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ARTICLE INFO ABSTRACT

Arl tic{e History: Coronavirus pandemics such as Spanish influenza, severe acute respiratory syndrome-coronavirus (SARS-

Received 28 February 2024 CoV), middle east respiratory syndrome-coronavirus (MERS-CoV) and severe acute respiratory syndrome-

Revised 27 May 2025 coronavirus (SARS-CoV-2) have displayed high incidence and mortality rates prompting the need for repur-
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Available online xxx posing of drugs, vaccine development and the investigation of medicinal plants. Research on previous coro-
naviruses has served as the foundation for COVID-19 (arising from SARS-CoV-2) research. Various medicinal

plants such as Glycyrrhiza glabra, Ginkgo biloba, Curcuma longa and Artemisia annua have displayed favorable

Edited by: Dr. ].S. Boatwright . - . . 3 o
results against SARS-CoV-2. Medicinal plants as well as bioactive compounds derived from medicinal plants

Ic(g%gt‘]{; have been investigated in clinical trials to elucidate the effect on SARS-CoV-2. Several clinical trials evaluate
Government the effect of the medicinal plant and bioactive compounds derived thereof on symptoms arising due to SARS-
Lockdown CoV-2 thus, the main aim of this review article is to highlight the gap in the investigation of the effect of
Medicinal plants medicinal plants and bioactive compounds on the specific mechanisms of COVID-19 in clinical trials. The
SARS-CoV-2

review also highlights challenges pertaining to the standardization and quality control of medicinal plants as
well as bioactive compounds derived from medicinal plants which may impede the feasibility of using

medicinal plants in the clinical regimen for COVID-19 or future coronavirus pandemics.
© 2025 The Authors. Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

severe pandemic claiming several lives between December 2019 and
August 2020 (Yesudhas et al., 2021). The COVID-19 outbreak was

In 2019 an increasing number of acute pneumonia cases first
appeared in Wuhan, China and the series of symptoms were further
identified and linked to a novel enveloped RNA beta coronavirus sub-
sequently named as the severe acute respiratory syndrome coronavi-
rus-2 (SARS- CoV- 2) (Guan et al., 2020). This initial outbreak, also
known as the coronavirus disease 2019 (COVID-19) emerged as a

declared by the World Health Organization (WHO) to be a Public
Health Emergency of International Concern (PHEIC) in January 2020
(Li et al., 2020).The inception of the COVID-19 outbreak was by zoo-
notic transmission within the Huanan seafood market in Wuhan
with the initial viral vectors suspected to be bats based on the viral
genome sequencing showing a 96.2 % homology between the bat-
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CoV and SARS-CoV-2 (Guo et al., 2020; Li et al., 2020; Sun et al., 2020).
Through further phylogenetic analysis and protein sequencing it was
observed that there may have been other intermediate hosts such as
pangolins and civets (Mishra et al., 2021). Human to human contact
also played a pivotal role during the outbreak, with the virus shown
to have a reproductive number (Rg) of 2.20, indicating that for every
individual that is infected by COVID-19, a further 2.20 people are
expected to contract the virus (Li et al., 2020; Liu et al., 2020). An epi-
demic is considered likely to expand when its Rq is greater than 1
and upon further investigation it was noted that without intervention
SARS-CoV-2 would likely have an Rq of 2.30—-3.70 (Sun et al., 2020).
As reported by Donnat and Holmes (2023), there is variation between
the Ry values across numerous studies (Donnat and Holmes, 2023). In
India the Ry value was reported to be 2.56 while in China it was
reported to be 2.40 and in Italy, 2.40—-3.10 (Achaiah et al., 2020;
Drarienzo and Coniglio, 2020). Control measures are normally put in
place to contain a pandemic and reduce the Ry to less than 1 suggest-
ing that the measures implemented within various regions may have
been a factor in the rate at which the virus spread. The COVID-19 out-
break was declared a pandemic by the WHO on the 11th of March
2020 and was reported in over 200 countries around the world (Balk-
hair, 2020; Zhang et al., 2020; Zheng et al., 2020).

1.1. Structure

Coronaviruses are enveloped, positive-stranded RNA viruses that
contain a nucleocapsid. Their genomic structure is arranged in a sin-
gle stranded RNA (+ssRNA) of approximately 30 kilobases in length
with a 5'-cap structure and 3’-poly-A tail, making them the largest
RNA viruses (Fehr and Perlman, 2015). The virus belongs to the order
Nidovirales and can be classified into four different genera: Alpha (&),
Beta (), Gamma(y) and Delta (§). Mammals are only infected by a-
and B-Coronavirus while birds are primarily infected by y- and
S-coronavirus (Van Boheemen et al., 2012). The SARS-Cov-2 virus
(Fig. 1) is structurally and phylogenetically identical to both SARS-
coronavirus and MERS-coronavirus and consists of four major struc-
tural proteins, namely, the spike (S) protein, envelope (E) glycopro-
tein, nucleocapsid (N), and membrane (M) protein, together with 16
non-structural proteins as well as 5 to 8 auxiliary proteins (Brian and
Baric, 2005). The surface spike (S) glycoprotein, which resembles a
crown, is located on the outer surface of the virion and undergoes
cleavage into an amino (N)-terminal S1 subunit, which facilitates the
virus’ incorporation into the host cell. Other units include the carboxy
(C)-terminal S2 subunit containing a fusion peptide, a transmem-
brane domain, and a cytoplasmic domain, which is responsible for
virus-cell membrane fusion (Du et al., 2009; Jiang et al., 2020).

Through attachment of the SARS-Cov-2 spike or S protein (S1) to
the numerous ACE-2 receptors on the respiratory epithelium such as
type Il alveolar epithelial cells, SARS-CoV-2 obtains access to the host
cell ACE-2 receptors which are expressed by the upper esophagus,
enterocytes from the ileum, cardiac cells, proximal tubular cells of
the kidney, and urothelial cells of the bladder, in addition to the
respiratory epithelium (Hu et al, 2021). The process of viral

RNA viral genome

Fig. 1. A model of the structure of the SARS-CoV-2 virus.
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attachment is followed by the priming of the spike protein S2 compo-
nent by the host transmembrane serine protease 2 (TMPRSS2), which
enables cell entrance, viral replication, endocytosis, and the forma-
tion of virions (Hoffmann et al., 2020). The S1 subunit is further sub-
divided into a receptor-binding domain (RBD) and an N-terminal
domain (NTD), which enhances viral entrance into the host cell and is
a potential target for neutralization by antisera or vaccinations. As a
binding site for the human angiotensin-converting enzyme 2 (ACE-2)
receptors, the RBD is a crucial peptide domain in the pathogenesis of
infection (Song et al., 2018).

