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Abstract

Introduction: Numerous efforts in natural product drug development are reported

for the treatment of Coronavirus. Based on the literature, among these natural plants

Artemisia annua L. shows some promise for the treatment of SARS-CoV-2.

Objective: The main objective of our study was to determine artemisinin content by

liquid chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-

MS/MS), to investigate the in vitro biological activity of artemisinin from the A. annua

plants grown in Turkey with various extracted methods, to elaborate in silico activity

against SARS-CoV-2 using molecular modelling.

Methodology: Twenty-one different extractions were applied. Direct and sequential

extractions studies were compared with ultrasonic assisted maceration, Soxhlet, and

ultra-rapid determined artemisinin active molecules by LC-ESI-MS/MS methods. The

inhibition of spike protein and main protease (3CL) enzyme activity of SARS-CoV-2

virus was assessed by time resolved fluorescence energy transfer (TR-FRET) assay.

Results: Artemisinin content in the range 0.062–0.066%. Artemisinin showed signifi-

cant inhibition of 3CL protease activity but not Spike/ACE-2 binding. The 50% effec-

tive concentration (EC50) of artemisinin against SARS-CoV-2 Spike pseudovirus was

found greater than 50 μM (EC45) in HEK293T cell line whereas the cell viability was

94% of the control (P < 0.01). The immunosuppressive effects of artemisinin on TNF-

α production on both pseudovirus and lipopolysaccharide (LPS)-induced THP-1 cells

were found significant in a dose dependent manner.

Conclusion: Further studies of these extracts for COVID-19 treatment will shed light

to seek alternative treatment options. Moreover, these natural extracts can be used

as an additional treatment option with medicines, as well as prophylactic use can be

very beneficial for patients.
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1 | INTRODUCTION

SARS-CoV-2 virus, which emerged in China in late 2019 and spread

all over the world, caused a global pandemic (COVID-19).1 Until now,

the total number of cases in the world is 203 million while the number

of deaths is 4.3 million. There are unfortunately no specific antiviral

drugs for the treatment of the COVID-19 pandemic that affects the

whole world. Although there is more than one vaccine with emer-

gency use authorisation in the world, most of these vaccines seem to

be not very effective for the variants. In addition, the right of access

to the existing vaccines is not equal in every country, and there are

delays in production due to the demand. Moreover, a certain majority

reject the vaccination. Considering all these reasons, studies with nat-

ural products for the tr

eatment of COVID-19 are very important.

Owing to the natural and widespread distribution of Artemisia

annua L., also known as Sweet Wormwood, in wide and various geog-

raphies, and usage patterns of numerous cultures different health

problems are revealed.2 Artemisia annua has antimalarial properties

and has been used frequently in traditional Chinese medicine in the

treatment of malaria and in high fever since ancient times. In extended

ethno-botanical studies and archaeological studies, it was revealed

that A. annua was used as fresh plant water. Artemisinin, the active

ingredient of the A. annua plant, has passed World Health Organisa-

tion’s (WHO's) recommendations as the first drug of choice in malaria

resistant to chloroquine and other treatments or showing cerebral

involvement.3

Studies show that A. annua has a strong antiviral effect. Li et al.

tested the ethanolic extract of A. annua and determined that it was

effective against coronavirus associated with SARS at a 50% effective

concentration (EC50) dose of 34.5 ± 2.6 μg/mL and reported that it

could be developed as an antiviral agent in the treatment of coronavi-

rus.4 In addition, Karamoddini et al. reported that A. annua has the

most intense anti-herpetic effect among the methanolic extracts

homogenised of various Artemisia species in vitro.5

Inflammatory response is extremely important in SARS-CoV-2

infection as in many diseases. It has been suggested that a severe

increase in inflammatory response is observed in patients with SARS-

CoV-2 infection due to viral replication in the lungs, and the resulting

cytokine storm may be closely related to the severity of the disease.6,7

To reduce the inflammatory response shaped in SARS-CoV-2 infec-

tion, it is recommended in different treatments besides classical anti-

inflammatory drugs.8 It is emphasised that artemisinin and its ana-

logues have antiviral, antifungal, anticancer and anti-inflammatory

properties in addition to their antimalarial activities.9 Macrophages

play an extremely important role in initiating and regulating the

immune response. They control various cytokines they produce in the

inflammatory response process through NF-κB (nuclear factor kappa-

light-chain-enhancer of activated B cells).10 Artemisinin, by regulating

transcriptional signalling pathways in macrophages, consequently,

reduce cytokine release by macrophages.11 It has been reported that

artemisinin in human monocytes suppresses matrix metallopeptidase

9 (MMP-9), tumour necrosis factor alpha (TNF-α) and interleukin-1

beta (IL-1β) release by regulating NF-κB release.12,13 In addition,

artemisinin has been shown to have an anti-inflammatory effect in

phorbol 12-myristate 13-acetate (PMA)-treated human THP-1 cells.13

Based on the overwhelmingly studies of A. annua extracts in the

literature and the recent pandemic conditions we have been inspired

to study this plant extract further. To investigate its potential antiviral

properties since it is commonly grown in our region and the plant is

used as a medicinal tea, especially for treating malaria. Nair et al.,

researched antiviral activity of dried leaf extracts of seven cultivars of

A. annua against SARS-CoV-2. They used hot-water leaf extracts

based on artemisinin. Artemisinin has alone an antimalarial effect with

an estimated 50% inhibitory concentration (IC50) of approximately

70 μM, while the derivatives of artemisinin, artesunate, artemether

and dihydro artemisinin, are inactive or cytotoxic at high micromolar

concentrations.14 Many extraction methods have been investigated in

the literature to obtain the artemisinin-rich fractions. However, the

plant used in these studies is A. annua, collected from different places.

One of the crucial parameters that affect the active substance (sec-

ondary metabolite) content, is the location where the plant is col-

lected. Therefore, it was more meaningful to compare the efficiency

of the extraction methods in the literature. Hence, in our study we

selected the most accurate and efficient extraction method which is

aimed to be applicable to the industrial scale. This research was later

supported by in silico molecular modelling as well as in vitro biological

activity studies. Our aim and objective were to identify the best

extraction method for artemisinin and subsequently investigate its

antiviral properties with pseudoneutralisation assay and compare

artemisinin binding motifs with known antivirals which have not

appeared in the recent literature.

The novelty and advantage of our research from the literature is:

(i) the location of where the plants are collected; (ii) the 21 different

extraction methods with the comparison of previous studies in the lit-

erature; (iii) ultra-rapid determination of the artemisinin from various

A. annua L. extracts by liquid chromatography electrospray ionisation

tandem mass spectrometry (LC-ESI-MS/MS), (iv) in vitro analysis of

four artemisinin rich extracts with the comparison of water extracts

where the artemisinin amount is not detected; (v) detailed in vitro

SARS-CoV-2 pseudovirus neutralisation studies of artemisinin;

(vi) comparative in silico molecular modelling studies of artemisinin

with three known antiviral agents (manidipine, lercaidipine, and

efonidipine).

