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New Drugs, Old Drugs

combination therapy (ACT). This strategy parallels m
ment used successfully in diseases such as HIV an
combines the rapid schizontocidal effect of an artemisin
with a longer-half-life drug. The World Health Organi
has recently endorsed ACT as the “policy standard” 
infections in areas where Plasmodium falciparum is the
infecting species.1
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ABSTRACT

• There has been a relentless increase in resistance of malaria 
parasites to conventional antimalarial drugs, including 
chloroquine, sulfadoxine–pyrimethamine and mefloquine.

• In response to this situation, short-course artemisinin-based 
combination therapies (ACTs) have been developed.

• The World Health Organization has endorsed ACT as first-line 
treatment where the potentially life-threatening parasite 
Plasmodium falciparum is the predominant infecting species.

• ACTs combine the rapid schizontocidal activity of an 
artemisinin derivative (artesunate, artemether or 
dihydroartemisinin) with a longer-half-life partner drug.

• Although the use of chloroquine and sulfadoxine–
pyrimethamine as partners in ACT improves their efficacy, 
this may only have value as a short-term measure in patients 
with a degree of immunity to malaria.

• Alternative currently available partner drugs include 
mefloquine, lumefantrine and piperaquine.

• Artesunate–mefloquine is highly effective but is expensive 
and side effects (mainly neurotoxicity) can be problematic.

• Artemether–lumefantrine, the only ACT available in Australia, 
appears less effective than artesunate–mefloquine and needs 
to be administered with food to ensure adequate 
bioavailability.

• Dihydroartemisinin–piperaquine is highly effective, well 
tolerated and relatively inexpensive.

• The goal of potent, safe, easy-to-administer and inexpensive 
ACTs may see trioxolanes in place of artemisinin derivatives, 
as well as novel partner drugs such as pyronaridine or 
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naphthoquine, in the future.
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tro
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 ria remains a major cause of morbidity and death in

pical countries and substantial numbers of Australian
vellers are exposed to the risk of malaria each year.

Because of the relentless increase in resistance of malaria parasites to
conventional drugs, including chloroquine, sulfadoxine–pyrimeth-
amine and mefloquine, new therapeutic approaches have been
developed. Prominent among these has been artemisinin-based

ultidrug treat-
d cancer, and
in compound

zation (WHO)
for all malaria
 predominant

For a variety of reasons, including cost, ACT is not yet widely
available as part of malaria control programs in endemic areas.2

However, there is emerging evidence that ACT is cost-effective, even
in sub-Saharan Africa, where there are high transmission rates and
meagre economic resources,3 and ACTs are increasingly available for
purchase over the counter in tropical countries. In addition, there is
now one ACT (artemether–lumefantrine) approved for clinical use in
Australia.4 Thus, increasing numbers of Australian tourists and
visitors will be treated with ACT. In this article, we review the status
of currently available ACTs, with emphasis on the pharmacology of
the component drugs and from an Australian perspective.

Artemisinin and its derivatives
The artemisinin group of drugs was discovered in China. A crude
extract of the wormwood plant Artemisia annua (qinghao) was first
used as an antipyretic 2000 years ago, and its specific effect on the
fever of malaria was reported in the 16th century.5 The active
constituent of the extract was identified and purified in the 1970s,
and named qinghaosu, or artemisinin. Although artemisinin proved
effective in clinical trials in the 1980s, a number of semi-synthetic
derivatives were developed to improve the drug’s pharmacological
properties and antimalarial potency (Box 1).5,6 Several million
patients have been treated with these compounds during the past
three decades.7

Each artemisinin derivative is highly active against asexual forms of
the four species of Plasmodium that infect humans. The initial
reduction in parasitaemia is the most rapid of all available antimalar-
ial drugs.6,7 Their half-lives are short (Box 1) relative to the duration
of their effect on parasite clearance. This suggests the equivalent of a
“post-antibiotic effect”, where there is persistent suppression of
bacterial growth following limited exposure to an antimicrobial
agent. The artemisinin derivatives are also active against the sexual
form of the parasites (gametocytes) taken up by the mosquito and
can therefore reduce transmission rates.8 Their exact mechanism of
action is unknown. An endoperoxide moiety, which is essential for
antimalarial activity, may cause destructive free-radical generation
within the parasite and, through the formation of covalent bonds,
alter the function of key parasite proteins, including membrane
transporters.9,10 Short courses (3–5 days) are associated with recru-
descence rates that are typically greater than 25%.6,7 Although such
recrudescences can be re-treated successfully with an artemisinin
drug, this phenomenon highlights the limitations of monotherapy.
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There have been no documented cases of parasite resistance to the
artemisinin derivatives in humans, and, given the very short time
frame of subtherapeutic concentrations, this should continue in the
long term.11

