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ABSTRACT
Artemisinin is an important and highly effectiveothierapeutic agent in the plaAttemisia
annua. Its efficacy against malaria and many other itibers diseases has increases the
demand of this drug in international market. Thgamaroblem with this drug is its short
supply, mainly because the low level of artemisicomtent in plant. Conventional breeders,
biotechnologist and other researchers are tryirept@nce artemisinin production.
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Abbreviations. ACTs- Artemisinin combination therapies; DDT- digtddiphenyltrichloroethane; AD- After
death; BC-Before Christ; HPLC- High performance liqaittomatography; GC-Gas chromatography; GCMS-
Gas chromatography—mass spectrometry; AEC-Artemi&interprises Conference; MMV- Medicines for Madari
Venture; iOWH- Institute for One World Health; E-NlAEradication malaria.

INTRODUCTION
Malaria is a deadly disease producing 200-400anilliew infections and 1-3 million deaths each year
(WHO, 2013). This disease is occurring mainly inriédn and Asian countries and is spreading
through mosquito which carries most virulent paeasilasmodium falciparum. Initially, first line
therapies were used to cure malaria besistant tofirst-line drug therapies become increased.
However, artemisinin- based combination therapfST(s) shows about 100% effectiveness against
these drug-resistant parasites. Unfortunately, iseraf their high cost and low productivity, ACTe a
still beyond the reach of poor people (Rinaldi, £00Artemisinin is an important antimalarial drug
found in Chinese medicinal plaAttemisia annua L.

Earlier two major strategies were used to fightirgtamalaria before artemisinin and other
recent drugs: (i) spraying of DDT, but due to uridable side effects on the reproduction of animals
and its persistence in food chains it was unsufgegss a consequence the occurrence of malaria is
now spreading. (i) The ample use of quinine andbroguine for treatment of malaria and as
prophylaxis. The mission to fight malaria in sudtuaion become more difficult especially sub
tropical countries. Moreover, it is anticipated ttlilue to global warming, vector born diseases are
moving towards high altitude. Therefore, there @atinuous search for new remedies against malaria
(Rathore, et al., 2005; Wright, 2010).

The rise of modern molecular biology techniquesvjgles a cutting edges technology
platform to develop new technologies especiallytba area of life threatened disease like malaria,
cancer and AIDS etc. but these technologies relyesaarch and development which are more costly.
However, such technologies also provide solutiandight deadly disease. With this vision Bill &
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Melinda Gates Foundation grand funds to Amyris &bhologies, the Institute for One World Health,
and the University of California, Berkeley to preguartemisinin (an promising antimalarial drug) by
using synthetic biology, industrial fermentatiohemical synthesis and drug development. This unique
partnership is using innovative technology to redtice cost of ACTSs, thereby making these life-
saving therapies more accessible to people ineleldping world (AE report, 2008).