2 | MATERIAL AND METHODS

2.1 | Chemicals and standard

The chemicals used in the experiments listed as follows: isopropanol,

ethanol, methanol, n-hexane, chloroform, acetone, dichloroethane,

dichloromethane, propylene glycol methyl ether and chloroform were

supplied from Merck (Darmstadt, Germany). All chemicals used in this

study were of analytical reagent grade. HPLC grade acetonitrile was

purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany).
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Ultra-pure water was obtained using Direct-Q UV3 (Millipore,

Bedford, MA, USA) system. Artemisinin (C15H22O5 – CAS 63968-64-9,

98%) was supplied by Sigma-Aldrich (St Louis, MO, USA).

2.2 | Plant material and extraction

2.2.1 | Plant material

The aerial parts of Artemisia annua L. were collected from the coordi-

nates of Bursa-Uludag (40.178915, 29.141146). Artemisia annua was

determined by Prof. Dr. Hulusi Malyer in the herbarium of Bursa

Uludag University, with the herbarium code BULU-28872 (Supporting

Information Figure S1). Necessary permissions have been obtained

from Bursa Regional Directorate of Forestry, Non-Wood Products

and Services Branch Office for the supply of raw materials to be used

in our studies.

2.2.2 | Preparation of extracts

Soxhlet extraction, ultrasonic assisted maceration and infusion

methods were used to obtain the extract with the highest artemisinin

content. Initially, the shade dried and powdered aerial parts of the

A. annua were kept in an ultrasonic assisted maceration for

15 minutes and then macerated at room temperature for 24 hours

TABLE 1 Extraction processing of Artemisia annua

Code of extracts Solvent Extraction condition

AA-1 80% Methanol Maceration with residual pulp after Soxhlet

extraction using petroleum ether

AA-2 Isopropanol Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours15

AA-3 95% Ethanol Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours16

AA-4 Hexane Soxhlet17

AA-5 Hexane Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours18

AA-6 Methanol Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours

AA-7 Ethanol Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours

AA-8 80% MeOH Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours

AA-9 Ethanol Maceration with residual pulp after Soxhlet

extraction using petroleum ether

AA-10 Methanol Maceration with residual pulp after Soxhlet

extraction using petroleum ether

AA-11 Dichloroethane Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours

AA�12 Dichloromethane Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours

AA-13 Propylene glycol methyl ether (PGME) Ultrasonic assisted maceration (15 minutes)

+ maceration for 24 hours19

AA-14 Dichloromethane (DCM) Maceration with residual pulp after Soxhlet

extraction using petroleum ether

AA�15 Acetone Maceration with residual pulp after Soxhlet

extraction using petroleum ether

AA-16 Dichloromethane Soxhlet

AA-17 Ethanol Soxhlet

AA-18 Water (80�C) Infusion

AA-19 Water (80�C) Maceration with residual pulp after Soxhlet

extraction using petroleum ether

AA-20 Water (80�C) Maceration with residual pulp after Soxhlet

extraction using dichloromethane

AA-21 Water (80�C) Maceration with residual pulp after Soxhlet

extraction using ethanol

DOGAN ET AL. 305
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(Table 1). Then, extracts (AA-2, AA-3, AA-5, AA-6, AA-7, AA-8 AA-11,

AA-12 and AA-13) were concentrated in vacuo at 40�C. The highest

artemisinin content was obtained by ultrasonic assisted maceration

using hexane (AA-5), ethanol (AA-7) and dichloromethane (AA-12) sol-

vents. Therefore, extraction was performed by a Soxhlet apparatus

using hexane (AA-4), dichloromethane (AA-16) and ethanol (AA-17).

In addition to this, considering the artemisinin content in AA-4 after

Soxhlet extraction, ultrasonic assisted maceration was performed with

different solvents to evaluate the amount of the artemisinin in the

remaining pulp. The extracts (AA-1, AA-9, AA-10, AA�14 and AA-15)

were concentrated in vacuo at 40�C. Water extracts were also

obtained (AA-18) because A. annua leaves are consumed as tea. Hot

water at 80�C was added to the powdered aerial parts of the A. annua

and then once the sample had reached room temperature it was fil-

tered through cheesecloth. Also, water extracts, AA-20 and AA-21

were obtained using the remaining pulp after Soxhlet with dic-

hloromethane and ethanol. All water extracts were lyophilised.

The solvent plant ratio was chosen as 1:10 and 10 g of dry plant

was used in all extraction methods. Considering the different extrac-

tion studies in the literature, 21 different extracts were obtained.

2.3 | Quantitative analysis of artemisinin using LC-
ESI-MS/MS

An artemisinin standard was prepared by dissolving in methanol for

the analysis of the obtained extracts to determine the amount of

artemisinin. The artemisinin standard was used for the determination

of individual artemisinin. Initially, 8 mg of artemisinin was dissolved in

2 mL of methanol and 4000 ppm (mg/L) stock was prepared and

diluted in the ratio of 1:1 (v/v) (4000/2000/1000/500/250/125/

62.50/31.25/15.62/7.81/3.90) range 3.9–62 ng/mL for injected

in the LC-MSMS (Shimadzu brand LC/MS-8045 Triple

Quadrupole, Kyoto, Japan) and a calibration curve was calculated and

defined.20

The regression equation of the calibration curve having

R2 = 0.9998605 was linear from the artemisinin standard concentra-

tion range 3.9–62 ng/mL (y = 53952.0x + 21331.4). Limit of detec-

tion (LOD) and limit of quantification (LOQ) were defined according

to three injections made from each analytical portion. The analysis

method has been validated according to a single laboratory validation

approach.21 The LOD, LOQ, and recovery for artemisinin were

1.3 ng/mL and 4.2 ng/mL.

2.4 | LC-ESI-MS/MS analysis

Artemisia annua extracts with different methods and different solvent

systems were prepared as 400 ppb. Artemisia annua extracts were

prepared by dissolving in methanol for the analysis of the obtained

extracts to determine the amount of artemisinin. Artemisia annua

extracts were prepared by dissolving 4 mg pieces in 100 mL of metha-

nol and 40 ppm (mg/L) stock solution was prepared and diluted in the

ratio of 1:100 (v/v). Next, 1 mL of stock solution was diluted with

100 mL of methanol. The final concentration of the A. annua extracts

was 400 ppb (μg/L) and was injected in the LC-ESI-MS/MS (Triple

Quadrupole, Shimadzu) and artemisinin content was calculated

according to the artemisinin calibration curve. LC-ESI-MS/MS data

analysis was made with LabSolutions LCMS version 5.91 (Shimadzu)

software.

