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Abstract

This review provides a recent perspective of artesunate and other artemisinins as antimalarial drugs and their uses in cancer
therapy. Artesunate is an artemisinin derivative. Artemisinin is extracted from the plant Artemisia annua. Artemisinin and
its derivatives have been the most useful drug for malarial treatment in human history. The artesunate has an advantage of
a hydrophilic group over other artemisinins which makes it a more potent drug. On the industrial scale, artemisinins are
synthesized in semisynthetic ways. The 1,2,4-endoperoxide bridge of artemisinins is responsible for the drug’s antimalarial
activity. There is the emergence of artemisinin resistance on Plasmodium falciparum and pieces of evidence suggest that it is
mainly due to the mutation at Kelch13 protein of P. falciparum. Clinical trial data show that the artesunate is more favorable
than quinine and other artemisinins to treat patients with severe malaria. Pieces of evidence indicate that artemisinins can be
developed as anticancer drugs. The mechanism of actions on how artemisinins act as an anticancer drug involves oxidative

stress, DNA damage and repair, and various types of cell deaths.
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Introduction

Artemisinins are derived from the extracts of sweet worm-
wood (Artemisia annua) in the 1970s, a Chinese herbal rem-
edy that had been used to treat fever for almost 2000 years
[1]. The Nobel Prize of Physiology or Medicine of 2015
was awarded to Youyou Tu for her discovery and continuous
research on artemisinins. Youyou did a search on ancient lit-
erature and developed a purification method, i.e., extraction
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with cold ether, conducted clinical trials-first in mice and
monkey models, and then in humans [2].

When extracting from the plant, the best yield of arte-
misinin was up to 0.6%. The extraction was done using
petroleum ether of leaves and flowering top of A. annua. The
detection of artemisinin in the crude extract is difficult but
crucial; the NMR spectroscopy can be used for the simulta-
neous determination of artemisinin and its analog flavonoids
in Artemisia annua crude extracts [3].

After the discovery of artemisinin (Fig. 1), its derivatives
were synthesized, these derivatives are collectively termed
artemisinins. The reduction of a keto group in artemisinin
gives dihydroartemisinin (DHA), converting DHA into
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methyl and ethyl ether gives the artemether and the arteether,
respectively.

The bioactivities of artemisinins are not restricted only
to malaria. It is being studied in a wide range of diseases
such as cancer, diabetes, atherosclerosis, trypanosomiasis,
schistosomiasis, viral infections, autoimmune diseases, etc
(Fig. 2) [4].

Artesunate is a small molecule, a hydrophilic derivative
of artemisinin; a sesquiterpene trioxane lactone peroxide. It
has a chemical formula of C,,H;yO; and a molecular weight

Artemisinin Dihydroartemisinin

of 455.56 g/mol. Figure 3 shows structures of two commonly
used severe anti-malarial drugs artesunate and quinine.

Synthesis
When extracting from the plant, the yield of artemisinin
is very low, hence there is a need for synthetic or semi-

synthetic pathways for its industrial-scale production. The
biosynthetic pathway of the formation of artemisinin in

H,C

Artemether Arteether

Fig. 1 Artemisinin and other commonly used artemisinin derivatives having antimalarial and anticancer properties

Fig.2 Bioactivities of arte-
misinin and its derivatives
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Artemisia annua L. starting mevalonic acid is shown in
Scheme 1 [5].

The key intermediate to produce artemisinin in this bio-
synthetic pathway is dihydroartemisinic aldehyde. The con-
trol of stereocenter o to the aldehyde in dihydroartemisinic
aldehyde is a challenging task. Zanetti et al. [6] developed
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a method that allows diastereomeric enrichment of a mix-
ture of (11R)/(11S) to the desired (11R) using the Betti base
in a crystallization induced diastereomeric transformation
(Scheme 2).

Since total syntheses have not given a good yield, the
commercial synthesis is done with partial synthesis with
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another Artemisia plant extract artemisinic acid that
increases total yield up to 32% (Scheme 3) [7].

To quantify the non-enzymatic conversion of dihydroar-
temisinic acid into artemisinin, Varela et al. [8] developed
a method using LC-MS. It was found that the rate of con-
version of 3,3-dideuteroartemisinin from 3,3-dideuterodihy-
droartemisinic acid was 1400 ng/day and 32 ng/day in the
presence and absence of light, respectively. In the process,
they also observed the mixture of 3-deuteroartemisinin and
artemisinin (Scheme 4).

