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ABSTRACT

Artemisia annua is an important medicinal plant; currently being the most potent source in
treatment of malaria. The secondary metabolite artemisinin is used for treatment of malaria.
Twenty-four primers were designed using gene sequences which have been found to play an
important role in production of Artemisinin, the secondary metabolite of Artemisia annua.
These primers were used to amplify the regions of Artemisian genome. DNA extraction as
well as the protocol for PCR amplification was standardized. Standardization was required
because of the presence of high amount of polyphenolic compounds present in this plant.
Fourteen primers gave amplification. Artemisinin was extracted from the leafs and flowers of
the plant which yielded analytical results stating that content of Artemisinin with the stage of
the flower, in early stages( budding stage) content was found to be between 0.057-0.064% in
100gm, whereas in late stages, it was 0.078-0.086%. Also, the content found in plants from
Leh region (0.065-0.086%) is more than that of Partapur region (0.057-0.079%) at each stage
of the flower. Highly significant correlation (>0.9) was observed in artemisinin content

(w/w%) obtained by GC-FID and spectrophotometric methods.
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1.1 Epidemiology of malaria

Malaria is a deadly disease threatening half of the global population. It is caused by
protozoan parasites of the phylum Apicomplexa and the genus Plasmodium. There are more
than 100 Plasmodium species that can infect mammals, birds and reptiles. Five Plasmodium
species can infect humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium
malariae, Plasmodium ovale and Plasmodium knowlesi. P. knowlesi, whose natural host is
macaque monkeys, was recently suggested to be the fifth species that can infect humans
(White, 2008). It has been shown to be a major cause of malaria in Malaysia (Cox-Singh et.
al., 2008). P. falciparum and P. vivax are the most common human species, while P,
Jfaleiparum causes most severe disease and death. It has been estimated that malaria
transmission occurs in 109 countries putting 3.3 billion people at risk. In 2006 there was an
estimated 247 million malaria cases, resulting in nearly 900000 deaths. This makes P.
Jalciparum one of the leading causes of death worldwide, from a single infectious agent. The
malaria burden is greatest in African children as 90% of the deaths occur in sub-Saharan
Africa and 85% of the mortality affects children under five years. Although the number of
deaths is similar to that of 2004, amelioration of the malaria situation has been achieved in
seven African regions, where malaria control measures have resulted in 50% or more
reduction in malaria incidence and mortality since 2000, and further 22 countries in the world
have reached similar effects (WHO, 2008a-c). Morbidity and mortality are not the only
consequences of malaria infection. The disease is estimated to be responsible for an average
annual reduction of 1.3% in economic growth for countries with the heaviest malaria burden
(Sachs & Malaney, 2002). The great variation in malaria burden between different
geographical regions can be driven by several factors. Moreover, the parasite is becoming

resistant to commonly used antimalarial drugs.

1.2 Life cycle of P. falciparum

For Plasmodium falciparum, mosquito is always the vector, and is always a female
Anopheles mosquito. There are 380 species of Anopheles mosquitoes, but only 60 can
transmit malaria. With the exception of P. malariae (which may affect the higher primates),
the other three species of Plasmodium that infect man are obligate parasites of human beings.
The life cycle of Plasmodium parasite is very complex and requires two different hosts, a
vertebrate host (man) and an invertebrate host, the female Anopheles mosquito (vector)

(Figure 1.1). The different stages were named on the basis of their morphology such as




merozoite, trophozoite, gametocyte found in humans and zygote, ookinete and sporozoite

found in mosquitoes (Wirth, 2002).
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Figure 1.1 Various stages in the life cycle of malaria parasite involving human host and the

vector, mosquito (Adapted from http://www.cdc.gov/malaria/lifecycle).

The cycle in man begins with the bite of a female Anopheles mosquito harboring sporozoites
in its salivary gland during its blood meal. The sporozoites travel through the punctured skin
into the blood stream. The sporozoites in the blood stream travel to the liver and invade
hepatocytes within 30 minutes of being released by the mosquito. In the liver cells they reside
for 9-16 days and then start multiplying asexually within the cells. Asexual reproduction
(exoerythrocytic schizogony) in the liver releases thousands of merozoites, which are the first
stage of the 48-hour asexual reproduction cycle in the red blood cells (erythrocytic
schizogony). The blood stages constituting this cycle, studied by light and electron
microscopy (Bannister et. a-l;,' 2000) are the merozoite, the ring, the trophozoite and the
schizont (Figure 1.1). Schizont ruptures to release around 8-32 merozoites which are ready to
invade fresh red blood cells. The erythrocytic schizogony is the time when the human host

suffers periodic cycles of clinical symptoms like fever and chills. While the merozoites

continue invading fresh RBCs and continue asexual reproduction, some of them exit the




asexual reproduction cycle and mature to male and female gametocytes by a process known
as gametogenesis. Upon a subsequent mosquito bite, these gametocytes are taken up into its
gut, where sexual reproduction takes place. In the gut the gametes undergo exflagellation and
the macrogametocytes are fertilized. The resulting ookinete penetrates the wall of a cell in the
midgut, where it develops into an oocyst. Sporogony within the oocyst produces many
sporozoites and when the oocyst ruptures, the sporozoites migrate to the salivary gland, for

injection into another host and thus the cycle continues (Sherman, 1998).

1.3 Treatment of malaria — Current antimalarials
Quinine related drugs

Quinine is one of the four main alkaloids found in the bark of the Cinchona tree. Till
date the actual mechanism of action of quinine has not been unequivocally worked out. Over
many decades, different variants of quinine (most often, the structural analogues) such as
chloroquine (4-amino-quinoline), mefloquine (quinoline methanol), primaquine have been
used for malaria treatment (Surolia et. al., 2002). But the anti-malarial efficacy of each of
these has been far from satisfactory due mainly to two major factors: (1) these drugs act on
the targets whose biochemical structure/function overlaps with that of the human host
(Milhous and Kyle, 1998) (2) evolution of resistant strains of the parasite within the last two
decades due to indiscriminate usage of the drugs (Padmanaban and Rangarajan, 2001).
Chloroquine is a lysomotropic drug. It is a weak base, uncharged at neutral pH and gets
positively charged at acidic pH. Owing to this property, chloroquine is selectively
accumulated inside lysosomes. The uncharged compound rapidly diffuses through the plasma
and lysosomal membranes, while once charged the compound becomes trapped inside the
acidic lysosomal compartment of the parasite (Homewood et. al., 1972). This may lead to the
generation of concentration gradient of several orders of magnitude. The intracellular
trophozoite feeds on the hemoglobin of the red blood cell that serves as a source of amino
acids. Digestion of the globin protein takes place inside the Plasmodium lysosome resulting
in the generation of free l'.né'me (ferriprotoporphyrin X, FP). The latter is insoluble and
precipitates in the form of a black malaria pigment inside the lysosomes. Chloroquine in the
lysosome interferes with pigment formation and the FP-chloroquine complex is highly toxic
to the parasite.
Drug resistance in P. falciparum malaria
Globally the control of malaria is deteriorating. Key factor contributing to the increasing

malaria mortality and morbidity is the wide spread resistance of P. falciparum to the
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conventional antimalarial drugs such as chloroquine, sulfadoxine-pyrimethamine (SP) and
mefloquine (Figure 1.2) (Ridley, 2002; Ronn, 1996; Sowunmi et. al., 1998; van Agtmael et.

al,, 1999). Multidrug-resistant P. falciparum malaria is prevalent in Southeast Asia and

O Chloroquing
fesdstance

O Sulphadaxing-
pynmathamine
resdstance

Figure 1.2. Global status of resistance to chloroquine and sulfadoxine/pyrimethamine. Data

are from the WHO.