Then the diluted extract was filtered through 0.22 μm syringe fil-

ters before quantitative analysis using LC-ESI-MS/MS (Triple Quadru-

pole) with biphenyl column in LC system (2.1 mm � 100 mm inner

diameter, 2.7 μm). The LC-ESI-MS/MS running condition parameters

are: injection volume, 2 μL; furnace temperature, 25�C; total elution

time, 5 min; heat block temperature, 400�C; DL temperature, 250�C;

ESI voltage, 4.0 kV. Mobile phase: 60% acetonitrile + 40% water

(0.1% formic acid).

Mobile phase A consisted of 0.1% (v/v) formic acid in ultra-pure

water. Mobile phase B consisted of acetonitrile. The flow rate was

0.5 mL/min, spraying gas flow rate, 3 mL/min. LC-MS/MS (Triple

Quadrupole) mass spectrophotometer operating in positive ESI-

multiple reaction monitoring (MRM) mode was connected to the chro-

matographic system. Artemisinin peaks were identified by using the

standards.

2.5 | Screening for main protease (3CL) enzyme
inhibition

Inhibitory molecules against main protease enzyme were screened

with 3CL Protease (SARS-CoV-2), MBP-tagged Assay Kit (#79955–2,

BPS Bioscience, San Diego, CA, USA). Artemisinin and its derivatives

were solubilised to 100 mM stock solutions by using dimethyl

sulphoxide (DMSO). Then, 100 nM to 100 μM final concentrations

were diluted with assay buffer. Maximum DMSO concentration was

1%. Assay was designed as 384 well plate and 150 ng of 3CL protease

enzyme added to each well. GC376 is a well-known 3CL protease

inhibitor, and it was used as an inhibitor control and 50 μg of GC376

was used to compare with artemisinin. Artemisinin concentrations

ranging from 100 nm to 100 μM, and an assay buffer was added to

each well. Final concentration of 50 μM 3CL protease substrate was

added to the mixture and incubated for 4 hours at room temperature.

HIDEX Sense Microplate reader was used for fluorescence at 360 nm

excitation and 460 nm emission wavelength. Percentage inhibitory

activity was assessed as follows: Fluorescence values were subtracted

from GC376 inhibitor control fluorescence value and was set as zero

percentage activity and the fluorescence value from no inhibitor con-

trol was set as 100% activity. The data were evaluated with GraphPad

Prism 8.0 (GraphPad, San Diego, CA, USA).

2.6 | Screening for Spike/ACE-2 binding inhibition

Spike and ACE2 binding inhibition were assessed by using SARS-

CoV-2 Spike: ACE2 Inhibitor Screening Assay (BPS Bioscience,

306 DOGAN ET AL.
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#79931). Artemisinin concentrations were prepared described above

for screening by using same stock solutions and working concentra-

tions. 96-well plate was coated with SARS-CoV-2 Spike (S) protein

and the plate was incubated overnight at 4�C. After washing the plate

with assay buffer and blocking with blocking buffer, the artemisinin

compounds were added to Spike protein coated well plate with differ-

ent concentration and then incubated at room temperature with slow

shaking for 3 hours. As final step, chemiluminescence was produced

by adding Anti His-HRP and then HRP substrate and measured by

using HIDEX Sense Microplate reader.

2.7 | Cell viability and SARS-CoV-2 pseudovirus
neutralisation assay

2.7.1 | Cell viability assay

2.7.1.1. Growth conditions of the cell cultures

Cercopithecus aethiops kidney (Vero E6, CRL1586), human kidney

(HEK293T, CRL-11268) and human lung adenocarcinoma (Calu-3,

HTB-55 and A549, CCL-185), and human normal bronchus (Beas-2B,

CRL-9609), and human colon adenocarcinoma (Caco-2, HBT-37 and

H1299, CRL-5803), and mouse subcutaneous connective tissue

(L929, CCL-1) cell lines were received from American Type Culture

Collection (ATCC, Manassas, VA, USA). The selected cell lines were

grown in Dulbecco's Modified Eagle Medium (DMEM, p# 41965

Gibco) supplemented with 1% antibiotic-antimycotic and 10% feotal

bovine serum (FBS, p# 10500 Gibco) and incubated at 37�C and 5%

carbon dioxide (CO2). The cells were harvested and used at 70–80%

confluency for the following assays.

2.7.1.2. Cell viability assay

Vero E6, HEK293T, Calu-3, A549, Beas-2B, Caco-2, H1299, and L929

cell lines were seeded (1 � 104 cells/well) and the plates were incu-

bated at 37�C and 5% CO2 for 24 hours. On the day of the experi-

ment, artemisinin in DMEM at 3.15, 6.25, 12.5, 25, 50, 100, and

200 μM concentrations was added and the cells were exposed for

24, 48, and 72 hours. The colorimetric agent 3-[4,5-dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide (MTT, p# M5655, Sigma-

Aldrich) in DMEM (5 μg/mL) was placed on the cells for 4 hours.

Thereafter, DMSO (p# D 8418, Sigma-Aldrich) solution in 100 μL was

added on the cells which were incubated to dissolve the formazan

crystals for 2 hours. The absorbance of each plate was measured at

570 nm and 630 nm used as a reference wavelength using microplate

reader (ELX800 UV, Bio-Tek Instruments Inc., Winooski, VT, USA).

2.7.2 | Pseudovirus production and infection

2.7.2.1. Transfection

HEK293T is widely used for retroviral production and highly trans-

fectable cell lines. The pseudovirus involving SARS-CoV-2 S was pre-

pared as described by the previous study.22 Briefly, HEK293T cells

were cultured (5 � 105 cells/well) in the six-well plates. When their

confluency reached to 40–60%, HEK293T cells were used for trans-

fection. Fugene-6 (p# E2691, Promega, Madison, WI, USA) in 10 μL as

a transfection agent was added into the basal medium in 100 μL not

including FBS and Pen/Strep and incubated for 5 minutes at room

temperature. The reporter plasmid (lenti RRL_GFP, 450 ng), the pack-

aging plasmid (psPAX2, 400 ng) (Addgene plasmid p# 12260), and

Spike-18aa truncated (150 ng) (Addgene plasmid p# 149541) plasmid

were mixed in another tube and this plasmid was added into the

fugene-6 tube then allowed to incubate at room temperature for

25 to 30 minutes. The transfection mix was added over the cells,

which was incubated for 14 to 16 hours. The fresh growth medium,

DMEM including 1% Pen/Strep and 10% FBS was replaced with the

old medium and the cells were allowed to transfection in the incuba-

tor for 48 hours. The pseudoviruses produced by the HEK293T cells

were collected and filtered with the syringe filters (0.45 μm) then

stored at �80�C until they were used for the infection assay.