1.2. Mechanism of SARS-CoV-2

In laboratory tests, most infected patients exhibited a marked
decrease in their total number of lymphocytes, particularly T-lym-
phocytes, suggesting that they are likely a target of the SARS-CoV-2
virus (Seyed Hosseini et al., 2020). During Covid- 19 infection, viral
particles spread in the respiratory tract and infect surrounding cells,
this initiates the cytokine storm in which high levels of various pro-
inflammatory cytokines including IL-1, IL-2, IL-6, TNF-c, IFN-y, IP-10,
GM-CSF, MCP-1, and IL-10 are expressed (Zanza et al., 2022). The ini-
tiation of the cytokine storm consequently triggers severe immune
responses which result in changes to immune cells, particularly the
lymphocytes causing immune stress and dysfunction (Li et al., 2020;
Seyed Hosseini et al., 2020). In addition, new putative receptors have
emerged elucidating their probable function in viral entrance (Mayi
et al., 2021). Neuropilins are transmembrane glycoproteins that are
mostly found in developing neurons and contribute to neuron devel-
opment. Neuropilin 1 (NRP1) and neuropilin 2 (NRP2) are receptors
of class III semaphorin receptors and are also targeted by several
ligands accountable for angiogenesis (Lin et al., 2021). A neuropatho-
logical study of COVID-19 corpses has shown that cleaved S protein
interacts with NRP1 and NRP2, assisting in the infection of the neuro-
logical system by the virus (Cantuti-Castelvetri et al., 2020; Daly et
al.,, 2020). The immunoglobulin superfamily member, CD147, also
known as basigin or extracellular matrix metalloproteinase inducer
(EMMPRIN), is a transmembrane glycoprotein that has been identi-
fied as an alternate SARS-CoV-2 entry facilitator within the host cell.
Anti-CD147 antibody was found to effectively prevent SARS-CoV-2
entry (Wang et al.,, 2020a). An intriguing study revealed that keto
acid sugars may play a crucial role in the entrance of SARS-CoV-2 and
the ensuing "cytokine storm" (Hatmal et al., 2020; Wielgat et al,,
2020). The mechanism of entry plays an important role in identifying
possible targets for the inhibition of COVID-19 (Fig. 2). Human angio-
tensin-converting enzyme 2 (ACE-2), expressed on the surface of
cells, is the major receptor for SARS-CoV-2. The S1 domain of the
spike (S) protein of SARS-CoV-2 interacts with the ACE-2 receptor via
the receptor-binding domain (RBD) (Huang et al., 2020). The S2
domain undergoes a conformational change entering a post fusion
state in which its buried hydrophobic fusion peptides become
exposed and inserted into the target host membrane. This process
results in the fusion of the viral and host membrane (Yesudhas et al.,
2021).

Notably, SARS-CoV-2 has a higher affinity for human ACE-2 than
SARS-CoV. The ectodomain of the SARS-CoV-2 spike protein binds to
the peptidase domain (PD) of ACE-2 (Yesudhas et al., 2021). Trans-
membrane serine proteases 2 (TMPRSS 2) and Furin play a major part
in this process. Furin cleaves at the S1/S2 cleavage site, which facili-
tates RBD-ACE-2 interaction by exposing the RBD. On the other hand,
TMPRSS 2 facilitates viral glycoprotein contact and membrane fusion
with the host cell membrane (Luan et al., 2020). Generally, SARS-CoV
enters host cells through endocytosis, where its spike protein is proc-
essed by cathepsin L and cathepsin B lysosomal proteases (Jackson et
al.,, 2022). Further extracellular proteases such as elastase in the
respiratory tract and TMPRSS2 on the surface of lung cells are also
known to activate spike membrane fusion (Yesudhas et al., 2021).
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Fig. 2. (A) SARS-CoV-2 Spike binding receptor. (B) Mechanism of SARS-CoV-2 viral entry into target cell membrane where 1- is the cleavage of the SARS-CoV-2 S protein., 2- The

activation of the S domain and 3- The fusion of the viral and host membranes.

1.3. Symptoms

The mean incubation period of SARS-Cov-2 is 5.2 days (Li et al.,
2020). Infection starts with the initial onset of flu-like symptoms
including fever, dry cough and fatigue, additionally the respiratory,
gastrointestinal, musculoskeletal and nervous systems may also be
affected (Calica Utku et al., 2020). Less common symptoms such as
dizziness, headaches, stomach pains, nausea, and vomiting may also
be observed (Sun et al, 2020; Wang et al, 2020b). Additionally,
patients may experience a loss of smell (anosmia) and loss of taste
(dysgeusia) as precursors to fever. It is noteworthy to add that
although fever is an important indicator of infection, it may not
always be present (Gallo Marin et al., 2021).The severity of a COVID-
19 infection can range from mild to critical, with most infections
being milder, however, some patients may initially present with mild
symptoms but further progress to more severe symptoms after a few
days (Guan et al., 2020). Of the patients exhibiting milder symptoms
approximately 15 % were shown to progress to severe pneumonia
and an additional 5 % further develop acute respiratory distress syn-
drome (ARDS), septic shock and potentially multiple organ failure
(Cao, 2020). COVID-19 infects people of all age groups, but individu-
als above the age of 60 years and those possessing comorbidities are
at a much higher risk of infection (WHO, 2020). Several metabolic
and infectious diseases have been shown to impact the severity of
Covid- 19 and play a role in the formation of complex symptoms
(Ejaz et al., 2020). People suffering from diabetes are at a higher risk
of developing infection due to the impaired capabilities of their
phagocytic cells. Additionally, elevated levels of the ACE-2 receptors
observed to be related to diabetes may therefore increase the likeli-
hood of infection (Rao et al., 2020). In various studies performed in
China it was observed that 11 % of patients suffering from COVID-19
infection had diabetes, with one study in Wuhan, China, specifically
found an increase in the viral clearance time in patients who also suf-
fered from diabetes (Chen et al., 2020; Singh et al., 2020). Several fac-
tors are reported to be responsible for the increased severity of
COVID-19 in patients with diabetes, including an increase in ACE-2
expression, an increase in furin, a type 1 membrane-bound protease
which was found to impair T-cell function, and an increase in several
inflammatory cytokines including interleukin IL-6 (Singh et al.,
2020).
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Reports have also linked hypertension with a high case fatality
rate (CFR) being reported in COVID-19 patients. Singh et al. (2020)
highlighted multiple studies showing the strong correlation between
COVID-19 patients and hypertension (Singh et al., 2020). In multiple
studies conducted in China, it was found that 21 % of COVID-19
patients also suffered from hypertension, with a study by Yang et al.
(2020) reporting a 17 % correlation (Chen et al., 2020; Singh et al.,
2020; Yang et al., 2022). However, roughly 25 % of the global popula-
tion suffer from hypertension and thus it could be argued that the
correlation between hypertension and COVID-19 does not suggest a
causal relationship (Gallo et al., 2022).

