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Abstract Artemisia annua L. is an annual, herbaceous, aromatic medicinal plant
belonging to the family Asteraceae. It is mentioned in traditional Chinese medicine
as a cure for different diseases like fever, hemorrhoid, and malaria. It is native to the
mild and temperate climate of Asia but has been naturalized to other countries
outside Asia as well. After the discovery of its antimalarial potential by Prof. Tu
Youyou in 1972, the World Health Organization has recommended it as an antima-
larial. The most common ethnobotanical usage of this plant involves the use of
whole plant decoction for the treatment of cold, malaria, and cough. The whole
flowering plant is known to be antipyretic, antihelminth, antispasmodic, antiseptic,
and antimalarial. The antimalarial activity of this plant is due to artemisinin, a
sesquiterpene lactone containing an endoperoxide moiety that acts as a key
pharmacore. Artemisinin forms an important part of combinatorial treatment therapy
recommended for the treatment of malaria. Artemisinin and its derivatives like
artesunate have also been reported to have potent anticancer properties as well.
Besides artemisinin, certain other phytochemicals reported in this plant, particularly
flavonoids, have been found to have medicinal properties. They have been reported
to synergize the activity of artemisinin and its derivatives against malaria. Consid-
ering the immense medicinal properties of this plant, immense research is being
carried out throughout the world to isolate and characterize the different phytochem-
icals present in this plant. This chapter comprises the information about the general
biology, distribution, and phytochemical composition of A. annua, updated infor-
mation about its medicinal properties and health benefits, and an overview of its
safety and toxicity.
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2.1 Introduction

Medicinal plants have been used in the treatment and prevention of numerous
diseases since time immemorial. At the beginning of civilization, they were impor-
tant components of medication whereas nowadays they are instrumental in the
manufacturing of drugs. A medicinal plant can be defined as a plant that, in one or
more of its organs, contains substances that act as precursors for the synthesis of
certain drugs or has therapeutic value. There are certain medicinal plants that have
been scientifically proven to have medicinal and therapeutic properties, whereas
some plants are regarded as medicinal and used in traditional medicines but have not
been subjected to thorough scientific studies to prove their efficacy. Due to the
proven effectiveness and safety claims, the consumption of medicinal plants is
showing a steep rise (Perez Gutierrez and Baez 2009).

Asteraceae is regarded as one of the largest families of flowering plants which has
a cosmopolitan distribution, as its plants are found all over the world, including
Antarctica where it is most probably anthropogenically mediated (Smith and Rich-
ardson 2011). This family of flowering plants consists of about 13 subfamilies, 1620
genera, and around 23,600 accepted species. It comprises about 10% of total
flowering plants and is rivaled only by Orchidaceae in terms of total species. The
most distinguishing and diagnostic characteristics of the Asteraceae family are the
presence of capitulum inflorescence, inferior ovary, and anthers united in a tube
(Fornara 2014).

Artemisia annua L. (“sweet wormwood,” “annual wormwood,” “Qinghao”;
2n = 36), belonging to Asteraceae family of flowering plants, is annual, aromatic,
herbaceous, and glabrous or sparsely hairy, with an upright brownish colored stem.
It naturally grows up to a height of 1 meter, but under cultivated conditions, it may
reach up to a height of 2 meters. It usually consists of a single stem with alternate
branches and deeply dissected leaves. The inflorescence consists of small capitula
arranged in loose panicles with bisexual disc florets at the center and pistillate ray
florets at the margins. The pollens are smooth and tricolpate, a typical characteristic
of anemophilous species (Stix 1960) whereas the ovary is unilocular and inferior.
The glandular secretory trichomes which are the sites of biosynthesis of antimalarial
compound artemisinin (Wani et al. 2022), and nonglandular T-shaped trichomes are
present on stem, leaves, and inflorescences (Ferreira and Janick 1996) which are
easily visible by scanning electron microscopy (Fig. 2.1).

The plant is native to the mild and temperate climate of Asia, most probably
China, and has been found as native to Myanmar, Japan, Korea, Northern India,
Southern Siberia, and Vietnam; however, it has become naturalized in many coun-
tries including some areas of North America (Desrosiers and Weathers 2016). Its
cultivation is carried out on a large scale in countries such as China, Tanzania, and
Kenya, with small-scale cultivation being done in India and certain countries of
South America and South Europe (WHO 2006).



2 Artemisia annua L.: Traditional Uses, Phytochemistry,. . . 19

Fig. 2.1 Scanning electron microscopic image of A. annua leaf showing Glandular secretory
trichomes in high resolution. GST glandular secretory trichomes

2.2 Traditional Uses

Artemisia annua has a long history of being used in traditional Chinese medicine as
an anti-malarial and antipyretic, dating back to over 2000 years. China has a long
history of its cultivation with its remains found in Shengjindian cemetery (about
2400–2000BP based on 14C dating), Xinjiang, China. This archaeological discovery
gives an idea about its use in ancient China. As this plant is highly aromatic, the most
probable reason for its use in the tombs in cemeteries would have been to eliminate
the unpleasant odor of the dead (Liu et al. 2013; Sadiq et al. 2014). The essential oils
extracted from this plant have also been used in the perfume industry. A treatise with
a description of 224 medicines and their preparation methods was excavated in 1973
and named “Prescriptions for 52 diseases.” It is regarded as one of the oldest sources
of knowledge about Chinese pharmaceutics (Unschuld 1986). It described A. annua
(qinghao) as a prescription for the treatment of hemorrhoids (Riddle 2010). Its utility
as an herbal remedy against malaria was first described in A Handbook of Pre-
scriptions for Emergency by Hong Ge. The described recipes were in the form of
infusion, drink, powder, wine, and pills. A. annua decoction is also mentioned in the
“General Medical Collection of Royal Benevolence” written during the Song
Dynasty (Ekiert et al. 2021). Its preparation was recommended for paroxysmal
malarial fever in the book Compendium of Materia Medica by Shizhen Li. In
Chinese literature, its scientific name Artemisia annua was given in the twentieth
century in the publication First Chinese Pharmacopoeia in 1930 (Riddle 2010;
Ekiert et al. 2021). However, this plant was not given any attention in western herbal
medicine until the start of the twentieth century.