ARTEMISININ IN ARTEMISIA ANNUA

History: Based on the traditional medicinal usage for thodsaof years, a number of modern drugs
have also been isolated from natural sources likatg bacteria, fungus etc. One of such plants is
Artemisia annua L (2n=18; family Asteraceae)A. annua (commonly known as wormwood) has also
been mentioned in the Bible (Rev 8:10,11). In 34 &e Hong prescribed aerial part/temisia for
treatment of fever in the ‘Chinese hand book ofpriptions for emergency treatments’ and in 1527,
Li Shi zhen, a Chinese herbalist / pharmacologisntioned the use diuang hua hao (or yellow
flower, later identified a#\. annua) for treatment of children’s fever and gingha épiacea) as a
treatment for disease, now known as malaria (Klayni93). In 1967, Chinese researchers had
evaluated the effectiveness of several tradititveabal remedies against malaria and found hot water
or ethanol is extractable & annua to have no antimalarial effect (Klayman, et a@84; Write, et al.,
2010). In 1971, a low temperature extractiooénnua with diethyl ether yielded a complex having
antimalarial activity on both infected mice and rkeys. The main active principle, named artemisinin
was responsible for this activity; is a sesquitagkactone having natural endoperoxide (Anon, 1979)
Artemisinin and its derivatives. Artemisinin was isolated for the first time in ID@and its structure
was established by combined spectral, chemical>Xamey analysis (Anon 1979; Liu, et all979;
Zhongshan, et al., 1985; Lepan, et &B88. It's simple and quick analytical method for esdtion
was developed by Gupta et 41996) and several other researchers. This contpa@amtains an
endoperoxide moiety, lacks nitrogen-containing fuetgclic ring system which is a rare feature in
natural products (Fig 1). The peroxide bridge d@émmisinin, can undergo electrochemical reduction,
Acton, et al.(1985) developed HPLC detection procedure thatbmansed for sensitive selection and
rapid assay of artemisinin in crude plant matefadn-volatile sesquiterpenes can be recovered from
plant by solvent extraction, some of which showhhigntimalarial activity. There are about 20 known
sesquiterpenes including artemisitene and arteiwisicid (Akhila, et al., 1990). Artemisinin and its
related sesquiterpenesAmnnua can be analyzed by means of thin layer chromatdgrap silica gel
plate. Artemisinin and its bioprecursors were dateed by Vendenberghi, et al., (1995) and Gupta, et
al., (1998) through HPLC. Microwave assisted ecttom of artemisinin was reported by Hao, et al.,
(2002). Relative distribution of artemisinin irffdrent parts of the plant was studied by Chai¢s)|.,
(1990).

Artemisinin is poorly soluble in water. The numlzérchemical extraction was developed by
several researchers to evolve the procedure amhtisation. Artemether, Arteethar and artesunate a
most common derivatives of Artemisinin. Artemetli@formed by conversion of dihydroartemisinin
into methyl ester in a two-step procedure and ablstat room temperature (Valecha and Tripathi,
1997). It was first synthesized by Li Yin in 1978f(sen and Zhimin, 1997). Mohmad, et @999)
determined artemether in plasma through gas chagreggihy- mass spectrometry (GCMS).

Artesunate is an ester derivative of artemisirBar(adell and Filton, 1995; Valecha and
Tripathi, 1997) and is more soluble in water.

Artelinate / artelinic acid is prepared by two-stegitches of 10g artemisinin; first by using
reduction of artemisinin which is converted intdgtiroartemisinin and then dihydroartemisinin is
converted into a mixture of-andp- artelinic acid (Shrimali, et 2l1998).

Arteether is prepared in two-steps using batche$0ofy artemisinin. The first step in the
preparation of arteether involves reduction of rarsinin with sodium borohydride into
dihydroartemisinin and subsequent esterification difydroartemisinin by Lewis acid catalysed
reaction, affording an epimeric (80:20 mixturepefanda- isomers) ether of dihydroartemisinin. Both
the epimers are separated by column chromatograptiycrystallized to yield crystalling arteether
and oily o arteether (Jain, et al., 2000). The study of Duttaal., (1989) strongly advocated for the
future clinical evaluation of arteether to controlltiple drug resistance and high riBkasmodium
falciparum cases in the areas where chloroquine, mefloqueniitequinine resistant malaria occurs or
increasing rapidly.Based on antimalarial activéigme old drugs are replaced by new drugs (Table 2).
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ENHANCEMENT OF ARTEMISININ CONTENT BY DIFFERENT WAYS

Conventional breeding: The specie#\. annua is dominated in China and Vietnam, but it is ateov
grows in Tanzania, South Africa, India and Madagasetc. The active pharmaceutical ingredient
(API) or ‘raw artemisinin’ is extracted from thealees, just before flowering, and from planting to
extraction plant takes more than 9 months. Sdinate, altitude and grower’s knowledge can affect
the content of artemisinin substantially. Problemisted to scale-up production in large extent have
been solved by selection of plants for high artémriscontent and adaptation to the environment in
which they are to be grown.

