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Abstract Artemisia annua L. produces the sesqui-

terpene lactone, artemisinin, a potent antimalarial drug

that is also effective in treating other parasitic diseases,

some viral infections and various neoplasms. Artemis-

inin is also an allelopathic herbicide that can inhibit the

growth of other plants. Unfortunately, the compound is

in short supply and thus, studies on its production in the

plant are of interest as are low cost methods for drug

delivery. Here we review our recent studies on

artemisinin production in A. annua during develop-

ment of the plant as it moves from the vegetative to

reproductive stage (flower budding and full flower

formation), in response to sugars, and in concert with

the production of the ROS, hydrogen peroxide. We also

provide new data from animal experiments that

measured the potential of using the dried plant directly

as a therapeutic. Together these results provide a

synopsis of a more global view of regulation of

artemisinin biosynthesis in A. annua than previously

available. We further suggest an alternative low cost

method of drug delivery to treat malaria and other

neglected tropical diseases.
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Introduction

In low income and developing nations, malaria is the

fifth most prevalent infectious disease and the tenth

overall cause of death, and is projected to remain at

that level until at least 2030 (Mathers et al. 2006).

The World Health Organization (WHO 2005) esti-

mates that more than 380 million cases of malaria

occur each year and account for more than 1 million

deaths especially in developing countries (Rathore

et al. 2005). Artemisinin and its derivatives also have

been shown to be effective against a number of

viruses, Pnuemocystis carinii, Toxoplasma gondii, a

number of human cancer cell lines (Efferth 2007),

and a variety of other parasitic tropical diseases

including schistosomiasis (Utzinger et al. 2001),

leishmaniasis (Sen et al. 2007), Chagas disease, and

African sleeping sickness (Mishina et al. 2007). All

of these diseases probably can be successfully treated

with artemisinin, if enough of the drug is made

available and, for developing countries, also at a cost

that is affordable.
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Although total chemical synthesis of artemisinin

has been achieved, it is not cost effective (Haynes

2006). Current technology for artemisinin production

is based on cultivated A. annua with best cultivars

giving yields of artemisinin of ca. 1.5% of dry plant

material and 70 kg/ha (Kumar et al. 2004). Artemisinin

is solvent-extracted from plant material, crystallized,

and typically used for semi-synthesis of artemisinin

derivatives (Haynes 2006). While A. annua is rela-

tively easy to grow in temperate climates, low yields of

artemisinin result in relatively high costs for isolation

and purification of the useful chemical. The relatively

long agricultural timeframe also results in wide swings

in supply and price as demand changes. Although

scientists at University of York, UK and elsewhere are

breeding cultivars of A. annua for higher trichome

densities and, thus, artemisinin production (Grove et al.

2007), and transgenic production schemes are in

progress (Arsenault et al. 2008), there is still a world-

wide shortage of the drug just for treating malaria

let alone any other diseases against which artemisinin

holds such promise (De Ridder et al. 2008). Clearly

more low cost production and delivery of artemisinin

as WHO recommended Artemisinin Combination

Therapy (ACT) are needed.

Considering that this drug must be produced

cheaply in much greater quantities than currently

available we summarize here our recent work to

better explain artemisinin production in planta. We

also provide preliminary data from feeding studies

with mice that suggest a new approach for drug

delivery could be implemented using encapsulated

dried leaves of the plant and an ACT counterpart to

minimize the emergence of resistance. This same

drug delivery approach, without the ACT, could also

be used to treat other neglected tropical diseases that

are apparently susceptible to artemisinin such as

schistosomiasis, Chagas disease, and African sleep-

ing sickness.

Artemisinin biosynthesis: current understanding

Through recent work from several groups, the biosyn-

thesis of the sesquiterpene, artemisinin, is almost

completely resolved (Fig. 1). Artemisinin derives from

the condensation of three 5-carbon isoprenoid mole-

cules that originate from both the plastid and cytosol

(Towler and Weathers 2007; Schramek et al. 2010).