Based on the traditional Chinese medicinal records, A. annua has a long-
established tradition of being used in the treatment of diseases. In traditional
medicine, all the parts of this plant and its extracts are used in the treatment of
diseases like fever, jaundice, and dysentery (Ekiert et al. 2021). Its usage in China



dates back to over 2000 years when it was used against tuberculosis, and fever
caused by malaria and summer heat (WHO 2006; https://www.herbsociety.org/file_
download/inline/d52eae8c-be89-497d-94b3-7fc8da4105f1). A. annua is also used in
the treatment of hemorrhoids, wounds, and infections caused by protozoan species
belonging to different genera like Leishmania, Plasmodium, Schistosoma, and
Acanthamoeba (Alesaeidi and Miraj 2016). It is regarded as an important
ethnomedicinal herb, and its most common method of usage is in the form of
whole plant decoction, against cold, cough, and malaria. The powder made from
its dried leaves has also been used in treating diarrhea, whereas the entire plant is
effective as an antiseptic, antipyretic, anthelminthic, antispasmodic, and stimulant
(Nigam et al. 2019). The crushed plants of A. annua have been used in the
preparation of liniment whereas its tincture has been used in the treatment of nervous
diseases (Sadiq et al. 2014). In African countries, the tea infusion made from it has
been used to treat malaria. Furthermore, A. annua has also been associated with
increased longevity, hair growth, and brightening of eyes (Hsu 2006). Qinghao has
also been described as a food supplement in some of the records (Hsu 2009).
Presently, research on this plant is mainly focused on its efficacy against malaria,
cancer, and as an antioxidant (Willcox 2009; Ferreira et al. 2010; Wright et al. 2010).
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2.3 Phytochemical Composition of A. annua

After the discovery of artemisinin, intensive research has been going on with
A. annua to evaluate its phytochemical composition. It is a type with variable
chemical composition, and a vast variety of phytochemicals have been identified
(Marinas et al. 2015). The chemical composition of the plant also depends upon the
climate in which it’s growing (Hwang et al. 2016). Various chemical compounds
that have been identified in A. annua include essential oil with monoterpenes and
sesquiterpenes, coumarins, flavonoids, phenolic acids (Willcox et al. 2004), fatty
acids, phytosterols, saponins, tannins, sesquiterpene lactones, and polyalkenes
(Ashok and Upadhyaya 2013).

In A. annua the essential oils consist of both volatile and nonvolatile components.
The main volatile constituents of essential oils which have been identified include
camphene, camphene hydrate, β-camphene, 1-camphor, alpha-pinene, β-pinene,
isoartemisia ketone, artemisia ketone, artemisia alcohol, cuminal, germacrene D,
1,8-cineole, camphor, betacaryophyllene, and myrcene (WHO 2006; Ferreira and
Janick 2009). The major nonvolatile ingredients include flavonoids, coumarins,
sesquiterpenoids, proteins like β-glucosidase, β-galactosidase, and steroids such as
β-sitosterol, and stigmasterol (WHO 2006; Cafferata et al. 2010; Brown 2010).

The phenolic constituents of A. annua consist of phenolic acids, coumarins,
flavones, flavonols, and certain miscellaneous compounds. The phenolic acids
include coumaric acid, chlorogenic acid, rosmarinic acid, and quinic acid. Couma-
rins reported in A. annua include coumarin, scopolin, aesculetin, scopoletin, and
iso-fraxidin. Flavones identified in A. annua include luteolin-7-methyl ether,

https://www.herbsociety.org/file_download/inline/d52eae8c-be89-497d-94b3-7fc8da4105f1
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apigenin, acacetin, luteolin, chrysin, cynaroside, chrysoeriol, cirsilineol, cirsimaritin,
cirsiliol, and eupatorin. A large number of flavonols have been identified in this plant
which includes eupatin, casticin, quercimeritin, artemetin, chrysosplenol C, retusin,
mikanin, syringetin, tetra-methoxyflavone, mearnsetin-glucoside, quercetin,
kaempferol-6-methoxy glucoside, rhamnetin, chrysosplenol D, astragalin, axillarin,
kaempferol, tamarixetin, myricetin, laricitrin, gossypetin-3,-dimethyl ether,
mearnsetin, quercetin-3-methyl ether, quercetin-3-glucoside, rutin, isorhamnetin,
chrysosplenetin, and isokaempferide (Shatar et al. 2003; Rajeswara Rao et al.
2014; Shahrajabian et al. 2020). The chemical structures of some of the major
phenolic compounds found in A. annua have been shown in Fig. 2.2.
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Fig. 2.2 Chemical structure of some phenolic compounds found in A. annua

The majority of the research carried out on A. annua revolves around artemisinin
and its derivatives like dihydroartemisinin, artemether, arteether, and artesunate due
to their antimalarial potential, with less attention given to other chemical constituents
like flavonoids. The qualitative profile of the A. annua plants as determined by
Baraldi et al. (2008) has shown the presence of different flavonoids in leaves and



flowers like artemetin, eupatin, chrysoplenetin, and casticin (Mesa et al. 2015).
Among these flavonoids, casticin and chrysoplenetin exist in the form of an insep-
arable mixture, and their content is highest as compared to other flavonoids. Using
HPLC and NMR analysis, chrysoplenol-D, camphor, 5-hydroxy-3,6,7-trimethoxy-
2-(40-methoxyphenyl)-4H-chromen-4-one), and 2,4-dihydroxy-6-methoxy-
acetophenone have also been reported to be present in A. annua along with other
flavonoids (Kontogianni et al. 2020). Flavonoids have been found to synergize the
effect of artemisinin with luteolin showing both antimalarial and antioxidant prop-
erties (Ferreira et al. 2005).
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Fig. 2.3 Chemical structure of phytosterols (stigamsterol, campasterol, and β-sitosterol) found in
A. annua. Ergosterol is mostly found in fungi