2.7.2.2. Infection

For the co-transfection of the cells, the plasmids of ACE-2 (Addgene

plasmid p#141185) and TMPRSS2 (Addgene plasmid p#145843) using

1250 ng from each plasmid were added on HEK293T cells (5 � 105

cells/well) on the six-well plate and incubated to render the infection

of the cells by pseudoviruses for 48 hours. HEK293T/ACE-2 cells

were subcultured and seeded (2 � 104 cells/well) into the black

96-well plates and then incubated at 37�C and 5% CO2 for 24 hours.

For the infection of the cells, the prepared pseudoviruses (50 μL) and

artemisinin (50 μL) from each concentration (12.5, 25, and 50 μM)

were added and the tubes were incubated for 60 minutes at room

temperature then directly added on the HEK293T/ACE-2 cells. To

determine the infection rate of HEK293T cells with pseudoviruses,

the fluorescence intensity of the infected cells due to green fluores-

cent protein (GFP) reporter plasmids was measured at the excitation

and emission wavelengths (485–530 nm) with a fluorescence micro-

plate reader. The neutralisation efficiency of artemisinin at the tested

concentrations was determined as the relative fluorescence to the

mock-transfected cells. The cell viability of the control and the treated

cells was determined by using 10% of WST-1 calorimetric agent (p#

11644807001, Roche, Basel, Switzerland) and the absorbance was

measured at 450 nm using a microplate reader.

2.7.3 | TNF-α, IL-8, and IL-6 enzyme-linked
immunosorbent assay (ELISA)

Human peripheral blood monocyte (THP-1, ATCC® TIB-202) and

mouse macrophage (J774a.1, ATCC® TIB-67) cell lines purchased

from ATCC. THP-1 monocyte cells were induced to differentiate into

macrophages by 10 nM of PMA (# P8139, Sigma-Aldrich) for

24 hours. To evaluate immunomodulatory effects of artemisinin on

lipopolysaccharide (LPS)/pseudovirus induced human TNF-α and IL-8

production of THP-1, and mouse IL-6 production of J774a.1 macro-

phage, they were pretreated with artemisinin at concentrations of
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12.5, 25, and 50 μM for 4 hours, and then the cells was treated with

0.2 or 1 mg/mL LPS (# L4391, Sigma-Aldrich) or pseudovirus and

incubated at 37�C and 5% CO2 for 20 hours. Thereafter these treat-

ments, the cell culture supernatants were collected and analysed to

determine the cytokines production using enzyme-linked immunosor-

bent assay (ELISA) kit as described by the manufacturer's instructions.

The level of the each examined cytokine in each treatment was quan-

tified using a standard curve generated with the given standards in

each ELISA kit.

2.8 | Molecular modelling studies

2.8.1 | Preparation of target proteins and the ligand

Before the molecular docking calculations, both ligand structure

(artemisinin) and used SARS-CoV-2 target protein structures were

prepared. The artemisinin three-dimensional (3D) structure was

downloaded from PubChem ( https://pubchem.ncbi.nlm.nih.gov/),

PubChem ID: 68827, and LigPrep was used in ligand preparation with

OPLS3 force field. Epik was used in the identification of the proton-

ation states at neutral pH. The 7CWB PDB-coded dimer structure is

used for the main protease which is solved in near physiological tem-

perature. Corresponding target structure for Spike/ACE-2 interface

was 6M0J PDB-coded protein. For the IL-6 and IL-8 targets, 1ALU

and 3IL8 PDB-coded structures were used, respectively. Crucial resi-

dues for ligand binding were used in grid-box generation. All proteins

were prepared with Protein preparation tool of Maestro at physiologi-

cal pH. Missing side chains were fixed with Prime; bond orders are

assigned, and hydrogen atoms were added. PROPKA was used in the

protonation states of the residues. OPLS3 force field was used in the

restrain minimisation with heavy atom convergence of 0.3 Å.

2.8.2 | Molecular docking

A grid-based docking approach (Glide) with standard precision (SP) is

used at the docking calculations. Active site of the main protease is

determined by centring the grid lattices at the centroid of a set of

important residues at the binding pocket (His41, Cys145, and

Glu166). Since previous studies highlighted the crucial interactions

between Lys417 of Spike RBD and Asp30 of ACE-2, this region is

used at the grid generation before docking. In ligand docking,

enhanced conformational sampling for the ligand is conducted and at

the selection of initial positions expanding the sampling is also

considered.

2.8.3 | Molecular mechanics generalised born
surface area (MM/GBSA) calculations

Molecular mechanics generalized born surface area (MM/GBSA) bind-

ing free energies of compounds were calculated using Prime. VSGB

2.0 solvation model at Prime module of Maestro was utilised for the

top-docking position of compounds. Atoms which are within the 3 Å

from ligand were used in optimisation with OPLS3 force field.

2.9 | Statistical analysis

The statistical analysis of all assays was evaluated by using GraphPad

Prism 7.00 (GraphPad Software, Inc.). For the neutralisation and cell

viability assays of HEK293T/ACE-2 cell line, two-way analysis of vari-

ance (ANOVA) and Dunnett's multiple comparisons tests were used

to evaluate statistical significance within each treatment compared

with its control group. The significant differences for the cytokine

production within each treatment was tested by two-way ANOVA

and Tukey's multiple comparison test. The results for each assay

obtained from the three independent experiments were presented as

means ± standard deviation (*P < 0.01; **P < 0.001).

3 | RESULTS AND DISCUSSION

3.1 | Percentage extract yield of artemisinin (gram
extract/gram plant)

The effects of different types of solvents and extraction method were

investigated to determine the presence of artemisinin contents and

yield of extraction. According to the results, highest extract yield was

found to be comparatively high in water, a polar solvent, than that in

non-polar solvents which are obtained after Soxhlet extraction with

petroleum ether (AA-19), dichloromethane (AA-20) and ethanol (AA-

21), the residual pulp was used for infusions with water, at 80�C. The

extraction yields expressed relative to the weight of the initial sample

(dry by product) ranged from 3.7% to 32.4% and depended on the sol-

vent and type of extraction (Table 2).

Qiu et al., in their study in 2018, developed and validated an

accurate and fast high-performance liquid chromatography tandem

mass spectrometry (HPLC-MS/MS) test for the simultaneous detec-

tion of artemisinin and six synergistic components in A. annua. The

run time to analyse a sample was 6.0 minutes.20 Depending on our

method and the parameters of our instrument, the analysis run time is

only 5.0 minutes and the retention time of artemisinin is

1.331 minutes. Thus, according to the literature, the ultra-rapid deter-

mination of the artemisinin from various A. annua extracts by LC-ESI-

MS/MS method was developed.