These two arms of the terpenoid pathway up to farnesyl

diphosphate are regulated in large part by 1-deoxyxy-

lulose 5-phosphate synthase (DXS), and 1-deoxyxylu-

louse 5-phosphate reductoisomerase (DXR) or

3-hydroxy-3-methylglutaryl-CoA reductase (HMGR),

respectively, finally leading to the production of

farnesyl diphosphate via farnesyl diphosphate synthase

(FPS). Farnesyl diphosphate is then converted to

amorpha-4, 11-diene via amorphadiene synthase

(ADS; Bouwmeester et al. 1999; Picaud et al. 2005).

The majority of data support the role of dihydroartem-

isinic acid (DHAA) as a late intermediate in artemis-

inin biosynthesis (Fig. 1; Sy and Brown 2002; Zhang

et al. 2008). DHAA is formed from amorpha-4,

11-diene via artemisinic aldehyde by the action of the

cytochrome P450, CYP71AV1 (Teoh et al. 2006; Ro

et al. 2006), DBR2 (Zhang et al. 2008) and probably

ALDH1 (Teoh et al. 2009). DHAA is believed to be

converted to artemisinin (AN) nonenzymatically (Sy

and Brown 2002; Covello 2008). The pathway also

branches at artemisinic aldehyde to give artemisinic

acid (AA) by the action of CYP71AV1 and/or ALDH1,

and arteannuin B (AB), possibly nonenzymatically

(Brown and Sy 2007). The genes encoding ADS,

CYP71AV1, DBR2 and ALDH1 are all preferentially

expressed in glandular trichomes (Covello et al. 2007;

Olsson et al. 2009).

Artemisinin production and trichomes

are intimately related

Artemisinin is produced in glandular trichomes that

are found on leaves, floral buds, and flowers (Ferreira

and Janick 1995; Tellez et al. 1999). During vege-

tative growth of A. annua plants, trichome numbers

increase on the leaf surface, but when leaf expansion

halts, the numbers begin to decline, possibly a result

of their collapse (Lommen et al. 2006). AN increased

with trichome numbers, but in some cases AN levels

continue to rise even after trichome populations begin

collapsing; this was attributed to maturation effects

within the trichome (Lommen et al. 2006).

AN content can vary widely among different

cultivars or ecotypes of A. annua (Wallaart et al.

2000), and to the time of harvest, light intensity, and

developmental stage (Ferreira and Janick 1995). AN

levels reach their peak either just before or at anthesis

(Acton and Klayman 1985; Woerdenbag et al. 1993),

yet transgenic plants with the flower promoting factor

1 (Fpf1) flowered earlier, but did not produce more

174 Phytochem Rev (2011) 10:173–183

123



AN (Wang et al. 2004). Thus, other factors linked to

flowering are likely more involved in AN increases.

Little is known about how artemisinin and its

metabolites are affected throughout plant develop-

ment and in relation to trichomes. Artemisinin

transcripts, metabolite levels (AA, AB, AN, and

DHAA), and trichomes populations were therefore

analyzed in three types of leaves, in floral buds and

flowers, and in three developmental stages: vegeta-

tive, floral budding and full flower. Although the

maximum production of AN occurs when flowers are

fully emerged, expression levels in the leaves of early

pathway genes, HMGR, PFS, DXS, and DXR did not

show close correlation with either AN or its precur-

sors. However, later pathway genes, ADS and CYP,

did correlate well with AN’s immediate precursor,

DHAA, in all leaf tissues tested. A close correlation

between AN levels and leaf trichome populations (as

trichomes mm-2) was also observed (Arsenault et al.

2010a, manuscript submitted).

Fig. 1 Artemisinin

structure and simplified

biosynthetic pathway. ADS
amorphadiene synthase,

Aldh1 aldehyde

dehydrogenase 1, CYP
CYP71AV1, DBR2 double

bond reductase 2, DMAPP
dimethylallyl diphosphate,

DXS 1-deoxyxylulose

5-phosphate synthase, DXR
1-deoxyxylulouse

5-phosphate

reductoisomerase, HMGR
3-hydroxy-

3-methylglutaryl-CoA

reductase, IPP isopentenyl

diphosphate, MEP methyl

erythritol phosphate, MVA
mevalonic acid
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DMSO helps elucidate a possible ROS role

of DHAA in AN biosynthesis

Prior work showed that dimethyl sulfoxide (DMSO)