Phytosterols are the secondary metabolites present in plants either in free form or
can be found esterified with fatty acids or with phenolic acids, with glycosylated
sterols also showing their presence in very minute quantities (Ostlund Jr 2007). The
most prevalent phytosterols are stigmasterol, campesterol, and β-sitosterol (Fig. 2.3).
Ergosterol, which is found in considerable amounts in algae, fungi, and lichens,
shows very little or no presence in higher plants. Phytosterols have immunomodu-
latory and anti-inflammatory properties (Bouic 2002). The β-sitosterol, stigmasterol,
campesterol, and ergosterol content per 100-gram dry weight of aerial parts of
A. annua is about 119.570, 119.538, 17.528, and 0.79 mg, respectively (Ivanescu
et al. 2013). The total sterol content in A. annua is around 250 mg per 100 g of dry
matter.

Among all the phytochemicals present in this plant, sesquiterpene lactones are the
most important. The most vital sesquiterpene lactone in this plant is the antimalarial
compound artemisinin which is synthesized in the glandular secretory trichomes
present in the aerial parts of the plant and characterized by the presence of an
endoperoxide bridge as shown in Fig. 2.4 (Aftab et al. 2014; Salehi et al. 2018;



Wani et al. 2021). The artemisinin content in the plant is usually low and lies in the
range of 0.01–1.50% dry weight (Wani et al. 2021). The credit for the discovery of
this lifesaving antimalarial compound goes to Prof. Tu Youyou, a pharmaceutical
chemist and a malariologist who discovered it in 1972 by analyzing Chinese herb
recipes having antimalarial activities under the project 523 (Su andMiller 2015). She
discovered a proper method to isolate the active antimalarial ingredients (ethyl
extract) and found that it could inhibit monkey and rodent malaria with 100%
efficacy. After that, a clinical trial of the plant extracts was conducted on 21 patients,
and a 95–100% success rate was achieved. For this discovery, Prof. Tu Youyou was
awarded Nobel Prize in Physiology or Medicine in 2015 (Efferth et al. 2015).
Artemisinin-based combination therapies have been endorsed by WHO for the
treatment of uncomplicated malaria. These therapies consist of artemisinin or its
derivatives in combination with a partner drug like mefloquine (WHO 2015).
Various semisynthetic derivatives are also produced from artemisinin which include
dihydroartemisinin, artemether, arteether, and artesunate which act as potent anti-
malarials (Fig. 2.4). Various other sesquiterpenes found in artemisinin include
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Fig. 2.4 Chemical structure of artemisinin and its derivatives: The endoperoxide bridge (C – O –
O – C) shown in red is common to artemisinin and its derivatives and acts as the key pharmacore.
The modifications at C10 position are highlighted in pink, which are unique to each of these
derivatives and determine their solubility and some of their pharmacokinetic properties



artemisinic acid, epoxyarteannuinic acid, artemisinol, and artemisinin isomers like
artemisinin I, II, III, IV, and V (WHO 2006; Das 2012).
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2.4 Pharmacological Activities

2.4.1 Antimalarial Activity

The most important constituent of A. annua responsible for its antimalarial proper-
ties is artemisinin. However, certain other chemical constituents from this plant have
been reported to have a synergistic impact on its antimalarial potential. The impor-
tance of other chemical constituents of A. annua has also increased due to resistance
shown by Plasmodium against monotherapy which has already emerged more than
25 years ago. Artemisinin is now prescribed in combination with certain other drugs
in a practice called Artemisinin-based combination therapies (ACTs). A number of
studies have shown the effectiveness of using the whole plant in the form of infusion,
powder, or tablets against malaria (El Hadji Omar et al. 2013). This is further
confirmed by a study in which a 40 mg dry weight of plant powder (containing
nearly 600 μg Artemisinin) equivalent to 24 mg artemisinin/kg live body weight was
effective in controlling the infection caused by Plasmodium chabaudi in rodents as
compared to an equivalent dose of pure artemisinin (Elfawal et al. 2012). The
increased efficacy of whole plant extracts is most probably due to the increased
artemisinin bioavailability (40-fold) in the mice blood (Elfawal et al. 2012).

The effects of A. annua tea on malaria-causing P. falciparum has also been
studied under in vitro conditions. The herbal tea extract from the plant was tested
against chloroquine-sensitive D10 and chloroquine-resistant W2 strains of this
parasite (De Donno et al. 2012). From the experimental results, it was found that
herbal tea extract had a dose-dependent inhibitory effect on this parasite. Drug-free
parasitized and unparasitized erythrocytes were used as blank and positive control.
The impact of the herbal tea was three times greater than that of artemisinin alone
which implies that there could be a synergistic impact of other constituents like
flavonoids on its anti-plasmodial activity (Elford et al. 1987). The presence of other
amphiphilic constituents like glucosides, flavonoids, or saponins may also improve
its solubility in water. So, the presence of different active ingredients against malaria
makes A. annua a natural artemisinin combination therapy.

Mouton et al. (2013) conducted an in vitro study to test the claims of synergism
enhancing the antimalarial activity of artemisinin using non-polar extracts and tea
infusions. Contrary to some earlier studies like De Donno et al. (2012), they reported
that the IC50 of artemisinin in nonpolar extracts and tea infusions did not show any
significant difference as compared to the IC50 of pure artemisinin. Pure artemisinin
was used as a positive control. They also tested the tea infusions from A. afra against
P. falciparum, which may be regarded as a negative control as A. afra contains
negligible/does not contain artemisinin but shows the presence of other chemical



constituents as reported in A. annua (Liu et al. 2010). The infusions of A. afra did not
show any activity against the Plasmodium parasite (Mouton et al. 2013).
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The aqueous extracts of A. annua and A. sieberi have also been found to have an
inhibitory impact on β-hematin formation (under in vitro conditions), which is a
synthetic analogue of hemozoin formed by Plasmodium parasites for its protection
against excess ferriprotoporphyrin (IX) accumulation (Akkawi et al. 2014). In this
study 2-mercaptopyrimidine (1 mg/mL) and chloroquine (0.1 mg/mL) were
dissolved in ultrapure water, and both were used as positive controls, whereas
ultrapure water was used as a negative control. They demonstrated that A. annua
leaf infusions prepared in salt water (0.5 g salt/150 mL H2O) had greater efficacy in
inhibiting β-hematin formation than those prepared in distilled water. However,
these extracts had a decreased activity as time progressed so using dried leaf powder
may be a better option in vivo.

