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Impact Statement

We currently live in the midst of a pandemic caused by
a viral pathogen that has undergone conformational
changes due to constant mutations, and has spread
worldwide. While every tool against the virus — includ-
ing vaccines, masks, social distancing, and antivirals
— is vital, the development of efficient antivirals is still
challenging. Several studies have demonstrated the
promising in vitro effects of medicinal plants against
SARS-CoV-2, and plant-derived compounds should
therefore be considered for development as therapeu-
tic agents. Here, we compiled the results for different
plant extracts and compounds that exhibit promising

Abstract

This review presents information from several studies that have demonstrated the
antiviral activity of extracts (Andrographis paniculata, Artemisia annua, Artemisia
afra, Cannabis sativa, Curcuma longa, Echinacea purpurea, Olea europaea, Piper
nigrum, and Punica granatum) and phytocompounds derived from medicinal plants
(artemisinins, glycyrrhizin, and phenolic compounds) against SARS-CoV-2. A brief
background of the plant products studied, the methodology used to evaluate the
antiviral activity, the main findings from the research, and the possible mechanisms
of action are presented. These plant products have been shown to impede the
adsorption of SARS-CoV-2 to the host cell, and prevent multiplication of the virus
post its entry into the host cell. In addition to antiviral activity, the plant products
have also been demonstrated to exert an immunomodulatory effect by controlling
the excessive release of cytokines, which is commonly associated with SARS-
CoV-2 infections.

antiviral activity. Further investigations involving ani-
mal models can help realize the potential of these
molecules and help control SARS-CoV-2 infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the etiologic agent of the coronavirus disease
2019 (COVID-19), and was identified by the World Health
Organization (WHO) as the causative agent of the outbreak
of pneumonia of unknown cause that started in Wuhan City,
Hubei Province, China, in December 2019.1 SARS-CoV-2 is a
positive-sense single-stranded enveloped RNA virus belong-
ing to the Coronaviridae family.> While its initial records were
from Wuhan, China, at the end of 2019, it was soon noticed
on a global scale; thus, it was decreed by the WHO as a new
coronavirus that caused the COVID-19.3

This virus can reach different types of cells by interacting
with the angiotensin-converting enzyme 2 (ACE2) receptor,*
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which is abundantly present in the lung and intestinal epi-
thelia, as well as in the smooth muscle and endothelial cells
of all organs, thus providing possible pathways for viral
entry.® Consequently, COVID-19 is associated with multiple
organ failure, which is one of the main causes of death due
to SARS-CoV-2 infection.® Therefore, investigating molecules
that can interfere with the interaction of SARS-CoV-2 with
the host ACE2 receptors can offer new therapeutic options
for COVID-19.

We now have anti-SARS-CoV-2 vaccines that have been
shown to be effective against the virus, preventing, in most
cases, the evolution to a more serious disease. In addition to
vaccines, research efforts are focused on developing drugs
that can act against the virus, with the aim of having one more
weapon against the pathogen. The therapeutic effectiveness
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Table 1. Summary of the main findings in the analyzed articles on the interaction of plant products with SARS-CoV-2.

Curcuma longa L.

Impaired binding of the spike glycoprotein of SARS-CoV-2 to the receptor ACE2.

Figure 1(H

Plant product Main findings Site of action Reference
Andrographis 1. Inhibition of the virion reproduction. - Sa-Ngiamsuntorn
paniculata 2. More potent in the late stages of the viral life cycle than in the early stages of viral genome Figure 1(A) et al.’?
replication and protein synthesis. and (B)
3. Interference in the entry of SARS-CoV-2 into the host cell. Figure 1(C)
Artemisia annua 1. Action after entry of the SARS-CoV-2 into the host cell. Figure 1(A)  Nair et al.??
2. Regulation of the expression of pro-inflammatory cytokines by the infected cell. -
Artemisia annua and 1. Synthesis of a transition complex through the iron atoms of the heme group and O1. - Nie et al.®!
Artemisia afra
Artemisinins 1. Inhibition of the SARS-CoV-2 nucleoprotein. Figure 1(D) Cao et al.?s
2. Increase of the endosomal pH. Figure 1(E)
Cannabis sativa 1. Regulation of ACE2 gene expression. Figure 1(F)  Wang et al.?"
2. Decreased levels of TMPRSS2. Figure 1(G
(
(

Curcuma longa L.
and Piper nigrum

. Impaired viral adsorption.

. Blocking of NF-«xf pathway.

1
2. Deformations in surface proteins of the coronavirus.

3. Regulation of the levels of cytokines IkBa, TNF-a, and IL-6. -
4

1

)
)  Bormann et al.5°
)

Figure 1(H Roshdy et al.5”

Echinacea purpurea 1. Impaired binding to receptors in the cell membrane. Figure 1(F)  Signer et al.%®
to (H)
Glycyrrhiza glabra 1. Action on the SARS-CoV-2 protease Mrr, which mediates the proteolytic cleavage of viral Figure 1(I) van de Sand
L. and glycyrrhizin polyproteins. et al.55
2. Impaired viral entry into the cell. Figure 1(C)
Olea europaea L. 1. Changes in the spike protein. Figure 1(K)  Takeda et al.”®
2. Damage to the viral genome, compromising the protein translation by the coronavirus. Figure 1(L)
Phenolic 1. High binding capability to the SARS-CoV-2 RBD-spike protein, impairing its adsorption to the Figure 1(H)  Goc et al.83
compounds host cell. and (K)
Punica granatum L. 1. Inhibition of the binding of the viral spike protein to the ACE2 receptor. Figure 1(H)  Tito et al.%*

2. Inhibition of 5a-reductase and protease Mrr, which are closely related to SARS-CoV-2 -

replication.

ACE2: angiotensin-converting enzyme 2; TMPRSS2: transmembrane protease, serine 2; IkBa.: inhibitor kappa beta alpha protein; TNF-a.: tumor necrosis factor-o; IL-6:

interleukin-6; NF-«f: nuclear factor kappa B; RBD: receptor-binding domain.

of remdesivir and corticosteroids has been demonstrated in
some clinical trials.”® However, significant results have not
been reported for the other drugs tested, including chloro-
quine, hydroxychloroquine, and lopinavir.!° Regardless,
the scientific community has continued the search for more
efficient therapeutic molecules.