South America. Now Africa, with the highest burden of malaria, is also being .affected
(Wernsdorfer, 1994; Wesdorfer et. al., 1991). Antimalarial drug resistance is usually a result
either of changes in drug accumulation or efflux (chloroquine, quinine, amodiaquine,
mefloquine, halofantrine resistance) (White, 1998) or reduced affinity of the drug target
resulting from point mutations in the respective genes encoding the target (pyrimethamine,
cycloguanil, sulphonamides, atovaquone resistance) (Foote et. al., 1994; Ward et. al., 1995).
The resistance occurs when the drug concentrations are sufficient to reduce the susceptible
parasite population, but inhibit less or do not inhibit multiplication of the mutants (Chawira
et. al., 1987). Resistance causes drug failures when, because of reduced susceptibility, drug
levels that would normally eliminate the infection can no lbngcr do so. However, fully drug-
sensitive parasites can still cause a recrudescent infection-if the plasma concentrations of the
drug are insufficient (White, 1999a). Increasing multidrug resistant P. falciparum in many

parts of the world has aggravated the problem of deciding which antimalarial to use,

particularly in countries where P. falciparum has developed resistance to chloroquine,




N ————

mefloquine primaquine, antifolates such as Fansidar (Sulphadoxine-Pyrimethamine) and, to
some extent, quinine which previously was effective in the treatment of severe and
complicated malaria (Olliaro et. al., 1995).

Further proliferation of drug resistance is closely related to (Kondrachine, 1997):

+ Massive population movements.

« Inadequate health services,

* Improper use of antimalarial drugs.

« Limited resources and operational difficulties in implementing malaria control activities.
1.4 Artemisinin and its derivatives as antimalarial drugs

The plant Artemisia annua

The Chinese herb Qing Hao (blue green herb) has been used for two millennia in
Traditional Chinese Medicine (1979; 1992; van Agtmael et. al., 1999). The earliest reference
to the plant goes back to “52 prescriptions” found in the Mawangudi Tomb in an era dating
back to 206 BC-AD23. The first prescription of Qing Hao for treatment of related symptoms
is found in “The handbook of Prescriptions for Emergencies” by Ge Hong, who lived during
AD 281- 340 (Wu and Li, 1995). Active moiety Artemisinin (qinghaosu) was isolated by
Chinese scientists in 1972 from the aerial parts of Artemisia annua L (Journal Report;
Klayman, 1985; Liu, 1979). The compound showed good in vitro and in vivo antimalarial
activity. Several studies showed artemisinin to be an exceptional antimalarial agent with
negligible toxicity and high efficacy against human malaria parasites, including those

malaria-resistant to conventional antimalarials (Li et. al., 1994).
Chemical structure and metabolism

Artemisinin is structﬁfally different from the previously known antimalarials. The
compound is an unusually stable sesquiterpene lactone with an endoperoxide ring (empirical
formula C15H2205) (Figure 1.3). Presence of the endoperoxide moiety is the key to its
antimalarial activity (Brossi et. al., 1988; Klayman, 1985; Lee et. al., 1990; Luo et. al., 1987).
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Figure 1.3. Artemisinin and its derivatives.
The white needle crystals of artemisinin are hardly soluble in water or oil therefore

formulations other than oral and rectal are not in clinical use. However, since the peroxide

bridge is stable under certain chemical reactions, several more soluble artemisinin

, derivatives, arteether, artemether, sodium  artesunate, sodium artelinate and
dihydroartemisinin (DHQ) have been synthesized for the treatment of malaria (Figure 1.3).
DHQ is the first metabolite of artemether, arteether and artesunate. DHQ is the most effective

compound of this class (Janse et. al., 1994. Artesunate can be regarded as a pro-drug of DHQ.

Antimalarial activity i

Now artemisinin and its derivatives have been recognized as a new generation of

powerful antimalarial drug for combating the most popular infectious disease malaria

i worldwide. Artemisinin and its derivatives induce more rapid reduction of parasitemia (van

Agtmael et. al., 1999), decreééing the number of parasites faster than any other known drug.
As a consequence they are of special interest for severe malaria (Hien and White, 1993). The
fast decline in the number of parasites is also beneficial in combination therapies. Most of the
antimalarials work at late trophozoite and schizont stages of the malaria parasite but i
artemisinins also act at early trophozoites and ring stages (van Agtmael et. al., 1999).
Artemisinins do not affect liver-stage parasites or stages within the mosquito (Price et. al.,

1996). Artemether and artesunnate were approved by the Chinese authority and collected in
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the “Essential Medicine List” by WHO. These derivatives have been successfully applied to
remedy several million malaria-suffering patients since their advent. Meanwhile many
research papers have been published to record rapid progress of artemisinin research from
different disciplines of botany, chemistry, pharmacology, and clinical medicine etc. Qinghao
has been used as a traditional medicine for at least 2000 years in China (Wallaart, 2000).
Since then a series of Chinese medicine books including the most famous book
“Compendium of Medical Herbs” (Bencao Gangmu) by Li Shizen in 1596, have described
the application of qinghao for fever remedy. In the phytotaxonomy qinghao is Artemisia

annua L. Composites, so Qinghaosu is also named as artemisinin or seldom as arteannuin.
Artemisinin derivatives

From indigenous Artemisia annua L., continuous phytochemical studies by Chinese
researchers in the early 1980s led to the excavation of another 10 sesquiterpenes including
deoxy-artemisinin (Tu et. al., 1981), artemisinin D (Tu et. al., 1981), artemisinin F (Zhu et.
al., 1984), artemisinin E (Wu et. al, 1984), artemisinin A (Tu et. al, 1981),
epoxyarteannuinic acid (Wu et. al., 1984), artemisinic acid (Deng et. al., 1981; Tu et. al.,
1981), artemisinic acid methyl ester (Zhu, 1982) artemisinol (Zhu, 1982) and arteannuin B
(Tu et. al., 1981). From biogenetic viewpoint, artemisinic acid or its 11, 13- dihydroanalogue,
dihydro-artemisinic acid which was isolated later from 4. annua is late precursors in the
biogenesis of qinghaosu. By the year 1991, 16 closely related sesquiterpenes had been
isolated from aerial part of 4. annua and briefly summarized by Zaman and Sharma (1991).
A bisnor-sesquiterpene, norannuic acid was reported in 1993 (Misra et. al., 1993) and three
more sesquiterpenes were isolated and reported by Misra et al. (1994). Sy et. al., (1998)
isolated seven new sesquiterpenes in 1998. Two amorphane sesquiterpenes, deoxyarteannuin
B and dihydrodeoxyarteannuin B were introduced to sesquiterpene family isolated from
aerial pars of 4. annua in 2001. Recently, the. first phytochemical investigation of natural
products from the seeds on 4. annua led to discovery of fourteen new sesquiterpenes (Sy et.
al., 2001). In addition, two sesquiterpene plant hormones, abscisic acid and its methyl ester
were found in an Indian growing 4. annua (Tewari et. al., 2003). Apart from sesquiterpenes
from 4. annua, essential oils are another active research interest as it could be potentially
used in perfumery, cosmetics and aromatherapy. Depending on its geographical origin, the oil
yield in 4. annua ranges between 0.02-0.49% on fresh weight basis and 0.04-1.9% on dry
weight basis (Bagchi et. al., 2003; Bhakuni et. al., 2001; Jain et. al., 2002; Rasooli et. al,,
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2003; Liu et. al., 1981). Other chemical compounds in 4. annua includes carbohydrates,

traces of glycosides, resins etc.