The antimalarial action of hydroalcoholic and aqueous extracts of A. annua was
studied in vitro against P. falciparum and in vivo in P. berghei NK 173-infected
mice, with artemisinin (98%) used as a positive control for in vitro analysis, and
140 mg/kg/day for in vivo analysis (Zime-Diawara et al. 2015). Under in vitro
conditions, the activity of the abovementioned extracts was similar to that of pure
artemisinin at the same dosage. Moreover, the in vivo studies conducted on mice
revealed that the aqueous extracts (artemisinin content of 20 mg/kg) have the same
efficacy as compared to pure artemisinin (140 mg/kg dosage). Furthermore, the
hydroalcoholic extract of A. annua (artemisinin content of 20 mg/kg) revealed the
best results in comparison to aqueous extracts. The difference in the activity of
aqueous and hydroalcoholic extracts is probably due to their composition. The
comparison of TLC chromatograms of these two extracts revealed that hydro
alcoholic extracts contain more sesquiterpenes and extra flavonoids as compared
to aqueous extracts (Zime-Diawara et al. 2015). The increased activity of
hydroalcoholic extracts against plasmodium might be potentiated by the presence
of these extra flavonoids (Elford et al. 1987) and sesquiterpenes.

More recently a study was conducted using whole leaf extracts from artemisinin-
producing homozygous chi1–1 (flavonoid lacking) and heterozygous chi1–1 (flavo-
noid containing) Artemis hybrids of A. annua (Czechowski et al. 2019). Moreover,
the extracts from RNAi lines impaired in amorpha-4,11-diene synthase gene expres-
sion and cyp71av1–1 mutants, both of which are impaired in artemisinin biosynthe-
sis were also tested. Based on their observations, they reported that flavonoids do not
add to the anti-plasmodial activity beyond that provided by artemisinin under in vitro
conditions.

However, the findings from different studies need to be checked by taking into
account the time period for which the plant has been stored, the phase of the life
cycle of the parasite tested, and some constituents of the tea infusion may become
active after metabolization (Mouton et al. 2013). To detect the components, present
in A. annua extracts which synergize the anti-plasmodial potential of artemisinin
through regulation of its metabolism, a study was carried out by Cai et al. (2017).
The extracts from dried plants were eluted using different concentrations of meth-
anol (3%, 50%, and 85%). The pharmacokinetic profiles of artemisinin and



monohydroxylated artemisinin (major phase 1 metabolite) were studied in rats after a
single oral dose of artemisinin in each A. annua extract. Chief components isolated
from the methanol extracts were assessed for their enzyme inhibition, and only
arteannuin B was found to have a repressive effect on CYP3A4. In order to test
the synergism between artemisinin and the other component, mice infected with
P. yoelii were used, and the pharmacokinetic study was carried out. They reported
synergism between artemisinin and arteannuin B which was related to increased
artemisinin exposure due to enzyme inhibition (Cai et al. 2017).
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2.4.2 Anticancer Activity

Various semisynthetic derivatives of artemisinin like artesunate (Fig. 2.4) have been
found to have anticancer properties. Various studies (both in vitro and in vivo) have
revealed that artemisinin-type drugs have anticancer activities (Efferth 2017). The
anticancer properties of artemisinin and its various derivatives like artesunate,
dihydroartemisinin, artemether, and arteether include:

• Reactive oxygen species and nitric oxide-mediated oxidative stress.
• DNA damage and repair.
• Cell death by necrosis, apoptosis, ferroptosis, autophagy, oncosis, etc.
• Inhibition of tumor-related signaling pathways like Wnt/β-catenin pathway;

signal transducers like MYC/MAX, NF-κB, mTOR, AP-1, etc.; and
angiogenesis.

The cytotoxicity of artemisinin and its different derivatives toward cancer cells
has been described in a number of studies carried out in 1990s like Woerdenbag et al.
(1993). Various studies have been conducted to test these claims, and vast pieces of
evidence are suggesting that artemisinin-type compounds may inhibit tumor cells
in vitro. Endoperoxide bridge, which is a characteristic feature of artemisinin has
been found to be essential for the anticancer activity of these compounds, as
artemisinin-type compounds without it have shown inactivity towards cancer inhi-
bition (Beekman et al. 1998). The antitumor activity of these compounds has been
confirmed by in vitro as well as in vivo studies (Efferth 2005; Seo et al. 2015; Subedi
et al. 2016), with some studies involving human xenograft tumors transplanted on
nude mice (Hou et al. 2008; Chen et al. 2009; Zhang et al. 2012; Tong et al. 2016).
However, these athymic (lacking or deteriorated thymus) mice characterized by a
lack of body hair have an inhibited immune system with reduced number of T cells.
Keeping this disadvantage in mind, some researchers have also used syngeneic
models in which rodent tumors are transplanted on rats or mice (Efferth 2017).
The activity of artemisinin-type compounds against syngeneic and xenograft tumor
models further validated the claims of anticancer activity of these compounds. The
anticancer activity of these compounds has been even seen against orthopedically
transplanted tumors.
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The endoperoxide-bridge in artemisinin (Fig. 2.2) is important for its bioactivity
as it produces ROS after its cleavage which results in oxidative stress. The gener-
ation of oxidative stress due to ROS by artemisinin-type drugs has been confirmed
by a number of studies involving hematopoietic, epithelial, or mesenchymal cell
lines from diverse tumor origins (Efferth and Oesch 2004; Du et al. 2010; Zhu et al.
2014; Gerhardt et al. 2015; Jia et al. 2016). The efficacy of ROS-mediated antitumor
activity of such drugs was supported by many studies in which certain prooxidants
(e.g., vitamin C) amplified artemisinin-mediated cytotoxicity and antioxidants
(e.g. vitamin E) decreased the rate of tumor cell death (Efferth and Volm 2005;
Noori et al. 2014; Papanikolaou et al. 2014; Beccafico et al. 2015; Lemke et al.
2016).