Given the current pandemic scenario and the limited
availability of effective prophylactic and curative drug thera-
pies against SARS-CoV-2 infections, there is an urgent need
to find effective therapeutics that are inexpensive and bio-
compatible. Perhaps, it is in the nature the active principle
that will have the ability to interfere with the infectivity of
SARS-CoV-2. In this article, we gathered recent in vitro stud-
ies that have demonstrated the antiviral effect of products
derived from medicinal plants against SARS-CoV-2. Indeed,
these plant candidates contain several bioactive molecules,
such as polyphenols, which have been already reported to
exhibit potent antiviral activity against several viruses.!!

Therefore, this review aims to compile and present
promising results from recent studies that address the use
of medicinal plant extracts and phytocompounds, to inter-
fere with the actions of SARS-CoV-2 in host cells. Here, we
have added a brief background on the plant products stud-
ied by the researchers, followed by the methodology used
to evaluate their antiviral activity, and the main results of
the research, as well as probable mechanism of action of
the compounds (Table 1). The discovery of complementary

products, such as those of plant origin, could serve as an
additional therapeutic intervention against the new coro-
navirus that has spread worldwide, causing high mortality.
Possible therapeutic approaches could be preventive or cura-
tive, using different pharmaceutical forms, such as syrups,
elixirs, capsules, and tablets, which could take products
from just one plant species or a mixture of them, given the
possibilities of individual interactions of each product with
the different sites in SARS-CoV-2 and also in the host cell.
Therefore, the purpose of this work is to demonstrate the
potential of using natural products as a strategy to control
SARS-CoV-2. Although the studies presented here demon-
strate in vitro activity, their findings could facilitate efficient
screening plant compounds with potential for development
as drugs against SARS-CoV-2 and other viruses. Another
limitation of this study would be the reasonable amount of
plant species or biocomponents researched. Therefore, we
hope that this work is the first in a sequence of other studies
produced by our group on the ability of plant products to
control or eliminate emergency pathogens.

Andrographis paniculata
Background

A. paniculata has been reported to exhibit several pharma-
cological activities,!? including resistance against common



cold, diarrhea, and fever caused by infections, in addition to
being used as a health tonic.!?

Andrographolide is one of the main bioactive compo-
nents of this vegetable,!* which has been reported to exhibit
broad-spectrum antiviral activity.!> It was found to inhibit
the action of the main protease of SARS-CoV-2.16 In addi-
tion, Sa-Ngiamsuntorn et al.'” evaluated the efficacy of the
A. paniculata extract and andrographolide in an in vitro
model of SARS-CoV-2 infection induced in lung epithelial
cells (Calu-3).

Methodology

Sa-Ngiamsuntorn et al.'” used kidney epithelial cells extracted
from the African green monkey (Cercopithecus aethiops) (Vero),
Vero cell derivative (Vero E6), human liver cancer cell line
(HepG2), human colon cancer cell line (Caco-2), human
airway epithelial cell line (Calu-3), human neuroblastoma
cell line (SH-SY5Y), human normal kidney (HK-2), and an
immortalized hepatocyte-like cell line (imHC). SARS-CoV-2
was isolated from a patient with COVID-19 via a nasopharyn-
geal swab. The effects of A. paniculata crude extract and the
phytocompound andrographolide were evaluated on the
virus, normal cells, and infected cells. For evaluation of anti-
viral activity, Calu-3 cells infected with SARS-CoV-2 were
treated for 48 h with different dilutions of A. paniculata extract
or andrographolide, and extracellular viral RNA levels were
measured using quantitative reverse transcription-polymer-
ase chain reaction (QRT-PCR). In addition, the cytotoxicity of
the plant products was investigated in the different cell types
mentioned above using the MTT assay.

Main findings

Both the A. paniculata extract and androgradophile were
shown to inhibit SARS-CoV-2 replication in a dose-dependent
manner, as demonstrated by the reduction in viral plaque
in Calu-3 cultures. The plant products also reduced extra-
cellular levels of viral RNA, suppressing the infectivity of
the coronavirus. No cytotoxicity was observed for all the cell
types studied, with CCs,>100 pug/mL.

Mechanisms of action

A. paniculata products were able to inhibit virion reproduc-
tion. In addition, they may be more potent in the late stages
of the viral life cycle in Calu-3 cells (Figure 1(A)) than in the
early stages of viral genome replication and protein syn-
thesis (Figure 1(B)). These products can also interfere with
the entry of SARS-CoV-2 into the host cell (Figure 1(C)), as
demonstrated by a reduction in the amount of viral RNA in
the cell cultures.

Artemisia annua
Background

Native to Eastern Europe and Asia, A. annua is distributed
worldwide.’® As a medicinal plant, it has been used for
centuries in Asia for the treatment of recurrent fever. Over
the years, its use has also been indicated in herbal therapy
against malaria.!” A major component of A. annua is the
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flavonoid artemisinin, which is a known antimalarial com-
pound, and also exhibits antineoplastic, antimicrobial and
anti-inflammatory activities.?? The antiviral capacity of A.
annua has been investigated against the coronavirus strain
that caused the first SARS epidemic in 2002, with encourag-
ing results obtained regarding the in vitro inhibition of SARS-
CoV-1 in a dose-dependent manner.?! Thus, in the recent
study by Nair et al.,?? the antiviral efficacy of the A. annua
extract was verified against SARS-CoV-2 and its two variants
in an in vitro infection model to help develop the plant as an
economical and safe therapeutic alternative.

Methodology

The study used seven cultures of A. annua, the leaves of
which were obtained in different years and from countries
on four different continents. Infusions were prepared by boil-
ing dried leaves in hot water, followed by sieving, cooling,
and sterilization of the extract by filtration. Dry leaf extracts
were also prepared using dichloromethane as solvent. The
concentrations of artemisinin and flavonoids in the hot water
extracts were then determined. Vero E6 and Calu-3 cell lines
were inoculated in vitro with a SARS-CoV-2 isolate and the
UK (B1.1.7) and South African (B1.351) variants. The infected
cell cultures were subsequently treated with A. annua extract
or the phytocompounds amodiaquine, artesunate, artemether,
artemisinin, deoxy artemisinin, and dihydroartemisinin to
compare their inhibitory effects on coronaviruses. In addition,
control Vero E6 cells were treated with the extract to determine
any potential cytotoxic effects of the plant products.

