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Natural products are a rich source of bioactive molecules that have potential pharmacotherapeutic applications.
In this study, we focused on Artemisia annua (A. annua) and its enriched extracts which were biologically
evaluated in vitro as virucidal, antiviral, and antioxidant agents, with a potential application against the COVID-
19 infection. The crude extract showed virucidal, antiviral and antioxidant effects in concentrations that did not
affect cell viability. Scopoletin, arteannuin B and artemisinic acid (single fractions isolated from A. annua)
exerted a considerable virucidal and antiviral effect in vitro starting from a concentration of 50 ug/mL. Data from

Surface Plasmon Resonance (SPR) showed that the inhibition of the viral infection was due to the interaction of
these compounds with the 3CLpro and Spike proteins of SARS-CoV-2, suggesting that the main interaction of
compounds may interfere with the viral pathways during the insertion and the replication process. The present
study suggests that natural extract of A. annua and its components could have a key role as antioxidants and
antiviral agents and support the fight against SARS-CoV-2 variants and other possible emerging Coronaviruses.

1. Introduction

The COVID-19 pandemic caused by Severe Acute Respiratory Coro-
navirus 2 (SARS-CoV-2) remains a global emergency. The World Health
Organization reported that in the 28 days between 23 January and 19
February 2023, nearly 5.3 million new cases and over 48 000 deaths
were reported globally [1].

At the beginning of the pandemic, no specific and effective antiviral
drugs were available to treat the disease. Chloroquine, hydroxy-
chloroquine, remdesivir, and lopinavir/ritonavir were highlighted as
repurposed drugs that could treat COVID-19, by acting on specific viral
enzymes or the replication cycle. The antimalarial drug chloroquine and
its derivative hydroxychloroquine was found to efficiently inhibit SARS-
CoV-2 in vitro [2]. This raised an interesting question among scientists
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of whether other antimalarial drugs also have anti-SARS-CoV-2 poten-
tial. Moreover, since natural compounds and phytochemical treatments
had been used successfully to treat coronavirus infections during the
SARS-CoV and MERS-CoV outbreaks, and the fact that several conven-
tional drugs failed against viral infections, plant extracts have been
viewed as a valuable source of therapeutically relevant products [3-7].
The identification of natural molecules that are able to counteract virus
replication, inflammation, and oxidative stress represents a new medical
challenge [4-6,8,9].

Artemisia annua (A. annua) is a medicinal plant that belongs to the
Asteraceae family and is widely distributed throughout temperate zones.
This herb has been traditionally used to treat fever and malaria [10-13].
The main bioactive compounds of A. annua are sesquiterpene lactones,
monoterpenes, triterpenoids, steroids, and flavonoids [14]. The
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principal sesquiterpene of A. annua is artemisinin. Artemisinin, named
quinghaosu in China, is a polycyclic sesquiterpene lactone that has a
peroxide function. The artemisinin derivatives, collectively called
“artemisinins”, include artesunate, dihydro-artemisinin, artemether,
arteannuin B, and artemisone, among others. These compounds have
been reported to be involved in several activities with important phar-
macological applications, including the treatment of malaria, Rheuma-
toid Arthritis (RA), Systemic Lupus Erythematosus (SLE), and allergic
contact dermatitis [15]. Recently, A. annua gained increasing attention
thanks to its anticancer properties [16]. Today, the World Health Or-
ganization (WHO) recommends Artemisinin-based Combination Ther-
apy (ACT) as the first-line treatment for uncomplicated
multi-drug-resistant malaria [17,18]. Moreover, the antiviral
broad-spectrum potential of artemisinin has been demonstrated in
several studies against a wide range of DNA and RNA viruses, including.

Human CytoMegaloVirus (HCMV), Human Herpes Simplex Virus
(HSV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Human Im-
munodeficiency Virus (HIV), Polyomavirus BK and Zika Virus [19-21].

Hopes regarding the use of artemisinin as a potential treatment for
COVID-19 are largely based on a paper published by Chinese scientists,
who screened 200 medicinal herbs to study their effect on the corona-
virus that caused the outbreak of SARS in 2002-2003 [22]. A. annua was
found to be the second most effective of the herbs tested, after Lycoris
radiata. Preliminary results of a study conducted in vitro on the
SARS-CoV-2 infection in permissive cells demonstrated the efficacy of
artemisinin and its derivatives through pre-treatments and infection
treatments on different cell models. [23,24]. Moreover, the potential of
artemisinin against SARSCoV-2 was also confirmed by a study [25] that
evaluated the activities of nine artemisinin-related anti-SARS-CoV-2
compounds in vitro, establishing a pharmacokinetic model that can
predict the therapeutic potential of selected compounds against
SARS-CoV-2.