Cardiovascular disease (CVD) displayed an increased prevalence
in patients suffering from COVID-19, most notably in more severe
cases of infection (Ejaz et al., 2020). Studies conducted in Wuhan,
China, noted that 6.8 % of those who died from COVID-19 infection
suffered from CVD while another study observed 17 % of Covid
related deaths to have suffered from CVD (Zheng et al., 2020; Zhou et
al., 2020). Infection with COVID-19 triggers an immune response
through Toll-like receptors (TLRs) which play an important role in
the regulation of cytokine expression and indirectly play a role in the
activation of the adaptive immune system and the recognition of
pathogen associated molecular patterns (PAMPs) (Birra et al., 2020).
Several studies have shown that most Covid —19 patients suffer from
lymphopenia (shortage of lymphocytes in the blood) and have ele-
vated levels of various pro-inflammatory cytokines such as Tumour
Necrosis Factor alpha (TNF-«) and Interleukin 6 (IL —6) (Khanmo-
hammadi and Rezaei, 2021). Further studies have shown that the
immunopathological reason for deaths attributed to COVID-19 infec-
tion was due to the interaction of TLRs with viral particles (Patra et
al,, 2021).

Venous thromboembolism (VTE) is highly prevalent in critically ill
patients suffering from COVID-19 (Waite et al., 2020). The percentage
of VTE complications recorded in COVID-19 patients varied from 1.7
to 16.5 % in observational studies from around the world (Kunutsor
and Laukkanen, 2020). It has been suggested that the severe anti-
inflammatory response to COVID-19 infection causes thrombo-
inflammation through various mechanisms such as the cytokine
storm, complement activation and endotheliosis (Lee et al., 2022).
Studies have shown that the SARS-CoV-2 virus induces a particular
anti-inflammatory signature that is characterized by a reduction in
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multiple interferons (IFN-I and IFN-III) and an increase in antiviral
proteins produced in response to pathogens or various pro-inflam-
matory cytokines. This highlights the effectiveness of the SARS-CoV-
2 virus in counteracting the antiviral effects of IFN-I and IFN-III and
promoting an inflammatory response through the induction of cyto-
kines needed to recruit cells responsible for adaptive immunity (Gar-
cia, 2020).

Post-acute symptoms of COVID-19 described by the persistence of
symptoms and their development up to 4 weeks after the onset of
initial COVID-19 infection, are of additional clinical importance (Nal-
bandian et al., 2021). Patients suffering from post-acute COVID-19,
also termed “long Covid” present with persistent neurological, respi-
ratory, or cardiovascular symptoms that could potentially last for
months (Montani et al., 2022). At the beginning of the outbreak, cases
of COVID-19 infection were largely observed among the elderly, how-
ever, as the outbreak continued, the cases in individuals over 65 years
of age continued to increase but there was also an observed increase
in children under the age of 18 (Chen et al., 2020; Yuki et al.,, 2020).
Initially, the number of cases among males was higher, however, as
the case numbers increased no significant gender preference was
shown (Yuki et al., 2020).

1.4. World response to COVID-19

The considerable variations in policy response to the COVID-19
pandemic observed among different nations may predominantly be
due to a lack of experience in managing pandemics of such magni-
tude. The global outbreak of COVID-19 led to the implementation of
diverse non-pharmaceutical interventions (NPIs) by numerous coun-
tries as a means of community mitigation techniques (Redlin, 2022).
Non-pharmaceutical interventions (NPIs) encompass a range of
measures implemented to mitigate the spread of diseases, to reduce
the transmission curve, in addition to medical treatments and vacci-
nations. Non-pharmaceutical interventions (NPIs) have demon-
strated their significance in effectively reducing the transmission of
the virus and subsequent mortality rates over various periods and
waves of infection (Hale et al., 2020). However, specific policies have
had detrimental impacts on the economics of several nations, result-
ing in prolonged recovery periods for some of these economies (Gozzi
et al,, 2021; Hsiang et al., 2020; Jena et al., 2021). One of the initia-
tives to receive significant advocacy was the implementation of face
coverings, with a particular emphasis on nose masks, the most cost-
effective NPI currently available (Agyapon-Ntra and Mcsharry, 2023).
A study conducted by Mitze et al. (2020) found that the use of face
masks in Germany resulted in a significant reduction in the number
of COVID-19 cases. Over 20 days, face masks contributed to a 45 %
decrease in infection rates. Furthermore, the economic impact of
implementing face masks was shown to be minimal in comparison to
alternative public health measures such as closures and contact
restrictions/bans (Mitze et al., 2020; Vardavas et al., 2021).

Nevertheless, as COVID-19 spread within the surrounding com-
munities, attributed to the delayed implementation of restrictions,
non-compliance with regulations, and poor contact tracing, there
was an observed prioritization of diagnostic testing, particularly for
individuals exhibiting respiratory symptoms (Schuchat, 2020). The
implementation of the "limiting contact” effectively decreased the
frequency and length of interactions, thus resulting in a decrease in
the number of opportunities for viral replication through contact,
ultimately leading to a reduction in the basic viral reproduction num-
ber (Ro) (Oraby et al., 2021).

The variability in the occurrence, length, and scheduling of lock-
down measures worldwide presented a challenge in accurately mea-
suring the impact of restrictions on the management of COVID-19
transmission. The implementation of lockdown measures led to sig-
nificant economic consequences, with many individuals experiencing
job losses and financial instability. Furthermore, these restrictions
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have had a profound impact on individuals’ mental health, thus com-
plicating the evaluation of the cost-benefit analysis associated with
the approach of limiting social interaction (Oraby et al., 2021).

2. Medicinal plants used in the treatment of COVID-19

Traditional medicine plays an important role in therapeutic treat-
ment in the modern age. It has been shown to be an effective tool in
allowing researchers to search for potential drugs or leads for further
development (Choudhury et al., 2020). Medicinal plants are currently
being studied in large quantities and evaluated for their bio-efficacy
and safety with the WHO being actively involved, this has led to the
worldwide trade of traditional medicines increasing by an annual
rate of 10—15 % per annum (Joshi et al., 2015). Many modern syn-
thetic drugs are derived from traditionally used medicinal plants, via
the synthesis and development of drugs or desired compounds
through their plant-based origins. More modern drug development
processes are targeted towards the identification and synthesis of the
bioactive compounds from natural products (Choudhury et al., 2020).
Newman and Cragg (2020), have shown that approximately 41.1 % of
all the drugs developed since 1981 have been derived from natural
products (Fig. 3). It is notable that of the 1881 newly developed drugs
in the past 30 years only 14 are from unaltered natural 22 products,
with the majority being compounds derived from natural products
(Newman and Cragg, 2020).