The mechanism of conversion of dihydroartemisinic acid
into artemisinin has been studied [9] and it is believed that
the singlet oxygen is used for the conversion of dihydroar-
temisinic acid to allylic hydroperoxide intermediate and the
triplet oxygen in the conversion to artemisinin (Scheme 5).

To produce artemisinin on large scale, various total syn-
theses were carried out mainly with the terpene starting
material but there were problems of yield and scalability.
Zhu and Cook carried out a fully synthetic approach start-
ing with cyclohexenone [10]. Artemisinin was obtained in
eight steps with 13% of the overall yield on a gram scale
(Scheme 6).
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Turconi et al. published a Sanofi Pasteur’s new process
chemistry from conversion of artemisinic acid to artemisinin
in 55% overall yield [11] (Scheme 7).

Synthesis of artesunate from artemisinin can be done
by reducing artemisinin into DHA using NaBH, in MeOH
(Scheme 8). The acylation of DHA into artesunate can be
done by treating with succinic anhydride in the presence of
a base such as diisobutylaluminium hydride (DIBAL) [12].

Antimalarial properties

More than 400,000 people are killed each year by falciparum
malaria and the majority of which are African children [13].
The United States Food and Drug Administration (FDA)
approved the artesunate on May 26, 2020, as the first line of
treatment for children or adults with severe malaria. When
infected with falciparum malaria, a non-immune individual
is mostly affected. The mortality rate is 5-10%, and in severe
cases, multiple organs could be affected. The drug of choice
for malaria for almost 400 years is cinchona alkaloid, the
quinine [14]. However, with the discovery of artemisinin
and its derivatives, the drug of choice has been changing.

1. Photooxidation
—_—
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Scheme 8

There is growing interest in medicinal chemistry about
artemisinins, as this class of antimalarial drugs is the
most effective drug against P. falciparum. Tiwari and
Chaudhary [15] published a recent review on artemisinins
describing broadly the synthetic part, this review serves
as a complementary to that review covering the recent
development of medicinal as well as the synthetic area.

Currently, artemisinin and its derivatives are one of the
most widely used drugs in the world and the most use-
ful malarial treatment drugs. Artemisinin derivatives are
parasitocidal, kill young circulating parasites which pre-
vent parasites’ further maturation and sequestration [16].
Artemisinins also have potent anti-cancer properties [17],
they have antiproliferative effects against a wide range of
cancer cell lines [18]. Artemisinins, in particular, dihy-
droartemisinin (DHA) can inhibit some cancer cells [19].

Serious pathology in falciparum malaria causes end-
organ damage due to mature and parasitized red blood
cells sequestering in capillary beds. In comparison with
quinine, the artesunate acts on all stages of malaria par-
asite circulation, while quinine works only at a mature
trophozoite stage [20].

In severe cases, artesunate is given as a parenteral
route either intravenous (IV) or intramuscular (IM). The
IV route is preferred, because in severe cases in the IM
route capillary sequestration may delay drug absorption.
Artesunate can also be given as a rectal route for a per-
son with severe malaria by trained community health
volunteers before referral to healthcare facilities. In a
study conducted in Zambia [21], it was found that rectal
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Table 1 Antiplasmodial activity and cytotoxicity (ICs/um) of natural
(+)-artemisinin and its synthetic enantiomer (—)-artemisinin

Compound  P. falciparum Mammalian cell lines
NF54 L-6% CCRF- CEM/
CEMP ADRS500°
(+)-Arte- 0.009+0.001 >350 36.90+6.90 26.90+4.40
misinin
(—)-Arte- 0.011+£0.005 188+21 55.54+7.00 45.41+8.06

misinin

A primary cell line derived from rat skeletal myoblasts
®An artemisinin-sensitive human leukemia cell line

¢A multidrug-resistant human leukemia cell line

route administration reduces the fatality rates in young
children.

On a different note, Krieger et al. synthesized syn-
thetic enantiomer, (—)-artemisinin, and showed that the
antimalarial activity of artemisinin is not stereospe-
cific (Table 1) [22].