Recently, Nair and colleagues [26] measured the antiviral activity of
dried leaf aqueous extracts of seven cultivars of A. annua from the four
continents. Hot-water leaf extracts based on artemisinin showed anti-
viral activity with ICsq values of 0.1-8.7 pM. Artemisinin alone was less
active with an ICs¢ value that was eightfold greater (about 70 pM),
suggesting that the plant extracts are more potent than the single com-
pounds against SARS-CoV-2, probably due to a synergistic action that
blocks viral infection post-entry. These results were also confirmed by
studies extended to the other main variants of SARS-CoV-2 that
appeared later [27,28].

In silico studies have been recently performed to investigate the in-
hibition of the coronavirus-host protein interaction by A. annua single
components. In particular, molecular docking studies have revealed that
artemisinin is able to inhibit the binding of the spike protein to cell
surface receptors, thus potentially preventing both the endocytosis of
the virus and the activation of the NF-kB signalling pathway (Cao et all.,
2020; [29-31]). In another recent in silico study, Ikanovic, and co-
workers [32] examined the interaction of scopoletin, a coumarin iso-
lated from artemisia species and other plants (Scopolia japonica Maxim. -
Japanese belladonna, Artemisia scoparia Waldst. & Kit. - wormwood and
Viburnum prunifolium L. - black haw), with the main protease Mpro
SARS-CoV-2. The docking analysis showed that scopoletin has a signif-
icant binding affinity (—6.9 kcal/mol) for the SARS-CoV-2 main prote-
ase, supporting its potential use in the fight against COVID-19.

In addition to compounds with potential antiviral activity, the pro-
files of secondary metabolites in A. annua highlighted a relevant level of
antioxidant molecules in the leaves [33]. These findings are relevant
given that the major complications afflicting people during and after
COVID-19 are attributable to oxidative stress, which occurs due to an
imbalance between the formation and neutralization of free radicals
during SARS-CoV-2 infection [34-36]. Damage caused by the excessive
production of reactive oxygen species (ROS), such as an inadequate
antioxidant response and increased lipid peroxidation, leads to infec-
tious diseases and viral replication. In this scenario, the antioxidant

Biomedicine & Pharmacotherapy 168 (2023) 115682

components of A. annua may support the antiviral activity and coun-
teract the inflammatory response in COVID-19 [37].

In the present work, we focused on obtaining and chemically char-
acterizing A. annua enrichedextracts, which were biologically evaluated
in vitro as virucidal, antiviral, and antioxidant agents, with a potential
application against the COVID-19 infection.

2. Material and methods
2.1. Chemicals and equipment

All solvents were purchased from Merck Life Science (Milan, Italy).
Analytical TLC was conducted on TLC plates (silica gel 60 F254,
aluminum foil) and the spots were detected under UV light at 254 nm or
were revealed by a solution of anisaldehyde (2%) and sulphuric acid
(2%) in EtOH. NMR spectra were recorded on a Bruker Avance 600 MHz
spectrometer. High-Resolution Preparative HPLC was performed with a
C-18 Ascentis, Supelco (21.2 mm i.d., 250 mm, 5 pm), fitted to a 1525
Extended Flow Binary HPLC pump and a Waters 2489 UV-Vis detector
(both from Waters, Milan, Italy).

2.2. Extraction and purification methods

The A. annua extract was obtained from a private cultivation in the
province of Spoleto, Umbria, Central Italy. Briefly, a crude plant extract
was prepared from leaves harvested at pre-flowering stage, as follows:
800 g of fresh leaves were soaked in 1 L of 96% ethanol, so that all leaves
were in contact with the alcohol, and incubated in the dark at room
temperature. After 5 days, this mother tincture was filtered through
cotton wool. 10 mL of tincture were evaporated at room temperature
under a flow of nitrogen to obtain 590 mg of crude extract. Then, the
residue obtained was dissolved in 10 mL of water and extracted three
times with ethyl acetate. The organic phase was separated, dried on dry
sodium sulphate and evaporated until dry under reduced pressure to
produce 106 mg of crude extract. A stock solution of 9.4 mg/mL was
prepared by dissolving the ethyl acetate residue in methanol.