increased artemisinin in A. annua seedling shoots

(Towler and Weathers 2007), but the mechanism of

this serendipitous response was not understood. Inter-

estingly it was the roots that were key to this DMSO

response; artemisinin levels were not increased when

only shoots of either rooted or unrooted shoots were

treated with DMSO. This is not surprising, however,

because the roots of A. annua are reported to play an

important, but not as yet understood role in the

production of artemisinin in the shoots (Ferreira and

Janick 1996). Indeed rooted shoots of A. annua

produce about 8 times the artemisinin of unrooted

shoots, and in rooted shoots DMSO doubles that

amount (Mannan et al. 2009). In contrast, unrooted

shoots are not responsive to DMSO. To determine if

there is an optimum DMSO response, both the

concentration of DMSO and duration of exposure

were examined. At concentrations of DMSO between 0

and 2%, rooted shoots exhibited biphasic artemisinin

production compared to the untreated controls with 2

peaks at 0.25 and 2% DMSO, both at about 2.26 times

that of the control. At 0.5% DMSO, however,

artemisinin production significantly decreased relative

to the production at the peaks. Using the 0.25% DMSO

concentration peak to determine the kinetics of the

effect, we determined that the production of AN along

with its precursor, DHAA, persisted for 7 days (Man-

nan et al. 2009).

To investigate this DSMO response further, real

time PCR was used to measure the transcriptional

response of the artemisinic pathway genes, ADS and

CYP, in both the shoot and root tissues of A. annua

rooted shoot cultures after incubation in DMSO. The

first gene in the artemisinin biosynthetic pathway,

ADS, showed no significant increase in transcript

level in response to DMSO compared to controls. On

the other hand, the second gene in the pathway, CYP,

did respond to DMSO but at a level of transcripts

inverse to the amount of artemisinin (Mannan et al.

2009). These results suggested that DMSO may be

altering artemisinin production in some other way.

DMSO can act as both a reducing and an oxidizing

agent, and can also associate with unshared pairs of

electrons in the oxygen of alcohols, and may even act

as a ‘‘radical trap’’ whereby as an intermediate in

radical transfer, it may promote peroxidation (Khar-

asch and Thyagarajan 1983). Weathers et al. (1999)

had previously shown that in a highly oxygenated

environment more artemisinin is produced than in a

hypoxic one. Wallaart et al. (1999, 2001) had

suggested earlier that DHAA may be acting as a

reactive oxygen species (ROS) scavenger and indeed

the DMSO data are consistent with the hypothesis

that the DMSO-induced ROS were possibly causing

the increase in production of DHAA and, thus,

providing the extra oxygens needed for the final

biosynthetic step leading to AN.

To explore this further, rooted shoots were incu-

bated in increasing DMSO concentrations and then

stained with 3, 30-diaminobenzidine-HCl (DAB),

which is specific for the ROS, H2O2. Although the

increasing DMSO concentrations did not affect

growth, the level of DAB staining in the leaves of

rooted plantlets showed an increased in situ produc-

tion of H2O2 in the foliage. In contrast, unrooted

shoots showed no ROS formation in the presence of

DMSO; roots were required for the ROS response in

the shoots (Mannan et al. 2009).

If DMSO was indeed increasing ROS production

in the leaves of A. annua plantlets, then a natural

ROS scavenger like ascorbic acid should inhibit both

ROS and AN production. DMSO-induced hydrogen

peroxide levels and artemisinin levels were both

inhibited by addition of ascorbate. Together these

data show that at least in response to DMSO,

artemisinin production and hydrogen peroxide

increase, and that when in situ hydrogen peroxide is

Fig. 2 Pharmacokinetics of artemisinin in mice. Artemisinin

supplied via leaves appears at about the same time in the mouse

bloodstream as it does from the pure drug, but may not persist

as long. Bars = SD; n C 3 per point
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reduced, so also is artemisinin suggesting that the

ROS stimulated hydrogen peroxide may play a role in

artemisinin production in A. annua.

Sugar metabolism may also play a role

in regulating artemisinin biosynthesis

In A. annua seedlings, glucose in particular was

shown to stimulate artemisinin production (Wang and

Weathers 2007). Indeed it is the ratio of glucose to

fructose that is important in regulating AN produc-

tion. When seedlings were grown in sucrose-free

medium, increasing artemisinin levels were directly

proportional to increasing glucose as the ratio of

glucose to fructose was increased from 0 to 100%. In

comparison to sucrose or glucose, fructose inhibits

the production of artemisinin. Other primary and

secondary metabolites have been shown to be sugar

responsive including products of the glyoxylate cycle

(Graham et al. 1994) and anthocyanins (Vitrac et al.