Main findings

The A. annua hot water extracts were found to contain 20.1-
149.4png/mL artemisinin and 7.3-37.2 ug/mL flavonoids.
Extracts from all seven A. annua cultures tested exhibited
antiviral activity against all three SARS-CoV-2 variants,
with maximum inhibitory concentrations between 13.5 and
57 4pg/mL of dry weight. In addition, the hot water extracts
did not cause any significant decrease in post-treatment cell
viability, unlike the cytotoxic effects of the dichlorometh-
ane extracts. Among the constituent phytocompounds,
amodiaquine, artemisinin, and artemether also exhibited
antiviral activity, although the last two substances were also
identified as cytotoxic. No protective antiviral activity was
observed for artesunate or dihydroartemisinin. Surprisingly,
higher maximum inhibitory concentrations were observed
with increased concentrations of artemisinin and flavonoids
contrary to expectations, suggesting that another phyto-
compound derived from A. annua was responsible for the
suppression of SARS-CoV-2.

Mechanism of action

The mechanism behind the control of SARS-CoV-2 infec-
tion by A. annua is not yet fully understood. Considering
the findings described in this study, it is believed that the
viral inhibition promoted by A. annua extract is related to
a stage of virus multiplication after entry into the host cell
(Figure 1(A)). Recent studies have demonstrated that some
bioactive compounds from A. annua may bind to the active
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Figure 1. Interaction sites of the plant products within the SARS-CoV-2 replication cycle. Some plant products are able to impair the entry of the virus onto host

cell (C). They can bind the surface proteins of the virus, such as the spike glycoprotein, impairing its binding to the ACE2 receptor in the host cell (H). In addition,

the plant products can reduce the activity of the ACE2 and other receptors, such as TMPRSS2 (F and G). They also cause deformations in the spike protein (K),
which compromises its interaction with ACE2 and viral envelope molecules. The plant products can also interfere with some phases of virus multiplication after viral
penetration into the host cells. Studies demonstrated that they can inhibit some viral enzymes responsible for SARS-CoV-2 replication (J), such as protease M and
5a-reductase (A, L, I, and B). Also, an inhibitory effect on the SARS-CoV-2 nucleoprotein was observed (D), and damage to the viral genome has also been reported

(L). Endosomal pH changes were also observed, leading to destruction of viral particl

es inside the host cell (E). Plants products and interaction sites: A. paniculata

(A to C); Artemisinins (D and E); C. sativa (F and G); C. longa L. and P, nigrum (H); E. purpurea (F and H); G. glabra L. and glycyrrhizin (C, |, and J); O. europaea L. (K
and L); phenolic compounds (H and K); P granatum L. (H). (A color version of this figure is available in the online journal.)

site and inhibit the viral protease MP™, which is essential for
the replication process of the coronavirus.?

A. annua and its constituent compounds have also been
suggested to act as modulators of the human immune sys-
tem. The plant extract can regulate the expression of pro-
inflammatory cytokines by inhibiting toll-like receptors and
other proteins that participate in the signaling cascade, such
as tyrosine kinase and phospholipase, providing relief from
the cytokine storm observed in SARS-CoV-2 infections.?

Artemisia annua and Artemisia afra
Background

Artesunate and artemisinin are phytocompounds of A. annua
that are indicated by the UN to act against malaria, as they
may have few side effects.?> Artemisinin and its synthetic

derivatives have been demonstrated to act against parasitic
diseases,?® some types of cancer,” and viruses,? both in vitro
and in human clinical trials.

A. annua extract has been demonstrated to exhibit in vitro
antiviral activity against SARS-CoV-1 and SARS-CoV-2.2! In
a recent study, artesunate was shown to exhibit better in vitro
activity against SARS-CoV-2 than A. annua extract.?

At the beginning of the pandemic, traditional medicines
made from plant extracts were used in several countries to
prevent or treat COVID-19. The use of A. afra tea has been
reported in South Africa, although there is no clear scientific
evidence.®

Methodology

In a recent study, extracts of A. annua and A. afra, as well as
“Covid-Organics” were investigated for their anti-SARS-CoV-2



effects in vitro3! using Vero E6 and Crandell-Rees Feline Kidney
(CRFK) cell lines. The anti-SARS-CoV-2 activity of the plant
products was investigated using the SARS-CoV-2 BavPat 1
isolate (SARS-CoV-2/human/Germany/BavPat 1/2020) and
a feline coronavirus (FCoV). The plant products prepared at 10
different concentrations were mixed with the coronaviruses.
These suspensions were then added to the cultures of Vero E6
and CRFK, and the inhibitory effect on plaque formation was
determined. The cytotoxic effect of the plant products was
evaluated using a Cell Counting Kit-8.

Main findings

The plant products impaired viral replication in a dose-
dependent manner, with significant reduction in their anti-
viral activity at concentrations below 1mg/mL. The drink
“Covid-Organics” demonstrated a moderate inhibitory activ-
ity against FCoV. While treatment with both plant extracts
caused a reduction in SARS-CoV-2 plaque formation, A.
annua was observed to be more effective against FCoV than
A. afra. Cytotoxicity tests revealed that the concentrations
of extracts employed to inhibit SARS-CoV-2 infection were
nontoxic for the cells.

Mechanism of action

The mechanism of action of artemisinin has been suggested
to involve the construction of a transition complex through
the iron atoms of the heme group and O1. The position of
artemisinin in relation to heme is due to stereoelectronic
interactions between them, which affect the rearrangement
of the complex until the breakage of the Fe-O bond. Further
studies are required to understand the relationship between
the molecular structures of heme and artemisinin to under-
stand their interaction with their respective receptors.

Artemisinins
Background

Artemisinin, extracted from A. annua, was first cited in
Chemical Abstracts. Interestingly, this vegetable is named
after its bitter taste. Considering the potential of chloroquine
and its derivative hydroxychloroquine to inhibit SARS-
CoV-2 replication, it is possible that artemisinins, which
are known to exhibit antimalarial and immunomodulatory
action, could also be effective.33:34

Studies have demonstrated the broad-spectrum antiviral
potential of artemisinin-derived molecules such as artesu-
nate, which has demonstrated efficacy against cytomegalovi-
rus and human herpes simplex virus (HSV), among a range
of DNA and RNA viruses.?