The solution was filtered using a nylon syringe filter of 0.45 pm and
analysed by analytical HPLC.

For the separation of the compounds, a preparative HPLC was used.
A stock solution of the extract (9.4 mg/mL) was separated with the
elution gradient consisting of eluent A (water) and eluent B (ACN). The
initial conditions were: 50% eluent B followed by a linear gradient over
20 min, then 100% of B until 30 min. The flow rate was 15 mL/min, the
volume of injection 1 mL. The detector was set at 210 nm.

The fractions corresponding to the major peaks, F1-F8 (Fig. 2,
Table 1), were collected and the solvent was removed in vacuo. Struc-
tures of the molecules were identified by 1D and 2D NMR by comparison
with reference data from literature.

2.3. A549 cell culture and treatment

Epithelial A549 lung cancer cell lines (ATCC® CCL-185IG™) were
cultured with the Roswell Park Memorial Institute (RPMI) 1640 medium
and supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 U/mL streptomycin (Sigma) and 2 mM L-glutamine
in a humidified atmosphere of 95% air and 5% COs at 37 °C. The cells
were treated with 25, 50, 100, and 200 ug/mL of A. annua extract, 65,
125, 250, and 500 uM of the oxidative agent tert-butyl hydroperoxide
(TBH, Luperox® TBH70X, Merck Life Science S.r.1., Italy) for 24 h, alone
and in combination, to analyse cell viability and evaluate morphology,
and for 2 h, for an ROS assay. The control (Ctrl) groups received an equal
volume of the solvent medium.

2.4. Cell morphology

Cell morphology was measured by tracing the surface of the cell
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Table 1
1H chemical shift of isolated compounds in the A. annua extract.
Isolated Retention time Rt, Weight of Substance/class of metabolites 1H chemical shift, 5 in ppm, (multiplicity) references
fraction min fraction, mg
F1 2702,3.515 (several 14.3 Mixture of unidentified compounds
peaks)
F2 4724 2.3 Scopoletin 3.91 (), 6.77 (s), 6.28 (d), 7.84 (d), 7.11 (s)* [38]
F3 7947 3.0 Mixture of compounds, the main Several singlets at 3.8-4.0 ppm, aromatic protons -
components are flavonoids between 5.6 and 7.8 ppm
F4 13,299 3.3 Chrysoplenetin 3.84, 3,93, 3.95 and 3.98 (four s), 6.48 (s), 7.05 [39]
(d), 7.64-7.75 (m)
F5 19,742 1.8 Arteannuin B 0.98 (d), 1.3-2.1 (m), 2.73 (m), 2.68 (s), 5.42 (d), [39]
6.15 (d)
F6 24,315 1.4 Artemetin (+ isomer) 3.87, 3.91, 3.97, 3.97 and 3.98 (five s), 6.50 (s), Kontogiani et al.,
6.9-7.8 (m), 8.57 (s) 2019
F7 30,552 1.7 Mixture of terpenoids Several signals in all spectrum -
F8 32,473 3.0 Artemisinic acid 0.95 (d), 1.0-2.0 (m), 2.60, 2.68 (ddd), 4.98 (bs), [39]
5.55 (s), 6.44 (s)
4 MeOH-d4.

using ImageJ 1.52 v software (National Institutes of Health, Bethesda,
Maryland, USA). The average value of the cellular body was used for
statistical analysis using GraphPad Prism 8.4.3 software (Northside Dr,
San Diego, CA, USA).

2.5. Vero E6 cells and virus propagation

The permissive cells, named Vero E6 clone 1008, (Cercopithecus
aethiops derived epithelial kidney,

ATCC# 1586) were grown and maintained in Minimum Essential
Medium (MEM + GlutaMAX, Gibco), supplemented with 10% fetal
bovine serum (FCS), 100 U/mL penicillin, 100 U/mL streptomycin, 1
mM sodium pyruvate, and 1% non-essential amino acids, at 37 °C in 5%
COs.

The viral BetaCov/Italy/CDG1/2020|EPI ISL 412973|2020-02-20
isolate (GISAID accession ID: EPI ISL,_412973) was propagated through
the inoculation of 70-80% confluent Vero E6 cells. Cells were observed
for their cytopathic effect (CPE). Stocks of SARS-CoV-2 virus were har-
vested at 72 h post infection (p.i.), and supernatants were collected,
clarified, aliquoted, and stored at — 80 °C. The virus titer was deter-
mined as Plaque Forming Units (PFU/mL). This strain had a viral titer of
107 TCIDso/mL. Virus propagation and all virus manipulation were
conducted under biosafety level-3 facility at the Istituto Superiore di
Sanita in Rome.