Many medicinal plants have also been investigated for their
potential to treat COVID-19 infection. Medicinal plants exhibit a
diverse range of antiviral effects with many interacting with viral
haemagglutinin, a glycoprotein that plays a major role in the early
stages of infection (Adkihari et al., 2020). In their study, Jalali et al.
(2021) noted that some herbal medicines such as members from the
Citrus spp, Andrographis paniculata (Green Chiretta) and Cuminum
cyminum (Cumin) have been shown to be effective as anti-inflamma-
tory agents against symptoms associated with COVID-19 infection
including coughs and fever (Jalali et al., 2021). In another web-based
survey performed by Khadka et al. (2021), 63 medicinal plants used
around the world in households as a treatment for COVID-19 were
determined to have been used in larger frequencies. They, however,
noted that further research would need to be undertaken to deter-
mine the efficacy of these plant-based treatments (Khadka et al.,
2021). These studies and the available evidence highlight the poten-
tial of medicinal plants to be used in conjunction with conventional
COVID-19 treatment strategies and suggest further study and clinical
development. A term clustering map shows the strong relationship
in occurrences between COVID-19 and traditional medicine (Fig. 4).

Traditional medicinal treatments were implemented in nations
with a strong herbal medicine background. The term clustering map
shows the strong relationship in occurrences between COVID-19 and
traditional medicine (Fig. 4). Ten clusters were observed between the
terms with various forms of traditional medicine such as Ayuverda
and Traditional Chinese Medicine (TCM) being shown to strongly link
to COVID-19. This link highlights the ongoing research of medicinal
plants used in TCM as a viable method to treat COVID-19 infection.

Chinese medicinal plants have already been evaluated for the
treatment of COVID-19 patients and have shown varying levels of
efficacy (Luo et al., 2020a). Multiple studies have highlighted the effi-
cacy of various traditional Chinese medicines such as San Wu Huang-
qin Decoction (SWHD), Lianhua Qingwen Capsule (LQC), and
Yinhuapinggan granule (YG) in antiviral therapy (Li et al., 2020). San
Wu Huanggin Decocotion was found to inhibit the PR8 (mouse
adapted H1NT1 influenza virus) viral replication at various stages, this
was corroborated by measuring the inhibition of the viral induced
cytopathic effect on cells via crystal violet staining (Ma et al., 2018).
Lianhua Qingwen capsules were shown to accelerate the improve-
ment of acute exacerbation of COPD (chronic obstructive pulmonary
disease) via a decrease in the pro-inflammatory cytokines (IL-8, TNF-
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Total drugs derived from Natural Products
(1981-2020)

B (19%, N=346)

B N (4% N=71)
NB (1%, N=14)

M ND (20%, N=356)
S (22%, N=403)

W S* (4% N=65)

M V(8% N=142)
S/NM (12%, N=217)

W S*NM (11%,N=207)

B (44%, N=346)
W N(9% N=71)

NB (2%, N=14)
I ND (45%, N=356)

Fig. 3. A. The distribution of newly developed drugs since 1981 (adapted from Newman and Cragg, 2020). B- biological macromolecules, N- unaltered natural products, NB- botani-
cal, ND- natural product derivatives, S- synthetic drug, S*- synthetic drug (formerly natural based. Fig. 3.B. The total number of drugs derived from natural products.

o, IL-17, and IL- 23) (Xia et al., 2020). Yinhuapinggan granules were
observed to have significant effects on ameliorating influenza virus-
induced inflammation (Du et al., 2009). The mechanism of anti-
inflammatory action was determined to be the inhibition of the TLRs/
MyD88 mediated NF-kB signaling pathway, inhibiting the influenza
virus replication (Peng et al., 2016).

The Indian traditional system of medicine known as Ayurveda,
Yoga, Unani, Siddha and Homeopathy (AYUSH) is one of the oldest in
the world (Adhikari et al., 2021). The Indian ministry of AYUSH pro-
vided the population with a list of traditional formulations to be used
as a prophylactic measure during the COVID-19 pandemic (Ahmad et
al., 2020). An interdisciplinary AYUSH research and development
taskforce was formed to further conduct systematic clinical trials on
the selected formulations suggesting a shift towards evidence-based
use of medicines and traditional medicine to combat COVID-19
(Bharskar, 2022).

There are numerous traditional South African plants used to treat
viral infections. In a study performed by Dwarka et al. (2020) various
South African medicinal plants were highlighted for their potential
against COVID-19. The plants were selected for the study based on
their traditional usage for flu, respiratory ailments and colds as well
as their antioxidant and antiviral activity (Dwarka et al., 2020). The
study noted that four bioactive compounds, arabic acid from Acacia
senegal, L, canavanine found in Sutherlandia frutescens, hypoxoside
isolated from Hypoxis hemerocallidea and uzarin from Xysmalobium
undulatum exhibited potential for further investigation.

Artemisia annua, a close relative of the African species Artemisia
afra, has been shown to inhibit the viral replication of SARS-CoV
(Verma et al., 2020). Although they are different species it has been
reported that many compounds within the Artemisia species are con-
served, suggesting A. afra’s candidacy in anti-COVID-19 and potential
antiviral testing (Abad et al., 2012). Helichrysetin a compound found
in various Helichrysum species was observed to inhibit MERS- CoV (Jo
et al,, 2019). A formulation derived from Pelargonium sidoides, EPs®
7630, exhibited a low selectivity index of 2.3 when tested against the
human coronavirus strain 229E in Caco-2 cells while S-sitosterol,
present in Dodonaea viscosa and Prunus africana, showed antiviral
activity against the human coronavirus (HCOV- NL63) (Verma et al.,
2020). These results highlight the potential of traditional medicinal
plants to be used in conjunction with conventional treatments
against COVID-19.

