,
and penetrating pain typical of such ailments; “Ochol” suggests the
sensation of straining or pushing also associated with chest or
abdominal conditions; “Rachier” colloquially means to bring back
or resuscitate from a weakening or fainting state similar to when
someone is not breathing well. These names reflect what the
medicinal plants relieve.

2.3 Sample preparation and phytochemical
analysis using GC-MS

The samples were air dried at room temperature for 2 weeks and
thereafter crushed into fine powder using an electric grinder (Model
Retsch SM100, Germany). Twenty (20) mg of selected samples were
extracted in 1 mL of dichloromethane then vortexed for 10 s and
sonicated for 10 min. Homogenates were centrifuged at 14,000 rpm

FIGURE 1
Map showing the study sites (A) Map of Africa (B) Map of Kenya (C) Map of the sample collection site. Each dot indicates the sampling site.
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for 5 min and the supernatant filtered. The filtrate was then
subjected to analysis using GC-MS. To generate the
phytochemical profiles, 40 µL of each sample was placed in a GC
vial insert and 2 µL of each sample analyzed on a 7890B gas
chromatograph (Agilent Technologies, Inc., Santa Clara, CA,
United States) coupled to a mass spectrometer (5977A series).
The GC was equipped with an HP-5 MS column (30 m ×
0.25 mm ID., 0.25 μm film thickness, Agilent, Palo Alto,
California, United States). Helium served as the carrier gas at a
flow rate of 1.2 mL per min. The oven temperature was programmed
from 70°C and increased at 10°C/min to 285°C. The samples were
each analyzed in duplicate. The plant compounds were identified
based on mass spectra library data from Adams2.L, Chemecol.L,
National Institute of Standards and Technology (NIST05a.L) and
authentic standards analyzed in the same conditions were used for
comparison.

2.4 Molecular modeling and docking

We used the profiled GC-MS phytochemicals to interrogate
compound interactions with the S protein using molecular docking
experiments. For this purpose, we chose terpenes based on reports
that they are a diverse class of natural compounds with known
antiviral activities (de Santana Souza et al., 2014). The interactions
were assessed using binding energy values, which were evaluated
based on binding energies of Arbidol-spike interaction (Singh et al.,
2022). It is important to point out that Arbidol is a broad-spectrum
antiviral used to manage COVID-19. The crystallographic structures
of the phytochemicals were identified and downloaded from the
NCBI PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The
3-D structure of the SARS-CoV-2 S protein was modeled in silico
using full length SARS-CoV-2 1273 amino acids downloaded from
NCBI database (https://www.ncbi.nlm.nih.gov/protein/YP_
009724390.1). The modeling was done using I-TASSER (Zhang,
2008; Roy et al., 2010; https://zhanggroup.org/I-TASSER/about.
html). The optimized forms of the crystallographic structures of
the phytochemicals were prepared using Open Babel chemical
toolbox prior to docking experiments (O’Boyle et al., 2011). The
structure of the S-protein was set as a rigid macromolecule while
those of phytochemical ligands were set flexible. Subsequently,
docking of the active phytochemicals against the S protein was
done using AutoDock Vina version 1.2.0 (Eberhardt et al., 2021)
found in PyRx version 0.9.2 (Dallakyan and Olson, 2015). The
docked conformations were ranked based on the binding affinities
thereafter, visualized using PyMOL version 3.0.4 (Shrödinger and
DeLano, 2020). The interacting residues of receptor and atoms of
ligands were analyzed using BIOVIA Discovery Studio Visualizer
version 4.5 (Hossain et al., 2019).

2.5 Study ethics and research approvals

Ethical approval was obtained from Mount Kenya University
Ethical Review Committee (Approval No. 1176). Additional
research approval to conduct research was obtained from the
National Commission for Science and Technology (License No.
NACOSTI/P/22/16530; www.nacosti.go.ke) of Kenya. Written

consent was obtained from all study participants. Confidentiality
of data was maintained by omitting names and house locations and
numbers during data analysis.

2.6 Statistical analysis

Data entry and statistical analysis were performed using IBM
SPSS statistics for Windows version 21 (IBM Corp, 2013). Variables
were described by use of descriptive statistics and presented using
simple frequencies with percentages for quantitative variables.
Differences in the chemical composition between plants were
evaluated using Principal component analysis (PCA) and heat
map performed in PAST v4.06b (Hammer et al., 2001). Random
Forest Analysis (RFA) performed on random forest package in R
software version 3.4.3 (R core development team; https://www.r-
project.org/) was used to identify a minimum set of most important
volatile phyto-compounds that are abundant and permanently
present in the most prescribed plants. The relative abundance of
each identified volatile organic compound following GC-MS
analysis was used in the RFA and analysis were performed as
previously described (Milugo et al., 2021).