Pharmacology

Antimalarial drugs derived from natural 4rtemisia annua L. have many advantages:
quick reduction of fevers, fast clearing parasites in blood (90% of malaria patients recovered
¢ within 48 hrs) and no significant side effects. Experimental and clinical studies reveal that
| artemisinin, Artemether and artesunnate are not only the potent antimalarial drugs but also
the useful agents for other disease, especially as antiparasitic agent. In 1970s, Artemether and
artesunnate were confirmed to be more active than artemisinin in animal models (Le et. al.,
1980; Le et. al., 1982; Wu et. al., 1995). Some components of A. annua Such as qinghaosu,
? artemisinin B, artemisinic acid, artemisitene, flavonoids and other terpenoids, showed
antitumor activities at varying concentrations against L-1210, P-388, A-549, HT-29, MCF-7
and KB in vitro (Zheng et. al, 1994; Jung, 1990; Jung, 1997). It was found that

| dihydroartemisinin can selectively kill cancer cells in presence of holotransferrin, which can
increase intracellular iron concentrations, and normal breast cells (HTB 125) and
; lymphocytes had non-significant changes. It seems the mechanisms of anticancer action and
| of antimalarial activity are similar (Lai et. al., 1995; Moor, 1995; Singh, 2001). As a response
: to increasing levels of antimalarial resistance, WHO recommends that all countries
| experiencing resistance to conventional mono therapies should use combination therapies
i preferably those containing artemisinin derivatives (ACTs- Artemisinin based Combination
Therapies) for falciparum malaria. WHO currently recommends the following therapeutic

| options:

* artemether

* artesunate + maodiaquine

* artesunate + sulphdoxine/ pyremethamine

* artesunate + mefloquine

* amodiquine + sulphaodxine-pyrimethamine

Malaria is a highly treatable disease, and very effective treatments available in the form of
Artemisinin based Combination Therapies (ACTs). WHO call on all “Roll Back Malaria
(RBM) “ partners to unite in a global coalition to enable countries to accelerate access to

ACTs and make these lifesaving medicines affordable to the people in need (WHO, 1998).
10
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Artemisinin drugs in the treatment of Plasmodium falciparum malaria in India

The National Anti Malaria Drug Policy envisages treatment of uncomplicated
Plasmodium falciparum (suspected and laboratory diagnosed) with choloroquine and
primaquine and in five provinces by the co-administration of artesunate and sulphoxine
| pyrimethamine (http://namp.govt.in). In this connection, the article on artemisinin-based
combination therapy (ACT) by Sushil Kumar and Srivastava is timely (Kumar et. al., 2005).
In 2003, the National Vector Borne Disease Control Programme, NVBDCP in short
(formerly National Anti Malaria Programme), reported 1.87 million cases of malaria

(including 0.86 million P. falciparum cases) and 1006 deaths. In 2004, the largest number of

malaria cases was reported from Orissa, followed by Gujarat, Chhattisgarh, West Bengal,
Jharkhand, Karnataka, Uttar Pradesh and Rajasthan (http://namp.govt.in). The epidemic has

been occurring with increasing frequency, killing and demoralizing the affected population;

and pushing people below the poverty line. For example, in India, 90% P. falciparum cases

occur in states below the poverty line (Sharma, 2003). Such epidemics prevent national

development in all walks of life and retard the gross domestic product (GDP) (Sachs et. al.,

2002). Recent examples of malaria epidemics reported by the NVBDCP include inter alia

Rajasthan, Haryana (1976), Gujarat, Goa, West Bengal (1997), Goa, Maharashtra (1998),

Andhra Pradesh, Assam, Bihar, West Bengal (1999), Uttar Pradesh, Madhya Pradesh,

Karnataka (2000), and Rajasthan (2003)
; (http://w3.whosea.org/EN/Section 1 0/Section2 [/Section1987.htm). Obviously, the disease
1‘ burden in the country is hugely under-estimated. This is also reflected by the fact that India’s
chloroquine consumption in 1976 was 61 metric tons (mt) to treat 6.45 million cases; and in
2005 cases have reduced by 70% but antimalarial usage has increased ten fold (Department
of commerce, Government of India, New Delhi, 2004). Based on environment determinants,
the World Health Organization (WHO) estimates 100 million cases in the South East Asia
Region (SEARQO) (WHO, 2.0.04), 70% of these contributed by India (WHO, 2004). P.
falciparum, the killer parasite accounts for 45-50% malaria cases. Control of P. falciparum is
important but difficult, as was evident from the failure of the Swedish International
Development Agency (SIDA) supported Indian P. falciparum Containment Programme
(1977-88) (Sharma, 1998). P. falciparum parasite is present all over the country, but its
distribution is highly uneven. It is the major cause of infection in the Northeast, Orissa, tribal

settlements across the country and forests. In the plains of India, Plasmodium vivax peak is
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followed by P. falciparum and in all other endemic areas P. falciparum predominates. P.

!
|
falciparum abounds in communities lacking awareness, resources and suffering from l
endemic poverty (Sharma, 2003; Sharma, 1996; Sharma, 1999; Anon, 1987). With the .l

national antimalaria drug policy of sequential monotherapies and serious compromises in !
| vector control, drug resistance against chloroquine and sulphodoxine pyrimethamine (SP) is I
on the rise, and more areas are coming under multidrug-resistant malarial (An'on, 1987). |
Drug pressure is selecting for mutations, for example, Pfert K76T mutation, an important

] determinant of chloroquine resistance is present in 95% of the isolates studied (Vathsala et.

mortality, and steep rise in treatment cost by a factor of 40-50 compared to chloroquine

(Gupta et. al., 2005).

|
J
i
al., 2004). A direct consequence of drug resistance is the rise in malaria morbidity and ;
ACT is a scientific approach to tackle this problem. It is a combination of artemisinin
derivative drug with one or more long acting antimalarial drug having different modes of i
action and different drug targets (Lee, 2002; White, 1999). Artemisinin drugs have a short *
half-life of 1-4 h or so, but because of their strong anti-plasmodial activity, they reduce ‘
biomass of the existing parasites by about 10-4 or say by 95% at each dosage of |

administration, and also kill the sexual stages of the malarial parasite. Residual parasites, if

any, and the recrudescences are eliminated by the long acting antimalarial and the host |

immunity (International Artemisinin group, 2004; Davis et. al., 2005).

1.5 Mechanism of action

Although artemisinin has been on the market for more than 30 years little is known to .
date about its biological targets (Wu, 2002). One of the main reasons is that artemisinin does ‘I
not exert its lethal effect through the whole intact molecule, but rather, through some

transient species generated after cleavage of the peroxy bond (Wu, 2002). Artemisinin is

hydrophobic and passes biological membranes easily (Augustijns et. al., 1996). In vitro
studies have suggested an u.pfake of artemisinin by both healthy and malaria infected red
blood cells (Asawamahasakda et. al., 1994). During the blood stage phase of the parasite,
more than 70% of the hemeoglobin within the infected erythrocyte is digested (Francis et. al.,
1997). Heme is released which is toxic for the parasite and neutralized by polymerization into ‘
hemeozoin or “malaria pigment” in the form of a crystalline, insoluble, black-brown pigment.

The heme polymerization pathway is specific to the malarial parasite and offers a potential i

biochemical target for the design of antimalarials. Heme or iron (II) salts triggers reductive E
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cleavage of the peroxide bond in artemisinin to form oxygen centred radicals. Oxy radicals
then form carbon centred radicals (Kamchonwongpaisan et. al., 1996) (Figure 1.4). These
radicals cause oxidative stress and damage to the parasite’s membrane systems like
mitochondria, rough endoplasmic reticulum and plasma membranes (Asawamahasakda et.
al., 1994; Cumming et. al., 1997; Maeno et. al., 1993). Recent studies have shown that
artemisinin taken up by the malarial parasite growing in vitro was selectively concentrated in
the parasite food vacuole and was associated with hemozoin (Hong et. al., 1994). Artemisinin
also interacts with heme, forming covalent adducts (Hong et. al., 1994: Meshnick et. al.,
1991). However, it has also been reported that the artemisinin heme complex does not
possess any antimalarial activity (Meshnick et. al., 1991). Further studies related to structural
and mechanistic aspects of the interaction of artemisinin with heme may yield important

information for the design of better antimalarials.