In the literature, artemisinin has been conventionally isolated

from A. annua with organic solvents such as toluene,23,24

n-hexane,18,25,26 petroleum ether,27,28 chloroform,29 95% ethanol,16

dichloromethane,15,22 propylene glycol methyl ether,19 isopropanol,15

1-butanol,30 and water.14,31,32

Since the amount of artemisinin found in A. annua is extremely

low, different combined systems for increasing the extraction effi-

ciency of this compound, e.g. Soxhlet, ultrasound, microwave assisted

extraction and supercritical fluid extraction (SFE) (usually supercritical
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CO2 extraction) have been used. In recent years, ultrasound-assisted

extraction has been used to predict the best extraction parameters

among extraction methods using various computational tools and

mathematical modelling.30

Ultrasonic extraction, known as a non-thermal extraction method,

shortens the processing time, therefore, provides a higher purity prod-

uct, reduces energy consumption and this extraction method is an

environmentally friendly technology with less solvent usage. Most of

the studies have been conducted with ultrasonic probe extraction.

Some researchers claim that heat treatment, although commonly

used, has some negative effects on the nutrient content. Ultrasound-

assisted extraction uses ultrasound or ultrasonic agitation to increase

the extraction efficiency from a solid matrix using a solvent or solvent

mixture. There are studies using ultrasound-assisted artemisinin

isolation.16,19,24,30,33

Zhang et al. extracted artemisinin from A. annua using a series of

mono ether-based solvents with an ultrasound-assisted extraction

system. Propylene glycol methyl ether (PGME) was found to be the

most suitable as it is safe and of low toxicity.19

3.2 | Percentage yield of artemisinin

The regression equation of the calibration curve was y = 53952.0x

+ 21331.4, with R2 = 0.9998605 (Figure S2). Slope (S) and standard

deviation (δ) of the response were determined for the calibration

curve. LOQ and LOD were calculated. 3 injections were made from

each analytical portion. The analysis method has been validated

according to a single laboratory validation approach.21 The LOD,

LOQ, and recovery for artemisinin were 1.3 ng/mL and 4.2 ng/mL

(Tables 3 and 4).

The extraction solvent is a very important factor in the recovery

of artemisinin from A. annua so extraction is performed in solvents of

different polarity as no single solvent may be reliable. Hexanes, 95%

ethanol and isopropanol were identified as the most effective solvents

for the extraction, resulting in the highest artemisinin content in the

range 0.062–0.066% (Table 1).

Although water as the extraction solvent provided the highest

extraction yield, artemisinin content was not determined. In a previ-

ous report, water used as solvent in the extraction of A. annua plant

did not extract artemisinin, confirming the low solubility of artemisinin

in water.31,32 While artemisinin could not be determined by LC-MS/

MS in water extracts, it was reported that these extracts were effec-

tive against SARS-CoV-2. This result shows that the antiviral effect is

probably not due to artemisinin alone. Based on this research nine

artemisinin-related compounds were investigated for their potential

anti-SARS-CoV-2 activities. Among these compounds were

artesunate, arteannuin B, and Lumefantrine which demonstrated rea-

sonably good antiviral activities against SARS-CoV-2.34

Discovery of alternative sources of artemisinin in seven Artemisia

species from Tajikistan, hexane was used with ultrasound-assisted

extraction after content of artemisinin was determined by HPLC

based on dry mass of Artemisia species samples. Artemisia annua were

sonicated in an ultrasonic bath at a frequency of 35 kHz for

15 minutes at room temperature after mixtures were allowed to stand

for 12 hours at room temperature. Content of artemisinin were

observed in different species, ranged between 0.07% and 0.45% (%

dry weight plant).18

During a vegetation period in Vietnam, where this species is

indigenous, researchers followed the development of the artemisinin

content of A. annua plants. Leaf, bud, flower or post-flowering

flower and fruit samples were taken at different times: vegetative

(5, 6 and 8 months old), collective bud formation (9 months), in full

bloom (10 months) and post-flowering (10 months). Leaves of

5-month-old plants had the highest artemisinin content (0.86% dry

weight) and leaf yield, then the content of artemisinin gradually

decreased.29

In the literature artemisinin is found in the range 0.01–1.4% in

various parts of A. annua, including leaves, flowers, and buds.35 Arte-

misia annua contains 0.06–0.50% artemisinin in natural habitats, but

there are species in which the amount of artemisinin increases up to

2.0%. In another study, Peng et al. stated that the content of

artemisinin of 16 lines produced by the seed of the A. annua variety

varied from 0.2% to 0.9% by both gas chromatography flame

ionisation detector (GC-FID) and HPLC-evaporative light scattering

detector (ELSD).25 The study of ElSohly et al. stated that artemisinin

(0.138%, 0.140 and 0.153%) reached its maximum levels before the

flowering period in A. annua cultivars analysed by HPLC.26

TABLE 2 Percentage artemisinin content of Artemisia annua
extracts

% Extract yield (g extract/g plant) % Artemisinin

AA-1 4.1 0.003 ± 0.000

AA-2 14.6 0.057 ± 0.002

AA-3 9.1 0.065 ± 0.002

AA-4 8.6 0.066 ± 0.000

AA-5 9.9 0.058 ± 0.001

AA-6 10.6 0.047 ± 0.000

AA-7 7.7 0.063 ± 0.001

AA-8 5.6 0.005 ± 0.000

AA-9 6.5 0.041 ± 0.000

AA-10 6.8 0.008 ± 0,000

AA-11 10.3 0.028 ± 0,001

AA-12 9.4 0.061 ± 0.001

AA-13 16.4 0.038 ± 0.001

AA�14 3.7 ND

AA-15 5.6 ND

AA-16 15.8 0.017 ± 0.000

AA-17 13.3 0.037 ± 0.001

AA-18 29.0 0.001 ± 0.001

AA-19 29.2 ND

AA-20 32.4 ND

AA-21 27.2 ND

ND, not determined.
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Another reason why the content of artemisinin is different from