Artemisinin and its derivatives like artesunate have been reported to have a
genotoxic effect as they induce breaks in DNA in a dose-dependent manner as
observed by single-cell gel electrophoresis (Li et al. 2008). These findings were
further supported by a dose-dependent buildup of γ-H2AX, a histone protein
produced upon double-stranded DNA breaks (Li et al. 2008). Polymerase
β-deficient cells, cells deficient in nonhomologous end joining (ku80 inactive) and
homologous recombination (BRCA2 and XRCC2 inactive), have been found more
sensitive to artesunate as compared to wild type cells as these cells lack the required
DNA repair pathways (Li et al. 2008). So artesunate induces DNA breaks which
makes it a therapeutic compound against cancer cells. A number of other studies
have also revealed this anticancer activity of artesunate and other related compounds
(Berdelle et al. 2011; Alcântara et al. 2013; Park et al. 2015).

ROS-mediated oxidative stress and DNA damage affect cell division, integrity,
and replication which in turn causes cell cycle arrest (usually at G1 or G2 check-
points) and ultimately cell death. Various artesunate type drugs have also been found
to have this impact as observed in a number of studies (Hou et al. 2008; Li et al.
2009; Tin et al. 2012; Zhao et al. 2013; Tran et al. 2014; Lu et al. 2014; Islam and
Mohammad 2020)). Other than cell cycle arrest, oxidative stress and DNA damage
may also induce apoptosis as has been seen in cancer cells using artesunate,
artemisinin, artemether, and arteether (Lai and Singh 1995; Disbrow et al. 2005;
Hou et al. 2008; Zhang et al. 2016). Depending upon the cell model, artesunate can
induce mitochondrial, intrinsic, or extrinsic FAS-receptor-mediated apoptosis
(Efferth et al. 2007; Sieber et al. 2009) with enhanced Fas/CD95 expression,
cessation of the mitochondrial membrane potential, release of cytochrome C, poly-
(ADP-ribose) polymerase cleavage, and caspase 3/9 activation (Efferth 2017). Cells
transfected with BCL2 gene (encodes a mitochondrial membrane protein that blocks
programmed cell death) have been found to be more resistant to artesunate (Efferth
et al. 2003). Various artemisinin-type drugs have also been found to induce caspase-
independent non-apoptotic cell death-like autophagy (Zhou et al. 2013; Beccafico
et al. 2015; Chen et al. 2015). Such drugs have also been found to induce other types
of cell death-like necrosis, necroptosis, oncosis, anoikis, and iron-dependent
ferroptosis (Du et al. 2010; Dixon et al. 2012; Zhou et al. 2013; Dixon et al. 2014;
Zhu et al. 2021). Artemisinin derivatives have also been reported to have anti-
angiogenic potential as tested in Zebrafish as reviewed by Wei and Liu (2017).
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Artemisinin-related drugs have been shown to affect different signaling pathways
in cancer cells as reviewed by Efferth (2017). These drugs were found to inhibit
Wnt/β-catenin signaling, BCR/ABL signaling, as well as epidermal growth factor
receptors. They also inactivated various transcription factors related to cancer like
MYC/MYX, NF-κB, mTOR, CREB, etc. Artesunate has also been found to inhibit
metastasis and invasion by targeting certain extracellular proteases (Rasheed et al.
2010). So artesunate may be used as an anti-invasive and anti-metastatic agent and
can thus be added to the cancer treatment approaches.

2.4.3 Immunosuppressive Activity

Artemisia annua extracts obtained with hot water as mentioned in traditional Chi-
nese medicine have been extensively used for treating different autoimmune diseases
such as systemic lupus –erythematosus and rheumatoid arthritis (Zhao et al. 1998).
In order to test the immunosuppressive activity of A. annua extracts, Zhang and Sun
(2009) used the ethanol extracts of these plants on mice splenocyte proliferation
in vitro and specific antibody and cellular immune responses in the ovalbumin-
immunized mice. The immunized mice were given ethanol extracts of 0.25, 0.5, and
1.0 mg and cyclosporin A (positive drug) at a single dose of 0.1 mg in 0.2 mL of
saline solution at intervals of 7 days. The ethanol extracts of these plants showed a
significant inhibitory activity on splenocyte proliferation induced by lipopolysac-
charides and concanavalin A under in vitro conditions. The plant extracts also
showed inhibitory activity against concanavalin A, lipopolysaccharides, and
ovalbumin-induced splenocyte proliferation in ovalbumin immunized mice. These
extracts also reduced the ovalbumin-specific antibodies like IgG, IgG1, and IgG2b,
with a significant reduction at 1.0 mg (Zhang and Sun 2009). These findings show
that A. annua has immunosuppressive properties and could be used as immunosup-
pressants. The immunosuppressive effect of artemisinin has also been found to be
effective against IgA nephropathy, an autoimmune kidney disease, with combination
treatment of artemisinin and hydroxychloroquine giving better results as compared
to their individual application in rats. The combination treatment decreased the
deposition of complement 3 and IgA immune complexes (Bai et al. 2019).