As mentioned previously, medicinal plants have been used
throughout history for various medicinal benefits and have served as
a reservoir of new compounds that are yet to be identified. In
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previous coronavirus pandemics such as severe acute respiratory
syndrome coronavirus (SARS-CoV, 2002/2003) and Middle East respi-
ratory syndrome coronavirus (MERS-CoV, 2012), medicinal plants
aided in combating these viruses. Lin et al. (2017) displayed the inhi-
bition of MERS-CoV by resveratrol through decreased expression of
nucleocapsid (N) protein which is required for MERS-CoV replication
(Lin et al.,, 2017). Khan et al. (2023), also alludes to the inhibition of
SARS-CoV by Glycyrrhiza glabra and Cinatl et al. (2003), confirm (in a
Vero E6 cell line infected with SARS-CoV) the inhibition of SARS-CoV
by a bioactive compound present in Glycyrrhiza glabra (Glycyrrhizin)
(Cinatl et al.,, 2003; Khan et al., 2021). Glycyrrhizin displayed a half-
maximal effective concentration (ECso) of 300 mg/L when adminis-
tered during and after virus adsorption and a half maximal cytotoxic
concentration (CCsg) of greater than 20 000 mg/L resulting in a selec-
tivity index of 67 (Cinatl et al., 2003). Thus, Glycyrrhizin selectively
targets SARS-CoV. From these studies, the effect of medicinal plants
was further investigated on SARS-CoV-2: Table 1 and Figs. 5 & 6A, 6B,
6C:

3. Discussion

Coronavirus disease 19 (COVID-19) is an infectious disease arising
from SARS-CoV-2 (Morens et al., 2020). Previous coronavirus out-
breaks such as SARS-CoV and MERS-CoV were incomparable to the
incidence and mortality rates of COVID-19 (Pormohammad et al.,
2020). Due to the high incidence rates of COVID-19, repurposing of
existing therapeutics such as antimalarials (chloroquine and hydrox-
ychloroquine), remdesivir and vaccine development were prioritized
(Ho et al., 2021; Saha et al., 2020; Venkatesan, 2021). The repurposed
therapeutics (chloroquine and hydroxychloroquine) presented sev-
eral challenges such as adverse effects and papers citing the efficacy
of chloroquine and hydroxychloroquine have also been retracted (Ho
et al,, 2021; Lee et al., 2021). Medicinal plants have been considered
as a reservoir for compounds arising from secondary metabolism in
these plants (Roy et al., 2022). Various medicinal plants and com-
pounds derived thereof have been used for previous coronavirus pan-
demics (SARS-CoV and MERS-CoV) with favourable results (Khalifa et
al,, 2021). Thus, these medicinal plants and compounds derived
thereof were considered for combating COVID-19. Although, in-silico
and in vitro studies (Table 1) display favourable results, various fac-
tors need to be considered when utilizing medicinal plants as the
main therapeutic and not as adjunctive therapy. Firstly, thorough
clinical trials need to be conducted to elucidate the efficacy, dosage
and adverse effects of the medicinal plants or compounds derived
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thereof (Al-Jamal et al., 2024). Secondly, the medicinal plant or com-
pounds derived thereof may be altered by the gut microbiome such
that the arising metabolite displays enhanced anti-COVID-19 activity
or decreased anti-COVID-19 activity (Wang et al., 2023; Zhou et al.,
2023). The dysbiosis of the gut microbiome in COVID-19 may prevent
the generation of metabolites with enhanced anti-COVID-19 activity
thus, equilibration of the gut microbiome through strategies such as
fecal microbiota transplantation may be required (Wang et al., 2023;
Zhou et al., 2023). Thirdly, certain medicinal plants and compounds
derived thereof display poor bioavailability thus, the chemical struc-
ture needs to be altered or a nanocarrier needs to be used to enhance
the delivery of the medicinal plant or active compound to the target
site (Dubey et al,, 2022; Hoever et al., 2005). Dubey et al., displayed
that nanoparticles encapsulated with glycyrrhizic acid specifically
target regions with significant inflammation such as the lungs where
there was a notable increase in the amount of glycyrrhizic acid nano-
particles in a coronavirus mouse hepatitis virus (MHV-A59) induced
mouse model of COVID-19 (Dubey et al.,, 2022). Hoever et al,, dis-
played modification of the chemical structure of glycyrrhizin through
the addition of 2-acetamido-S-p-glucopyranosylamine into the gly-
coside chain of glycyrrhizin substantially enhanced anti-SARS-CoV
activity (Hoever et al., 2005; Khan et al., 2021). Lastly, medicinal
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plants and compounds derived thereof from different regions display
differing activity thus standardized extraction methods and collec-
tion from one site (where activity was elucidated) needs to be consid-
ered (Lim et al, 2021). Thus, thorough chemotaxonomic analysis
needs to be conducted.

As mentioned previously, various countries such as India and
China used medicinal plants as part of their response to COVID-19
(Ahmad et al., 2020; Al-Kuraishy et al.,, 2022; Luo et al., 2020b). The
WHO mandated the use of medicinal plants and compounds derived
thereof with safety, efficacy and quality records as suitable for com-
plementary therapy for COVID-19 (WHO, 2020). Various clinical stud-
ies highlight the use of medicinal plants and compounds derived
thereof for symptom management (Khalil et al., 2024). In an open-
label clinical trial, patients in the intervention group were adminis-
tered remdesivir or favipiravir together with 1000 mg of quercetin
for seven days (Shohan et al., 2022). Quercetin together with either
remdesivir or favipiravir resulted in lower serum levels of alkaline
phosphatase (ALP), q-C-reactive protein (q-CRP) and lactate dehydro-
genase (LDH) (key markers in COVID-19) as well as increased hemo-
globin levels and respiratory rates in patients (Shohan et al., 2022).
More clinical trials are required to fill the gap in cases where a medic-
inal plant or compound derived thereof is used in conjunction with a
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Table 1
Therapeutic potential of medicinal plants in combating COVID-19.
Plant Common name Family name Mechanism of action Clinical studies Refs.
Andrographis paniculata Kalmegh Acanthaceae Andrographis paniculata and the major compo-  The safety and efficacy of a herbal combina- (Clinical Trials.Gov, 2025b; Inthar-
(Burm.f.) Nees nent, andrographolide, inhibited key proteins tion (comprising of Phyllanthus niuri, uksa et al., 2022; Sa-Ngiamsun-

of SARS-COV-2 (spike glycoprotein, human
angiotensin converting enzyme 2 (hACE2) and
3-chymotrypsin-like protease (3CLpro) deter-
mined using in-silico approaches (molecular
docking and molecular simulations). Further-
more, in a study where human lung epithelial
cells (Calu-3) were infected with SARS-COV-2
as a model, Andrographis paniculata and
andrographolide inhibited virion production
with 50 % minimum inhibitory concentration
(ICsp) values of 0.04 ug/mL and 0.03 M,
respectively, determined using the plaque
assay.