3 Results

3.1 Socio-demographic characteristics and
knowledge of COVID-19

Seventeen (17) THPs, majority of whom were females (77%)
were identified (Figure 2A). Their age ranged between 45 and
87 years, median of 71 years and majority (59%) lacked formal
educated (Figure 2B). Notably, 92% of the THPs had more than
10 years of experience in traditional medicine (Figure 2C).
Regarding the source of knowledge on the practice of ethno-
medicine, 90% had acquired the knowledge through filial
inheritance while the rest through the community via observation
(Figure 2D). Approximately two-thirds (67%) of the THPs sourced
their medicinal herbs from the jungle, while the remaining
proportion (33%) obtained plants from both the jungle and
home gardens (domesticated) (Figure 2E). Symptoms associated
with COVID-19 and treated using identified medicinal plants were
identified as: difficulty in breathing, cough, fever, chest pains, throat
pain, flue, sneezing and chills. Of these, the most reported symptoms
were flu (18%), cough (23%), and breathing difficulties
(20%) (Figure 2F).

3.2 Medicinal plants used against COVID-19

In total, 43 medicinal plant species belonging to 22 angiosperm
families were identified and documented (Supplementary Table S1;
Figure 2G). The majority of these belonged to the family
Apocynaceae, followed by Olacaceae and Lamiaceae (Figure 2G).
The least prescribed plant species belonged to the family:
Zingiberaceae, Zygophyllaceae, Capparaceae, Combretaceae,
Convolvulaceae, and Acanthaceae (Figure 2G). Of the
43 medicinal plants, only seven were prescribed consistently by
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all the THPs (Table 1) and these include: Ximenia americana L.
(Olacaceae), Euclea divinorumHiern (Ebenaceae), Carissa spinarum
L. (Apocynaceae), Aloe sp. (Asphodelaceae), Ocimum gratissimum
L. (Lamiaceae), Withania somnifera (L.) Dunal (Solanaceae), and
Plumbago zeylanica L. (Plumbaginaceae). The most preferred plant
part utilized in the management of COVID-19 was roots whilst
boiling for oral administration and fumigation represented the most
usedmethod for preparation of the cocktail used against COVID-19.
Notably, showering was mainly prescribed when handling cases of
severe fever (Table 1).

3.3 Phytochemical profiles of the most
prescribed plants against COVID-19

Phytochemical analysis using GC-MS revealed the presence of
compounds belonging to different chemical classes, namely: alkanes,
alkyls, aldehydes, terpenes, alcohols, acridones, pyrazines, and esters
(Figure 3A). Almost two-thirds of the identified compounds were
either alkanes or terpenes (Figure 3A). Moreover, the compounds
varied in quantity across different plant type as shown in Figure 3B.
Notably, importance ranking of the compounds using Mean

Decrease in Accuracy (MDA) as estimated by random forest
analysis revealed 17 compounds, mostly alkanes and terpenes
(Figure 3C). Further analysis using PCA showed the plants to
vary based on their chemical composition further corroborating
the findings from heat map (Figure 3D).

3.4 Molecular modeling and docking
experiments

From the GC-MS profiles, we investigated 24 terpenes and
found them to bind to the S protein with high affinities, ranging
between −6.0 and −8.3 kcal/mol, relative to Arbidol binding free
energy of −5.9 kcal/mol (Singh et al., 2022; Supplementary Table S2).
The S-protein possesses multiple active sites, within the major
conserved domains S1 and S2.The S1 domain comprises the
NTD, RBD, and the D614G site. The S2 domains start from the
furin (S1/S2 cleavage), S′ cleavage site, FP, HR1/2, CH-CD, and
TMD (Figure 4). Our docking experiments using the best
conformers of each phytochemicals showed varied affinity for the
RBD. The phytochemicals bound at different sites of the RBD
subdomains, here designated as RBD 1 (which has receptor