2.4.4 Antimicrobial Activity

Artemisia annua is known to produce various secondary metabolites which have
antimicrobial properties. The antimicrobial potential of artemisinin isolated from
in vitro grown plantlets was tested by Appalasamy et al. (2014) against three gram-
positive bacteria Bacillus thuringiensis, Bacillus subtilis, and Staphylococcus
aureus; two gram-negative bacteria Salmonella sp. and Escherichia coli; and Can-
dida albicans. They used streptomycin and acetonitrile as positive and negative



control, respectively. They reported that artemisinin and a precursor extracted from
the in vitro grown plantlets showed inhibitory activity against gram-positive and
gram-negative bacteria but not against C. albicans. The antimicrobial action was
found to be similar to that of streptomycin and the minimum inhibitory concentration
was found to be 0.09 mg/mL (Appalasamy et al. 2014). The chloroform, alcohol, and
water extracts of A. annua have been found to be effective in the treatment of
acanthamoebiasis, caused by Acanthamoeba sp. (Derda et al. 2016). These extracts
were tested against pathogenic Acanthamoeba castellanii (309 strain) and
Acanthamoeba sp. (Ac32 strain). Based on the results, they found that the extracts
have inhibitory activity against Acanthamoeba both in vitro and in vivo. These
extracts also prolonged the survival of infected animals. These results indicate
A. annua extracts could be used in treating acanthamoebiasis either singly or in
combination with other antibiotics.
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The extracts from A. annua and A. afra have been found to have strong bacteri-
cidal activity against Mycobacterium tuberculosis (Martini et al. 2020). The mini-
mum inhibitory concentration for pure artemisinin was 75 μg/mL. Whereas for
A. annua it was the extract from 4.81 mg of dried leaves per mL media, which
resulted in 39 μg/mL of artemisinin. The bactericidal activity of these extracts is
stronger than pure artemisinin which hints at a possible synergism between
artemisinin and other compounds in eradicating M. tuberculosis. These extracts
also show bacteriostatic activity against M. abscessus (a nontuberculous mycobac-
terium that usually affects patients who are immunocompromised) but were not
bactericidal (Martini et al. 2020). These results give a strong indication that A. annua
extracts could be used in combination with other antibiotics for the treatment of
tuberculosis and prevention of M. abscessus infections.

The antimicrobial activity of methanol, water, ethanol, or acetone extracts of
A. annua has also been reported against certain periodontopathic microbes like
Prevotella intermedia, Fusobacterium nucleatum subsp. polymorphum,
F. nucleatum subsp. animalis, and Aggregatibacter actinomycetemcomitans (Kim
et al. 2015). Considering the high lipophilicity of A. annua essential oils, oil in water
type Pickering A. annua essential oil nanoemulsions with 20 nm Stober silica
nanoparticles as the stabilizing agent were tested on mature Candida biofilms (Das
et al. 2020). These emulsions showed significantly higher activity as compared to
ethanol extracts and Tween 80 stabilized emulsion. These emulsions resulted in
peroxide and superoxide related oxidative stress which might be the reason for the
antimicrobial activity of A. annua essential oil. The nanoliposome-incorporated
essential oils from A. annua have shown inhibitory activity against Candida species
with C. norvegensis showing the most susceptibility (Risaliti et al. 2020). The
A. annua silver nanoparticles of various concentrations (10, 20, 30, and 50 μg/mL)
were tested against four microbes Klebsiella pneumonia, S. aureus, E. coli, and
B. subtilis, with levofloxacin (30 μg/disc) used as a positive control (Adoni et al.
2020). These nanoparticles were found to have free radicle scavenging activity and
moderate activity against gram-positive and gram-negative bacteria as compared to
standard antibiotics.
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2.4.5 Anti-parasitic Activity

A number of compounds isolated from A. annua have been found to have activity
against Leishmania species (intracellular protozoans) which are known to cause
leishmaniasis. The n-hexane extracts of its seeds and leaves have been found to
cause apoptosis in intracellular amastigotes of L. donovani (studied by ex vivo
macrophage-amastigote model), and it did not show cytotoxic effects on mammalian
macrophages (Islamuddin et al. 2012). When these extracts were tested on infected
mice, a significant decrease in splenic and hepatic parasitic load, along with reduced
spleen weight was observed. Moreover, the essential oils of A. annua leaves have
shown significant antileishmanial activity against intracellular amastigotes of
L. donovani under in vitro conditions (Islamuddin et al. 2014). It did not show any
cytotoxicity on murine macrophages. The intraperitoneal administration at a dosage
of 200 mg/kg body weight to infected BALB/c mice (immunodeficient inbred strain)
decreased the parasitic load by around 90% in spleen and liver. As seen in earlier
cases, no toxicity was observed, as supported by the normal levels of the serum
enzymes. However, a complete cure of visceral leishmaniasis with A. annua
n-hexane extracts or essential oils has not been observed in these in vivo studies.
However, these in vivo studies did not show any complete cure for cutaneous
leishmaniasis. Mesa et al. (2017) tested the antileishmanial activity of A. annua
leaf powder containing gelatin capsules (totum). These capsules showed moderate
activity against amastigotes of L. (Viannia) panamensis, and no cytotoxicity or
genotoxicity was reported in macrophages (U-937) and human lymphocytes
in vitro. The infected hamsters given A. annua capsules (500 mg/kg/day) for
30 days were cured, with 83.3% success rate. The administration of these capsules
(30 g) to two patients with uncomplicated cutaneous leishmaniasis also gave positive
results (Mesa et al. 2017).

A study was conducted on Neospora canum, a protozoal parasite that infects a
variety of mammals and causes abortion in cattle (MR 2009; Das 2012). N. caninum
tachyzoites were made to infect the cultured host cells (Vero cells or mouse
peritoneal macrophages) and then supplemented with artemisinin at 20, 10, 1, 0.1,
and 0.01 μg/mL. At 10 or 20 μg/mL artemisinin for 11 days, all microscopic foci of
N. caninum were eradicated. The same result was obtained when artemisinin was
administered at 1 μg/mL for 14 days. Artemether has been reported to be effective
against the larval stages of Schistosoma mansoni as seen in hamsters and mice. If
these organisms are administered with artemether during the first month of infection,
then schistosomiasis (bilharzia) does not develop (Das 2012).