2.6. Cytotoxicity assays

The A549 cells were grown at a density of 2 x 10* cells/well on 96-
well plates in a volume of 100 uL/well. After treatment, cell viability was
assessed by MTS assay (Promega Italia S.r.1., Milan, Italy) by absorbance
measurements at a wavelength of 490 nm, after 2 h incubation at 37 °C.
Cell viability was expressed by normalization with the control. For the
analysis of cell morphology, the cells were washed twice with PBS and
cellular images were obtained using the Zeiss Axio Scope 2 microscope
(Carl Zeiss, Oberkochen, Germany).

The Vero E6 cells were grown at a density of 1 x 10* cells/well in 96-
well plates and treated for 24 h with the A. annua extract (from 1000 to
10 pg/mL), the EtOAc fraction (from 1000 to 10 pg/mL) and its main
isolated components (F1-F8) (from 100 to 1 pg/mL). Then, an XTT (Cell
Proliferation Kit II, Roche) assay was performed as previously described
[4,5]. The measured absorbance directly correlates with the number of
viable cells.

2.7. Virucidal activity by plaque reduction neutralization test

The Plaque Reduction Neutralization Test (PRNT) assay was used to
assess the virucidal potential of the A. annua extract against SARS-CoV-

2, as previously described [4,5]. The extract was resuspended in 30%
dimethyl sulfoxide (DMSO) leading to a final concentration of 100
mg/mL, which did not affect the growth of the cells in vitro. Then, serial
10-fold dilutions of the extract (from 0.05 mg/mL to 0.0005 pug/mL)
were incubated with 80 PFU of SARS-CoV-2 at 4 °C overnight (~16 h).
The mixtures were added in triplicate to confluent monolayers of Vero
E6 cells, grown in 12-well plates and incubated at 37 °C in a humidified
5% CO; atmosphere for 60 min 4 mL/well of a medium containing 2%
Gum Tragacanth + MEM 2X supplemented with 2.5% of heat inacti-
vated FCS was added. The plates were left at 37 °C with 5% COs. After 3
days, the overlay was removed, and the cell monolayers were washed
with PBS to completely remove the overlay medium. The cells were
stained with a crystal violet 1.5% alcoholic solution. The presence of
SARSCoV-2 infected cells was indicated by the formation of plaques. The
half-maximal inhibitory concentration (ICsg) was determined as the
highest dilution of the substance resulting in a 50% (PRNTs5g) reduction
of plaques compared to the virus control, and it was calculated using the
GraphPad Prism software. Through this method, the A. annua extract
(from 500 to 0.0005 pg/mL),

EtOAc fraction (from 500 to 0.0005 pg/mL), water fraction at 50 ug/
mL and single bioactive fractions (50 pg/mL) were tested.

2.8. Antiviral activity

The Vero E6 cells were seeded in 24-well plates at a concentration of
200,000 cells/well and incubated at 37 °C in a humidified 5% CO at-
mosphere. After 24 h, the plates were infected with SARS-CoV-2 at 0.01
MOI and incubated for 1 h at 37 °C.

The inoculum was then removed and a volume of 2 mL of A. annua
extract (100 pg/mL), EtOAc fraction (12.5-100 pg/mL), water fraction
(100 pg/mL) and F2 (scopoletin, 50 pg/mL), F5 (arteannuin B, 50 pg/
mL) and F8 (artemisinic acid, 50 ug/mL) were added to each infected
well in triplicate. All the dilutions were prepared with medium. Un-
treated infected wells were used as a negative control (Ctrl) of the
antiviral activity while remdesivir was used as a positive control.

The infected plates were left at 37 °C in a humidified 5% CO, at-
mosphere. After 24 h, the cytopathic effect (CPE) was observed, and
each culture supernatant was collected for RNA extraction and virus
titration for viral quantification. The RNAs extracted were tested by a
TagMan real-time RT- PCR (Bio-Rad) to target the SARS-CoV-2 N1 and
N2 nucleocapsid genes, based on protocols developed by the Center for
Disease Control and Prevention [40]. The 50% Tissue Culture Infectious
Dose (TCIDs) assay was performed on the harvested samples to measure
the viral titer as previously described [4,5]. Briefly, each supernatant
(100 pL) was two-fold diluted in 96-well plates, and 22 000 cells/well in
EMEM + 2% FCS were added (100 pL). Plates were left at 37 °C with 5%
CO-, for 6 days and checked daily to observe the cytopathic effect. The
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50% end-point titers were determined using the Spearmane Karber
method.