2000). Although in both Vitis and Arabidopsis, a

number of anthocyanin genes have been shown to be

upregulated in response to sucrose (Gollop et al.

2001, 2002; Solfanelli et al. 2006), the mechanism of

action is not entirely known.

Using Artemisia annua seedlings, artemisinic

metabolites and gene transcript responses were

measured (Arsenault et al. 2010b, manuscript sub-

mitted) after growth for 0–14 days on sucrose,

glucose, or fructose. The six genes measured by real

time RT-PCR were: HMGR, FPS, DXS, DXR, ADS,

and CYP. Compared to seedlings grown in sucrose,

HMGR, FPS, DXS, DXR, ADS and CYP transcript

levels increased in varied amounts and with varied

kinetics after growth in glucose, but not in fructose.

The kinetics of these transcripts over 14 days,

however, was very different both in timing and

intensity of response (Arsenault et al. 2010b, manu-

script submitted).

Using LC/MS intracellular concentrations of AN,

DHAA, AA, and AB were also measured in response

to the three sugars. Compared to sucrose-fed seed-

lings, AN levels were significantly increased in

seedlings fed glucose, but inhibited in fructose-fed

seedlings. In contrast, AB levels doubled in seedlings

grown in fructose compared to those grown in

glucose. The level of mRNA transcripts of many of

the genes analyzed was often negatively correlated

with the observed metabolite concentrations.

AN is a known phytotoxin, even against A. annua

(Duke et al. 1987), suggesting that it may also inhibit

its own synthesis in planta. When seedlings were

grown in increasing levels of AN, root elongation

was inhibited and, interestingly, levels of AA fell to

below detectable limits (Arsenault et al. 2010b,

manuscript submitted). Together these results show

there is a complex interplay between exogenous

sugars and early developmental cues in the biosyn-

thesis of artemisinin and its precursor metabolites.

The results also suggest that the dynamics of shifting

sugar concentrations in the plant play a role in the in

situ control of artemisinin metabolism.

Artemisia annua as a delivery system

for artemisinin: mouse studies

Artemisia annua has a rich ethnopharmacological

history in the Chinese Materia Medica as a thera-

peutic tea (Willcox et al. 2007), and the plant,

although not highly palatable, also has been used as a

condiment by various Asian cultures (http://pfaf.org/

database/plants.php?Artemisia?annua). While use of

the tea is no longer recommended due to emergence

of resistance, to our knowledge there has been no

investigation of the use of A. annua plant material to

treat patients. Considering that some plant secondary

metabolites appear to have a more synergistic effect

when provided in planta than in a purified form

(Gilbert and Alves 2003), eating A. annua via a

compacted capsule in combination with an ACT

partner, may offer an alternative, safe, inexpensive

mode of drug delivery. Towards that goal it was

necessary to also show that artemisinin could actually

move from ingested plant material in the gut into the

bloodstream.

Artemisia annua L. seeds from a Chinese strain

(PEG01; a gift to PJW from CZ Liu (Chinese

Academy of Sciences) were germinated in soil and

then transplanted to small (3 inches 9 3 inche-

s 9 2.5 inches deep) pots and grown in a growth

chamber at 25�C under full spectrum fluorescent

lights at *90 lmol m-2 s-1 with a 16 h photoperiod

to inhibit flowering. Plant material was harvested,

dried and leaves stripped from stems.

To determine the bioavailability of artemisinin in

mice from oral ingestion of A. annua plant material

A. annua leaves were dried at room temperature and

then pulverized into a homogenous mixture that was
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aliquoted both for assay to determine the level of

artemisinin and to use as feed. Ground leaf samples

were suspended in water, pelletized, and then fed once

via orogastric gavage to anesthetized BL6xICR mice to

insure quantitative ingestion of the plant material. Prior

to feeding, mice were fasted for 24 h with water given

ad libitum and prior to gastric intubation. Mice were

fed one of the following at a volume B0.4 ml per

mouse: pelletized A. annua plant material containing

30.7 lg AN in toto, or pure artemisinin mixed into

pelleted feed at either 30.7 or 1,400 lg per mouse.