2.4.6 Anti-SARS-CoV-2 Activity

The global pandemic of Covid-19 caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused mayhem in the whole world, and the death



toll has crossed the five million mark in November 2021 as per the data provided by
John Hopkins University (https://www.bbc.com/news/world-59119731). Despite
the intense efforts to distribute various registered vaccines against Covid-19 like
Moderna, Pfizer/BioNTech, and J & J vaccines, except Remdesivir no other orally
deliverable drug is available currently. The emergence of a new variant B.1.1.529 on
26 November 2021, named omicron by WHO may also pose a serious challenge in
controlling its transmissibility (https://www.who.int/news/item/28-11-2021-update-
on-omicron). Artemisinin-type compounds have been reported to have antiviral
activity (Efferth 2018). The extracts from A. annua plants have shown activity
against SARS-CoV-1 which is responsible for the SARS outbreak of 2002–2004
(Li et al. 2005). These observations suggest that the extracts of A. annua could be
effective against SARS-CoV-2. Artemisinins and the extracts from A. annua
decrease inflammatory cytokines like IL-6 and TNF-α in vivo (Shi et al. 2015;
Hunt et al. 2015). These effector molecules can be tricky during the “cytokine
storm” suffered by many patients suffering from SARS-CoV-2 (Schett et al.
2020). Fibrosis has also been reported in persons affected by SARS-CoV-2 which
can cause damage to different organs, and artemisinin has been found to dampen
fibrosis (Larson et al. 2019; Lechowicz et al. 2020). Recently, a study conducted by
Cao et al. (2020) found that a number of compounds related to artemisinin act
against SARS-CoV-2, with Arteannuin B showing the highest activity against
SARS-CoV-2; dihydroartemisinin and artesunate also showed activity against
it. These results indicate the potential of A. annua extracts, particularly artemisinin
in the treatment of Covid-19, which needs further analysis and research for the
development of suitable drugs.
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2.5 Clinical Studies Involving Artemisinin-Related
Compounds in the Treatment of Malaria,
Schistosomiasis, Leishmaniasis, and Certain Cancers

Based on the multiple research results of in vitro and in vivo studies, it seems
justified to say that the antimalarial activity of A. annua is not solely due to
artemisinin; it seems its activity is potentiated by the presence of other constituents
in the plant as well (Fouda 2010; De Donno et al. 2012). In a clinical trial conducted
by Mueller et al. (2000), five patients suffering from malaria were treated with A.
annua tea, and a rapid reduction of parasitemia was observed in these patients. They
conducted another trial with a larger group of 48 malaria patients and 92% of
patients showed disappearance of parasitemia within 4 days. These results justify
further research for the elucidation of antimalarial properties of A. annua
preparations.

Newton et al. (2003) conducted a clinical trial in Thailand for 113 clinically
severe malaria patients infected by P. falciparum. They reported that artesunate has a
rate of mortality (12%) as compared to quinine (22%). During the trial, only a few

https://www.bbc.com/news/world-59119731
https://www.who.int/news/item/28-11-2021-update-on-omicron
https://www.who.int/news/item/28-11-2021-update-on-omicron


patients (12%) treated with artesunate became hypoglycemic than quinine-
administered patients (28%).

32 K. I. Wani et al.

An in vivo study was conducted in Katanga province in the Democratic Republic
of Congo (Tchandema and Lutgen 2016). Powdered leaf capsules of A. annua from
two different geographical locations (Luxembourg and from Burundi) and A. afra
were fed to patients in doses of 15 g, 7.5 g, and 7.5 g, respectively. Despite relatively
low doses, all the patients were fever free within 2 days. Around 85%, 76%, and 40%
of patients were free from parasites after 7 days which were fed with capsules of
A. annua from Luxembourg, Burundi, and A. afra, respectively (Tchandema and
Lutgen 2016).

As compressed leaf tablets of A. annua have shown antimalarial potential as seen
in rodents, a study was carried out by Daddy et al. (2017) to test the efficacy of dried
leaf A. annua in patients suffering from severe malaria and non-responsive to
artemisinin combination therapy and i.v. artesunate. These patients were adminis-
tered twice daily with 0.5 g dried leaf A. annua per os for 5 days, and the total
delivered dose of artemisinin was 55 mg. All these patients who were resistant to
artemisinin combination therapy were cured by these compressed leaf tablets.

Schistosomiasis and malaria coinfection has been commonly reported (Moriyasu
et al. 2018). In 2015, a clinical trial was conducted to test the tea infusions of
A. annua and A. afra in the treatment of schistosomiasis as compared to praziquantel
which is the currently accepted drug for the treatment of Schistosomiasis (Munyangi
et al. 2018). The patients who were given Artemisia infusions were cleared of
S. mansoni eggs quickly (14 days) as checked in their fecal smears. The patients
who were given praziquantel took more time for the complete eradication of
S. mansoni eggs and experienced more adverse effects as compared to Artemisia-
treated patients (Munyangi et al. 2018). These results received a published critique
from Argemi et al. (2019) to which a rebuttal was then published by Cornet-Vernet
et al. (2019).

As discussed in Sect. 2.4.5 above, Mesa et al. (2017) tested the antileishmanial
activity of A. annua leaf powder containing gelatin capsules which gave encouraging
results in vitro and in vivo (hamster) systems. Looking at these results, they also
treated human males with powdered A. annua capsules containing about 0.1%
artemisinin. Both of these patients were administered a total A. annua of 30 g per
patient over 20 days. At the end of the trial, the ulcers had shrunk by 20–35%, and
complete closure of the ulcers was reported around 45 days after the treatment ended.
During the course of this whole trial, no negative effects were reported in these
patients, indicating the safety of using A. annua leaf powder in the treatment of
leishmaniasis (Mesa et al. 2017). But before that large human trials need to be
conducted to fully validate these results.