2.9. Surface plasmon resonance measurements

The isolated fractions that showed a virucidal activity against SARS-
CoV-2 were tested to analyse their binding affinity to the viral proteins
3CLpro and S by Surface Plasmon Resonance (SPR). Binding studies
were performed on Biacore X100 (Cytiva). 3CLpro was immobilized on a
CMS5 sensor chip by the amine coupling method as per manufacturer
instructions by using acetate pH 5.0 and a final protein concentration of
50 pg mL7 [41,42]. PBS-P (10 mM phosphate buffer, 150 mM NaCl,
0.05% surfactant P20) with 5% DMSO was used as a running and dilu-
tion buffer. Serial dilutions of the analytes were injected at 25 °C with a
flow rate of 30 uL min’. The surface was regenerated between samples
with a 70% ethylene glycol solution. All data were zero adjusted and the
reference (blank) was subtracted.

2.10. Antioxidant effect against reactive oxygen species (ROS)

To assess ROS generation, A549 cells were plated at a density of 1 x
10* cells/well on 96-well plates in a final volume of 100 pL/well. To
induce oxidative stress, the TBH at 500 uM was used alone or in com-
bination with 25, 50, 100, and 200 pg/mL of A. annua extract for 2 h. At
the end of the treatment, each sample was added to 2',7-dichloro-
fluorescin diacetate at a final concentration of 1 mM (DCFH-DA, Merck,
Darmstadt, Germany) and incubated in the dark at 37 °C for 30 min.
After washing with PBS, the cells were analyzed by measuring the
fluorescence intensity with a Microplate Reader GloMax fluorimeter
(Promega Corporation, Madison, USA) at the excitation wavelength of
475 nm and emission wavelength of 530 nm. In addition, the cells were
analyzed with a fluorescence microscope (Axio Scope 2 microscope;
Zeiss, Oberkochen, Germany).

2.11. Statistical analysis

The statistical evaluation of the data was carried out using the
GraphPad Prism 8.4.3 software (Northside Dr, San Diego, CA, USA). All
the samples were analyzed three time independently and the values
reported were obtained as the mean of at least three independent ex-
periments + standard errors (SE). Statistical evaluations were per-
formed using one-way ANOVA followed by Tukey’s Post hoc test.
Differences in p-value of less than 0.01 were considered as statistically
significant.

The ICsq value from the PRNT assay was calculated using GraphPad
Prism version 9.0.0 (GraphPad Software, LLC., San Diego, USA) for
Windows.

3. Results
3.1. Isolation of bioactive compounds

A preliminary identification of secondary metabolites from A. annua
was conducted on a crude tincture by NMR heteronuclear correlation
experiments, following a procedure recently reported by Kontogianni
[43]. Through 11_13C Heteronuclear Quantum Coherence (HSQC) and
Multiple Bond Correlation (HMBC), we identified A. annua compounds
in the dried tincture sample. The diagnostic cross peaks and the refer-
ence literature are summarized in Table 1. From the 2D experiments by
HSQC and HMBC, it was possible to highlight the presence of charac-
teristic signals of some secondary metabolites, such as flavonoids and
artemisinin analogues. In particular, we had strong evidence of the
presence of artemisinic acid and arteannuin B. The structural attribution
was based on the identification of cross peak signals in the HSQC
spectrum and the long-range connectivity in the HMBC experiment. In
general, diagnostic signals were easily identified as they were not in
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overcrowded spectral regions.

The compounds were separated by preparative HPLC, and the indi-
vidual fractions were analysed by NMR, which confirmed the structure
attributions (Figs. 1-3).

Scopoletin (F2) was identified by the presence in the H NMR
spectrum of distinctive doublet signals of H(2) and H(3) with a coupling
constant of 9.5 Hz, which is due to the double bond hydrogens in the
lactone ring.