PfATP6, a target for artemisinin

More recently, an alternative mechanism of action for artemisinins based on inhibition
of the malarial parasite’s calcium ATPase (sarco endoplasmic reticulum calcium ATPase,
SERCA) has been suggested. Only one P. falciparum SERCA orthologue, PFATPG6, has been
identified (Kimura et. al., 1993; Varadi et. al., 2003). It was demonstrated that the SERCA
inhibitor thapsigargin could induce calcium release into the cytosol from intracellular stores,
probably endoplasmic reticulum (ER), by inhibition of the PFATPG6, suggesting that PFATP6
is essential for P. falciparum calcium homeostasis (Varadi et. al., 2003) and that PFATPG is
functionally related with higher mammal homologues. The SERCA inhibitor thapsigargin is a
sesquiterpene lactone, as are artemisinin. From these structural similarities the hypothesis
emerged that ART act by inhibiting PFATP6. This was supported by the demonstration that
artemisinin specifically inhibited PFATP6 expressed in Xenopus laevis, as thapsigargin. The
two drugs showed an antagonistic interaction in P. falciparum cultures and similar
localization in the parasite. Henice PATPG was suggested to be a target of ART (Eckstein-

Ludwig et. al., 2003). However the mechanism of interaction as well as the binding affinity

of artemisinin with PFATPG has not yet known.
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Figure 1. 4. Mechanism of action of artemisinin. Formation of free radicals.
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1.6 Single Nucleotide Polymorphism

When considering SNPs in a layman language, an SNP marker is just a single base
change in a DNA sequence, with a usual alternative of two possible nucleotides at a given
position. SNP concept has basically arisen from the recent need for very high densities of
genetic markers for the studies of multifactorial diseases, and the recent progress in
polymorphism detection and genotyping techniques. Although numerous approaches for SNP
discovery have been described, including some also currently used for genotyping, the main
ones are based on the comparison of locus-specific sequences, generated from different
chromosomes (Vignal et. al., 2002). The simplest, when targeting a defined region for
instance containing candidate genes, is to perform direct sequencing of genomic PCR
products obtained in different individuals. When considering technically, the simplification in
the scoring of alleles will enable the data analysis step of genotyping to be automated to a
higher degree than with microsatellites, which still require a great investment of time for
reading the data, even with the use of analysis software such as GENOTYPER (Applied
Biosystems) or other automated allele analysis methods (Idury et. Al., 1997). SNPs are also
being used for the generation of positional candidate gene and for the development of
comparative maps. The very high density of SNPs in genomes, usually allows to develop
several of them in a single locus of a few hundred base pairs. By reconstructing haplotypes,
multi-allelic systems can eventually be defined for analyses, to overcome the limitations due
to the low heterozygosity of SNPs. With increasing progress being made in the molecular
techniques used to produce SNP data, in the automation of allele scoring and in the
development of algorithms for genetic analyses (Abecasis et. al., 2002), the effort needed to
produce an equivalent amount of information as with microsatellites may some day be

equivalent,
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CHAPTER 2

Material and Methods }




2.1. InSilico Analysis
BlastClust (http://toolkit.tuebingen.mpg.de/blastclust) was performed on our dataset of
85,282 EST sequences to remove the highly similar sequences using 60% sequence

similarity and 100% sequence coverage and ended up with 68974 EST sequences.

2.1.1. Primer Designing

The important enzymes responsible for the biosynthesis of Artemisinin in the DOXP
pathway were identified (Figure 2.1). As for Artemisia annua, only ESTs are available. The
enzyme sequences were downloaded from NCBI database (www.ncbi.nlm.nih.gov). Now,
these sequences were used to find similarity between these sequences and EST sequences
available for Artemisia annua using Nucleotide' BLAST (Basic Local Alignment Tool).
Multiple Sequence Alignment was then performed on sequences which resulted in score bit
of greater than 149, this was done using MegAlign (Clustal W method). Conserved region
was taken from the resultant MSA conserved sequence and Gene prediction was done from
consensus sequence using online gene prediction tool GENSCAN
(http://genes.mit.edu/GENSCAN.html). Using online available primer designing tool ‘Primer
3’(http://frodo.wi.mit.edu/primer3), we were able to design left and right primers. (Appendix

.

2.2. Plant materials

Twenty genotypes of Artemisia annua were collected from two valleys (Leh and
Nubra) with altitude ranging from 9,600 m (Nubra) to 11,500 m (Leh) from the cold arid
desert of Trans-Himalayas (Ladakh) (Figure 2.2). Ten genotypes from each valley were
obtained from the nursery of Defense Institute of High Altitude Research (DIHAR). The
leaves were stored in laboratory at —20°C until further analysis. The interval between samples

was 100-200m, the pair wise distance between valley divisions was 50— 250 Km.

2.3 DNA extraction and PCR amplification

Several experiments based on the-available protocols (Doyle-and Doyle 1990; Stewart
and Via 1993; Stange et al 1998) were performed using fresh plant materials for (i)
incubation time of buffer and tissue mixture at 65°C, (ii) buffer to tissue ratio and (iii)
extraction with phenol:chloroform:isoamyl alcohol vs. Tris saturated phenol followed by
chloroform: isoamyl alcohol extraction in extraction and purification phases. All the

experiments were repeated 3-4 times to check reproducibility.
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2.3.1 Extraction Buffer
The extraction buffer (pH 8.0) contained 2% CTAB, 100 mM Tris-HCI, 20 mM

EDTA, 1.4 M NaCl, 3% PVP and 0.2% [-mercaptoethanol.
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Figure 2.1 DOXP pathway for biosynthesis of Artemisinin

Figure 2.2. Collection sites of 20 Artemisia annua genotypes from two valleys (Leh and
Nubra) and the two collection sites (Leh and Partapur) located in Ladakh (Jammu and
L Kashmir, India).
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2.3.2 Reagent and Solution:

Tris  saturated  phenol, phenol:chloroform:isoamyl  alcohol — (25:24:1),
chloroform:isoamyl alcohol (24:1), 70% and 80% ethanol, 4M NaCl, 3M sodium acetate (pH
5.2) and TE buffer (10 mM Tris-HCI, | mM EDTA, pH 8.0). Solutions and buffers were
autoclaved at 1210C at 15 psi pressure. The stock solution 10 mg/ml of RNase A was

prepared as per the user’s manual (Sigma USA).

2.3.3 DNA Extraction

Fresh young plant leaves plucked form the nursery were rinsed with distilled water
and blotted gently with soft tissue paper, 0.1 g of this tissue, precooled using liquid nitrogen,
was ground to a fine powder with a mortar and pestle along with 10 mg (2% of extraction
buffer) of PVP (Sigma). The powdered tissue was scraped into a 2.0ml microcentrifuge tubes
containing preheated (65°C) extraction buffer in a 1:5 ratio (0.5 ml). B-Mercaptoethanol was
then added to the final concentration of 0.2 M and mixed well. The mixture was incubated in
water bath at 65°C for 90 min and cooled for 5 min. An equal volume of chloroform:isoamyl
alcohol mixture (24:1) was added to the extract and mixed by gentle inversion for 5 to 10 min
to form an uniform emulsion. The mixture was centrifuged at 8000 rpm for 8 min at room
temperature. Chloroform: isoamy! alcohol extraction was repeated again. The aqueous phase
was pipetted out gently, avoiding the interface. To the above solution, 5 M NaCl (to final
concentration 2M) and 0.6 volume of isopropanol of the total solution was added and
incubated at room temperature for 1 h. To the above solution, two volumes of 80% ethanol
was added and incubated again for 10 min at room temperature for DNA precipitation. After
incubation, the mixture was centrifuged at 10,000 rpm for 15 min. The white/translucent

pellet was washed with 70% ethanol, dried and resuspended in 200 puL of TE buffer.