FIGURE 2
Study Population demographics and ethnomedicine then (a) Participant sex (b) Participant education level (c) Traditional health practitioner
experience (d) Source of healing knowledge (e) Plant material source (f) Medicinal plant families (g) Symptoms treated with medicinal plants.
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binding motive (RBM) 1 and 2), RBD2, 3, and 4 (Figure 5A). Within
the range of 4.0 Å (Å), our results indicate that the studied terpenes
interacted with specific key amino acids including LYS368, TYR459,
TYR464, PHE458, and TYR456 of RBM1 at appreciable binding
affinities (Figures 5B a–e). The interaction at RBM2 involved
TYR418, LEU419, PRO438, and TYR450 (Figure 5B v). At the
RBD2, collectively, the target residues include PHE340, TYR362,
PHE392, PHE427, GLU473, and LEU474 (Figures 5B g–o). At
RBD3, the residues are ASN475, ALA476, PHE517, and PHE519;
and all of them utilize conventional hydrogen, pi-alkyl or alkyl
interactions (Figures 5B p–s). The active residues at the RBD4, a
binding site coinciding with the heparin sulfate (HS) site, another
host membrane protein involved in host cell recognition in concert
with the ACE-2 (Paiardi et al., 2022), are PHE310, ASN311,
VAL334, LEU335, and PHE340 (Figures 5B t,u).

4 Discussion

Documenting medicinal plants used in management of COVID-
19 not only conserves traditional knowledge but may also unravel
novel bioactive compounds for the management of emerging and
neglected diseases of concern globally. The concerns ensue on the
backdrop of increasing drug resistance against currently available
therapeutics and expensive and lengthy process of developing new
drugs and vaccines. Also concerning is the insistent burden of
prolonged post viral syndrome (also long-COVID) and acute
COVID-19 complications often characterized by inflammation,
lung fibrosis, overreaction of the immune system and
cardiovascular anomalies (Desai et al., 2022; CDC, 2025; John
et al., 2021). In ethno-medicine, plants that have anti-
inflammatory and immune modulation activity are often
exploited to manage inflammatory complications and restore
physiological balance: Such plants, may offer valuable
complementary strategy for management of inflammatory
complications of the respiratory system induced by COVID-19,
and potentially, lower mortality (Al-Jamal et al., 2024). Indeed, there
has been unprecedented call and advocacy for enhanced research on
herbal remedies by many governments and global organizations
such as the WHO, perhaps due to their effectiveness in relieving
other respiratory infections (World Health Organization (WHO,
2002). Such calls and advocacies, however, can only be taken up
when there is evidence-based research that validates the bio-activity
and safety profiles of a diversity of medicinal plants. A recent clinical

trial using a herbal medicines used in Korean medicine to treat long
COVID symptoms reveals the feasibility of ethno-medicine in
management of the disease (Kim et al., 2024). In the current
study we analyzed the biochemical profiles of plants used in
western Kenya ethno-medicine to manage COVID-19-associated
symptoms and identified leading compounds of importance that
could be investigated further in laboratory experiments and
clinical trials.

Overall, we identified 17 THPs and to ensure authenticity of the
data set, we narrowed down our investigations to seven plants that
were consistently prescribed by all the THPs. Thus, we are convinced
that the selection of these seven plants is accurate, and even with
further investigation, this pattern would not have changed. The
participants correctly identified COVID-19 symptoms as having a
cough, fever, breathing difficulty, and flu-like. Possibly, by
administering herbal medicine aimed at relieving or treating
these symptoms they might have prevented the clinical
presentation and progress of COVID-19. The majority of the
THPs sourced their plant materials from the wild and only a few
domesticate the plants. This indicates a need to tap into the
knowledge and conservation of ecological biodiversity particularly
for the plants of medicinal value. The participants further reported
frequent use of plant roots and leaves. Whilst plant roots are
generally rich in bio-active ingredients, their indiscriminate use
poses a threat to flora conservation efforts, especially for wild-
crafted materia medica. Precautionary, the THPs should be
encouraged to plant vulnerable medicinal species for conservation
and sustainable use. With reference to the route of administration,
the most used was oral route followed by fumigation (inhalation).
This finding was comparable with a study conducted in Ethiopia
where similarly oral route was the frequently used route of
administration for respiratory illness (Umeta-Chali et al., 2021).

The most commonly used medicinal plants were: Ximenia
americana L. (Olacaceae), Euclea divinorum Hiern (Ebenaceae),
Carissa spinarum L. (Apocynaceae), Aloe sp. (Asphodelaceae),
Ocimum gratissimum L. (Lamiaceae), W. somnifera (L.) Dunal
(Solanaceae) and Plumbago zeylanica L. (Plumbaginaceae). The
plants were shown to cluster differently based on the classes of
the compounds they contain: implying that perhaps their bioactivity
against the virus would also vary significantly. Notably, the majority
of the compounds were terpenes and alkanes, which also varied in
their level of importance and abundance. Nonetheless the current
results support some previous studies where plants such as Allium
sativum and Zingiber officinale, commonly used as spices, were

TABLE 1 Characteristics of the most consistently used medicinal plant.