For arteannuin B (F5), diagnostic signals were the methylene signals
C(13)-H(13) at 117.50 and 5.42 ppm and 6.13 ppm and four cross peaks
with carbons 7, 6, 11 and 12 at 52.6, 81.2, 138.6 and 169.7 ppm,
respectively. Artemisinic acid (F8) showed an H(13) signal at 5.52 and
6.41 ppm and four cross peaks with carbons 6,7 11 and 12 at 38.0, 42.3,
142.3, 171.5 ppm, respectively.

Regarding flavonoids (F3), the diagnostic cross peaks in the HSQC
spectrum of the A. annua extract were the signals of C(2’)-H(2"), C(5’)-H
(57, C(6°)-H(6°) and C(8)-H(8).

3.2. Effects of the A. annua extract on A549 cell viability

A dose-effect study was conducted on the cell viability of A549 lung
epithelia cells treated with A. annua extract through an MTS assay. For
this investigation, the following doses were tested: 25, 50, 100, and
200 pg/mlL, for 24 h. The results shown in Fig. 4(A)-(B) evidenced that
the A. annua extract did not induce any significant changes in cellular
morphology and viability at the doses administrated.

3.3. Effects of the A. annua extract on cell viability impaired by TBH
treatment

As a first step, we evaluated the oxidative agent TBH sensitivity using
MTS and DCHF-DA assays on A549 lung epithelial cells. The dose-effect
study shown in Fig. SA andB indicated that the A549 cells treated with
TBH at 500 uM induced a 40% reduction in cell viability (Fig. 5A) and an
evident alteration of cell morphology (Fig. 5B). Furthermore, the
administered doses induced a dose dependent production of ROS
(Fig. 5C-D), indicated by the increase in fluorescence intensity analyzed
by fluorimeter (Fig. 5C) and fluorescence microscopy (Fig. 5D). Based on
these results, we chose the 500 uM concentration for the subsequent
experiments.

To analyze whether the A. annua extract were able to protect A549
cells against ROS, we treated the cells with TBH (500 pM) in combina-
tion with increasing concentrations of the extracts after 24 h. As
detected by the MTS assay, the extract were able to reduce the toxicity
induced by TBH in a dose-dependent manner, reaching a viability value
comparable to the control at a concentration of 100 and 200 ug/mL of
the A. annua extract (Fig. 6A). The results were also confirmed by the
microscopic analyses in which a significant recovery of TBH-induced
altered cell morphology was observed (Fig. 6B). The analysis of the
cell size indicates that the A. annua extract was able to recover the
alteration in the size of the cell body induced by TBH (Fig. 6C).

3.4. Effect of A. annua extract on ROS production induced by TBH
treatment

The capacity of the A. annua extract to reduce ROS generation
induced by TBH was analyzed by DCFH-DA assay. The result was eval-
uated by fluorimeter analysis (Fig. 7A) and fluorescence microscopy
observation (Fig. 7B), in which untreated (Ctrl) or cells treated with
A. annua extract at different doses did not show any fluorescence,
indicating that the A. annua extract did not induce oxidative stress. In
contrast, the treatment with A. annua extract, in a dose-dependent
manner, eliminated TBH-induced ROS production (Fig. 7A-B). The
result suggests that the components of the A. annua extract, such as
polyphenols and flavonoids, play a significant role as antioxidant agents.
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Fig. 2. HPLC fingerprint of the A. annua extract. The peak numbers refer to the fractions (1—8) reported in Table 1.

3.5. Cytotoxicity of the extracts on VERO E6 cell line

According to the results from the XTT assay, none of the dilutions of
the A. annua extract showed a cytotoxic effect, as shown in Fig. 8A.
EtOAc fraction was also tested by XTT: it showed a cytotoxic effect at a
concentration of 1000 ug/mL, while lower concentrations (100 and
10 pg/mL) were not toxic.

All the isolated fractions (F1-F8) were tested at concentrations from
1 to 100 pg/mL (Fig. 8). Several fractions were cytotoxic at 100 pg/mL
(OD < 0,8). Scopoletin (F2), terpenoids (F7) and artemisinic acid (F8)
were not toxic at any tested concentration.

3.6. Virucidal activity

The A. annua extract, which was serially diluted from 500 ug/mL to
0.0005 pg/mL, was tested to evaluate its virucidal activity on Vero E6
monolayers through the PRNTso method. As shown in Fig. 9A, the
extract was effective against SARS-CoV-2 with an ICsg of 0.0015 ug/mL,
calculated using a GraphPad Prism. Also, the EtOAc fraction was tested

by PRNT5 at concentrations ranging from 500 pg/mL to 0.0005 pg/mL:
the results demonstrated that it was effective against SARS-CoV-2, with
an ICsg of 0.00046 pg/mL.