As artemisinin and its derivatives like dihydroartemisinin and artesunate have
shown anticancer activities under in vitro and in vivo conditions as discussed above
in Sect. 2.4.2. Various clinical trials involving artemisinin and its derivatives have
also been conducted to test the efficacy of these compounds in cancer treatment. A
clinical trial was conducted involving cisplatin and vinorelbine with or without
artesunate injections of 120 mg for a period of 8 days for the treatment of advanced



non-small cell lung cancer (Zhang et al. 2008). The control rate of the trial group was
88.2% which was higher as compared to the control rate of 72.7% in the control
group. The progression time of the artesunate-treated patients was 24 weeks as
compared to 20 weeks for the control group. The longer time to progression of
patients treated with artesunate shows the significance of artesunate in the treatment.
Moreover, the patients administered with artesunate did not show any increased
toxicity (Zhang et al. 2008).
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In St. Georg’s (University of London, London, UK), Krishna et al. (2015)
conducted a randomized, double-blind, placebo-controlled clinical trial of oral
artesunate therapy for colorectal cancer. Before the surgery, 12 patients were given
200 mg artesunate orally for 14 days, and 11 patients were given placebo. Out of
these patients, 9 artesunate and 11 placebo administered patients completed the trial.
The results showed that apoptotic cell fractions of more than 7% were observed in
67% of artesunate-administered patients as compared to only 55% of placebo-treated
patients. The incidence of refractory tumors was also more in case placebo admin-
istered patients (6 in number) as compared to artesunate administered patients
(1 only). The results of this study were promising, and it may be concluded that
artesunate shows good anticancer activity and requires further studies so that its
anticancer potential may be fully explored.

2.6 Safety and Toxicity

A. annua is botanically accepted as a safe plant. It is listed in the Handbook of
Phytochemical Constituents of GRAS (Generally Regarded As Safe) herbs and other
economic plants by James A. Duke and even has listed dosages of 30 g of dry leaf
per day which is much higher than the daily dosage prescribed for malaria treatment
(Duke 1992).

The dried leaves of A. annua are widely proposed to be used as a medicinal herb
malarial treatment. For treatment of malaria and certain other diseases, it has been
used in a number of ways like oral administration of capsules of dried leaf powder,
compressed dried leaf tablets, and tea infusion. The encapsulation of dried leaves has
not shown any significant decrease in the absorption of artemisinin or flavonoids
present in it but a few food items such as peanut butter may decrease its absorption
(Desrosiers and Weathers 2016). The plant is generally intended for consumption by
adults and children that are infected with malaria.

A study was conducted by Abolaji et al. (2013) to evaluate the effect of ethanol
extracts of A. annua in pregnant Wistar rats which were given 100, 200, and 300 mg/
kg body weights of ethanol extracts of A. annua leaves. Based on the biochemical
and hematological studies, they reported that the extracts did not result in
hematotoxicity, hepatotoxicity, and hyperlipidemia. However, at 300 mg/kg dose,
31% malformed fetuses and 21% nonviable fetuses were observed. Embryotoxicity
has also been reported in rats due to consumption of certain artemisinin derivatives
like dihydroartemisinin, artemether, arteether, and artesunate during the



organogenesis period, with extended oral dosage (12 days or more) resulting in
embryotoxicity in monkeys as well (Clark 2009). These results raise concerns about
the usage of these compounds and plant extracts for treatment during the sensitive
period of pregnancy in women. These results indicate that although the consumption
of leaf extracts may not cause hematotoxicity, hepatotoxicity, and hyperlipidemia,
care should be taken during pregnancy due to the possible risk of embryotoxicity due
to its consumption beyond the therapeutic dose (Abolaji et al. 2013).
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Fig. 2.5 Chemical structure of α-thujone and β-thujone found in A. absinthium

In another study carried out on male Wistar rats, it was found that these extracts
may serve as antidiabetic agents, and do not cause hematotoxicity, hepatotoxicity,
and testicular toxicity; however, there may be a possible risk of atherosclerosis due
to cholesterol buildup as observed in this study (Eteng et al. 2013). So, persons
suffering from atherosclerosis should take immense care while using the extracts of
A. annua.

The genus Artemisia has a GRAS status with the United States Food and Drug
Administration (FDA), as long as the final product is thujone-free. Thujone is a
monoterpene found in certain Artemisia species, e.g., A. absinthium (Fig. 2.5). At
high dosages, thujone acts as a neurotoxin that may cause unconsciousness, convul-
sions, and death in humans (Cobb 1922). However, A. annua has been found to be
thujone free and therefore the utilization of A. annua is generally considered safe
(Tzenkova et al. 2010).

Based on the studies conducted till date, there is not much risk in consuming dried
A. annua either as a supplement or as part of any other treatment with the exception
of the possible presence of heavy metals at concentrations higher than recommended
by the FDA. Furthermore, immense care should be taken during its consumption by
pregnant women and atherosclerosis patients, and it should not be taken above the
therapeutic doses. The issue of excess heavy metal accumulation can be solved by
growing these plants in soil and water that does not contain enough of these metals.



2 Artemisia annua L.: Traditional Uses, Phytochemistry,. . . 35

2.7 Conclusion

A. annua is an ethnomedicinally important plant, with its medicinal use well
established in Chinese pharmacopoeias. It has also obtained a vital place among
plant-based advanced therapeutics, particularly against malaria, for which it has
undoubtedly become a good hope for treatment. It is a rich source of numerous
biologically active constituents, particularly artemisinin. It has the characteristic
therapeutic potential against malaria, and besides being antimalarial, it has various
other biological activities such as antibacterial, antitumor, and immunosuppressive
activities. Nowadays, a lot of research is going on to investigate its anti-cancer and
anti-viral activities, particularly against SARS-CoV-2. The elucidation of the mech-
anism of action of artemisinin, its various derivatives, and different flavonoids
against various diseases has become the major area of interest among researchers.
The extremely low toxicity associated with A. annua is another reason for its wide
usage against malaria and certain other diseases. Therefore, A. annua is a great
option that can be extensively explored for the development of new drugs.
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