Glycyrrhiza glabra Licorice Fabaceae Rizvi et al. (2022), evaluated the effect of Glycyr-
rhiza glabra extract (GG) on COVID-19 using a
hamster model. The Glycyrrhiza glabra extract
prevented loss in body weight and substan-
tially decreased viral lung load by 40 %. Gly-
cyrrhiza glabra extract also displayed
immunomodulatory activity through reduced
Th2' and Th172 differentiation and decreased
cytokine production (IL-4> and IL-17A%).
Through in-silico studies (molecular docking
and molecular simulations), Glyasperin A
inhibited non-structural protein-15 (nsp-15)
and Glycyrrhizic acid inhibited the spike pro-
tein.

Nigella sativa L. Black cumin Ranunculaceae  Nigella sativa displays potential against COVID-
19 as the bioactive constituent (Nigellidene)
through in-silico approaches (molecular dock-
ing) inhibited nsp2° and IL1R®. In a rat model,
Nigella sativa displayed antioxidant, hepato-
protective and anti-inflammatory effects.

Curcuma longa L. Turmeric Zingiberaceae In human neuroblastoma cells (SH-SY5Y), curcumin
and curcuminoids (Me08 and Me23) decreased
the expression of proinflammatory cytokines (IL-
67, TNF-o® and IL-17°). Curcuminoid (Me23)
downregulated plasma membrane associated
transmembrane protease serine 2 (TMPRSS2)
thereby lowering the increased ROS'° level
induced by SARS-COV-2. Lastly, curcuminoids
also reduced viral replication in SH-SY5Y'" cells
overexpressing ACE-2

Camellia sinensis (L.) Kuntze ~ Tea plant Theaceae Catechins isolated from Camellia sinensis (, epica-
techin gallate and gallocatechin gallate dis-
played intracellular inhibition of 3CLpro in
HEK293T/17' cells transfected with the
3CLpro activity detection system. The ratios of
inhibition were 93.55 + 0.06, 93.66 + 0.14,
79.69 + 1.70 and 93.56 =+ 0.04, respectively.

Azadirachta indica A.Juss Neem Meliaceae Severe COVID-19 leads to central nervous sys-
tem (CNS) disorders (meningitis, encephalop-
athy, venous sinus thrombosis and Guilliain
Barre syndrome). Thus, to evaluate the effect
of Azadirachta indica bark extract (Neem bark
extract, NBE) on severe COVID-19, an in vivo
system (m-CoV-RSA59)!> was used. Neem
bark extract taken orally and intranasally dis-
played significant efficacy in preventing CNS
and liver injury. In the DCM fraction of NBE,
Nimbin/4-epinimbin compounds were identi-
fied as the active compounds targeting
murine-f coronaviruses (m-CoV). In silico
studies (Molecular modeling) confirmed the
binding of Nimbin/4 epinimbin to the SARS-
CoV-2 spike protein with high affinity

Echinacea purpurea (L.) Purple coneflower Asteraceae The hydroethanolic extract of Echinacea pur-

Moench purea (Echinaforce) completely inactivated
SARS-CoV-2 in Vero E6'6 cells infected with
SARS-CoV-2 at 50 j1g/mL, determined through
the limiting dilution assay
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Andrographis paniculata, Glycyrrhiza gla-
bra, Anacardium occidentale leaf and Zin-
giber officinale rhizome) was evaluated
on COVID-19 patients. The trial was com-
pleted but no results have been posted

The safety and efficacy of a herbal combina-
tion (comprising of Phyllanthus niuri,
Andrographis paniculata, Glycyrrhiza gla-
bra, Anacardium occidentale leaf and Zin-
giber officinale rhizome) was evaluated
on COVID-19 patients. The trial was com-
pleted but no results have been posted

An open label randomized controlled clini-
cal trial was conducted using Nigella sat-
iva oil (NSO). The objective of the study
was symptom management and reduced
recovery time. 62 % of patients taking
Nigella sativa oil recovered within
14 days whereas only 36 % of patients
taking NSO recovered in 14 days.

Fessler et al., investigated the effect of cur-
cumin on dysregulated proinflammatory
cytokines after COVID-19 recovery and
vaccination. The trial found that four
weeks of two daily doses of modified cur-
cumin with enhanced bioavailability
(HydroCurc) resulted in decreased con-
centrations of pro-inflammatory cyto-
kines and chemokines: Nuclear factor-
kappa S (NFK-), IL-6, IFN-y'2, monocyte
chemoattractant protein (MCP-1), tumor
necrosis factor alpha (TNF-o) and IL-18"*

No clinical study

Neem extract has displayed promising anti-
SARS-CoV-2 effects in vitro. Thus, in a
double blind randomized controlled trial,
the prophylactic effect of Neem was eval-
uated for individuals who encountered
COVID-19 positive individuals. Partici-
pants received 50 mg of Neem extract
twice daily for 28 days. Neem extract was
55 % effective in preventing COVID-19
infection upon exposure to individuals
with COVID-19

In a randomized, open, controlled, explor-
atory clinical study, Echinacea purpurea
was administered at 4000 mg to partici-
pants with acute respiratory symptoms
for 10 days. In acute respiratory symp-
tom episodes, it reduced the viral load by
approximately 99 %. The time for viral
clearance was also reduced to 4.8 days in
comparison to the control

torn et al., 2021)

(Clinical Trials.Gov, 2025b; Rizvi
etal, 2022; Sinha et al., 2021)

(Clinical Trials.Gov, 2025a; Imran
etal, 2022; Koshak et al., 2021)

(Fessler et al., 2023; Nicoliche et

al., 2024)

(Liu et al., 2022)

(Nesari et al., 2021; Sarkar et al.,

2022)

(Kolev et al., 2022; Signer et al.,

2020)

(continued)
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Plant Common name Family name Mechanism of action

Clinical studies

Refs.