The results of PRNT5p on the water fraction at a concentration of
50 pg/mL showed a very low inhibition percentage (Fig. 9B), indicating
that there was no virucidal effect.

The isolated fractions, F1-8, were also tested at a concentration of
50 pg/mL as reported in Fig. 9C: F2, F5-8 showed a significant virucidal
activity (>80%), whereas fractions F1, F3 and F4 were less effective
against the virus, however showing an activity > 60%.

3.7. Antiviral activity

The antiviral activity was measured by comparing the infection
levels in infected Vero E6 cultures that were untreated and treated with
A. annua extract, EtOAc fraction, water fraction, and selected single-
compound fractions F2 (scopoletin), F5 (arteannuin B) and F8 (artemi-
sinic acid), starting from the concentrations that showed the most
virucidal activity (i.e., 50 pg/mL).
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The viral titer used for the infections was of 10 7° TCIDso/mL, like
the quantification of the SARS-CoV-2 control shown in Fig. 10A. The
results showed that the A. annua and EtOAc fraction, F2, F5 and F8 all

had an antiviral effect on the infected cells at 24 h p.i. with viral titres
decreasing up to 10 2 TCIDso/mL (EtOAc 50 ug/mL). In particular, the
A. annua extract showed a mild activity at a concentration of 100 ug/mL
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A. annua extract and treated with the A. annua extract alone; C: Histogram of cell body area of untreated cells (Ctrl) treated or with TBH alone or in combination with
A. annua extract. Scale Bar: 50 um. Tukey test: * p < 0.01 compared to ctrl group.

with a viral titer of 10 %2 TCIDso/mL. Interestingly, the EtOAc fraction
maintained considerable activity down to a concentration of 12.5 ug/
mL, whereas the isolated fractions F2, F5 and F8 were highly active
down to 25 pg/mL. This effect was confirmed by the TCIDs( assay and
the Real Time RT-PCR: the supernatants harvested from the treated
wells showed a considerable decrease in the viral titer and in the
amplification of SARS-CoV-2 N1 and N2 nucleocapsid genes, when
compared with the supernatants harvested from untreated wells
(Fig. 10A-B). In the assays above, the results confirmed the ineffective-
ness of the water fraction at 100 ug/mL.

3.8. SPR measurements

The activity of the fractions F2 (scopoletin), F5 (arteannuin B)and F8
(artemisinic acid) was further investigated by immobilizing two pro-
teins, Spike and 3CLpro, involved in two distinct phases of the viral
cycle, namely, insertion and replication in the host cell. Scopoletin
(Fig. 11a,b) showed a notable interaction with the Spike protein with a
Kp value of 2.2.10™ M. Artemisinic acid formed a complex of equal in-
tensity with the Spike protein (Fig. 11c, d). Notably, only the artemisinic
acid (F8) and arteannuin B (F5) (Fig. 11e, f, g, h) formed a complex with
3CLpro at a lower concentration than mM, with a Kp value of 1.76-10™
M and 1.87-10"* M, respectively. These data suggest that the compounds

may interfere with the viral pathways during the insertion and the
replication process.

4. Discussion

Over the centuries, medicinal herbs have been used as treatment and
as a preventive strategy for several diseases, including respiratory viral
infections [44,45]. The benefit of using these herbs in viral respiratory
infections is mainly due to their immune stimulating and inflammation
modulating effects. The WHO has estimated that about 65-80% of the
world’s healthcare involves the use of traditional medicine to treat in-
fectious diseases [46]. Several in vitro and in vivo studies carried out on
plants and their derived products have helped to develop effective
antibiotic, antimitotic, and antiviral treatments. The failure of several
conventional drugs against viral infections and the increasing incidence
of specific viral resistance has generated more interest in plants as an
alternative source of effective antiviral agents [47,48]. Although herbal
treatments were successfully used to treat coronavirus infections during
the SARS-CoV and MERS-CoV outbreaks, there have been few in-
vestigations regarding a possible cure for COVID-19 disease by using
natural compounds, which have been mostly limited to in silico studies
[49,45,50].