Methodology

Cao et al.® investigated the anti-SARS-CoV-2 effect of some
artemisinins in vitro, using Vero E6 cells and the nCoV-
2019BetaCoV/Wuhan/WIV04 /2019 strain of SARS-CoV-2.
The plant compounds arteannuin B, arteether, artemether,
artemisinic acid, artemisinin, artemisone, artesunate, dihy-
droartemisinin, and lumefantrine were analyzed. Cytotoxicity
was determined using a cell counting kit-8 assay. For evalu-
ation of antiviral activity, Vero E6 cell cultures were first
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exposed to the plant compounds and then infected with
the virus. Viral RNA was extracted from these samples, and
quantified using gRT-PCR to determine the viral load. SARS-
CoV-2 nucleoprotein was detected using immunofluorescence
assays and western blotting. Pharmacokinetic modeling and
simulations were performed using the Simcyp simulator (ver-
sion 18), and all simulations were based on virtual clinical
trials composed of groups of prevalidated built-in “Healthy
Volunteer” populations.

Main findings

Half-maximal effective concentrations (EC5,) against SARS-
CoV-2 were determined to be >100uM (artemisic acid),
73.80 = 26.91 uM (artemether), 64.45 * 2.58 uM (artemisinin),
49.64 = 1.85uM (artemisone), 31.86 =4.72 uM (arteether),
23.17 =3.22uM (lumefantrine), 13.31 £1.24 uM (dihydroar-
temisinin), 12.98 = 5.30 uM (artesunate), and 10.28 = 1.12 uM
(arteannuin B). Immunofluorescence assays revealed inhi-
bition of SARS-CoV-2 nucleoprotein in a dose-dependent
manner with several artemisinins. Complete inhibition of
nucleoprotein expression was observed with arteannuin
B (25uM), and partial inhibition with artesunate (25 pM),
dihydroartemisinin (25uM), and lumefantrine (100 uM). In
particular, arteannuin B (25uM) and lumefantrine (100 pM)
were found to be effective only after the virus entered the
cell, exerting an inhibitory effect on viral RNA and its pro-
teins. Thus, it is suggested that such phytocompounds could
be useful for blocking intracellular events such as viral bio-
synthesis. The pharmacokinetic assay revealed that lumefan-
trine had low hepatic clearance and low renal excretion, with
a prolonged half-life of up to sixdays, as observed in healthy
volunteers. After six oral doses for three days, lumefantrine
(EC5,=480mg) was detected in the plasma and lungs. These
findings demonstrate the anti-SARS-CoV-2 potential of
lumefantrine.

Mechanism of action

The probable mechanism of action of artemisinins, specifi-
cally arteannuin B and lumefantrine, is related to their inhib-
itory effect on the SARS-CoV-2 nucleoprotein (Figure 1(D)),
as demonstrated by Cao et al.3> In addition, artemisinins have
also been suggested to increase endosomal pH, and thus
cause shedding of the virus already present within the cell®
(Figure 1(E)).

Cannabis sativa
Background

Wang et al.¥” investigated the potential of C. sativa, especially
one of its cannabinoids, cannabidiol (CBD), to modulate the
expression of ACE2, which is responsible for the entry of
SARS-CoV-2 into the host cell.

CBD has been reported to exert analgesic, anti-inflamma-
tory, anxiolytic, antioxidant, anticonvulsant, and cytotoxic
effects. In addition, C. sativa can affect gene expression and
control inflammation.3® Other studies have also assessed the
therapeutic potential of C. sativa in combating cancer and
various inflammatory diseases.3®3° Therefore, patients and
physicians are increasingly interested in CBD (inhaled, oral,
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or topical) as a potential adjuvant or alternative therapeutic
agent against some diseases.34041

Methodology

In the study by Wang et al.,%” the therapeutic effect of CBD
extracts was evaluated on inflammation induced by pro-
inflammatory cytokines (10ng/mL tumor necrosis factor-a
[TNF-a]/interferon gamma [IFN-y]) in three-dimensional
artificial human tissue models of the oral cavity, respiratory
tract, and small intestinal epithelium. Gene expression of
ACE2 and the serine protease TMPRSS2, which also plays
an important role in SARS-CoV-2 infection, was analyzed at
the mRNA level.

Main findings

As a result, downregulation of ACE2 gene expression was
observed on treatment with several extracts of C. sativa. The
extracts modulated ACE2 expression in inflammation-stim-
ulated artificial tissues, whereas CBD or cannabidiol alone
did not interfere with ACE2 levels. Notably, despite similar
amounts and molar proportions of the main cannabinoids,
tetrahydrocannabinol and CBD in the analyzed extracts, not
all extracts were equally effective, with some extracts exert-
ing unwanted molecular effects on ACE2 and TMPRSS2 gene
levels. This finding emphasizes that different medicinal can-
nabis crops can have different effects, and that the potency of
each cannabis crop must be analyzed in detail. The extracts
also differed in specificity; the same extract positively or
negatively regulated the expression of ACE2 depending
on the type of tissue in which it was used. Importantly, the
results of the study cannot be extrapolated to the effects of
marijuana smoking. A recent study has shown that smoking
increases ACE2 levels and exacerbates the clinical outcomes
of COVID-19.42

Mechanism of action

The mechanism of antiviral action is related to the regula-
tion of ACE2 gene expression (Figure 1(F)) triggered by C.
sativa extracts.” However, the mechanism by which the plant
compounds induce the downregulation of gene expression is
still not clear. Furthermore, some C. sativa extracts decreased
the levels of TMPRSS2 (Figure 1(G)), another critical protein
in the entry of SARS-CoV-2 into the host organism, in con-
trast to upregulation by CBD alone.?” Thus, further studies
are required to facilitate better understanding of the mecha-
nisms involved in antiviral action.

Curcuma longa L.
Background

C. longa L. contains a wide variety of bioactive phyto-
chemicals,*® among which curcumin has been extensively
reported to exhibit antioxidant, anti-inflammatory, anti-
bacterial, antifungal, antiviral, antitumor, and hepatopro-
tective activities.44-46

Curcumin has been reported to be effective against sev-
eral viruses such as dengue virus, human immunodeficiency
virus, Kaposi sarcoma-associated herpesvirus, enterovirus,
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Zika virus, chikungunya virus, vesicular stomatitis virus,
human respiratory syncytial virus, viral hemorrhagic sep-
ticemia virus, influenza A virus, herpes simplex type 2, noro-
virus, and hepatitis C virus.#”48 Chen et al.*° demonstrated,
for example, a 90% reduction in influenza virus yield on
curcumin treatment, which was also reflected in the inhibi-
tion of hemagglutination.