2.3.4 Purification phase

The sample was then treated with 20 pL of 10 mg/ml of RNase and incubated at 37°C
for 60 min. After incubation with RNase, equal volume of phenol: chloroform: isoamyl
alcohol (25:24:1) was added and mixed gently by inverting the microcentrifuge tube followed
by centrifuged at 10,000 rpm for 5 min at room temperature. The supernatant was pipetted
out into a fresh tube. The sample was then extracted with equal volumes of
chloroform:isoamyl alcohol (24:1) twice. The DNA was precipitated with 0.6 volumes of

isopropanol, 2.0 M NaCl (final concentration) and incubated for 10 min. To the above, 20 pL

of sodium acetate and | V_'olume of 80% ethanol were added, incubated for 30 min and
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centrifuged at 5,000 rpm for 3 min to pellet the DNA. The pellet was then washed with 70%
ethanol twice; air-dried and finally suspended in 40-50 pL of TE buffer.

2.3.5 Evaluation of resultant DNA
The yield of the extracted DNA and purity was checked by running the samples on 0.8%

agarose gels along with standard (non restriction enzyme digested), lamda DNA marker

(Biogene, USA).

2.4 PCR Amplification

Twenty-Four primer sets were cobtained from ‘Applied Biosciences, India® and PCR
amplification was performed. Amplification reaction were performed in volumes of 25 pl
containing 10 mM Tris- HCI (pH 9.0), 1.5 mM MgCl2, 50 mM KCI, 200 pM of each dNTPs,
0.4 uM primer, 20 ng template DNA and 0.5unit of Taq polymerase (Sigma-Aldrich, USA).
Initial denaturation for 4 min at 94 °C was followed by 40 cycles of 45 second at 94 °C, 30
second at specific annealing temperature (£ 5 °C of Tm), 2 min at 72 °C and a 5 min final
extension step at 72 °C. PCR products were stored at 4 °C before analysis. Table 2.1

The amplification for each primer was performed twice independently with same procedure
in order to ensure the fidelity of - . markers. Amplification products were electrophoresed
on 1.5 % at constant voltage (70 V) in 1 X TAE for approximately 2 h, visualized by staining
with ethidium bromide (0.5 pg ml-1) and a total of 2.5 pul loading buffer (6X) was added to
each reaction before electrophoresis. After electrophoresis, the gels were documented on a
gel documentation system (Alpha Innotech, Alphaimager, USA). Molecular size of

amplicons was estimated using a 100 bp and 1 Kb DNA ladders (‘Bangalore Genei, India).
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Table 2.1
Reaction Mixture for PCR Amplification

: Cqm onents ; Used Con_cen_tration

Autoclaved yater
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Reverse Primer

=
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2.5 EXTRACTION OF ARTEMESININ

Weight of each sample was noted and 100 mg of the powdered form of sample was taken.

Dried leaves and inflorescences were ground to a powder in a pestle and mortar. Artemisinin
was extracted following the procedure of Broomhead et al., (1990). About 5 ml of ethanol
was added and heated at 30°C for 2 hours. The extract was filtered through Whattman filter
paper No.1. Again 5ml of ethanol was added to the residue and heated at 30°C for 2 hours.
Second, third and fourth extractions of the same samples were done with 10 ml ethanol for 10

min. under condition mentioned above. All the extracts were pooled and ethanol evaporated !‘

to dryness in a water bath shaker at 60 OC. The resultant residue was dissolved in 10 ml ,
acetonitrile (HPLC grade) and filtered with 0.22 pm durapore membrane filter (Millipore) for )
GC analysis.

Figure 2.3 Powdered leaves and inflorescence of Artemisia annua plant i

Figure 2.4 Samples kept for heating during extraction of artemisinin
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Figure 2.6 Filtered extracts
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2.6 Quantification of Artemisinin: analysis of presence of Artemisinin by
Spectrophotometric and gas-chromatographic techniques (ge- fid)

2.6.1 Spectrophotometric determination of Artemisinin (ART)

A simple and rapid method for determination of ART is described. The method is
based on the reaction of H,0; generated by cleavage of endoperoxide linkage of ART and its
reaction with potassium iodide (K1) to liberate iodine (I). Liberated 1 bleaches red colored
safranine O to colorless species and is measured at 52 1nm. Beer’s law is obeyed in the range
of 16-112 pg/ml for both ART & DHA. The molar absorptivity, Sandell’s sensitivity,
detection limit and quantitation limit for ART were found 0.3401%10" I/mol/em, 1.43%10™
ng/em?, 0.0625 pg/ml and 0.2075 pg/ml. The optimum reaction conditions and other
parameters were evaluated. The statistical evaluation of the method was examined by
determining intraday and inters day precision.

CHy
I /
Hac~@, ) SR
O~
O, e
0
CHa

\]' "CHy
X

X
X = OH (Dikydroartumisinin) H,O,
X = O (Artemisinin)

SCHEME 2. 1.1 - REACTION OF ARTEMISININ AND DIHYDROARTEMISININ
IN ACIDIC MEDIUM TO FORM HYDROGEN PEROXIDE (H,0,)
H:O: +2H"+2I° ——p 1. +2HO

M, fuists by
S i e T, N N N P

o o

(safranin O) (colorless)

Figure 2.7 REACTION BETWEEN HYDROGEN PEROXIDE ~POTASSIUM IODIDE SYSTEM WITH
SAFRANIN O
2.6.2 Experimental procedure:
Apparatus used was spectrophotometer. Reagents involved were HCL(5M), 2%
Potassium lodide(KI), Sodium Acetate(CH3COONa)(2M) and Safranin(0.01%). To prepare
0.01% safranin, 0.0 1gm of safranin was dissolved in 50% ethanol and the volume was raised

to 100ml using water. Standard ART solution: stock - [000pg/ml (0.1g ART was dissolved in
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ethanol and the volume was raised to 100ml), working solution — stock solution was diluted

appropriately to get the working solution.

2.6.3 Method of determination of Artemisinin:

A 10ml calibrated flask was taken and different aliquots of ART in a series (16.0-
112.0pug/ml) were transferred to it. Then Imi of KI and 1ml of HCJ to each flask Was added
and shaken gently
until a yellow color appeared due to liberation of iodine. The reaction mixture was shaken for
5 minutes, Contents were diluted with distilled water and mixed well.The absorbance of each
solution was measured at 521nm against corresponding reagent blank (made by replacing
ART by distilled water). Absorbance corresponding to the bleached color, which in turn
corresponds to analyte ART concentration, was obtained by subtracting Absorbance of test
solution from Absorbance of blank.

The method involves reaction of Hy0,, generated by cleavage of endoperoxide linkage of
corresponding ART solution in acidic medium, with KI to liberate iodine. This liberation of
iodine bleaches the red colored safranine O which were measured at 52 Inm. The decrease in

absorbance is proportional to Artemisinin concentration.

2.6.4 GC-FID method for artemisinin estimation

Analysis of artemisinin and precursors was performed in a gas chromatographer
equipped with a flame ionization detector, with the data collection through the GC-Solution
software. The GC was set at the following conditions with helium as the carrier gas: pressure:
15.6 psi, total flow: 37.4 mL/min, column flow: .50 mL/min, linear velocity: 50.5 cm/s,
purge flow: 3.0 mL/min, and a split ratio of 21:9. The column was a Rtx-5 crossbond 100%
dimethyl polysiloxane, (15m=0.25mm ID, 0.25_m film thickness). Column temperature was
set at 195 C, injector at 240 °C, and FID temperature set at 300 °C, and sampling rate of 40

ms.
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CHAPTER 3

Results and Discussion
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3.1 DNA Extraction