Conventional researchers approach has been usedréase artemisinin content in plant but
rate of success is very low (Delabays, et al., 1J99iltiple cross, top cross and poly cross design
generally used for genetic improvement in this crépdian Researchers have developed very
challenging varieties of this plant e.g. Jewanrak§uraksh, and CIM Arogya (Paul, et al., 2014 gisi
poly cross breeding. They have achieved 0.1% t&olagtemisinin and 0.8% artemisinin per hector.
Due to high open pollinated behavior, recurrenec@n using gene pool exploitation showed very
successful strategy to improve this crop genetigumar, et al., 1999; Khanuja, et al., 2008; Patil
al., 2010; Graham, et al., 2010). High yieldingieties have enough potential to increase artemisin
in supply chain (Fig 2).

Generally in nature, synthesis of secondary meitsisois biased towards the physiological
and environmental conditions (different types ofess) of plants (Paul and Shakhya, 2013).
Physiological stress such as water deficit caménigecondary metabolite synthesis which also esiuc
the time and cost of drying of crop and also inseserop profit margin (Jaleel, et al., 2007; Masghe
et al., 2010). Simultaneously, supply of micro amdcro nutrient, vermi compost, nitrogen and
phosphate also trigger artemisinin pathway spegéines (Ozguven, et al., 2008; Keshavarzi, et al.
2012). Reports suggested that addition of micraheh asAzotobacter, Azospirillum, Pseudomonas
etc can also play an important role in artemisinin besis (Keshavarzi, et al., 2012). Plant growth
regulators (Cytokinines, Auxins, GA3 etc.) and setay messengers (Jasmonic acid Salisylic acid
etc) also enhance aretemisinin content (Guo, €2@10). The accumulation of artemisinin contens wa
also found in different species éftemisia (Mannan, et al., 2010). Developmental stages \atse
affecting the artemisinin content. Optimum artemiisicontent was observed at pre flowering stage and
correlation coefficient between artemisinin contamd density of capitate glands on the surface3{.9
was reported by Ferreira et al., (1992;1995). Erogs applications of methyl jasmonate (MeJA) and
2-isopentenyladenine (2-iP) in artemisinin produttand main genes of biosynthetic pathway was
induced. Artemisinin content was increased in bibin applications, but no correlation was found
between gene expression and its content (Nugye, &011)

BIOTECHNOLOGICAL TOOLS

Cell and tissue culture and genetic transformation: Cell/tissue culture is also a good approach for
artemisinin enhancement but for large scale pradiucit may be quite cost effective. Hydroponicslan
in vitro plant culture are other interesting options (Jainal., 1996), which have not yet confirmed
their potential but can play an important role ttha&nce artemisinin concentration (Martinaz and
Staba,1988; Mathur and Kumar, 1996; Table 2). Ahennua shoots along witlRiriformospora indica
(Sharma and Agrawal, 2013), a mycorrhiza-like fuhgand MS basal media with hormonal
combinations showed significant enhancement im@siain content (Li, et al., 2012). The artemisinin
content in plants regenerated from stem explartgu&1l mg/l TDZ showed 0.36g/mg dry weight
and two-fold higher than that afi vitro grown plants of same age A&f annua. This can be a potential
system for a rapid propagation of shoots from steplants and makes it possible to develop a clonal
propagation ofA. annua (Lualon, et al., 2008). Ri-mediated transformatadm. annua (Banerjee, et
al., 1997) with a recombinant farnesyl diphosphsyathase gene for artemisinin production was
reported by Chen, et al., (1999). The antisenselega synthase (SQS) gene was transferredAinto
annua via Agrobacterium mediated transformation, and artemisinin contefitansgenic line was more
in comparison to the control. The results demotetréhat inhibiting pathway competing for precursor
of artemisinin by anti-sense technology is an éffecmeans of increasing artemisinin contentof
annua plants. High efficiency of genetic transformationdaregeneration ofirtemisia annua L. via
Agrobacterium tumefaciens-mediated procedure was reported by several wolk&nssh, et al., 1997;
Lui, et al., 2011). Supply of MeJA and 2-iP afféetnscription of the main genes HMG-CoA reductase
(HMGR), farnesyl pyrophosphate synthase (FDS), aim#,11-diene synthase (ADS), cytochrome
P450 monooxygenase (CYP71AV1), cytochrome P450ctade (CPR), and artemisinic aldehyde
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reductase (DBR2). In this study expression leveblbfthe studied genes showed different level of
expression at different time intervels (Nguyeralet2011).