Local name Scientific name Family Parts used Mode of use

Olemo Ximenia americana L. Olacaceae Roots Oral administration (liquid); Fumigation

Ochol Euclea divinorum Hiern Ebenaceae Roots Oral administration (liquid); Fumigation

Ochuoga Carissa spinarum L. Apocynaceae Roots Oral administration (liquid); Fumigation

Ogaka Aloe sp. Asphodelaceae Roots Oral administration (liquid); Fumigation

Mweny madongo Ocimum gratissimum L. Lamiaceae Roots, leaves, seeds Oral administration (liquid)

Ofurandawa Withania somnifera (L.) Dunal Solanaceae Roots, leaves Oral administration (liquid); Fumigation; showering

Rachier Plumbago zeylanica L. Plumbaginaceae Roots, leaves, stems Oral administration (liquid)

Frontiers in Natural Products frontiersin.org06

Milugo et al. 10.3389/fntpr.2025.1597609

https://www.frontiersin.org/journals/natural-products
https://www.frontiersin.org
https://doi.org/10.3389/fntpr.2025.1597609


reported to have bioactivities against COVID-19 symptoms
(Khadka et al., 2021; Villena-Tejada et al., 2021; Yashvardhini
et al., 2021). Besides, some plants such as Ocimum species, also
identified in the current study, are known to contain compounds
such as tulsinol (A, B, C, D, E, F, G) and dihydrodieuginol that
possess immunomodulatory activities and can potentially inhibit
replication of coronavirus (Varshney et al., 2020; Khadka et al.,
2021). Another plant that has previously been reported to possess
compound with inhibitory roles on SARS-CoV-2 main protease is
Aloe vera (Mpiana et al., 2020). The compounds in this species were

identified using molecular docking as (feralolide, 9-dihydroxyl-2-O-
(z)-cinnamoyl-7-methoxy-Aloesin and Aloeresin) (Mpiana et al.,
2020). A detailed review of antiviral activity of compounds from
Aloe sp. can be found in (Españo et al., 2022). Additionally, the
current findings also align with studies that have shown Withania
somnifera to have some activity against COVID-19 (Daneshvar
et al., 2021; Parihar, 2022; Shree et al., 2022; Singh et al., 2022).
Thus the finding of the current study provides a basis to explore the
bio-activity of the seven plants and possibly identify active
ingredients for use in formulation of anti-COVID drug. Such

FIGURE 3
(A) Pie chart showing distribution of metabolites by class. Most compounds were alkanes and terpenes (B) Heat map showing distribution of
metabolites across most commonly prescribed plants (C) Radar plots indicating most abundant and important compounds as projected by MDA (D) PCA
plots of plants based on their VOCs. Plots were generated using the first two components (PC1 and PC2), PC1 explained 94% of the total variance while
PC2 explained 3%.
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investigations will generate scientific evidence to support the
application of medicinal plants for COVID-19 treatment.
Notably, some of the medicinal plants reported like W.
somnifera, are extensively used in other traditional pharmacopoeia.

Phytochemical analysis using GC-MS identified compounds
belonging to different chemical classes of which terpenes (Cox-
Georgian et al., 2019; Nadjib, 2020; Al-Salihi and Alberti, 2021;
Diniz et al., 2021), pyrazines (Seliem et al., 2021) and acridones
(Oderinlo et al., 2022) have been shown to have antiviral activities.
For instance, the acridone-based alkaloid 5-hydroxynoracronycine
alcohol was found to have activity against SARs-CoV-2 main
protease (Oderinlo et al., 2022). Among the compounds
identified in the current study through GC-MS, to our
knowledge, none have previously been documented as having
been screened for activity against SARs-CoV-2. Nonetheless,
some of the compounds, mainly the terpenes, have undergone
evaluation for various biological activities. For example, the
monoterpene α-pinene was reported to have a wide range of
pharmacological activities, including antibiotic resistance
modulation, anticoagulant, antitumor, antimicrobial, antimalarial,
antioxidant, anti-inflammatory, anti-Leishmania, and analgesic
effects (reviewed in Salehi et al., 2019; Allenspach and Steuer,
2021). Specifically, α-pinene exhibits anti-inflammatory activity
by suppressing mitogen-activated protein kinase (MAPKs) and
the nuclear factor kappa B (NF-κB) pathways, thus making it a
promising agent for the treatment of various inflammatory diseases