Methodology

Based on these findings, the possibility that curcumin can
also act effectively against SARS-CoV-2 has been explored.
Bormann et al.° investigated the ability of C. longa root
extract, a curcumin-containing nutritional supplement, and
pure curcumin to neutralize this coronavirus in vitro.

In this study, the aqueous extract of C. longa L. root, a nutri-
tional supplement capsule containing curcumin (640 mg of
C. longa L. powder, 105 mg of C. longa L. extract with 99.9mg
of curcumin, and 5mg of black pepper with 4.7mg of pip-
erine) and curcumin were tested. To verify their ability to
neutralize SARS-CoV-2, the plant products were added at
different concentrations to the cultures of an SARS-CoV-2
isolate obtained from the nasopharyngeal swab of a hospi-
talized patient with COVID-19, and the virus was then used
to infect Vero 6 and Calu-3 cells. The ability to neutralize
SARS-CoV-2 was evaluated in the Vero E6 cells, and using
an in-cell ELISA (icELISA)-based neutralization test in the
Calu-3 cells. The Orangu colorimetric test was used for cell
viability analysis. SARS-CoV-2 RNA levels after treatment
with the plant products were quantified using qRT-PCR.

Main findings

Complete neutralization of SARS-CoV-2 was achieved using
the aqueous extract at 1:32 dilution. Furthermore, this dilu-
tion did not exert a cytotoxic effect on Vero E6 and Calu-3
cells. The curcumin supplement capsules and pure curcumin
promoted similar neutralization of the coronavirus at 14.6
and 15.6ug/mL, respectively, without exerting any cyto-
toxicity. In addition, curcumin reduced SARS-CoV-2 RNA
levels in both cell supernatants at a concentration of 14 g/
mL, indicating a legitimate antiviral effect. Curcumin prob-
ably acts by triggering the inhibition of viral entry into cells.

Mechanism of action

These results suggest that curcumin and C. longa L. extract
may interfere with the binding of the spike glycoprotein
of SARS-CoV-2 to its host cell receptor ACE2505! (Figure
1(H)). Furthermore, adding piperine has been proven to
increase the bioavailability of curcumin by 2000% in rats
and humans, without adverse events, indicating that piper-
ine could be a good adjunct to curcumin supplementation®.

Curcuma longa L. and Piper nigrum
Background

C. longa L. belongs to the Zingiberaceae family, and has
been used in cooking as a food colorant and additive, as
well as being widely investigated as a phytotherapeutic
agent. Its main phytocompound, curcumin, is responsible



for numerous biological effects, including suppression of
tumor cell growth,? anti-inflammatory effects in chronic dis-
eases> and antiviral action against Zika and chikungunya
viruses.”® However, the low bioavailability of curcumin has
necessitated studies on other agents that can be added to
improve this limiting pharmacokinetic factor. Piperine, the
main ingredient of P. nigrum, is one such compound that
can promote up to 2000% higher bioavailability of curcumin
when they are administered together orally.%

Consequently, the herbal extract EGYVIR was created as
a combination of the root extract of C. longa L. with P. nigrum
extract, exerting immunomodulatory and antiviral activity
against SARS-CoV-2.57

Methodology

According Roshdy et al.,”” the EGYVIR extract was pre-
pared using 40mg of C. longa L. root and 100mL of P. nigrum
extract. The chemical composition of EGYVIR was analyzed
using gas chromatography—mass spectrometry. Vero E6 cells
were infected with SARS-CoV-2 (HCoV-19/Egypt/NRC-
03/2020). Antiviral activity of EGYVIR was verified using a
plate reduction assay after 1h exposure of the virus to dif-
ferent EGYVIR concentrations. The viral RNA levels in the
supernatants were analyzed using qRT-PCR. To understand
the mechanism of action of the plant product, the viral rep-
lication, viral adsorption, and virucidal mechanisms were
studied. TNF-q, interleukin-6 (IL-6), nuclear factor kappa 3
(NF-kB p50), and inhibitor kappa beta alpha protein (IkBo)
levels were also quantified in supernatants of human hepa-
tocellular carcinoma (Huh?) cells infected with SARS-CoV-2
and treated with EGYVIR, using ELISA and qRT-PCR. In
addition, the cytotoxicity of EGYVIR was evaluated using
MTT assay.

Main findings

Fifty-three compounds were detected in EGYVIR: with pen-
tatriacontane (41.04%), amyrin (9.49%), lupeol (8.86%), tur-
merone (8.13%), sitosterol (7.61%), bisdemethoxycurcumin
(6.8%), piperine (4.6%), vitamin D3 (1.76%), and curcumin
(1.3%) being the most abundant. EGYVIR was verified to be
noncytotoxic to Vero E6 at the concentrations used, while
exerting significant control of in vitro infection by SARS-
CoV-2, with up to 92% plaque reduction. The levels of viral
RNA detected by qRT-PCR also decreased significantly
with EGYVIR treatment, to 78% that of the untreated con-
trol. The transcriptional levels Ikpa. and TNF-o. decreased
two- to four-fold, and that of IL-6 reduced in the Huh?7 cell
supernatant on EGYVIR administration in a dose- and time-
dependent manner compared to the untreated control.

Mechanism of action

Roshdy et al.” verified that EGY VIR impaired the binding of
SARS-CoV-2 to its receptor in the host cell (prevented viral
adsorption) (Figure 1(H)), and caused deformations in sur-
face proteins of the virus (virucidal activity), in addition to
inhibiting its replication. It was shown to act directly on the
surface proteins of the coronavirus, such as receptor-binding
domain (RBD), thus preventing its binding to ACE2 on the
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host cell. In addition to its antiviral mechanism, EGYVIR
regulated the levels of cytokines IkBa, TNF-a, and IL-6. In
addition, EGYVIR may act by blocking the NF-kf§ pathway
and inhibiting the nuclear translocation of the p50 subunit,
resulting in a reduction in the synthesis of IL-6 and TNF-a.