Animals were then anesthetized and exsanguinated in

groups of three at 30, and 60 min post feeding. At the

end of the study, gross pathological examination of

animals’ digestive system was performed to ensure that

animals suffered no internal damage.

Artemisinin and related metabolic constituents

were extracted from plant material and from mouse

blood using toluene and petroleum ether, respec-

tively. Samples from each were subsequently dried

and resuspended in ethyl acetate before injection onto

a GC–MS. GC separation was achieved using a DB-

5MS column (30m 9 25 mm 9 0.25 um) and a

temperature gradient programmed at 2�C/min from

120 to 160�C and held at 160�C for 10 min and then

heated to 300�C at 10�/min. All heated zones

(injector and detector) were maintained at 200�C.

MS scans from 50–400 m/z and EI with 70 eV.

Artemisinin was detected and quantified via total ion

count and retention time based on a genuine external

standard and corrected via an internal standard.

Artemisinin from ingested Artemisia annua leaves

passes readily into the bloodstream of mice

To our knowledge, there has been no bioavailability

study of artemisinin from oral ingestion of A. annua

leaves. One of the key concerns is the relative

bioavailability of artemisinin to a patient from a drug

that is administered in planta. Mice were used in this

study to determine how much artemisinin, if any,

would move from the plant material in the gut into

the bloodstream.

The pharmacokinetics of AN administered to mice

as either dried A. annua leaves or pure compound

mixed with mouse chow were compared (Fig. 2). In

this preliminary study, measurements were only

taken up to 60 min after feeding. However, some

general conclusions can be drawn. When *31 lg

pure AN was fed, no AN was detectable in blood up

to 60 min. Upon feeding 1,400 lg AN, the levels in

the blood rose to 0.074 mg l-1 after 60 min. On the

other hand, feeding A. annua leaves equivalent to

31 lg AN led to a Cmax of 0.087 mg l-1 at a tmax of

30 min. These results are similar to those of Rath

et al. (2004) who compared the pharmacokinetics in

humans of AN delivered as a tea, to pure AN. The tea

showed a tmax of 30 min and the pure compound a

tmax of 2.3 h, consistent with our mouse data

measured up to 60 min.

Of particular interest is the comparatively high

level of transfer of artemisinin into the bloodstream

from the plant material vs. the pure drug. There was

45 times more pure artemisinin fed to the mice than

the amount fed via A. annua leaves, yet almost the

same amount of AN appeared in the bloodstream.

Furthermore, when equal amounts of pure drug and

plant delivered drug (*31 lg) were fed to each

mouse, the amount of artemisinin found in the blood

from the plant-fed material (*87 lg l-1 blood) far

surpassed the level from delivered pure drug (unde-

tectable). Taken together these results show that

compared to the pure drug, the bioavailability of AN

from dried plant material is apparently greater

(Table 1). These results suggest that an alternative

mode of delivery of artemisinin may be possible.

Bioavailability of artemisinin after oral intake is

crucial for assessing the potential of using an edible

botanical drug. Equally important are pharmacokinetic

studies to insure proper formulation of the drug dose to

be delivered from plants to patient. Current oral

bioavailability data on artemisinin are mainly based

on studies with artemisinin capsules or tea prepared

from A. annua leaves. For example, Rath et al. (2004)

measured artemisinin plasma concentrations in healthy

male volunteers after oral ingestion of either tradition-

ally prepared A. annua tea or in solid form. Although

the intake as tea showed a faster absorption than the

solid form, there was no difference in bioavailability

(Table 1; Rath et al. 2004). On the other hand,

bioavailability after oral intake was reported at 32%

of the drug administered via an intramuscular route

(Titulaer et al. 1990). Pharmacokinetic studies done

with healthy male volunteers showed artemisinin has

an absorption lag-time of 0.5–2 h, with peak plasma

concentrations at 1–3 h post-administration and a

relatively short half-life of 1–3 h (Alin et al. 1996;