Artemisia annua L. Sweet wormwood Asteraceae Gendrot et al. (2020) hypothesized that antima-
larial drugs may be the reason for a minimal
pandemic in Africa in comparison to Europe
and USA. Thus, the combination of Mefloquine
and Artesunate (semi-synthetic derivative of
artemisinin) inhibited viral activity by
72.1 +18.3 % in Vero E6 cells infected with the
SARS-CoV-2 IHUMI-3 strain. Furthermore, the
cytokine storm which typically occurs in
SARS-CoV-2 leads to the dysregulation of pro-
inflammatory cytokines such as IL-18, IL-6
and Interferon gamma (IFN-y). Artesunate
displays anti-inflammatory effects through
the inhibition of IL-1, IL-6 by inhibiting
nuclear factor kappa beta (NFKB)

Zingiber officinale Roscoe Ginger Zingiberaceae Through computational analysis, a compound
isolated from Zingiber officinale (4-gingerol)
had the lowest binding energy against SARS-
CoV-2 Mpro'” thus, 4-gingerol could be an
inhibitor of SARS-CoV-2. Another compound,
Sesquiphellandrene, binds the spike protein
thereby preventing the interaction between
the spike protein and ACE-2. This disruption
in the interaction may result in the prevention
of viral entry. Bioactive compounds (10-Sho-
gaol and Zingiberene) downregulated TNF-c,
IL1-B and IL-6. Lastly, 6-gingerol downregu-
lated IL-6, IL-8'8, PGE2'® and iNOS*®

Allium sativum L. Garlic Amaryllidaceae  The active compound from Allium sativum, Alli-
cin, can inhibit key pro-inflammatory cyto-
kines involved in COVID-19 (IL-1p, IL-6 and
TNF-w). In a previous study, Allicin and S-
allylcystein isolated from Allium sativum stim-
ulate nitric oxide and produce hydrogen sul-
fide which in turn inhibits the ACE receptor.
The angiotensin converting enzyme (ACE)
receptor is imperative in COVID-19 as it ena-
bles the entry of SARS-CoV-2 into cells thus
inhibition of ACE also limits the entry of SARS-
CoV-2.

Phyllanthus emblica L. Amla Phyllanthaceae  Through molecular docking and network phar-
macology, compounds present in Phyllanthus
emblica (Chlorogenic acid, Quercetin and Myr-
icetin) inhibited vital SARS-CoV-2 proteins.
Furthermore, network pharmacology eluci-
dated immune modulation.

Tinospora cordifolia (Thunb.)  Guduci Menispermaceae Through an in-silico approach (molecular dock-
Miers ing and molecular simulations), compound

present in Tinospora cordifolia (Tinocordiside)
was identified as an inhibitor of the main pro-
tease of SARS-CoV-2 (SARS-CoV-2MP™), The
evaluation of the ADMET?? profile displayed
that Tinocordiside has drug-like properties
and is safe.

Pelargonium sidoides DC. South African Geranium Geraniaceae Pelargonium sidoides DC. root extract EPS 7630
displays antiviral and immunomodulatory
effects which decreases the length of disease
and the severity of symptoms. In a human
lung cell line (Calu-3) infected with SARS-
CoV-2, EPS 7630 inhibited SARS-CoV-2
growth with an ICsq of 1.61 j1g/mL. Prodelphi-
nidins present in EPS 7630 inhibit SARS-CoV-2
entry at 10 pg/mL. EPS 7630 inhibited key
pro-inflammatory cytokines (IL-8, IL-13%,
TNF-a), growth factors (CD40L?4, PDGF?®,
VEGF-A?%) and chemokines (CXCL9?7,
CXCL10%8)
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In an open-label, non-randomized and con-
trolled trial, artemisinin in combination
with piperaquine reduced the number of
days of undetectable SARS-CoV-2 RNA
from 19.3 days (control) to 10.6 days
(artemisinin + piperaquine). Further-
more, the percentage of patients with
undetectable viral RNA after 28 days was
100 % (artemisinin + piperaquine) and
72.2 % for the control group. This high-
lights how artemisinin in combination
with piperaquine may be used as adjunc-
tive therapy for COVID-19

In an open label, randomized clinical trial,
Ashwagandha (Withania somnifera) in
combination with Shunti (Zingiber offici-
nale) were taken twice daily for 15 days
orally. The number of days for COVID-19
recovery was 6.9 days for the group tak-
ing the combination and 13 days for the
control group. The proportion of partici-
pants that displayed viral clearance was
76 % for the participants taking the com-
bination and 60.8 % for the control group.
Thus, the combination of Withania som-
nifera and Zingiber officinale may be used
as adjunctive therapy to reduce clinical
recovery time and clearance of COVID-19

In a phase Il randomized clinical trial, a pol-
yherbal formulation comprising of Ash-
wagandha, Boswellia, Ginger and
Turmeric (BV-4051) was administered to
patients for 14 days. In the group taking
BV-4051, the duration of illness was
reduced, symptoms such as cough, smell,
fever and taste disorders were statisti-
cally less severe. The levels of IL-6 were
decreased with BV-4051

In a randomized double-blind controlled
trial, Phyllanthus emblica shortened the
length of stay to 4 days in comparison to
the control which was 7 days. Phyllanthus
emblica also decreased the severity of
symptoms associated with COVID-19
(fever, cough, shortness of breath and
myalgia). Lastly, Phyllanthus emblica also
significantly improved the oxygen satu-
ration level, percentage of lung involve-
ment on CT?! and improved C-reactive
protein test results

Tinospora cordifolia at 500 mg was adminis-
tered to 43 patients for 14 days and an
immunomodulatory effect was displayed
as the levels of highly sensitive C-reactive
protein (biomarker for inflammation in
the body) were reduced. In another clini-
cal study, two 500 mg tablets of Tino-
spora cordifolia were administered daily
for 28 days. The viral clearance for
patients taking Tinospora cordifolia at day
7 and 14 were 97.5 % and 100 % whereas
the viral clearance in the control group
(conventional treatment) was 15.6 % and
82.3%

No clinical trial has specifically been per-
formed to evaluate the effect of Pelargo-
nium sidoides DC. root extract EPS 7630
on SARS-CoV-2. In an open-label, uncon-
trolled clinical trial for human coronavi-
rus, patients received a 20 mg tablet of
EPS 7630 three times a day. The patients
with human coronavirus (common cold)
had a pronounced improvement in com-
mon cold symptoms after 5 days.