Expression of pathway specific genes in microorganism: Modern synthetic biology technique is a
cost-effective solution for supply of artemisiniihe genetic engineering and recombinant DNA
technology has potential to revolutionize the ddedivery systems. The production of artemisinin
under the Artemisinin Project team, using synthéimlogy to assemble the genes of biosynthetic
pathway the plant A annua into microbes. The Berkeley people and scientists Amyris
Biotechnologies are completing the synthetic bimqayocess to produce artemisinic acid, a precursor
to artemisinin. Berkeley scientists are elucidating gene of metabolic pathway Afannua inserting

this pathway into microorganisms and optimizing ttesulting microbial strains for commercial
production of precursor through fermentation (Tsaret al., 2009). Over-expression of HMG-CoA
reductase and amorpha-4,11-diene synthase gen&sannua L. and its influence on artemisinin
content (Alam and Abdin, 2011HIMGR andFPS genes were also use for enhancement of artemisinin
(Wang, et al., 2011).

To complete the artemisinin biosynthetic pathwappghadiene undergoes three oxidation
steps to form artemisinic acid. The discoveryCP71AV1 gene (Teoh, et al., 2006) is an important
step which produces cytochrome P450s. In the epitoeess, yeast was used as screening platform, the
single gene,CYP71AV1, which catalyzes all three oxidation steps, isunexl for conversion of
amorphadiene into artemisinic acithrough these steps artemisinic acid producindrstrbyeast was
formed. The endogenous farnesyl pyrophosphate (FRRRhway, expressingh. annua genes,
amorphadiene synthase, a@¥P71AV1 and its redox partner (CPR) was incorporated irstystain.
Optimization of CYP71AV1 gene expression in micadbstrain is still in the process to produce
amorphadiene. IrA. annua plant, artemisinic acid is subsequently oxidizedyteld artemisinin
(Arsenault, et al., 2008; Liu, et al., 2011). Howgva singlet oxygen generating enzyme capable of
peroxidizing artemisinic acid has not been ideadifiAnd it is still postulated that transformatioh
artemisinic acid to artemisinin is performed inght-driven reaction. Hence, these steps are diffio
complete through microbial fermentation processe Tlequired chemical conversion has been
considered as further technique for this step. Wit vision up to artemisinic acid was producesifr
microorganism and then converted chemically tonaigmin (Ro, et al., 2006) and than can be
converted further into derivatives such as arteetimemether and artesunate (Fig 3).

FUTURE POSSIBILITIES OF ENHANCEMENT/ PRODUCTION OF ARTEMISININ

In India, CIMAP (Central Institute of Medicinal amdomatic Plants- CSIR) has developed number of
varieties and transferred many technologies to nw@mgpanies. Based on the Artemisinin Enterprise
conference 2008 (four partners are actively inviblwe this discussions). University of York has
described the project delivery in the form of iraged artemisinin content up to 5% by 2015. Therothe
partners of AE are iOWH and Barkley scientist ttggal in this aspect is to ferment the genetically
engineered yeast strain to produce arrtemisinid. achis will be used as raw material for chemical
synthesis of artemisinin. And the fourth partner MMas described their part by doing clinical trial
and launches the product by 2015. For this purpose®ntly many technologies has been used for
artemisinin production (AE report, 2008; Fig 4).