Mechanism of action

ART combination therapy (ACT) is mostly used to com-
bat P. falciparum infections. There is the emergence of a
decrease in sensitivity of ARTs which makes it critically
important to understand its mechanism of action. Bridgford
et al. used ART derivative, dihydroartemisinin (DHA) to
show parasite killing via a two-pronged mechanism one by
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protein damage and the other by inhibiting the proteasome
[23].

The mechanism of action is not entirely known. The
1,2,4-endoperoxide bridge is responsible for the drug’s anti-
malarial activity. In the asexual life cycle, parasite survival is
possible only when it digests hemoglobin and multiplication
of P. falciparum in red blood cells [18].

The study has found that deoxyartemisinins that lack
an endoperoxide bridge, have no ROS production effect
in malarial mitochondria, while artemisinins are distrib-
uted in malarial mitochondria and impaired their functions
[24]. Bonepally et al. studied by synthesizing tetracyclic
peroxide and 6-aza-artemisinins and found that moderate
to almost negligible anti-malarial activities in the modi-
fication of skeletal arrays, functional groups, and the per-
oxide bridge [25].

It is known that mammalian cells are not sensitive to
ARTSs but the malarial mitochondria are highly sensitive.
ARTs are permeable to the cell membrane. ARTs react with
hem, generating reactive oxygen species (ROS), a potentially
damaging agent. A fraction of ARTS gets into the mitochon-
dria of a parasite, where they react to each other and result in
mitochondrial dysfunction. In the case of mammalian cells,
a little mitochondrial effect was observed. Depolarization of
the malarial mitochondria occurs in less than two minutes
after the addition of drugs [18]. The oxidative stress caused
by artemisinins acts on lipids as well as widespread damage
to the parasite proteins in different cellular compartments.
As a result polyubiquitination of the damaged protein occurs
then it is degraded by the proteasome [26].

The digestion of host hemoglobin gives the malaria
parasite rich in hemin. Toxic oxygenated byproducts may
be formed by reacting artemisinins with hemin within the
parasite [27].

To predict the resistance mechanism, the understanding
of the mechanism of action of endoperoxide pharmacophore
is necessary that helps to design future anti-malarial drugs.

Fig.4 Modes of action of the
artemisinins

Open peroxide model HaC

Fe?'

Fenton
rcaction

Secondary carbon
centered radical

There are suggestions for two models of endoperoxide ring-
opening. The ring-opening differs in their dependency on
iron and the involvement of carbon-centered radicals. (A)
Open peroxide model: in the open peroxide model, ring-
opening occurs either by complexation with Fe?* or by
protonation. (B) Reductive scission model. In the reductive
scission model, carbon-centered radicals are formed from
oxygen-centered radicals after the rearrangement. Primary
or secondary carbon-centered radicals are formed when iron
reacts with an unsymmetrical endo-peroxide bridge in two
different ways (Fig. 4) [18, 28].

The activated artemisinins does the following functions-
free radical-mediated oxidative stress, covalent interactions
with plasmodial vital biomolecules, inhibition of PfATP6,
parasite membrane damage, interference with plasmodial
mitochondrial functions, interference with heme detoxifi-
cation pathway, alkylation of heme and other proteins, and
inhibition of proteins (HRP II and HDP).

Nagasundaram et al. analyzed the binding affinity and
efficacy between PFATP6 and artemisinin in the presence
of L263D, L263E, and L263K mutations, and was observed
that artemisinin binding affinity gets affected by these muta-
tions [29]. The controversy on the important role of PFATP6
as a target for artemisinin in the parasite P. falciparum is
supported by Arnou et al. as they were not able to demon-
strate any inhibition by artemisinins [30].