Echinacea purpurea
Background

E. purpurea is one of the main plants used in the treatment
of respiratory symptoms resulting from upper airway infec-
tions. It is found mostly in eastern North America and is
used extensively in the United States and Europe.>

The beneficial effects of Echinaforce®, a commercial prod-
uct containing E. purpurea extract in a 65% alcoholic solution,
have been demonstrated to exhibit, with significant antiviral
activity, facilitating its application as a therapeutic option for
cases of influenza infection.®

Subsequently, the effectiveness of Echinaforce® in con-
trolling other viruses that cause respiratory infections, such
as HCoV-229E, MERS-CoV, SARS-CoV-1, and SARS-CoV-2,
was analyzed. In addition, the protective capacity of this
herbal medicine against human airway epithelium-like cells
has also been studied.>

Methodology

For this study, Echinaforce® was obtained from a hydroetha-
nolic extraction, with a final concentration of 65% ethanol
and 16mg/mL of E. purpurea dry mass. Several cell lines,
including human liver cells (Huh-7), Vero cells, Vero E6
cells, and areolar adipose tissue cells (A9) were used in the
study. In addition to respiratory viruses, other viruses such
as mouse parvovirus, yellow fever virus (YFV), and vaccinia
virus (VACV) were also chosen. In vitro reconstituted human
airway epithelia were also used as a testing model, in addi-
tion to cells obtained from three healthy donors. Human cells
were exposed in vitro to a series of dilutions of Echinaforce®
and then incubated for measurement of cell viability using
MTT or Alamar Blue assays. HCoV-229E was incubated with
different concentrations of Echinaforce® as pretreatment,
and the solutions were then washed and filtered to estimate
residual infectivity. In addition, human cells were pretreated
with Echinaforce®, followed by removal of the extract and
introduction of HCoV-229. The infected cell culture was
then washed and again subject to postinfection treatment
with Echinaforce®. Similarly, respiratory cells from the
reconstituted human nasal epithelium were pretreated with
Echinaforce® on the apical surface. After mucus removal,
cells were infected with HCoV-229E. The culture was then
apically washed, and viruses were determined using a limit-
ing dilution assay. This procedure was replicated for other
coronaviruses (MERS-CoV, SARS-CoV-1, and SARS-CoV-2),
YFV, VACV, and mouse minute virus (MVM). For viral quan-
tification, the samples were serially diluted, incubated, and
stained with crystal violet

Main findings

Treatment with Echinaforce® caused a dose-dependent reduc-
tion in the infectivity of HCoV-229E, with a half-maximal
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inhibitory concentration (ICs,) of 3.2ug/mL and complete
inactivation of the virus using 50 ug/mL extract. In addition,
cell viability in samples treated with Echinaforce® was not
impaired by the application of the evaluated concentrations.
The findings from this study indicate that pretreatment of
virions with Echinaforce® has greater therapeutic potential
than treatment of HCoV-229E-infected cells. Furthermore,
prophylaxis in uninfected cells was ineffective at all con-
centrations of the extract. In the samples of reconstituted
respiratory epithelium, pretreatment of the cells was effi-
cient in inhibiting the replication of the virus after infection,
with a lower viral titer observed with 50 ug/mL extract than
that with 10 pg/mL extract. Thus, the alcoholic extract of
E. purpurea was found to exhibit antiviral activity against
infections caused by HCoV-229E, in addition to a protective
effect against MERS-CoV, SARS-CoV-1, SARS-CoV-2, and
YFV. Total inactivation of these viruses was observed using
Echinaforce® at 50 ug/mL. In contrast, VACV and MVM
infections are resistant to the use of this herbal medicine.

Mechanism of action

Although the mechanism of antiviral action of Echinaforce® is
not fully understood, it is known to act on extracellular viruses,
preventing their binding to receptors present in the cell mem-
brane (Figure 1(F) to (H)). Signer et al.? observed inhibition
of the binding of HCoV and other enveloped RNA viruses to
cells. This effect caused the permanent inactivation of the viri-
ons and reduction of their infectivity by altering the conforma-
tion of structural proteins and molecules of the viral envelope.

In addition, Echinaforce® was found to reduce the signs
and symptoms of upper airway infections such as sneezing,
coughing, and nasal discharge. A reversal of the discharge
of cytokines, especially IL-6 and IL-8, was observed on treat-
ment with Echinaforce®, thus elucidating its anti-inflamma-
tory effect.®

Glycyrrhiza glabra L. and glycyrrhizin
Background

G. glabra L., popularly called licorice, belongs to the Fabaceae
family, is native to Eurasia, and is currently used in some
countries for commercial purposes. Its dried root is con-
sumed as a sweet, and its extract is used as a flavoring agent,
sweetener in cooking, and an herbal medicine.®! One of its
main phytocompounds is glycyrrhizin, which has recog-
nized pharmacological potential,®? including an inhibitory
effect on HSV, HIV, and coronaviruses.®3.64

Methodology

In a recent study, van de Sand et al.% verified the ability of
G. glabra L. extract and glycyrrhizin to inhibit SARS-CoV-2
replication. G. glabra L. root extract and pure glycyrrhizin
were analyzed for their activity on Vero E6 cells infected
with a clinical isolate of SARS-CoV-2 obtained from the naso-
pharyngeal swab of a patient with COVID-19. SARS-CoV-2
was pretreated with the plant extract for 1h, and then inocu-
lated into the Vero E6 cell culture. Viral plaques were stained
with crystal violet dye and counted to determine the neu-
tralization effect of the plant extract. The antiviral potential

Volume 247  October 2022

of glycyrrhizin was analyzed in cells already infected with
coronaviruses. Viral RNA levels, as well as the inhibitory
effect on the main protease (Mp) of SARS-CoV-2, were
quantified by qRT-PCR. In addition, the cytotoxic effect of
the plant products on Vero E6 cells was also verified using
the Orangu cell counting solution test, after exposure peri-
ods of 5min, 4, 12, and 24 h.

Main findings

The G. glabra L. extract showed a significant antiviral effect
at a subtoxic concentration of 2mg/mL, as determined using
Vero E6 cells. Likewise, the phytocompound glycyrrhizin
also blocked SARS-CoV-2 replication at 0.5 mg/mL with pre-
and post-viral-entry treatment, and at 1mg/mL with only
postentry treatment. Glycyrrhizin also significantly reduced
viral RNA levels in cell supernatants, at a concentration of
1mg/mL, and inhibited Mp™ activity at 1.6mg/mL, which
confirms its antiviral effect.