A. annua, which has been known since ancient times as a healing
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Fig. 8. Results of the XTT assay carried out to evaluate the viability of cells
incubated with different concentrations of A. annua extract, EtOAc fraction and
isolated components (F1-F8).

herb, has long intrigued researchers and healers. Its antimalarial prop-
erties were first demonstrated in the 1970 s during a Chinese military
project, whose results led to the discovery that artemisinin, the active
ingredient of the plant, kills the parasite that causes malaria.
Artemisinin-based drugs, used in combination with other therapies ac-
cording to WHO guidelines for the treatment of malaria, have helped
reduce the mortality rate of malaria by more than 20%.

Artemisinin has been reported to have numerous pharmacological
characteristics, including antiviral ones (Yuyong [24]). The
broad-spectrum antiviral potential of Artemisia metabolites against a
wide range of DNA and RNA viruses prompted us to investigate whether
they could be used to combat COVID-19.

This study focused on the evaluation of the antioxidant, virucidal and
antiviral potential of A. annua extracts against SARS-CoV-2 in vitro. In
our first results, the crude extract showed virucidal and antioxidant ef-
fects in concentrations that do not affect cell viability. This extract also
showed an antiviral effect, when used at a concentration of 100 pg/mL.
Successively, the dried crude extract was partitioned between water and

ethyl acetate. The aqueous fraction showed modest activity against the
infected cells, whereas the EtOAc fraction and its isolated main com-
ponents (F2, F5-8) exerted a considerable virucidal effect starting from a
concentration of 50 pg/mL (Fig. 9). The effect was not observable when
the infected cells were treated with other isolated fractions, i.e., F1, F3
and F4 (Fig. 9). The antiviral properties of the compounds that exerted a
virucidal activity were demonstrated at concentrations that did not
affect the growth of the cells. These results were also confirmed by Real-
Time RT-PCR experiments (Fig. 10).

Among the isolated pure compounds, artemisinic acid showed the
strongest virucidal and antiviral activity, thus it was selected to evaluate
its interaction with the Spike and Mpro proteins using SPR. Previous
studies reported that artemisinic acid could be a candidate drug for
chronic urticaria due to the inhibitory effect on non-IgE-mediated pas-
sive skin anaphylaxis in mice. This activity is exerted by inhibiting the
activity of mast cells in tissues [51] and as precursor of antimalaric
Artemisinin [52]. We also investigated scopoletin, intrigued by recent in
silico studies by Ikanovich et al. (2021) that predicted a significant
binding affinity of the compound to the SARS-CoV-2 Mpro. We
demonstrated that both scopoletin and artemisinic acid have a strong
interaction with the viral protein Spike. Moreover, artemisinic acid and
arteannuin B are able to effectively interact with 3CLpro (Fig. 11)
showing a possible synergic effect. A limitation of this study is that we
tested the antiviral activity of A. annua activities only against the wild
type strain of SARS-CoV-2 that was circulating in 2020 in Italy. How-
ever, flavonoids are active against different viral diseases, and perform
their antiviral activity by targeting the viral infections at multiple stages
[53,54]. Recent studies, furthermore, reported antiviral activities of
extracts of A. annua against the newest virus variants of SARS-CoV-2
[27,28].

5. Conclusions

Overall, our data confirm the antiviral, virucidal and antioxidant
properties of the extract of A. annua against SARS-CoV-2. Moreover, for
the first time, we demonstrate that artemisinic acid has a virucidal effect
and a strong antiviral activity down to a concentration of 25 pg/mL. In
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this work, we also evidenced that the inhibition of viral replication by
artemisinic acid could be attributable to the inhibition of both the main
protease, 3CLpro, and the Spike protein.

Investigation of the single main components of the extract showed
artemisinic acid was a promising natural antiviral compound that is
worth investigating further also to evaluate potential synergistic effects
with other promising compounds such as scopoletin and arteannuin B.

In conclusion, our study evidenced the potential virucidal and anti-
viral activity of the A. annua crude extract and enriched fractions for the
treatment of COVID-19The next step will be the validation of A. annua
fractions against SARS-CoV-2 in an animal model. We look forward to,
the publication of the results of the WHO COVID-19 Solidarity Thera-
peutics Plus Trial [55,56] clinical trials on the semi-synthetic A. annua
derivative artesunate and we trust that our data could further improve
the effective of these therapies.

Finally, the data that emerged from our study suggest that natural
extract of A. annua and their components could have a key role as
antioxidant and antiviral agents and support the fight against SARS-
CoV-2 variants and other possible emerging Coronaviruses.
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