Artemisinin resistance

The evidence suggests that the involvement of Kelch13
(PfK13) protein as the mutation in the Kelch 13 protein is
associated with delayed parasite clearance and is believed
for the artemisinin resistance [31]. In a recent study [32],
a protein located at a Kelch13-defined compartment was
identified and inactivated eight of these proteins includ-
ing Kelch13 make parasites resistant to ART, and parasites
with inactivated Kelch13 displayed reduced hemoglobin
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endocytosis resulting in parasite resistance. A perspective
by Marapana et al. explains the malaria parasites produce
heme by ingesting hemoglobin from the host red blood cell
using cytosomes. The activation of the drug and parasite
killing was caused by the interaction of heme in the parasite
food vacuole with artemisinin. The uptake of hemoglobin by
P. falciparum is regulated by PfKelch13-containing vesicles,
which affect the amount of ART activation through reduced
heme availability [33]. Siddiqui et al. in their study intro-
duced 3D7 strain four Kelch13 (PfK13) mutations (C469Y,
F4461, F495L, and N458Y) and characterized the in vitro
artemisinin response phenotypes of the mutants. It was
found that in the ring-stage survival assay (RSA) all para-
sites with PfK13 showed higher survival rates than in the
control type. Only the mutation at N458Y showed a signifi-
cantly higher RSA value (26.3%) than in the control group.
So, it can be said that mutation in P. falciparum PfK13 pro-
tein is associated with artemisinin resistance [34].

Giannangelo et al. [35] reviewed a paper on the anti-
malarial activity of ozonide in the context of artemisinin-
resistant malaria. Since P. falciparum mutation is linked
with the artemisinin resistance, the very short elimination
half time of the artemisinin (about 1 h) allows the resist-
ant parasite to escape. On the other hand, antimalarial drug
ozonide OZ277 and OZA439 have elimination half time of 3 h
and 4662 h, respectively and give sustained drug exposure
profile (Fig. 5).

It is reported that absence of K13 gene mutation of P. fal-
ciparum among the artesunate/sulfadoxine—pyrimethamine
treatment failures in southeast Sudan [36].

Clinical trials

Several clinical trials have been conducted to compare the
safety and efficacy of artesunate and other anti-malaria drugs
used to treat severe falciparum malaria.

One clinical trial, conducted in Thailand for 113 clini-
cally severe falciparum malaria patients. It was found that
the artesunate has a lower mortality rate than quinine (12%
vs. 22%). Plasma lactate level, Glasgow coma scale score,

Arterolane (0Z277)
0-
<2§ > ( > \/ / < H3C
AN N 3
(0) J H NH,

in vivo elimination half-life=3 h

Fig.5 Arterolane, DHA, and artefenomel with their elimination half-life
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and total serum bilirubin level were found to be independ-
ent risk factors for death. During artesunate therapy, fewer
patients become hypoglycemic than in quinine (10% vs.
28%, p=0.03) [37].

In another open-label randomized controlled trial for
patients admitted for severe falciparum malaria in hospi-
tals across Bangladesh, India, Indonesia, and Myanmar.
Intravenous (IV) artesunate was given 2.4 mg/kg body
weight at 0, 12, and 24 h then daily (n=370) or quinine
(IV) 20 mg/kg infused over 4 h then 10 mg/kg infused over
2-8 h, three times a day (n="731). Mortality in the artesu-
nate is lesser than quinine (15% vs. 22%). Treatment with
the artesunate is well tolerated, while that of quinine was
associated with hypoglycemia, relative risk 3.2, 1.3-7.8,
p=0.009 [38].

In another open-label, randomized clinical trial con-
ducted in 11 centers in nine African countries, 5425 children
(< 15 years) with severe falciparum malaria were randomly
assigned for artesunate or quinine. Fewer people 8.5% in
the artesunate have died than 10.9% in quinine treatment.
The development of coma, convulsions, and deterioration
of coma score all significantly less frequent in artesunate
than in quinine. Post-treatment hypoglycemia was also less
frequent in artesunate recipients than in quinine recipients
(1.8% vs 2.8%, p=0.0134), and artesunate was well toler-
ated with no serious drug-related side effects [39].

In another randomized double-blind clinical trial between
artesunate and artemether was conducted in Viet Nam in 370
adults with severe falciparum malaria. Artesunate arm was
given 2.4 mg/kg then 1.2 mg/kg at 12 h and in 24 h, where
artemether arm was given 3.6 mg/kg then 1.8 mg/kg daily
for at least 72 h. The death rate was 7% vs. 13%, p=0.052
in artesunate vs artemether. In the artesunate group, para-
sitemia declined more rapidly and both drugs were very well
tolerated [40].