Mechanism of action

The antiviral effect of G. glabra L. can be attributed to the
action exerted by glycyrrhizin on the SARS-CoV-2 protease
Mpro, also called 3CL protease, which mediates the proteo-
lytic cleavage of polyproteins necessary for viral replica-
tion and transcription (Figure 1(I)).°¢ The phytocompound
impaired viral entry into the cell (Figure 1(C)) as well as viral
replication (Figure 1(J)), as demonstrated by the significant
decrease in viral RNA levels.

Olea europaea L.
Background

Both O. europaea extract and olive oil are rich in the polyphe-
nol hydroxytyrosol (HT).%” Several biological activities have
been attributed to olive polyphenols, such as antioxidant,
anti-inflammatory, anticancer, antimicrobial, and antiviral
effects, mainly against the influenza A virus and human
immunodeficiency virus (HIV).68-70

The commercially available product HIDROX® contains a
hydroxytyrosol-rich aqueous olive pulp extract whose bio-
compatibility has been demonstrated in vitro and in vivo.”!
In addition, it has been shown to confer several beneficial
effects, such as anti-inflammatory action in mice’? and
improvement of routine activities in individuals with rheu-
matoid arthritis.”> However, studies indicate that the biologi-
cal effects are more pronounced when hydroxytyrosol-rich
extract is used rather than the isolated phytocompound.”

The anti-SARS-CoV-2 activity of isolated HT and 12%
HIDROX® has been evaluated in the form of solutions and
creams for topical dermatological use.”

Methodology

This study used SARS-CoV-2 (JPN/TY/WK-521) with Vero
E6 cells expressing serine transmembrane protease 2 (Vero
E6/TMPRSS2). After cell growth, SARS-CoV-2 was inocu-
lated in the culture medium. For the analysis of antiviral
activity, a suspension of SARS-CoV-2 was added to a solu-
tion containing HIDROX® or HT, in a proportion of 1:9.



These solutions were inoculated into cells to assess the cyto-
pathic effects and viral titers. Western blotting was used to
evaluate the effect of the products on the structures of viral
proteins, such as spike protein S1 subunit, RBD, S2 subunit,
and nucleocapsid protein. The interaction of the plant prod-
ucts with the carbohydrate chains in the spike protein was
evaluated using PNGase F PRIME Glycosidase. The antiviral
effect of the HIDROX® cream was tested by adding 20 mg of
the product to a polyethylene terephthalate film (2.25cm?)
that came into contact with a viral suspension.

Main findings

SARS-CoV-2 was inactivated on treatment with HIDROX®
at different concentrations and exposure times, such
as 4.5mg/mL/0.5h (99.68%), 0.9mg/mL/1h (98.53%),
0.45mg/mL/1h (90%), 5.63mg/mL/5min (86.67%), and
11.25mg/mL/5min (95.78%). In addition, the extent of
SARS-CoV-2 inactivation on treatment with the isolated
HT did not differ significantly from that on treatment with
the HIDROX® extract. Western blotting revealed that both
HIDROX® and HT affected the molecular weight of SARS-
CoV-2 structural proteins, especially the spike protein
expressed on the viral surface. However, the extract was
again more potent than the isolated phytocompound. In
addition, neither plant product interfered with the carbohy-
drate chain of the spike protein, suggesting that this may not
be a target for HIDROX® or HT. Real-time RT-PCR verified
that the evaluated products also significantly impacted the
viral genome. Inactivation of SARS-CoV-2 was also observed
on treatment with the HIDROX® cream at different concen-
trations and exposure times, such as 10%/10min (94.38%),
5%/10min (79.47%), and 2% /30min (94.38%). Therefore,
cream containing HIDROX® could be an alternative product
for hand hygiene, for example, to eliminate SARS-CoV-2 from
the surface.

Mechanism of action

HIDROX® probably acts by causing structural changes in the
spike protein present on the viral surface (Figure 1(K)), which
would result in the aggregation of the polyphenol-protein
complex.”® Another potential mechanism of action is related
to damage to the viral genome (Figure 1(L)), which could
compromise the effectiveness of viral protein translation. A
study on green tea catechins found that HT was also able to
generate reactive oxygen, and thus damage nucleotides.”

Phenolic compounds
Background

Polyphenols constitute an important and the largest group
of phytochemicals, presenting a wide spectrum of properties
and acting in different physiological and biochemical pro-
cesses.”880 They can be classified as hydroxybenzoic acids,
hydroxycinnamic acids, flavonoids, stilbenes, and lignans,
many of which have been proven to be therapeutically effec-
tive.8! The antiviral potential of these phytocompounds has
been recognized, as well as their safety and efficacy in inte-
grative and complementary therapeutic approaches.’?
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Methodology

Goc et al.8 evaluated the potential of phenolic compounds
to inhibit the binding and entry of SARS-CoV-2 into the
host cell. In this study, a human alveolar epithelial cell line
(A549) stably overexpressing the hACE2 receptor (hACE2/
A549) and eGFP-luciferase-SARS-CoV-2 spike glycoprotein
pseudotyped particles was used. Several phytocompounds
— including phenolic acids, flavonoids, stilbenes, alkaloids,
and terpenes — were evaluated. The binding reaction of
SARS-CoV-2 to the hACE2 RBD was performed using the
SARS-CoV-2 surrogate virus neutralization test kit, while
that of SARS-CoV-2 pseudovirus to hACE2 was performed
using a protocol developed by GenScript. In addition, cell-
cell fusion, TMPRSS2 activity, cathepsin L activity, ACE2
activity, endosomal and polysomal pH, and cell viability
assays were performed.

Main findings

Of the 56 phytocompounds evaluated, only three showed
significant ability to inhibit the binding of horseradish per-
oxidase (HRP)-conjugated RBD-SARS-CoV-2 spike protein
to the immobilized hACE2 receptor. Brazilin, theafla-
vin-3,3’-digallate (TF-3), and curcumin showed the high-
est inhibitory effect. Furthermore, these phytocompounds
were able to solubilize the hACE2 receptor after 1h expo-
sure. No significant reduction in cell viability was observed
up to 3h exposure, although the cell viability decreased
after 48h. These phytocompounds inhibited the binding
of virions pseudotyped with SARS-CoV-2 spike protein to
hACE2/A549 in a dose-dependent manner. In addition,
inhibition of TMPRSS2 activity was observed; however,
ACE2 and TMPRSS?2 levels were not affected by treatment
with the phytocompounds. Inhibition of cathepsin L activ-
ity and an increase in endosomal and lysosomal pH were
also observed.