Ashton et al. 1998; Titulaer et al. 1990).
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Possible synergistic and broader effects

of an in planta delivered drug

Artemisinin may have a more synergistic effect when

provided in planta than as a pure drug. Inhibition of

human cytochrome P450s by herbal extracts of

numerous species, including a number of traditional

medicinal plants, has been extensively studied

(Rodeiro et al. 2009), thereby increasing serum

half-life. Indeed Liu et al. (1992) showed that

although several methoxylated flavonoids, e.g.

chrysosplenol-D, isolated from A. annua leaves had

no direct effect on P. falciparum, when combined

with pure AN, there was a significant enhancement of

AN activity that could only be attributed to the

presence of these compounds. A number of these

constitutive flavonoids are present at all stage of

A. annua’s growth (Baraldi et al. 2008), and also

show some antimalarial activity, albeit at levels that

are orders of magnitude less than AN (Willcox 2009).

Chrysosplenetin, casticin, eupatin, and chrysosplenol-

D appear to help activate AN in its interaction with

hemin (Bilia et al. 2002, 2006). Thus, these in planta

constituents in A. annua likely enhance the overall

activity of the drug. Another possible benefit to

ingestion of whole leaf material is that there may be

less chance of resistance occurring because there is a

combination of active agents acting in concert to

attack the pathogen. Eating A. annua combined with

an ACT partner, may, therefore, offer an alternative,

safe, inexpensive mode of drug delivery via a

compacted capsule. Indeed should future studies

prove successful in patients (clinical trials are still

needed), this approach may also eventually prove

more useful than purified compounds for production

and delivery of other drugs produced in edible plants

that survive the digestive tract in planta. Likewise,

use of this plant may also prove useful in treating a

variety of other diseases and parasitic ailments.

Is oral delivery via A. annua plants even

reasonable?

To answer this question we used data from Rath et al.

(2004) where AN was administered as a tea. From 5 g

DW of A. annua leaves ([1% DW AN), 57.5 mg of

AN were measured and provided to humans and

240 lg l-1 appeared in the bloodstream. The mini-

mum effective concentration of AN in the blood is

*10 lg l-1 (Alin and Bjorkman 1994). An adult

human male weighing 70 kg has about 5 l of blood.

The AN in a tea extract from 5 g of dried leaves

containing 1% (w/w) AN, therefore, provides con-

siderably more AN (240 lg l-1) than the minimum

required in the blood suggesting that 1 g of ingested

dried leaves could be more than adequate to deliver a

single dose of AN to an adult patient.

Table 1 Comparison of maximum artemisinin detected in serum or plasma from orally ingested pure artemisinin, whole plant A.
annua, or prepared tea

Drug delivery form Dose per individual Subject Plasma/serum

concentration

Reference

Artemisinin Cmax

(mg l-1)

Pure artemisinin 500 mg Healthy human males 0.6 Dien et al. (1997)

500 mg 0.3 de Vries and Dien (1996)

Tea extract

5 g dried leaves 57.5 mg Healthy human males 0.2 Rath et al. (2004)

Pure artemisinin control 500 mg 0.5

Intragastric delivery in 1:9

dimethyl-acetamide-oila
10 mg kg-1

2,320 lg rat-1b

Rats 0.8 Li et al. (1998)

Whole plant-dried leaves 30.7 lg mouse-1 Mice 0.087 This study

Pure artemisinin control 30.7 lg mouse-1 Not detectable

Pure artemisinin control 1,400 lg mouse-1 C0.074

a Delivered as dihydroartemisinin
b Rat body weights ranged from 210–254 g; we used 232 as an average to calculate total lg delivered to each animal

Phytochem Rev (2011) 10:173–183 179

123



As another comparison, mice have about 1.4 ml

blood, while a 70 kg human male has about 5 l. Our

mice were fed about 31 lg of AN and contained an

average total of 0.12 lg AN in their blood, so to

obtain the necessary total amount of AN in human

blood, 50 lg are needed (10 lg AN ml-1 is consid-

ered therapeutic) for a single AN dose. Assuming

similar uptake, a patient would have to ingest 17 mg

of AN from plant leaves. Assuming also a 1% AN

content, which is possible to consistently obtain from

some A. annua strains (e.g. the Artemis strain has

*1.4%; Ferreira et al. 2005), 1–2 g of dried leaves

would be adequate and reasonable to deliver a single

dose of the drug to a 70 kg adult. For children smaller

amounts would be required, which is easily accom-

plished using smaller capsules.