(Park et al., 2021). Moreover, α-pinene was found to enhance
cytotoxicity of natural killer (NK) cells, suggesting that α-pinene
can play a role in alleviating viral infection (Park et al., 2021). This is
particularly significant given that the possibilities of using NK cell-
based immunotherapy in treating COVID-19 has previously been
suggested. Similarly, β-phellandrene and camphor have also been
shown to have anti-microbial and anti-inflammatory, and activation
of NK cells activities (da Silva et al., 2015; Thangaleela et al., 2022).

Among sesquiterpenes, δ-elemene, E-caryophyllene and α-
humulene (or α- caryophyllene), aromadendrene, and valencene
have also been reported to exhibit anti-inflammatory effects
(Fernandes et al., 2007; Francomano et al., 2019; Maffei, 2020;
Tan et al., 2021; Dantas et al., 2022; Viveiros et al., 2022;
Dalavaye et al., 2024; Yan et al., 2024). The δ-elemene was
reported to regulates inflammatory factors such as Tumor
Necrosis Factor Alpha (TNF-α), Interferon (IFN), transforming
growth factor Beta (TGF-β) and interleukin-6/10 (IL-6/10) (Tan
et al., 2021). Likewise, E-caryophyllene and α-humulene exert anti-
inflammatory activities by inhibiting inflammatory mediators such
as inducible nitric oxide synthase (iNOS), IL-1β, IL-6, TNF-α, NF-
κB, cyclooxygenase 1 (COX-1), and COX-2, thus revealing their
potential in treating inflammatory conditions (Fernandes et al.,
2007; Fidyt et al., 2016; Francomano et al., 2019; Viveiros et al.,
2022). Recently, valencene was found to be therapeutically effective
against acute and chronic inflammations in murine models. In silico
analysis of valencene activity revealed its ability to inhibit COX-2

FIGURE 4
Spike protein 3-D model of key domains. (A) A schematic linear organization of the domains along a S-protein sequence of 1273 amino acids
indicating the two major domains S1 and S2 with estimated amino acid positions of the various sub-domains. The S1 comprises signal peptide (SP) in the
first 13 amino acids, the super site mutable N-terminal domain (NTD), and receptor binding domain (RBD). (B) The 3-D model of the S-protein with the
domains mapped at their approximate regions: S1 comprising NTD, RBD and a region near the D614 mutable site; S2 comprising Furin catalytic site
(S1/2 cleavage), fusion peptide (FP) with a second cleavage site S′, heptad repeat (HR) regions HR1 and HR2, the central helix (CH) and connector domains
(CD), and the transmembrane domain (TMD). The arrows indicate approximate range of residues for the domains. The full length SARS-CoV-2 1273 amino
acid sequence for the S-protein was downloaded from the NCBI (https://www.ncbi.nlm.nih.gov/protein/YP_009724390.1) and the 3-D structure
modeled using I-TASSER tool. The model image was annotated using Inkscape version 1.3.2 (https://inkscape.org).
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FIGURE 5
Phytochemicals interacting with SARS-CoV-2 S1 RBD. (A) The S-protein S1 RBD ligand binding sites: RBD1 (RBM1 and RBM2, the native binding sites
for ACE-2), RBD2, RBD3, and RBD4. (B) The leading binding phytochemicals (ligands in blue color) onto the S1 RBD binding sites: (a–f) RBD1 RBM1 and (v)
RBD1 RBM2 (blue outline) with the best binders as Aromadendrene, 9-epi-E-Caryophyllene, alpha-Bergamotene, alpha-Copaene, Cuparene, and alpha-
Ylangene, the best ligand is beta-Sesquiphellandrene; (g–o) ligands onto RBD2 (green outline) are Cuparene, alpha-Guaiene, alpha-Cedrene-
Epoxide, alpha-Gurjunene, Aromadendrene, Zonarene, Valencene, alpha-Muurolene, beta-Guaiene; (p–s) ligands onto RBD3 (cyan outline) include

(Continued )
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activity and histamine H1 receptor antagonism, as potential
mechanisms by which valencene modulates acute inflammations
(Dantas et al., 2022).