CONCLUSION

Continuous research is going with the aim to endartemisinin production but artemisinin
is still beyond the reach of poor peoples alhdannua is only source of artemisinin
production. Due to its poor water soluble natuerj\éitives of artemisinin in water soluble
form have been developed which can be used as dmnughe entire process of drug
development efforts involving phytochemistry cowuplevith semisynthetic approach to
produce bioactive derivatives of artemisinin nameieether (Jain, et al., 2000), artemether
(Valecha and Tripathi, 1997), artesunate (Barraaedl Filton, 1997), artelinate (Shrimali, et
al., 1998) and dihydroartemisinin (Jain, et al.0PQ have opened up new avenues for a
strategic battery of antimalarial phyto-moleculBgcently resistance to artemisinin and its
derivatives has been reported from Cambodia (Nastdgl., 2008; Francois, et al., 2009).
Nevertheless artemisinins have still been crudaletent successes in reducing the malaria
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burden, and artemisinin- based combination thesapie essential to all plans for malaria
elimination.
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Table- 1: Phar macokinetics of artemisinin and its derivatives.

S.N. Drug type Dose Assay Cmax Tmax T 128 Reference(s)
(ng/L) (h) (h)
1 Artemisinin
Oral administratiom
12 (HM) 500mg HPLC-ED 391 1.80 2.59 Duc, et al., (1994);
11(MP) 500mg HPLC-ED 364 2.90 2.70
10(HM) 400mg HPLC-UV 260 1 1.90 Titulaer, et al., (1990);
400mg IM HPLC-UV 209 3.40 3.83
1(HM) 10mg/kg HPLC-UV 1100 =4 Zhao, et al., (1987);
19(MP) 500mg day 1 HPLC-UV 588 24 23 Hassan, et al., (1996);
11(MP) 500mg day 6 116 3.1 2.2
Rectal administration RIA Zhao, et al., (1993);
5 (HM) 15mg/kg HPLC-ED 40 4.6 4.8 Zhou, et al., (1998)
9(HM) 10mg/kg HPLC-ED 170 11.3 4.1
6(MP) 10mg/kg 180 9.6 4.0
2 Dihydroartemisinin
3(HM) 1.1mg/kg PO RIA 130 1.33 1.63 Zhao, et al., (1993);
3(HM) 2.2mgl/kg PO RIA 710 1.33 157
5(HM) 8mg/kg PR RIA 100 4.70 4.82 Bangchangk, et al.,
6(HM) 200mg artemether HPLC-UV 379 6 10.6 (1994);
6(MP) 200mg artemether HPLC-UV 593 7.40 125 Benakis, et al., (1993);
6(Severe MP) 2mg/kg artesunate IM HPLC-ED 390 1.59 Batty, et al., (1996)
6(Severe MP) 2mg/kg artesunate IV HPLC-ED 2020 1.59
6(MP) 120mgartesunate 1V HPLC-UV /200 0.57
3 Artesunate
6 (Severe MP) 2mg/kg IM HPLC-ED 510 0.49 Benakis, et al., (1993);
6 (Severe MP) 2mg/kg IV HPLC-ED 2640+1 0.49 Batty, et al., (1996)
6 (MP) 120mg IV HPLC-UV 800 35
MIN
4 Artemether
6(HM) 200mg PO HPLC-UV 118 3 3.1 Bangchang, et al.,
6(MP) 200mg PO 231 3 4.2 (1994);
6(HM) 6mg/kg HPLC-ED 145 5.2 7.7 Zhou, et al., (1988)
6 (HM) 10mg/kg HPLC-ED 224 6.3 11.1
5 Arteether
1(HM) 3.6mg/kg IM HPLC-ED 23 Kager, et al.,(1994)
1(HM) 3.6mg/kg and1.6mg/kg IM| HPLC-ED 69.30
at 24,48,72,96hrs
6 Artéelinic acid
10mg/kg IV HPLC-EC 12706+ 1.35 Gui, et al., (1998)
10mg/kg IM HPLC-EC 1010 11.3 2.13
8032+1
011