van der Pluijm et al. [41] studied a multicentre open-
label, randomized clinical trial for uncomplicated Plas-
modium falciparum malaria, triple artemisinin-based
combination therapies versus artemisinin-based combi-
nation therapies. Total 1100 patients were given either

Artefenomel (0OZ439)
0O
o C
<©f }O@—o N —)
”/O\\ /

in vivo elimination half-life = 46-62 h
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dihydroartemisinin—piperaquine plus mefloquine [269
(25%)], artemether—lumefantrine plus amodiaquine [286
(26%)], dihydroartemisinin—piperaquine [183 (17%)],
artesunate-mefloquine [73 (7%)], or artemether—lumefan-
trine [289 (26%)]. They found that artemether—lumefantrine
plus amodiaquine and dihydroartemisinin—piperaquine plus
mefloquine triple artemisinin-based combination therapies
are well tolerated, efficacious, and safe to treat uncompli-
cated P. falciparum malaria including areas with artemisinin
and artemisinin-based combination therapies partner drug
resistance.

Anticancer properties

Besides antimalarial activity, artesunate, other artemisinins,
and ART-hybrid also possess profound cytotoxic activity
against tumor cells [42—47]. Recently, Li et al. reviewed a
paper about artemisinins against hematological malignancies
[48]. Artemisinin combination therapy (ACT) also works as
anticancer agents such as there is evidence that exertion of a
synergistic anti-tumor effect on non-small cell lung cancer
by the combination of artesunate and carboplatin [49].

Mechanism of action

Figure 6 illustrates how artemisinin (ART) acts as an anti-
cancer agent. Rather than free iron, heme is the primary
activator of artemisinin. After activation, ART goes through
multiple signaling pathways such as ROS generation, pro-
miscuous protein alkylation, and DNA damage that affect
multiple pathways and cellular functions lead to cancer cell
death including apoptosis, ferroptosis, necroptosis, and other
anti-cancer effects such as cell cycle arrest, anti-angiogene-
sis, anti-metastasis, etc (Fig. 6) [50].

Artemisinin Activation

The cellular response of artemisinin and its derivatives
include oxidative stress, DNA damage and repair, and vari-
ous modes of cell death.

Oxidative stress

Oxidative stress response was occurred by reactive oxygen
species (ROS) and nitric oxide. It was found that in the rat
model of colorectal cancer, artesunate suppresses inflam-
mation and oxidative stress [51]. Wang et al. reported that
artesunate sensitizes ovarian cancer cells to cisplatin by
down-regulating RADS1 [52].

DNA damage and repair

The DNA damage and repair include base excision repair,
homologous recombination, non-homologous end-joining.
Fei et al. reported the enhancement of radiosensitivity of
esophageal cancer cells with artesunate by inhibiting the
repair of DNA damage. They found that artesunate up-
regulates P21 and down-regulates expression of cyclin D1,
RADS51, RADS54, Ku70, and Ku86 protein of irradiated TE-1
cells [53]. Li et al. reported that DNA double-strand breaks
that were induced by artesunate are repaired by the homolo-
gous recombination and non-homologous end-joining path-
ways [54].

Cell death modes

Various types of cell death modes can occur by artemisinins
and those are apoptosis, autophagy, ferroptosis, necrosis,
necroptosis, and oncosis.

Jia et al. reported, with the help of flow cytometry and
western blot analysis that artemisinin triggered cytochrome
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Fig.7 Molecular targets and
signaling pathways that involve
in the regulations of autophagy
by artemisinins

\ gHg

AMPK pathway

c release from the mitochondria into the cytoplasm, as a
result, caspase-3-mediated apoptosis was activated [55].
Greenshields et al. reported that artesunate causes cell cycle
arrest and apoptosis of triple-negative MDA-MB-468 and
HER2-enriched SK-BR-3 breast cancer cells [56]. Cabello
et al. reported that dihydroartemisinin (DHA) could serve as
redox chemotherapeutic by selectively targeting melanoma
cells but not primary melanocytes with the induction of
NOXA-dependent apoptosis [57].

Figure 7 [58] illustrates the molecular targets and signal-
ing pathways involved in the regulation of autophagy by
artemisinins; AMPK stands for adenosine monophosphate-
activated protein kinase; ER stands for endoplasmic reticu-
lum; JNK stands for c-Jun NH2-terminal kinase; mTOR
stands for mammalian target of rapamycin; NF-xB stands
nuclear factor-kappa B; PI3K stands for phosphoinositide
3-kinase and STAT?3 stands for signal transducer and activa-
tor of transcription.