Mechanism of action

Brazilin, TF-3, and curcumin exhibited the highest binding
to the SARS-CoV-2 RBD-spike protein (Figure 1(K)), with
all three compounds inhibiting viral binding to the cell sur-
face (Figure 1(H)) regardless of the exposure time or incuba-
tion pattern. The ability of SARS-CoV-2 to bind the ACE2
receptor decreased (Figure 1(H)) on preincubation of the
virus with these compounds or interaction after infection
was induced. In addition, these phytocompounds reduced
the fusion of the spike protein to its receptor in the host cell
(ACE2), indicating that the three compounds have inhibitory
properties especially directed toward RBD-SARS-CoV-2, as
well as on cellular proteases involved in the steps of viral
infection. Although the mechanism behind inhibition of
TMPRSS2 activity is not clear, it is certain that this action
impedes viral binding to the cell surface.®

Punica granatum L.

Background

P. granatum L. contains several polyphenols in its fruit,
including ellagitannins, gallic acid, ellagic acid (EA), and
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anthocyanins,3 which are responsible for its numerous
biological activities, such as anticancer and antidiabetic
properties, and effectiveness against atherosclerosis and
cardiovascular disease. In addition, it is effective against
bacteria and viruses.8>-%

The antiviral action of some polyphenols has been
reported against the Epstein-Barr virus,® enterovirus,?
HSV,? and influenza virus.’! Several studies on the action of
polyphenols against SARS-CoV-2 have also been conducted
using curcumin, kaempferol, catechin, naringenin, quercetin,
hesperidin, rutin, and diosmin.??%

Methodology

Tito et al.%* verified the potential of pomegranate peel extract
(PPE) inhibit in vitro the interaction of the SARS-CoV-2 spike
protein with its ACE2 receptor, and consequently, the entry
of the coronavirus in the host cell. In addition, its ability to
impair the action of 3CL viral protease was verified. The
extract from the seeds of P. granatum L. was analyzed using
high-resolution mass spectrometry to determine its com-
position, and its antioxidant activity was also determined.
The ability of PPE to inhibit spike-~ACE interaction was
analyzed using the SARS-CoV-2 inhibitor screening assay
kit, in human kidney cells (HK-2) infected with lentivirus
pseudotyped with SARS-CoV-2 spike protein. Using micro-
scale thermophoresis, the ability of the plant extract to bind
ACE2 and spike protein was evaluated. The levels of ACE2
and TMPRSS2 in HK-2 cells were verified using RT-PCR.
In addition, the activities of 5a-reductase and 3CL protease
were evaluated.

Main findings

P. granatum L. extract contained several phytocompounds,
the most abundant being ellagitannins, gallic acid, and EA.
The most frequently detected polyphenols were peduncu-
lagin and punicalin. The plant extract inhibited the binding
between spike/ACE2 by approximately 74%. In addition,
binding of PPE components to the spike protein was 10-fold
stronger than to the ACE2 receptor. The expression levels of
both ACE2 and TMPRSS2 in HK-2 cells were significantly
reduced by 30% and 70%, respectively. Similarly, the P. gra-
natum extract reduced the activity of 5a-reductase and 3CL
protease proteins.

Mechanism of action

Based on these results, it was possible to verify that the poly-
phenols in the P. granatum extract were able to inhibit the
binding of the viral spike protein to its ACE2 receptor (Figure
1(H)). In addition, the extract can inhibit the activities of
5o-reductase and 3CL protease, which are closely related to
SARS-CoV-2 replication. The most effective polyphenols in
the PPE were PC and EA, probably because of a chemical
interaction of the hydroxyl and galloyl groups. Lentivirus
infection was almost entirely eliminated in the extract con-
taining polyphenols.”#* Finally, PPE was shown to inhibit
3CL protease activity by up to 80%, demonstrating its bio-
logical importance in decreasing the chance of the virus to
be internalized in cells.*
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Final considerations and conclusions

We have presented in this review several in vitro studies that
have demonstrated the antiviral activity of medicinal plant
extracts and phytocompounds against SARS-CoV-2. The
evaluated plant products have been shown to interfere with
the viral pathogenesis in the following stages:

Adsorption of the virus onto the host cell: some plant
products are able to bind to the surface proteins of the
virus, such as the spike glycoprotein, impairing its bind-
ing to the ACE2 receptor in the host cell. In addition, the
plant products reduce the activity of the ACE2 and other
receptors, such as TMPRSS2. They also cause deforma-
tions in the spike protein, which compromises its interac-
tion with ACE2 and viral envelope molecules.

During viral multiplication within the cell, including the
inhibition of viral enzymes: the plant products could also
significantly interfere with some phases of virus multipli-
cation after viral penetration into the host cells. Studies
demonstrated that the phytocompounds inhibit some
viral enzymes responsible for SARS-CoV-2 replication,
such as protease MP™ and 5a-reductase. In addition, an
inhibitory effect on the SARS-CoV-2 nucleoprotein was
observed, and damage to the viral genome has also been
reported. Endosomal pH changes were also observed,
leading to destruction of viral particles inside the host cell.

Release of chemical mediators such as cytokines by host
cells stimulated by SARS-CoV-2: besides their antiviral
activity, the plant products also promoted an immu-
nomodulatory effect against viral infection. Treatment
with the plant products reduced the cellular production
of excess cytokines that is commonly associated with
SARS-CoV-2 infections. This effect can be explained by
the ability of these products to inhibit toll-like receptors
and other proteins that act in the signaling cascade, such
as tyrosine kinase and phospholipase.

Based on the findings demonstrated in the studies addressed
in this article, we suggest that products derived from medicinal
plants have the potential to control SARS-CoV-2 infection and
could be another effective tool against COVID-19. From the
proven effective and noncytotoxic concentrations determined
in vitro, animal studies and clinical trials must be conducted to
further ascertain the antiviral activity and biocompatibility and
potential for their therapeutic use in human patients.
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