Many protocols were attempted for extraction of good quality DNA from Artemisia annua
but were not poséible to obtained good quality DNA. The Artemisia species obtained from
high altitude (Leh and Partapur) contain high amount of polysaccharides, polyphenols,
essential oils & other secondary metabolites that interfere with DNA isolation. These
secondary metabolites entangled to nucleic acid during DNA isolation & interferé with
subsequent isolation procedure. We developed a simple and efficient method of genomic
DNA extraction from leaf of Artemisia annua by modifying CTAB protocol (Khanuja et al
1999). Figure 3.1(a-c) shows the stages of the procedure of DNA extraction as well as the
purity of DNA sample. By using 3.5 M NaCl in extraction buffer and 80% ethanol with 2.0
M NaCl (final concentration) during precipitation and further purification with Tris saturated
phenol during purification phase the quality and quantity (200-400 ng) of DNA was
improved significantly without contamination of polysaccharides and secondary metabolites.
In the present protocol, the use of 3.5 M NaCl in the extraction buffer reduced 90% of
polysaccharides contamination and very little or no jelly like precipitate was found during
precipitation of DNA. One of the most significant steps of our protocol was the use of only
Tris saturated phenol (pH 8.0), followed by chloroform: isoamyl alcohol extraction. Most of
the protocols in the literature used phenol: chloroform: isoamyl alcohol (25:24:1) or
chloroform: isoamyl alcohol (24:1) for protein removal (Doyle and Doyle 1990; Dellaporta et
al 1983), whereas in our experiments use of either phenol: chloroform: isoamyl alcohol
(25:24:1) or chloroform: isoamyl alcohol (14:1) gave yellowish pellet (Figure 3.1b), which
confirmed the presence of protein contamination. By using Tris saturated phenol (pH 8.0)
followed by chloroform: isoamyl alcohol (24:1) extraction, protein impurities could be
successfully removed, without affecting DNA yield. It was also observed that buffer to tissue
ratio and incubation time were also important factors for obtaining higher yields of DNA and
in case of Artemisia annua 5:1 buffer to tissue ratio and 90 min incubation at 75°C gave best
results. On agarose gel electrophoresis, DNA gave sharp bands (Figure 3.2). Use of high
concentration of NaCl in the exfféction buffer decreased contamination of polysaccharides
(Danshwar P and Sher-ullah 2004). Compared to precipitation at -20 °C (Khanuja et al 1999),
we could achieve the same at room temperature without compromising the quality and
quantity of DNA suitable for ligation, PCR amplification and other downstream processes

necessary for DNA fingerprinting (Figure 3.3 & 3.4).
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DNA supernatant Crude DNA pellet precipitation " Purified DNA

Figure 3.1. The stages of the procedure of DNA extraction as well as the purity of DNA
sample. ;
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Fig 3.2: Agrose gel electrophoresis showing purified high molecular weight Artemisia annua
genomic DNA (The genomic DNA used for this study was extracted and purified with
modified Doyle and Doyle method).

Figure 3.3 and 3.4




3.2 Artemesinin estimation

Artemisinin was extracted from the leafs and flowers of the plant which yielded
analytical results stating that content of Artemisinin with the stage of the flower, in early
stages( budding stage) content was found to be between 0.057-0.064% in 100gm, whereas in
late stages, it was 0.078-0.086%. Also that the content found in plants from Leh region
(0.065-0.086%) is more than that of Partapur region (0.057-0.079%) at each stage of the
flower. Highly significant correlation( >0.9) was observed in artemisinin content (W/w%)

obtained by GC-FID and spectrophotometric methods.

This section tells us about the estimation of artemisinin by GC-FID and
spectrophotometry results of both have been plotted over a graph which gives highly
significant correlation of artemisinin content in plant material collected from Nubra and

Partapur valleys of Ladakh region.

Figure 3.5(a) and 3.5 (b) present this result. This result is the estimation of artemisinin
from 35 different cultivars of Artemisia annua. The regression is very high which implies a
positive  correlation  between  the  values obtained from GC-FID  and
SPECTROPHOTOMETRIC methods. The graph here shows a linear increase in atremesinin

content obtained by using these methods.

Figure 3.6 shows the Artemisinin content present during 3 different stages of
inflorescences, when analyzed by both GC-FID and spectrophotometric methods, the three
different stages are emerging (budding stage), middle (flowering stage) and late (later stage).
The values in the bar graph are means of ten replicates and vertical bars represent the
standard deviation. Individual bars for different regions have been plotted. The artemisinin
content was found to be more in samples from the Leh region as with those compared to the
Partappur samples. It was also observed that the artemesinin content was found to be very

high in the later stages (Late) of inflorescence than the emerging and the middle stages.
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Table 3.1 shows quantified artemisinin data from both Leh and Partapur region. Mean
values have been given from each stage of development of inflorescence. F1 and F2 are the
continuous probability distribution between the stages of development and site of sample
collection. The F-value between the interaction of sites and stages of inflorescence
development is 0.03 and 0.02 respectively using both the estimation methods and are not
statisticall';y significant. The statistical test used for the analysis is 2-way AMOVA. The p-
value is the observed significance level of a hypothesis test which equals the probability of
making a Type I error. As the p-value is very also is nearly all the cases, null hypothesis is
rejected. The result in our case is statistically significant because the F-values in all the cases

are greater than p-values.
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(a) Partappur

Artemisinin % (g/100g) by GC-FID

(b) Leh

Artemisinin % (g/100g) by GC-FID
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Figure 3.5: Correlation of artemisinin content (w/w%) of 35 plant materials analyzed by both
GC-FID and spectrophotometric methods. These plant materials consisted of leaves from
different parts of 35 cultivars of 4. annua. Samples were collected from 2 different sites: (a)
Partappur and (b) Leh from Ladhak region.
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Figure 3.6: Artemisinin content (w/w%) of inflorescences analyzed by both (a) GC-FID and
(b) spectrophotometric methods at 3 stages of development of 4. annua. The values are
means of 10 replicates. Vertical bar represent + standard deviation. Samples were obtained
from 2 different sites Partapur and Leh from Ladhak region.
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Table 3.1. Quantification of artemisinin from the different stages of inflorescence
development of 4. annua collected from Leh and Partappur from Ladhak region.

Emergence Middle Late F-value P-value
Mean + SEM Mean + SEM Mean + SEM
(a) Artemisinin % (g/100g) by GC-FID method
Leh 0.064 £ 0.008 0.078 £ 0.002 0.086 + 0.003 FI =13.20 <0.001
Partappur 0.057 £ 0.004 0.069 +0.003 0.078 +0.002 F2 =5.00 0.030
(b) Artemisinin % (g/100g) by OD at 521nm
0.054 £ 0.006 0.063 = 0.001 0.067 + 0.002 F1=8.71 0.001
0.047 + 0.004 0.057 £ 0.002 0.062 £ 0.007 F2=4.55 0.038
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Conclusion

DNA extraction protocol was standardized, which was a must as quality of DNA was very
bad because of the presence of polyphnolic compounds, the extracted DNA was used for
amplification of regions of Artemisia annua genes which are responsible for production of
secondary metabolite, Artemisinin. These genes were of those enzymes which play a key role
in the formation of Artemisinin. The primers designed for amplification were designed after a
thorough study of DOXP pathway for Artemisinin production.

Artemisinin was also extracted from the samples collected from partapur and leh valley of
ladakh region. These samples were analyzed and quantified, results of which state that
Artemisinin content increases with the stage of flower, that is, its low in early stage (budding
stage) whereas comparatively higher in late stages, also, content of Artemisinin in samples
from Leh region were higher than those of Partapur region.

The amplified regions have been sent for sequencing results of which are awaited, the
sequenced results would be used in identification of Single Nucleotide Polymorphisms.
Results of this research could be very helpful in selection of genotype of Artemisia annua for
commercial production. Also, the SNPs which will be identified can be used to generate

comparative maps for regions of Artemisia annua genome.
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List of Abbreviations

ACT Artemisinin Combination Therapies

Artemisinin

Sulfadoxme pyrlmcthamme 3

iliGof

SR e T

World Health Orgamzatton

38




Bibliography

39




Abecasis G.R., Cherny S.S., Cookson W.0O., Cardon L.R., Merlin-rapid analysis of dense
genetic maps using sparse gene _owtrees, Nat. Genet. 30 (2002) 97_101.