*  Abbreviation:- Cmax = peak plasma drug concentnattdM= healthy male volunteers, HPLC(ED, UV)= higlrformance liquid
chromatography (Electrochemical detection, ultretidetection), IV intra-venous, MP= patient witthciparum malaria, PO= oral,
PR= rectal, RIA= radioimunoassay’?p = elimination half life, T max = time to Cmax.
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Table- 2: Enhancement of artemisinin content using different tissue culture methods.

S.N. Work done References

1 Regeneration of plants froAgrobactrium rhizogenes transformed hairy roots. Banerjee, etal., (1997)

2 Relationship of artemisinin content of tissuewdt, greenhouse, grown and field Ferreira, et al., (1997)
grown plants ofArtemisia annua

3 Tissue culture oArtemisia annua: Organognesis and artemisinin production. Fulzta)., (1991)

4 Production of terpenoids froArtemisia annua L. plantlet cultures in bioreactors. Fulzele, et @995)

5 Effect of light irradiation on hairy root growtind artemisinin biosynthesis Af Liu, etal., (2002)
annual.

6 Comparison of various bioreactors on growth atehaisinin biosynthesis of Liu, et al., (2003)
Artemisia annua L. Shoot Culture

7 Production of artemisinin by shoot culturefofemisia annua L. in a modified Liu, et al., (1998)
inner loop mist bioreactor.

8 Production of artemisinin by hairy root cultudsArtemisia annua L Lui, et al., (1997)

9 Micropropagation oArtemisia annua via the inflorencence. Mathur and Kumar, (1996)

10 Artemisia annua L: dedifferentiated and differentiated cultures. niego and Giulietti, (1994)

11 Production of the new antimalarial drug arteniisin shoot cultures ok annua L. | Woerdenbag, et al., (1993)

12 Secondary Metabolism in Tissue Culturédemisia annua Brown, (1994)

13 Production of artemisinin in tissue culturef\demisia annua. Nair, et al., (1986)

14 Standardized protocol for thevitro culture ofArtemisia annua L. — A medicinal | Ganesan and Paulsamy, (201
plant at high altitudes of Nilgiris, the Westernagh

15 Hairy root culture of Artemisiaannua L. by Rigiad transformation and Cai, et al., (1995)
biosynthesis of artemisinin

16 Ri-mediated transformation of Artemisia annudwitrecombinant farnesyl Chen, et al ., (1999)
diphosphate synthase gene for artemisinin productio

17 Expression of a chimeric farnesyl diphosphatelgse gene in Artemisia annua L.Chen, et al., (2000)
transgenic plants via Agrobacterium tumefaciensiated transformation

18 In vitro micropropagation and flowering in Artesia annua. Gulati, et al., (1996)

19 Abscisic acid (ABA) treatment increases artemiiscontent in Artemisia annua by Jing, et al., (2009)
enhancing the expression of genes in artemisimisylithetic pathway.

20 The effect of phytohormones on growth and asenim production in Artemisia Weathers, et al., (2005)
annua L. hairy roots.

21 Alteration of biomass and artemisinin produciiofrtemisia annua hairy roots by Weather, et al., (2004)
media sterilization method and sugars

22 Interactive effects of nitrate and phosphatessaiicrose, and inoculum’s culture | Weather, et al., (1997)
age on growth and sesquiterpene productiokriamisia annua L. hairy root
cultures in vitro.

23 Inhibition of Phenylpropanoid BiosynthesisArtemisia annua L.: A Novel Jones and Saxena, (2013
Approach to Reduce Oxidative Browning in Plant TisSusture.

24 Production of cell biomass and artemisinin \agch cell culture oArtemisia Heng, et al., (2013)

annua

Figure- 1: Structure of artemisinin.
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