the literature is the plant location. In the study conducted by Avula

et al. in 2009, the artemisinin contents of A. annua samples collected

from two different regions of Leszek Vincent province in South Africa

were found to be 0.0687 ± 0133 and 0.015 ± 0.197 (%, w/w).36

In another study, 11.6 mg of artemisinin/g of the feed had been

obtained from 16.25% ethyl alcohol with supercritical carbon dioxide

(SC-CO2) extraction in 2 hours. More and pure artemisinin was

obtained with 2 hours of ethanol modified SC-CO2 extraction com-

pared to 16 hours of Soxhlet n-hexane extraction.37

There are studies conducted with Artemisia species grown in our

country such as Çoşge Senkal et al. In their study, essential oils were

obtained by the water distillation method from A. annua. The chemical

composition was determined using GC and GC-MS. The essential oil

contents were 0.80%, 0.96%, 1.22% and 1.38% in the harvested

before flowering (BF), 50% of flowering (50%F), full flowering (FF),

and after flowering (AF) stages, respectively. It is shown that the dif-

ferent harvest stages had a significant effect on the percentage,

chemical composition, and antioxidant capacity of the essential oil

from A. annua. While the essential oil was found to be low in the CD

stage (0.80%), it increased in the later harvest stages (0.96%, 1.22 and

1.38% for the 50% W, LO, and LW stages, respectively).38

In the study of Erdemo�glu et al., A. annua is as an alternative to

ten different types of collected Artemisia species from different locali-

ties throughout Turkey (A. santonic L., A. taurica Willd., A. spiciger

K. Koch, A. herba-alba Asso, A. haussknechtii Boiss., A. campestris L.,

A. araratica Krasch., A. armeniaca Lam., A. austriaca Jacq., and

A. abrotanum L.). Artemisinin was quantified using reverse phase

HPLC analysis technique. However, the study showed that artemisinin

could not be detected in all Artemisia species.39

3.3 | Artemisinin inhibited the 3CL activity but not
Spike/ACE-2 binding

The inhibitory effect of each compound at 100 nM, 1 μM, 10 μM and

100 μM concentrations was tested. Among the tested samples,

extracts named AA-16 and AA-17 showed significant inhibition of

3CL protease activity reducing the activity of enzyme by 47% and

50% at 100 μM, respectively (Figure 1). The other extracts did not

show significant reduction in enzyme activity. However, at higher

concentrations the fluorescence obtained from the compounds were

much higher than the blanks due to compounds auto fluorescence.

Spike inhibition of artemisinin extracts were also examined at dif-

ferent concentrations. Binding activity of SARS-CoV-2 S protein to

receptor ACE-2 was evaluated with Spike protein treated with His-

labelled ACE-2. The binding activity was evaluated as 100%

(No Inhibitor) to compare the inhibitors of interaction. AA-3 and AA-

17 extracts seem to show decrease in percentage binding affinity on

dose dependent manner; however, no inhibitors exhibited the inhibi-

tor activity between Spike/ACE-2 interaction at 10 μM concentration

with reference to No Inhibitor control (Figure 2).

3.4 | Cell viability and SARS-CoV-2 pseudovirus
neutralisation assay

3.4.1 | Cell viability

Cytotoxicity assays were carried out before the antiviral activity to

determine the non-cytotoxic ranges for further assays. The viability of

Vero E6, HEK293T, Calu-3, A549, Beas-2B, Caco-2, H1299, and L929

cell lines was measured upon 24, 48, and 72 hour exposure to the

tested artemisinin concentrations by MTT calorimetric assay. As

shown in Figure 3, HEK293T cells showed the most sensitive

response upon artemisinin treatment, while the A549, H1299 and

L929 cell lines had IC50 values of 114.87 μM, 125.83 μM, 135,56 μM

and 197.87 μM, respectively. The viability of Vero E6, Calu-3, Beas-

2B, and Caco-2 cell lines was decreased to 77.15–82.96% at the

highest concentration of artemisinin (200 μM) after the 72 hour expo-

sure period. The IC50 values of artemisinin against the used cell lines

were calculated and presented in Table 5.

The IC50 value of artemisinin using MCF-231 cell line was

reported as 177 μM after 72 hour exposure.40 As demonstrated in

TABLE 3 Liquid chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS) parameters of artemisinin

Component

Parent ion

(m/z)

Precursor ion

(m/z)

Product ions for identification

(m/z)

Q1

(V)

Collision energy

(CE)

Q3

(V)

Ionisation

type

Artemisinin 283.15 247.15 (CE:

�9)

209.2 -14 �12 -15 +

201.2 -14 -12 �22 +

173.1 �14 �16 �18 +

151.3 �19 �18 �29 +

95.0 �30 �28 �19 +

TABLE 4 Linear ranges, limits of detection (LODs) and limits of quantification (LOQs) of artemisinin in Artemisia annua determined by liquid
chromatography electrospray ionisation tandem mass spectrometry (LC-ESI-MS/MS)

Calibration curves Correlation coefficient (R) Range (ng/mL) LOD (ng/mL) LOQ (ng/mL)

Artemisinin y = 53952.0x + 21331.4 0.9998605 3.9–62.5 1.3 4.2

310 DOGAN ET AL.

 10991565, 2022, 2, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/pca.3088 by Istanbul M

edipol U
niversity, W

iley O
nline L

ibrary on [02/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 3, the cytotoxic effects of artemisinin on the examined cell

lines were increased with the increasing dose and exposure manner.

Cao et al. reported similar result for IC50 values of artemisinin for Vero

E6 greater than 200 μM for 48 hour.30 In another study, the hot water

extract of A. annua containing 500 μg/mL artemisinin did not substan-

tially decrease the cell viability of Vero E6 and Calu-3 cell lines upon

24 hours post-treatment.14 The number of cells has been used to

investigate antiviral, anticarcinogenic, antimalarial, and cytotoxic

effects of artemisinin. A wide range of IC50 values of artemisinin in

human cell lines had been reported as 160 mM for hepatoma,

HepG2,41 57.1 μM for cervix cancer (HeLa) and 1602 μM for

leukemia,42 167 μM and 178 μM for osteosarcoma cell lines, MG63

and 48B,43 respectively. These studies demonstrate that artemisinin

caused differential cytotoxic effects depending not only on the con-

centration and time of exposure but also on the specific target cells.