Ferroptosis is driven by iron-dependent lipid peroxida-
tion, which is a new form of programmed cell death and is
distinct from regulated cell death such as apoptosis.

In a study, Chen et al. found that artemisinin can sensi-
tize cancer cells to ferroptosis [59]. Wang et al. reported

IC5=0.09 - 23 uM
Fig.8 Artemisinin-chalcone and artemisinin-coumarin hybrids
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activating the ATF4-CHOP-CHAC, pathway, which affects
ferroptosis in Burkitt’s Lymphoma [60]. Li et al. reported
synergization with sorafenib to induce ferroptosis in hepa-
tocellular carcinoma [47].

Modifications

Several modifications of the artemisinin have been done to
test their potency in anticancer properties. Their anticancer
activities range from initiation of apoptotic cell death to inhi-
bition of cancer proliferation, metastasis, and angiogenesis.
They also work in the modulation of the cell signal transduc-
tion pathway [61].

The review by Gao et al. [45] focused on the hybrid
molecule of artemisinin with other anticancer pharma-
cophores having potential anticancer properties and
structure—activity relationships. The review includes
hybrid molecules of artemisinin—chalcone hybrids,
artemisinin—coumarin hybrids, artemisinin—ferrocene
hybrids, artemisinin—phosphate hybrids, artemisinin—qui-
noline hybrids, artemisinin—steroid hybrids, and arte-
misinin—1,2,3-triazole hybrids. For example, an arte-
misinin—chalcone hybrid has ICy, values 0.09-23 uM

R

IC50=0.01-95.74 uM
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which is no inferior to dihydroartemisinin (ICj:
5.6—15.6 uM) against the five cancer cell lines (A549,
H460, HeLa, HT-29, and MDA-MB-231) which states the
significance of artemisinin—chalcone hybrids as an anti-
cancer agent. Artemisinin—coumarin hybrids with ICs,
values 0.01-95.74 uM also showed promising activity
against HT-29 and MDA-MB-231 cancer cell lines, where
1,2,3-triazole is favorable for the activity (Fig. 8).

Hu et al. [62] synthesized a series of compounds with
artemisinin—indole and artemisinin—imidazole hybrids and
tested them in vitro for four human cancer cell lines (A549,
MCEF-7, HepG-2, and MDA-MB-231) along with normal
human hepatic cell (L02). Among them, two compounds

Fig.9 Artemisinin derivatives
with ICs, values for human
cancer cell line MCF-7 cells

MCF-7 Cells
ICso=6.78 uM

Antimelanoma Activity
SK-MEL3: IC5p=2.33 uM

Antimelanoma Activity
SK-MEL3: ICso = 300 uM

shown in the figure have shown superior potency than arte-
misinin against MCF-7 (Fig. 9).

In another study, Botta et al. [63] synthesized a library
of compounds obtained by coupling artesunate and dihy-
droartemisinin with a panel of phytochemical compounds.
The hybrids and dimers were evaluated for their anticancer
activities and were tested for cervical cancer cell lines and
metastatic melanoma cancer cell lines. It was observed that
hybrid compounds with eugenol and tyrosol, and one of
the dimer compound shown in Fig. 10 has the most active
cancer-selective properties.

Since the peroxide bridge present in artemisinins is the
main pharmacophore responsible for both antiplasmodial

CHs

H

H3C

Cl

MCF.-7 Cells
ICso= 5.25 uM

MCF-7 Cells
ICso> S0 M

Antimelanoma Activity
SK-MEL3: ICsp=3.43 uM

Fig. 10 Artesunate, hybrid, and dimer compounds with anticancer properties

Fig. 11 Artemisinin and
1,2,4-trioxane compounds for
antimalarial and anticancer
properties

(a)

ICs = 1.65 uM, SI = 10.96
Lung Cancer (A549) Cell Lines

SAGN

Artemisinin (b)