(Gendrot et al., 2020; Li et al.,

2021)

(Sheikh et al., 2023; Singh et al.,

2023)

(Chitre et al., 2023; Ni et al., 2020;
Pandey et al., 2021)

(Chikhale et al., 2021; Varnasseri

etal., 2022)

(Alam et al., 2021; Shree et al.,
2022; Verma et al., 2023)

(Keck et al., 2021; Papies et al.,

2021)

(continued)
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lations, a compound from Withania somnifera,

Withanone, displayed strong binding affinity
to the spike protein and main protease of
SARS-CoV-2. Withanone specifically interacts
with asparagine at position 343 (Asn343)
thereby inhibiting viral replication as Asn343
is part of a glycosylation site which aids in
proper stability and function of the spike pro-

Plant Common name Family name Mechanism of action Clinical studies Refs.
Ocimum sanctum L. Holy basil Lamiaceae Through molecular docking and molecular simu- In a randomized placebo-controlled pilot (Devpura et al., 2021; Shree et al.,
lations, three compounds from Ocimum sanc- clinical trial, a herbal combination of 2022)
tum (Vicenin, isorientin 4'-0 glucoside 2"'—0- Tinospora cordifolia, Swasari Ras, Witha-
p-hydroxybenzoagte and ursolic acid) inhib- nia somnifera and Ocimum sanctum was
ited the main protease (MP") of SARS-CoV-2. administered to patients twice daily. On
Furthermore, ADMET profile prediction dis- day 3, 71,1 % of patients taking the herbal
played that the three compounds were safe combination recovered whereas only
and possessed drug-like properties. 50 % of patients had recovered in the pla-
cebo group. On day 7, 100 % of patients
(herbal combination) fully recovered
whereas only 60 % of patients (placebo)
fully recovered by day 7. The fold change
of pro-inflammatory cytokines (IL-6 and
TNF-«) and inflammation marker (hs-
CRP) decreased by 2.5,20 and 12.4,
respectively.
Withania somnifera (L.) Dunal Ashwagandha Solanaceae Through molecular docking and molecular simu- In a randomized placebo-controlled pilot (Devpura et al., 2021; Patil et al.,

clinical trial, a herbal combination of 2021)
Tinospora cordifolia, Swasari Ras, Witha-

nia somnifera and Ocimum sanctum was
administered to patients twice daily. On

day 3, 71,1 % of patients taking the herbal
combination recovered whereas only

50 % of patients had recovered in the pla-

cebo group. On day 7, 100 % of patients

tein.

(herbal combination) fully recovered
whereas only 60 % of patients (placebo)
fully recovered by day 7. The fold change
of pro-inflammatory cytokines (IL-6 and
TNF-«) and inflammation marker (hs-
CRP) decreased by 2.5,20 and 12.4,
respectively.

T helper 2 cells, 2T helper 17 cells, ®Interleukin 4, “Interleukin 17A, *Non-structural protein 2, ®Interleukin 1 receptor, “Interleukin 6, STumor necrosis factor alpha, °Interleukin 17,
10Reactive oxygen species, !'Human neuroblastoma cells, 2Interferon gamma, '*Interleukin 1 beta, *Human embryonic kidney 293T/17 cells, >Mouse coronavirus RSA59, '°Afri-
can green monkey kidney epithelial cells, '”Severe acute respiratory syndrome-2 main protease, '®Interleukin 8, '°Prostaglandin E2, >°Inducible nitric oxide, 2'Computed tomogra-
phy, 22Absorption, distribution, metabolism, excretion and toxicity, 2*Interleukin 13, 24Cluster of differentiation 40 ligand, 2°Platelet derived growth factor, 2Vascular endothelial

growth factor A, 2’C-X-C motif chemokine ligand 9, C-X-C motif ligand 10.

repurposed therapeutic (e.g. remdesivir) or a vaccine (Shohan et al.,
2022). Medicinal plants are linked to indigenous knowledge holders
thus, benefit-sharing agreements may be required which may be
viewed as a hindrance in the drug discovery pipeline (Sanghera et al.,
2015). Evaluation of all the factors relating to the utilization of medic-
inal plants for combating COVID-19 should be critically conducted to
aid with future coronavirus pandemics as previous investigations for
Spanish influenza (1918), SARS-CoV (2003) and MERS-CoV (2012)

formed the backbone for COVID-19 research particularly medicinal
plant research (Buchy et al., 2021).

In addition to the response to COVID-19 using medicinal plants,
there were various non-pharmaceutical interventions that could be
considered and refined for future coronavirus pandemics. Various
countries enforced lockdowns, mandated the wearing of masks in
public as well as social distancing which also aided in slowing down
the transmission rate (Bo et al., 2021; Imai et al., 2020). Non-

Fig. 5. Medicinal plants with therapeutic potential against COVID-19. A. Andrographis paniculata (Burm.f.) Nees, B. Glycyrrhiza glabra L., C. Nigella sativa L., D. Curcuma longa L., E.
Camellia sinensis (L.)Kuntze, F. Azadirachta indica AJuss, G. Echinacea purpurea (L.)Moench, H. Artemisia annua L., 1. Zingiber officinale Roscoe, ]. Allium sativum L., K. Phyllanthus embl-
ica L., L. Tinospora cordifolia (Thunb.)Miers, M. Pelargonium sidoides DC., N. Ocimum sanctum L., O. Withania somnifera (L.) Dunal (Agnieszka Kwiecienn Nova, 2021; Berger, 2020; Bright
Kwame Ayisi, 2023; Johansson, 2011; Gilles Ayotte, 1948; Zell, 20093, 2009b; Hernandez, 2021; Karim, 2007; Konsek, 2016; Lalithamba, 2010, Monfils, 2008; NS, 2020; Yuriy Dani-

levsky, 2018).
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Fig. 6A. Bioactive compounds isolated from medicinal plants with therapeutic potential against COVID-19: A. Andrographolide, B. Glyasperin A, C. Glycyrrhizic acid, D.Nigellidene, E.
Curcumin, F. Epicatechin gallate, G. Gallocatechin gallate.

Fig. 6B. H. 4-epinimbin, I. Artesunate, J. Sesquiphellandrene, K. 10-Shogaol, L. Zingiberene, M. Allicin, N. Tinocordiside.
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Fig. 6C. N. Tinocordiside, O. Vicenin, P. Isorientin 4’-O-glucoside 2"’-O-p-hydroxybenzoagte, Q. Ursolic acid, R. Withanone.

pharmaceutical interventions were challenging in low-middle
income countries (LMIC) due to the social inequities thus, the non-
pharmaceutical interventions could not be adhered to completely
and the hospitals in these regions were not effective for a pandemic
such as COVID-19 (Boro and Stoll, 2022). Thus, the resolution of social
inequities in LMIC may enhance the effectiveness of non-pharmaceu-
tical interventions for future coronavirus pandemic. Various govern-
ments prioritized vaccine development with the hopes of attaining
global herd immunity against COVID-19 (Kashte et al., 2021). Thus,
the WHO together with Coalition for epidemic preparedness innova-
tions (CEPI) and other health organizations developed the COVID-19
vaccine global access (COVAX) facility to ensure fair distribution of
vaccines globally, especially in LMIC (Xie et al., 2024). However,
delays in manufacturing, vaccine hoarding by first world countries
and vaccine hesitancy slowed immunization efforts in various coun-
tries (Ferranna, 2024). Thus, stronger global cooperation is required
for future pandemics.
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