3.4.2 | Pseudovirus neutralisation

Various assays have been implemented to evaluate the neutralisation

efficacy of the novel drugs and vaccines on the infected cells with

either the native SARS-CoV-2 or a pseudo type reporter virus carrying

SARS-CoV-2 S protein. The ACE-2 transfected cell culture was

treated with therapeutic vaccines/drugs after pre-incubation period

F IGURE 1 Main protease activity of different Artemisia annua extracts at different concentration. “No Inhibitor” indicates protease activity
without any inhibitor molecules as positive control. Each bar represents the SARS-CoV-2 3CL protease activity at the different concentration of
molecules

F IGURE 2 Spike and ACE-2 binding activity with different Artemisia annua extracts treated at different concentration “No Inhibitor” indicates
the binding activity without any inhibitor molecules as positive control
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with the virus and the potential neutralisation was measured quantify-

ing either the viral cytopathic effects or the number of infected cells

(the production of viral RNA or infectious virus).44 For safety and ver-

satility, pseudoviruses are very promising tools because of the

increased virus infection risks and its influence on the health and eco-

nomic concerns. The main factors such as cell numbers, cell types,

selection of plasmids, virus inoculum in the development stage of the

pseudoviruses need to be optimised to increase the efficacy of trans-

fection and the potential infection rate. These factors of the pseudo-

virus neutralisation assay were optimised to evaluate inhibition

potential of the examined artemisinin on the main protease (Mpro) of

SARS-CoV-2.45

The selected cell lines, Vero E6, HEK293T, A549, Calu-3, and

Caco-2 have been widely used for the transduction of pseudovirus

studies due to their high level of ACE-2 expression and their availabil-

ity for the high level of SARS-CoV-2 replication.40,46,47 To investigate

the inhibition of pseudovirus entry via artemisinin treatment,

HEK293T/hACE-2 cells were pretreated with both artemisinin at

12.5, 25, and 50 μM concentrations and with the pseudovirion of

SARS-CoV-2. The cell viability was measured by WST-1 calorimetric

assay after 72 hours post-transduction (Figure 4A). The significant

reduction on the cell viability was only observed at the 50 μM con-

centration of artemisinin compared with the control (P < 0.01). As

shown in Figure 4(B), the representative cytopathic effects due to the

inhibition of infections at the used concentrations were not observed

during neutralisation period. The neutralisation rate of the artemisinin

for SARS-CoV-2 S pseudoviruses was calculated relative to the con-

trol (without any treatment) taken as 100%. The EC50 of artemisinin

against SARS-CoV-2 S pseudovirus was found greater than 50 μM

(EC45) in HEK293T cell line whereas EC50 for hydroxychloroquine sul-

phate used as a positive control was 25 μM. The cell viability was

94% at the same condition as seen in Figure 4(A). This result

demonstrated that artemisinin has almost half of the antiviral efficacy

of hydroxychloroquine sulphate. The higher doses of artemisinin

(> 50 μM) were not used in this study due to its increased

cytotoxicity. As mentioned, Cao et al. also evaluated the antiviral

potential of artemisinin against SARS-CoV-2 in Vero E6 cell line,

which was infected with SARS-CoV-2 virus but not with its spike

pseudovirus.30 Thus, EC50 value was reported as 64.45 μM. In another

study, Vero E6 was infected with SARS-CoV-2 variants and its pseu-

dovirus and EC50 values of artemisinin were reported as 0.1–8.7 μM

and 70 μM,14 respectively. Gilmore et al. tested antiviral activity of

extract of A. annua containing artemisinin and EC50 value was

reported as 534.4 μM.48 The differences of EC50 values obtained from

these studies and our study could be due to applied different

extraction method, SARS-CoV-2 variants/pseudovirus, different cell

sources, and neutralisation periods.

3.4.3 | Immunomodulatory effects of artemisinin

As reported in the literature, large amounts of variety of pro-

inflammatory cytokines and chemokines were produced upon the

F IGURE 3 Cell viability of Vero E6, HEK293T, Calu-3, A549, Beas-2B, H1299, Caco-2, and L929 cell lines upon exposure to artemisinin at
the concentration range of 1 to 200 μM for 24, 48, and 72 hours. Results were measured by MTT colorimetric assay. Each dose was tested in
triplicate and error bars indicate standard error of the mean of triplicates

TABLE 5 The 50% inhibitory concentration (IC50) values of
artemisinin toward the used Vero E6, HEK293T, Calu-3, A549,
Beas-2, H1299, Caco-2, and L929 cells lines obtained from dose–
response curves. Mean ± standard deviation values were calculated
from three independent experiments carried out in triplicate

Cell lines

IC50 values of artemisinin (μM)

24 hours 48 hours 72 hours

Vero E6 > 200 > 200 > 200

HEK293T > 200 104.23 ± 3.20 114.87 ± 6.42

Calu-3 > 200 > 200 > 200

A549 > 200 > 200 125.83 ± 9.12

Beas-2 > 200 > 200 > 200

H1299 > 200 > 200 135.56 ± 10.61

Caco-2 > 200 > 200 > 200

L929 > 200 > 200 197.87 ± 12.56
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SARS-CoV-2 infection by the infected monocytes and macrophages.49

They stimulate the local tissue inflammation and an adverse systemic

inflammatory response known as cytokine storm. Artemisinin might

have potential therapeutic interventions to attenuate macrophage-

related inflammatory reactions in possible approaches for COVID-19

treatment. In this study, the immunomodulatory effect of artemisinin

on LPS or SARS-CoV-2 pseudovirus induced production of cytokines,

TNF-α, IL-8, and IL-6 in the macrophages, THP-1 and J774a.1 was

investigated. First, the cytotoxic effect of artemisinin on LPS or pseu-

dovirus induced THP-1 and J774a.1 cell line was examined. The cell

viability of THP-1 and J774a.1 cell was not decreased upon any of the

treatments as compared with the control within each group

(Figure 5A). The immunosuppressive effects of artemisinin at 25 μM

and 50 μM doses on TNF-α production of THP-1 macrophages on

both pseudovirus and LPS-induced (positive control) was found signif-

icant in a dose dependent manner (P < 0.05) (Figure 5B). However,

the immunosuppressive effects of artemisinin on the IL-8 production

of THP-1 macrophages were only seen in the pseudovirus induced

treatment (P < 0.05) as compared with the positive control (LPS-

induced) of this group (Figure 5B). IL-6 production of J774a.1 macro-

phage was only significantly suppressed in the high level of LPS (1 μg/

mL) induced treatment (positive control) (P < 0.05) (Figure 5B). The

immunosuppressive effects of artemisinin on TNF-α, IL-8, and IL-6

cytokines production of monocytes and macrophages was confirmed

F IGURE 4 Pseudovirus neutralisation on HEK293T/hACE-2 by artemisinin. Inhibition of entry of HEK293T/hACE-2 cells were pretreated at
12.5, 25, and 50 μM concentrations of artemisinin and transduced with SARS-CoV-2 S pseudovirion. (A) The cell viability was measured using
WST-1 after 72 hours post-transduction and the percentage relative neutralisation was calculated as the ratio of fluorescence intensity
normalised to the control which is the entry efficiency of SARS-CoV-2 pseudoviruses without any treatment was taken as 100%.
Hydroxychloroquine sulphate at 25 μM was used as a positive control the results from the three independent experiments were presented as
means ± standard deviation (*P < 0.01; **P < 0.001). (B) The cell viability images of HEK293T/hACE-2 treated with artemisinin and the
fluorescence images of the cells transduced with SARS-CoV-2 S pseudovirion transfected with GFP
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with other studies. Park et al. studied the immunosuppressive effects