Controlling the dose of a plant-delivered drug?

To provide a controlled delivery of the drug via oral

delivery of dried plant material, plants must be

harvested, dried, powdered, homogenized, and

pooled into large containers where they can be

assayed for artemisinin content using strategies that

are easy, low cost, and quantitative (Widmer et al.

2007; Koobkokkraud et al. 2007). Capsules would

then be loaded with compacted leaf powder of a

known dosage to which the ACT drug partner can be

added. Alternatively the ACT drug partner could be

administered separately. This processing strategy

(Fig. 3) is inexpensive, and also reliable for preparing

known doses of artemisinin as dried plant material. If

this processing facility were centered within a region

where local farmers are growing the plant, the entire

process could be self-sustaining thereby not only

strengthening local health, but also the local

economy.

Not a monotherapy

Although our data compare favorably with studies in

rats and A. annua teas (Table 1), use of a tea is a

monotherapy, involves no ACT, and is thus, counter-

indicated by the WHO in an effort to minimize

emergence of resistant strains of the pathogen. In

contrast, our drug delivery plan would also incorpo-

rate an ACT drug partner as follows: plants are

harvested and dried (WHO 2006); leaves are pulver-

ized and homogenized in large vessels; samples are

then taken to measure AN content to ensure prepa-

ration of adequate and controlled doses for patients;

the assayed leaves are then compacted into capsules

into which appropriate amounts of ACT partner drugs

are added. As an example see Fig. 4. The caplet

shown is about 1,300 mg so if the assayed dry leaves

only contained 1% AN, about 1–2 capsules would

need to be ingested per dose to treat a 70 kg human.

WHO guidelines for human treatment specify addi-

tional AN doses throughout the day.

Leaves +  ACT 
into capsules of 
different sizes 

for body 
weights 

Homogenized 
leaves assayed 
for artemisinin 

Grind,  
homogenize 

leaves in large 
vats 

Harvest 
& dry 
plants 

Field Plants 

Doctor  
patient 

Fig. 3 Schematic illustrating the concept of localized culture

of A. annua for dose controlled therapeutic use and delivery as

an ACT. Larger outer circle represents the medicinal crop

cultivation area, while inner boxes show the required sequence

of unit operations for dose controlled preparation of encapsu-

lated A. annua leaves and ACT combination drug

Fig. 4 ACT delivery involving A. annua leaves. Capsule sizes

are reasonable for human ingestion of A. annua leaves in

combination with approved WHO combination therapy drugs
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We therefore, submit that oral delivery of artemisinin

via dried A. annua plant material and in conjunction

with an ACT drug partner could provide an effective,

low cost therapy for treating malaria in developing

countries, but with the following caveats. (1) Human

trials first must be conducted using healthy subjects to

validate and quantitate absorption of artemisinin from

A. annua leaves and to determine if there are any side

effects from ingestion of the whole plant material. (2) If

positive, then the ACT mixtures we have proposed

would also have to be tested again on healthy subjects to

determine if both artemisinin and the ACT partner enter

the bloodstream. (3) After successful completion of both

of these steps, tests could begin on diseased patients.

Clearly for cerebral malaria or other severe cases of

malaria cases where oral administration of the drug is

not possible due to vomiting (De Ridder et al. 2008),

other means of administering artemisinin or one of its

derivatives would have to be implemented.

Conclusions

Despite the prevalence and preference of the modern

medical community for single-ingredient drugs, there

are examples that illustrate the often ignored benefits of

using complex botanical drugs vs. pure ones (Raskin

et al. 2002). With the potential for synergistic benefits,

drug delivery via natural sources may be preferable to

that in an isolated form (Fabricant and Farnsworth

2001; Raskin et al. 2002; Gilbert and Alves 2003). We

have shown that when provided directly from plant

material, high levels of artemisinin can be detected in

the bloodstream of mice. We further proposed a simple

method for insuring a controlled dose of artemisinin

via in planta delivery that when combined with the

simple methods for stimulating increases of the drug

while the crop is in the field, may provide significant

relief to the shortage of low cost artemisinin available

for use to treat malaria and other neglected diseases in

developing countries.
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