ICso = 3.36 pM, SI=0.23
Lung Cancer (A549) Cell Lines

ICsp = 100 pM
Lung Cancer (A549) Cell Lines

@ Springer



398

P. Khanal

as well as anticancer activities. Tiwari et al. synthesized
a series of simple 1,2,4-trioxanes to test their potency of
antimalarial and anticancer activities [64]. Out of several
examples, the two most potent compounds (a) and (b) are
listed in Fig. 11. The compound (a) with (IC5,=1.65 pM,
SI=10.96) has > 60 fold in vitro more potency and the
compound (b) with IC5,=3.36 uM, SI=0.23) showed
about 30 fold in vitro more potency in comparison to arte-
misinin (IC5,=100 uM) against lung (A549) cancer cell
lines. The compound (b) with (IC5,=0.059 uM, SI>56
showed > 9-fold more in vitro plasmodial activity in com-
parison to chloroquine (IC5,=0.546 uM, SI=36.6).

In another study [65], glycoconjugate derivatives of
artemisinic acid were synthesized and anticancer properties
were studied. It was found that all artemisinic acid glycocon-
jugates were able to inhibit the growth of MCF7, however,
showed moderate cytotoxicity (Fig. 12).

Other activities

Along with antimalarial and anticancer properties, arte-
misinins also show activity against viral infections includ-
ing SARS-CoV-2.

Artemisinins are effective against human cytomegalo-
virus, bovine viral diarrhea virus, and hepatitis C virus.
Flobinus et al. studied the stability and antiviral activity
of artemisinin derivatives against human cytomegalovirus.
The study has demonstrated that the dihydroartemisinin dis-
played a lower activity than artesunate, while artemisinin

H?

Sugar-N3
DIPEA, Cul, CH,Cl,

1t, 10-15h

12-O-Artemisinic acid-glycoconjugates

(X =0 orNH)

shows no activity [66]. Oiknine-Djian et al. studied arte-
misinin derivative artemisone as a potential inhibitor of
human cytomegalovirus replication. It was found that the
antiviral efficacy of artemisone was > 10-fold superior to
that of artesunate in human foreskin fibroblast, lung fibro-
blasts, and epithelial cells [67]. Romero et al. studied the
antiviral effect of artemisinin and a combination of drugs
against bovine viral diarrhea virus (BVDV). It was found
that IFN-alpha, ribavirin, and artemisinin reduced BVDV-
induced cell death in the treatment of infected cells [68]. It
has been reported by Paeshuyse et al. that artemisinin also
inhibits hepatitis C virus replicon replication [69].

Artemisinin, its derivatives, and artemisinin-based com-
bination therapy (ACT) have been studying as potential anti-
SARS-CoV-2 (COVID-19) drugs [70-73]. Gendrot et al.
reported artesunate—mefloquine, artesunate—pyronaridine,
artesunate—amodiaquine, dihydroartemisinin—piperaquine,
or artemether—lumefantrine showed antiviral inhibition
against SARS-CoV-2 in vitro [74]. In another in vitro study,
both artesunate and dihydroartemisinin showed similar anti-
SARS-CoV-2 potential with ECs, values of 12.98 +5.30 uM
and 13.31+1.24 uM, respectively [70].

Besides antimalarial, anticancer, and antiviral properties,
artemisinins are also effective against schistosomes—hemo-
globin degrading pathogen [75], ocular diseases [76], and
in inflammations [77].

=~
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w

Sugar-N3
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12-N-Artemisinic acid-glycoconjugates
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Fig. 12 Glycoconjugate derivatives of artemisinic acid for anticancer properties
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Conclusion

The Artemisia annua has been using as a source of the
malarial drug since ancient times. At present, artemisinin
and its derivatives are prepared industrially in a semi-syn-
thetic way. The 1,2,4-endoperoxide bridge of artemisinins
is responsible for its antimalarial activity. It was found that
mutation at Kelch13 protein of P. falciparum is the root
cause of ART-resistance. Clinical trial data published on the
literature showed that the artesunate is more favorable than
quinine or artemether to treat severe falciparum malaria.
Artemisinins also show some activity against certain cancer
cells. Oxidative stress, DNA damage and repair, and various
types of cell deaths are the main mechanism of action in how
artemisinins work as anticancer drugs. Besides antimalarial
and anticancer activities, artemisinins are beneficial in viral
diseases, schistosomiasis, ocular diseases, inflammations,
and respiratory problems.
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