The S1 RBD of the S-protein has attracted the most research
attention as a target for designing antiviral therapeutics, diagnostics,
and vaccines; and apparently, this is the native binding site for the
hACE-2 (Huang et al., 2020; Al-Salihi and Alberti, 2021; Pal et al.,
2022; Santos et al., 2022; Mushebenge et al., 2023). We observed that
the S-protein possesses a conserved structural organization with
multiple the key domains and subdomains (Figure 4). From our
study, the pertinent ligand binding sites on the S1 RBD are crucial in
determining the bio-activity of the plant compounds (Figure 5). The
temporal binding of these phytochemicals onto the respective
binding sites likely constraint the conformational dynamics of the
viral protein. The S1 RBD RBM is a natural binding site for hACE-2
to facilitate viral infectivity and pathogenicity (Choi et al., 2021;
Mushebenge et al., 2023). We reveal that the active residues at RBM
locate at two specific regions of S1 RBD1, labeled RBM1 and RBM2
(Figure 5A) at which the phytochemicals interact with key residues
that fall within the vicinity of previously reported residue contacts
between the viral S1 and the hACE-2 ligand (Zhang et al., 2021;
Singh et al., 2022). Notably, while the hACE-2 is a large receptor
protein that interacts mostly with only the exposed surface residues
within the RBM, the phytochemicials are small molecules and can
penetrate to inner residues within the binding pockets. This might
explain why our results indicate a slight deviation of S-protein-
hACE-2 interacting residues from those reported previously (Zhang
et al., 2021). The other active site for the phytochemicals is the highly
mutable C-terminal domain of the RBD, labeled D614 (Figure 5A).
Mutation at the site D614G was previously associated with
emergence of highly transmissible and virulent SARS-CoV-
2 Omicron strain. Since the onset of the COVID-19 pandemic,
the Omicron strain accumulated the most mutations on the
S-protein bio-active sites, thus enhancing its infectivity and
inactivity against available therapeutics (Guan et al., 2021;
Mushebenge et al., 2023). Here, we observed the phytochemicals
binding residues around the D614G site, none of them interacting
directly with the residue. Speculatively, the interaction of these
phytochemicals with their respective binding sites within S1 RBD
may aid in altering the transitioning between the ‘down’ and ‘up’
conformations and also interfering with the ionic interactions
between the S-protein and native ACE-2 (Zhang et al., 2021).
These findings reveal multiple potential sites that the small plant
derived metabolites bind onto on the SARS-CoV-2 S-protein.
Hopefully, these interactions may retard bio-activities the
S1 RBD with its cognate hACE-2 receptors. Potentially, a
limitation of the current study is the fact that most of the plants
were formulated in combination and we were not able to capture this
information comprehensively as most of the participants were not
willing to reveal their strategies for fear of losing their trade value.

Additionally, it was not possible to standardize the collected plant
materials based on other important variables such as age of plants
and environmental conditions. Moreover, no in-vivo or in-vitro
bioassays were conducted to verify whether the identified
phytochemicals can indeed inhibit COVID-19 infection in humans.

Future prospects should aim to determine the antiviral activity
of the compounds identified in the current study to position them as
leads for further uptake in drug design and development. Future
research should concentrate on screening plants from the
angiosperm families; Apocynaceae, Olacaceae, and Lamiaceae to
identify compounds that target various stages of the COVID-19
virus. This challenge can be addressed by employing advanced
biotechnological methods. For example, cell bioengineering can
be leveraged to enhance the production of plant-based
compounds, while synthetic chemistry can facilitate large-scale
production and optimize their potency profiles.

5 Conclusion

In conclusion, we identified and documented 43 medical plants
used in ethno-medicine against COVID-19 around the Lake
Victoria region in western Kenya. Also identified, through GC-
MS analysis, were 55 compounds belonging to the chemical classes:
terpenes, alkanes, alkene, alcohols, acridone, pyrazine, and
carboxylic acid esters. Molecular modelling revealed the S-protein
to possess multiple active sites, and the best binders were identified
as aromadendrene, 9-epi-E-caryophyllene, alpha-bergamotene,
alpha-copaene, cuparene, and alpha-ylangene. Overall, our
findings contribute to the preservation of cultural knowledge
relating to traditional herbal medicine, bolster confidence in
herbal medicine, and encourage the conservation of medicinal
plants within the study region. The study provides a basis for
pharmaceutical industries and researchers to look into the
effectiveness and safety of the seven medicinal plants identified in
the present study.
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