of artemisinin on LPS-induced production of TNF-α which was

reduced only at high doses of artemisinin (100 μM).50 In our study,

the immunosuppressive effect of artemisinin on production of TNF-α

on THP-1 macrophages was significantly observed in both SARS-

CoV-2 S pseudovirus- and LPS-induced production at 25–50 μM

doses of artemisinin. Wang et al. also demonstrated the inhibition of

TNF-α, IL-1ß, and IL-6 at the messenger RNA (mRNA) levels in THP-1

cells.51 In our study, the immunosuppressive effects of artemisinin on

IL-1ß production of J774a.1 macrophages were examined but there

was no significant inhibition observed (data not shown here). The rea-

son for the differences in the results from these studies could be due

to the applied different macrophage cell lines. The elevated levels of

IL-1β, IL-6, IL-8, and TNF-α have been detected in COVID-19 patients

during the pandemic.49 Therefore, the use of immunosuppressive

drugs against cytokine and chemokine storm has been very crucial for

F IGURE 5 Immunomodulatory effects of artemisinin on proinflammatory cytokine production on LPS or SARS-CoV-2 S pseudovirion-
stimulated THP-1 and J774a.1 macrophage cells. Human THP-1 differentiated into the macrophages and mouse J774a.1 cells were seeded into
the 96 well plates in triplicates (2 � 104/well) and incubated for 24 hours. Later, they were treated with artemisinin at the indicated
concentrations for 4 hours, then LPS (μg/ml) or SARS-CoV-2 S pseudovirion was added. (A) After 20 hours, WST-1 calorimetric agent was added
and incubated at 37�C and 5% CO2 for 2 hours and the cell viability was measured at 450 nm with a microplate reader. (B) The cell culture
supernatant was collected from each treatment and each cytokine level was determined by ELISA. The results from one representative
experiment of three independent experiments were presented as means ± standard deviation (*P < 0.01; **P < 0.001)

314 DOGAN ET AL.

 10991565, 2022, 2, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/pca.3088 by Istanbul M

edipol U
niversity, W

iley O
nline L

ibrary on [02/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the treatment of COVID-19. Artemisinin has been reported being

used in a combinational approach along with other antiviral drugs

designed to evaluate the neutralisation efficacy of SARS-CoV-2.

Artemisinin is one of the currently considered therapeutic agents as

potential candidate/employed for ongoing trials and the treatment of

COVID-19 disease due to its anti-inflammatory and immunomodula-

tory actions.49

3.5 | Molecular modelling studies

Expanding sampling of conformational search is conducted through-

out the molecular docking. Top-docking scores of artemisinin at the

binding pocket of SARS-CoV-2 main protease and Spike/ACE-2 inter-

face were found as �5.21 and �5.06 kcal/mol, respectively. Top-

docking positions were used in MM/GBSA calculations and binding

free energies of artemisinin were calculated as �25.84 kcal/mol and

�30.61 kcal/mol at main protease and Spike/ACE-2 interface, respec-

tively. In order to compare the docking scores of artemisinin at the

SARS-CoV-2 main protease and Spike/ACE-2 interface, we used ref-

erence ligands which are known inhibitors from the literature for

these targets. In the work of Ghahremanpour et al. it is stated that

calcium channel blockers manidipine, lercanidipine, and efonidipine

inhibit activity of main protease enzyme with IC50 values of 4.8 uM,

16.2 uM, and 38.5 uM, respectively.52 Thus, we docked these known

main protease inhibitors with the same docking protocol used in the

docking of artemisinin. Top-docking scores were found as �4.88 kcal/

mol, �5.72 kcal/mol, and �5.03 kcal/mol for manidipine,

lercanidipine, and efonidipine, respectively. Docking scores of known

main protease inhibitors and artemisinin have similar values. Figure 6

shows two-dimensional (2D) ligand interaction diagrams of these

three main protease inhibitors. Top-docking positions of artemisinin

shows that Asn142 forms hydrogen bonds with the ligand at the bind-

ing pocket of the main protease. Other residues in contact with the

ligand within 3 Å were Thr25, His41, Met49, His163, Glu 166, and

Gln189 (Figure 7). Corresponding residues at the Spike/ACE-2 were

Glu23, Lys26, Thr27, and Asp30 from ACE-2 region and Lys417,

Tyr421, Phe456, Arg457, and Tyr473 from Spike region (Figure 8). In

order to compare the docking score of artemisinin at the Spike/ACE-2

interface, its docking score is also compared with the known inhibitor.

In the report of Bojadzic et al., it is stated that a drug-like compound

DRI-C23041 inhibits the interaction of hACE-2 with Spike protein.53

Thus, DRI-C23041 is docked with the same protocol of artemisinin at

the Spike/ACE-2 interface. Its docking score was found as

F IGURE 6 Top-docking position of artemisinin at the binding pocket of SARS-CoV-2 main protease. Two-dimensional (2D) and three-
dimensional (3D) ligand interaction diagrams are detailed in the figure
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�3.69 kcal/mol which is lower than the corresponding docking score

of artemisinin. Figure 9 shows a 2D ligand interaction diagram of DRI-

C23041 at the Spike/ACE-2 interface. Since experimental studies

show promising results for IL-6 and IL-8 targets, we also docked

artemisinin to these targets and docking scores were found as �3.63

and �4.75 kcal/mol, respectively.

There have been tremendous efforts worldwide to find possible

cures for COVID-19. Despite huge worldwide efforts to produce a

F IGURE 7 Two-dimensional (2D) ligand interaction diagrams of known main protease inhibitors (manidipine, lercaidipine, and efonidipine) at
the binding pocket of SARS-CoV-2 main protease. Top-docking positions were used

F IGURE 8 Top-docking positions of artemisinin at the binding pocket of SARS-CoV-2 Spike/ACE-2 region. Two-dimensional (2D) and three-
dimensional (3D) ligand interaction diagrams are detailed in the figure
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vaccination to stop it, this deadly pandemic is still a threat to mankind.

Thus, the use of prophylactically potential herbal medicines is another

approach to prevent this virus spreading. In the future, effective

herbal medicines will be very attractive sources as food supplements

for healthy lifestyle and free of virus infections. Artemisinin can be a

good candidate to develop common immunity since it can grow in

most countries in the world. Moreover, this herbal extract can provide

extra antiviral properties once used with common antiviral agents as

an additional synergetic natural product. As a result of this study, we

have demonstrated that local A. annua extracts can be considered a

potential antiviral. Further studies need to be conducted especially

in vivo SARS-CoV-2 challenge experiments will be the following goals

to carry out this research on a higher level, which will be reported in

due course.
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