Ahmad A, Misra LN (1994) Terpenoids from Artemisia annua and constituents of its
essential oil. Phytochemisty. 37 (1): 183-186.

Asawamahasakda W, Benakis A,. Meshnick SR, (1994) The interaction of artemisinin with
red cell membranes. J Lab Clin Med 123: 757-62.

Augustijns P, D'Hulst A, Van Daele J, Kinget R, (1996) Transport of artemisinin and sodium
artesunate in Caco-2 intestinal epithelial cells. J Pharm Sci 85:577-9.

Bagchi GD (2003). Essential oil constituents of Artemisia annua during different growth
periods at monsoon conditions of subtropical north Indian plains. J. Essent. Qil Res. 15(4):
248 - 250,

Bannister LH, Hopkins JM, Fowler RE. Krishna S, Mitchell GH (2000). A brief
ultrastructural guide to asexual blood stages of Plasmodium falciparum. Parasitol Today 16:
427-433.

Bhakuni RS et al. (2001). Secondary metabolites of Artemisia annua and their biological
activity. Curr. Sci., 80 (1): 35-48.

Brossi A, Venugopalan B, Dominguez Gerpe L, Yeh HJ, Flippen-Anderson JL, Buchs P, Luo
XD, Milhous W, Peters W (1988). Arteether, a new antimalarial drug: synthesis and
antimalarial properties. J Med Chem 31:645-30.

Chawira AN, Warhurst DC (1987). The effect of artemisinin combined with standard
antimalarials against chloroquine-sensitive and chloroquine-resistant strains of Plasmodium
falciparum in vitro. J Trop Med Hyg. 90: 1-8.

Cox-Singh J, Davis TM, Lee KS, Shamsul SS, Matusop A, Ratnam S, Rahman HA, Conway
DJ, Singh B (2008). Plasmodium knowlesi malaria in humans is widely distributed and
potentially life threatening. Clin Infect Dis 46: 165-171.

Davis TME, Karunajeewa HA, Ilett KF (2005) Artemisinin-based combination therapies for
uncomplicated malaria. Med. J. Austr. 182: 181-185.

Deng DA et. al. (1981) Studies on the structure of artemisic acid. Kexue Tonbao. 19: 1209-
1211.

Eckstein-Ludwig U, Webb RJ, Van Goethem ID, East JM, Lee AG, Kimura M, O'Neill P M,
Bray PG, Ward SA, Krishna S, (2003) Artemisinins target the SERCA of Plasmodium
falciparum. Nature 424: 957-961.

Eckstein-Ludwig U, Webb RJ, van Goethem IDA, East JM, Lee AG, Kimura M, O’Neill PM,
Bray PG, Ward SA, Krishna S (2003). Nature. 424: 957

Foote SJ, and Cowman AF (1994). The mode of action and the mechanism of resistance to
antimalarial drugs. Acta Trop 56: 157-71.

40




Francis SE, Sullivan Jr. DJ, and Goldberg DE, (1997). Hemoglobin metabolism in the
malaria parasite Plasmodium falciparum. Annu Rev Microbiol 51: 97-123.

Gupta S, Singh M, Madan AK, (1999). Superpendentic index: a novel topological descriptor
for prediction of biological activity, J. Chem. Inf. Comput. Sci. 39: 272-277.

Hien TT, White NJ (1993). Qinghaosu. Lancet 341: 603-8.

Homewood CA, Warhurst DC, Peters W, Baggaley VC (1972). Lysosomes, pH and the Anti-
malarial Action of Chloroquine Nature 235: 50-52.

Hong YL, Yang YZ, Meshnick SR, (1994). The interaction of artemisinin with malarial
hemozoin. Mol. Biochem. Parasitol. 63: 121-128.

http:://rbm.who.int/partnership/wg/wg_management/docs/ RBMConsensusStatement_act.pdf.

Idury R.M., Cardon L.R., A simple method for automated allele binning in microsatellite
markers, Genome Res. 7 (1997) 1104_1109.

Jain N et. al. (2002). Essential oil composition of Artemisia annua L. ‘Asha’ from the plains
of northern India J. Essen. Oil Res. 14 (4): 305 -307.

Jung M (1990). Artemisinic acid: a versatile Chiral synthon and bioprecursor to natural
products. Planta Medica. 56: 56.

Jung M (1997). Synthesis and cytotoxicity of novel artemisinin analogs. Bioorg.
Med.Chem.Lett 7 (8):1091-1094.

Jung M, (1994) Current developments in the chemistry of artemisinin and related
compounds. Curr Med Chem 1:35-49

Kamchonwongpaisan S, and Meshnick SR, (1996) The mode of action of the antimalarial
artemisinin and its derivatives. Gen Pharmacol . 27: 587-92.

Kamchonwongpaisan S, Samoff E, Meshnick SR, (1997) Identification of hemoglobin
degradation products in Plasmodium falciparum. Mol. Biol. Parasitol., 86: 179-186.

Kimura M, Yamaguchi Y, Takada S, Tanabe K, (1993) Cloning of a Ca(2+)- ATPase gene of
Plasmodium falciparum and comparison with vertebrate Ca(2+)-ATPases. J Cell Sci 104 ( Pt
4): 1129-1136.

Klayman DL (1985) Qinghaosu (artemisinin): an antimalarial drug from China. Science 228:
1049-1055.

Kondrachine AV, Trigg PI (1997). Global overview of malaria. /ndian J Med Res 106: 39-52.
Kumar S, Srivastava S, (2005) Establishment of artemisinin combination therapy as first line

treatment for combating malaria: Arfemisia annua cultivation in India needed for providing
sustainable supply chain of artemisinin .Curr. Sci., , 89: 1097-1102.

41




Lai H, Singh NP (1995). Selective cancer cell cytotoxicity from exposure to
dihydroartemisinin and holotransferrin. Cancer Letters, 91: 41-46.

Le WJ et al. (1982). Studies on the efficacy of artemether in experimental schjitosomiasis.
Acta Pharmaceu.Sin. 17: 187-193.

Le W] et. al. (1980) Artemisin derivatives against Schistosoma japonicum in animals. Chin.

Lee IS, Hufford CD (1990). Metabolism of antimalarial sesquiterpene lactones. Pharmacol
Ther 48: 345-55.

Lee MR, (2002) Plants against malaria Part I: Cinchona or the Peruvian bark. J. R. Coll.
Physicians Edinburgh, 32: 300-305.

Li GQ, Guo XB, Fu LC, Jian HX, Wang XH (1994). Clinical trials of artemisinin and its
derivatives in the treatment of malaria in China. Trans R Soc Trop Med Hyg 88 Suppl 1:55-6.

Liu JM, (1979). Structure and reaction of arteannuin. Acta Chim. Sin. 37:129

Liu SS, Cao CZ, Li ZL, (1998). Approach to estimation and prediction for normal boiling
point (NBP) of alkanes based on a novel molecular distance edge (MDE) vector A, J. Chem.
Inf. Comput. Sci. 38: 387-394,

Luo XD, Shen CC (1987). The chemistry, pharmacology, and clinical applications of
ginghaosu (artemisinin) and its derivatives. Med Res Rev 7: 29-52,

Maeno Y, Toyoshima T, Fujioka H, Ito Y, Meshnick SR, Benakis A, Milhous WK, Aikawa
M, (1993) Morphologic effects of artemisinin in Plasmodium falciparum. Am J Trop Med
Hyg 49:485-91.

Meshnick SR, (2002). Artemisinin: mechanisms of action, resistance and toxicity. Intf. J.
Parasitol. 32: 1655-1660.

Meshnick SR, Thomas A, Ranz A, Xu CM, Pan HZ, (1991) Artemisinin (qinghaosu): the role
of intracellular hemin in its mechanism of antimalarial action. Mol Biochem Parasitol. 49(2):181—
189,

Meshnick SR, Tsang TW, Lin FB, Pan HZ, Chang CN, Kuypers F, Chiu D, Lubin B, (1989).
Activated oxygen mediates the antimalarial activity of qinghaosu. Prog Clin Biol Res. 313:95—
104.

Meshnick SR, Yang YZ, Lima V, Ktiypers F, Kamchonwongpaiéan S, Yuthavong Y, (1993)
Iron-dependent free radical generation from the antimalarial agent artemisinin (qinghaosu).
Antimicrob Agents Chemother 37:1108-14,

Meshnick, SR, Thomas A, Ranz A, Xu CM, Pan HZ (1991) Artemisinin (qinghaosu): the role
of intracellular hemin in its mechanism of antimalarial action. Mol. Biochem. Parasitol.
49(2): 181-189.

Milhous WK, Kyle DE, Sherman IW (1998). ed. Malaria Parasite Biology, Pathogenesis, and
Protection. Washington, D.C. ASM Press, pp 303-316.

42




Misra LN et. al. (1993). Bisnor-cadinanes from Arfemisia annua and definitive C-13 NMR
assingements of beta- arteether. Phytochemisrty. 33 (6): 1461- 1464,

Moore DV, Lanier JE (1961). Observations on two Plasmodium falciparum infections with
an abnormal response to chloroquine Am. J. Trop. Med. Hyg. 10: 5-9,

Olliaro PL, Trigg PI (1995). Status of antimalarial drugs under development. Bull World
Health Organ 73: 565-71.

Padmanaban G, Rangarajan, PN (2001). Emerging targets for antimalarial drugs Expert Opin.
Ther. Targets 5: 423-441.

Price RN, Nosten F, Luxemburger C, ter Kuile FO, Paiphun L, Chongsuphajaisiddhi T,
White N J (1996). Effects of artemisinin derivatives on malaria transmissibility. Lancer 347:
1654-8.

Rasooli L et. al. (2003) Microbial sensitivity to and chemical properties of the essential oil of
Artemisia annua L. J. Essen. Oil Res. 15 (1): 59 —62.

Ridley RG (2002). Medical need, scientific opportunity and the drive for antimalarial drugs.
Nature 415: 686-93.

Ronn AM, Msangeni HA, Mhina J, Wernsdorfer W H, and Bygbjerg 1 C (1996). High level
of resistance of Plasmodium falciparum to sulfadoxine-pyrimethamine in children in

Tanzania. Trans R Soc Trop Med Hyg. 90: 179-81.

Sachs J, Malaney P (2002). The economic and social burden of malaria. Nature. 415: 680-
685.

Sharma VP, (1996) Reemergence of malaria in india Indian J. Med. Res. 103: 26-45.
Sharma VP, (1998) Fighting malaria in India Curr. Sci. 75: 1127-1140.

Sharma VP, (1999) Current scenario of malaria in India Parasitologia. 41: 349-353.
Sharma, VP, (2003) Malaria and poverty in India. Curr. Sci. 84: 513-515.

Sherman IW (1998) (Ed.) In Malaria. Am Soc Microbiol Press, Washington, DC. pp. 1-556.

Singh NP, Lai H, (2001) Selective toxicity of dihydroartemisinin and holotransferrin toward
human breast cancer cells. Life Sci. 70 (1): 49-56.

Sowunmi A, Oduola A M, Ogundahunsi O A, and Salako LA (1998). Comparative efficacy
of chloroquine plus chlorpheniramine and pyrimethamine/sulfadoxine in acute uncomplicated
falciparum malaria in Nigerian children. Trans R Soc Trop Med Hyg 92: 77-81.

Surolia N, RamachandraRao S R, Surolia A (2002). Paradigm shifts in malaria parasite
biochemistry and anti-malarial chemotherapy. BioEssays., 24: 192-196.

43




Sy LK et. al. (1998) A novel endoperoxide and related sesquiterp'ines from Artemisia annua
which are possibly derived from allylic hydroperoxides. Tetrahedron. 54(17): 4345-4356.

Sy, LK et. al. (2001) Structure elucidation of artannuin-O, a novel cadinane diol from
Artemisia annua, and the synthesis of arteannuin- K, arteannuin- L, arteannuin- M,
arteannuin- O. Tetrahedron, 57 (40): 8481-8493.

Tewari A, Bhakuni RS (2003). Terpenoid and lipid constituents from Artemisia annua.
Indian J. Chem. Sect B, 42 (7):1782-1785.

Tu YY et. al. (1981) Chemical constituents in Artemisia annua L. and derivatives of
artemisinin. Zhong Yao Tong Bao. 6 (2):31.

Tu YY et. al. (1981) Studies on the constituents of Artemisia annua L. Acta Pharmacuetica
Sinica, 16 (5): 366-370.

van Agtmael MA, Eggelte TA, and van Boxtel CJ (1999). Artemisinin drugs in the treatment
of malaria: from medicinal herb to registered medication. Trends Pharmacol Sci. 20: 199-
203,

Varadi A, Tusnady GE, Sarkadi B, (2003) Membrane topology of the human ABC
transporter proteins. In: ABC Proteins From Bacteria to Man. 1. B, Holland, S. P. C. Cole, K.
Kuchler & C. F. Higgins (eds). London/San Diego: Academic Press, pp. 37-46.

Vathsala, P. G. et al., Widespread occurrence of the plasmodium falciparum chloroquine
resistance transporter (pfert) gene haplotype svmnt in p. falciparum malaria in India Am. J.
Trop. Med. Hyg., 2004, 70, 256-259.

Wallaart E (2000) “Investigations on biosynthesis of the novel antimalarial drug artemisinin
in the plant Artemisinin annua™ Ph. D. thesis Rjkniversiteit Groningen, 6.

Ward SA, Bray PG, Mungthin M, Hawley SR (1995). Current views on the mechanisms of
resistance to quinoline-containing drugs in Plasmodium falciparum. Ann Trop Med Parasitol
89: 121-4.

Wernsdorfer WH, and Payne D (1991). The dynamics of drug resistance in Plasmodium
falciparum. Pharmacol Ther 50: 95-121.

White N (1999a). Antimalarial drug resistance and combination chemotherapy. Philos Trans
R Soc Lond B Biol Sci. 354: 739-49.

White NJ (2008). Plasmodium knowlesi: the fifth human malaria parasite. Clin Infect Dis 46:
172-173.

WHO (2008a). Global malaria control and elimination: report of a technical review. In.:
World Health Organisation, pp. 1-47.

WHO (2008b). Treatment policies. In: World Health Organisation. pp. 1-52.

WHO, (2008c). World Malaria Report 2008. In.: World Health Organisation, pp. 1-190.

44




WHO, First Meeting of Regional Technical Advisory Group on Malaria, Manesar, Haryana,
15—-17 December 2004, World Health Organization, Regional Office for South-East Asia,
New Delhi, SEA-MAL-239, pp. 1-38.

WHO, Report, Regional Office for South-East Asia, New Delhi, SEA-Mal- 237, October
2004, pp. 1-25.

WHO,Report,2001,

WHO. Roll Back Malaria. A Global Partnership. Geneva: World Health Organization.
(1998).

Wirth DF (2002). Biological revelations. Nature. 419: 495-496.

Wu LJ et al. (1995) The experimental studies of early treatment of artesunnate against
schistosomiasis. Chin .J. Schistoson. Control, T (3): 129-133.

Wu ZH, Wang Y'Y (1984). Structure and synthesis of arteannuin and related compounds XI.
Idenification of epoxy arteannuninic acid. Acfa Chim. Sinica. 42: 596.

Zheng GQ et. al. (1994). Cytotoxic terpenoids and from artemisia. Planta Medica. 60: 54-57.
Zhu DY et. al. (1984) Structure of artemisilactone. Acta Chim.Sinica. 42 (9): 937-939.

Zhu DY. et. al. (1982). Study on antibacterial constituents of Qinghaosu (4rfemisa annua L.)
Zhongcaoyao. 13 (2): 54.

45