The therapeutic index of the artemisinin derivatives is wide. The
most common reported adverse effects include nausea, vomiting,
bowel disturbance, abdominal pain, headache and dizziness —
symptoms that can result from malaria infection itself.12 Mild and
reversible haematological and electrocardiographic abnormalities,
such as neutropenia and first-degree heart block, are observed
infrequently.12 Neurotoxicity, principally in the form of brainstem
lesions, was first identified in animals receiving high doses over long
periods.13 Neurological side-effects such as ataxia, slurred speech and
hearing loss have also been reported in a small numbers of
humans,14,15 but are unlikely to be of clinical importance,16,17

especially as there is limited penetration of artemisinin derivatives
into the cerebrospinal fluid.18 The pharmacokinetics of artemisinin
derivatives such as artesunate are not influenced significantly by
severity of infection.19 As vital-organ dysfunction is a feature of severe
falciparum malaria, there is no need for dose adjustment in patients

with hepatic or renal impairment. There are also no known impor-
tant drug interactions.20

Of the available derivatives, artesunate has the most favourable
pharmacological profile for use in ACT treatment of uncomplicated
malaria. The presence of a hemisuccinate group in the molecule
confers water solubility and relatively high oral bioavailability. It is
rapidly and quantitatively converted in vivo to the potent active
metabolite dihydroartemisinin.19 Artemisinin, dihydroartemisinin
and artemether are all poorly water-soluble, which means that
absorption is slower and less complete.20 Nevertheless, consistent
with the wide therapeutic index, the plasma concentrations achieved
after oral administration of conventional doses of all of the artemisi-
nin derivatives are substantially greater than those currently required
to kill the parasite.20

Antimalarial drug combinations before ACT
Combinations of chemotherapeutic agents can accelerate therapeutic
response, improve cure rates and protect the component drugs
against resistance. There are several examples of the successful use of
antimalarial combinations before the development of ACT, specifi-
cally quinine–tetracycline (or quinine–doxycycline), sulfadoxine–
pyrimethamine and, most recently, atovaquone–proguanil. With each
of these combinations, issues have hampered continued application.
Quinine–tetracycline is associated with frequent side effects (includ-
ing the nausea, dysphoria, tinnitus and deafness of cinchonism), has
to be given over a long period (7–10 days) which can affect
compliance, and its efficacy is failing in some tropical countries. For
sulfadoxine–pyrimethamine, high-grade resistance is increasingly
encountered. Atovaquone–proguanil is given as a short-course (3-
dose) regimen and is one of the most expensive antimalarial thera-
pies. Despite its relatively recent introduction and limited availability,
highly resistant cases have already been reported.21

Candidate partner drugs in ACT
The suggested characteristics of the “ideal” antimalarial combination
are shown in Box 2.22 In the case of ACT, the artemisinin component
provides a well-tolerated drug with a unique mode of action that
clears asexual forms quickly and has gametocidal activity. The partner
drug should be one that is also well tolerated and non-toxic, but
which is present in the blood at therapeutic concentrations for at least
several times the duration of the parasite lifecycle (48 hours in the
case of P. falciparum). The characteristics of candidate partner drugs
are summarised in Box 3.

Although chloroquine and sulfadoxine–pyrimethamine are readily
available and inexpensive (less than US25 cents per treatment
course), P. falciparum parasites are resistant to these therapies in most

1 Pharmacology of available artemisinin derivatives

Artemisinin

Route of administration: 
Oral, rectal

Elimination half-life: 
2–3 hours

Artesunate (artesunic acid)

Route of administration: 
Oral, rectal, intravenous, 
intramuscular

Elimination half-life: 
2–5 minutes (converted to 
dihydroartemisinin)

Artemether*

Route of administration: 
Oral, intramuscular

Elimination half-life: 
3–7 hours (converted to 
dihydroartemisinin)

Dihydroartemisinin

Route of administration: 
Oral, rectal

Elimination half-life: 
40–60 minutes

* Arteether is a closely related compound with an ethyl ether instead of a 
methyl ether group that has been developed for intramuscular use (elimination 
half-life, 12–30 hours)
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2 The “ideal” antimalarial combination

• Components have different modes of action

• No interactions

• Short-course regimens (3 days at most)

• At least one drug which clears asexual forms rapidly

• At least one drug with long half-life (> 4 days)

• Well tolerated, low toxicity

• Broad spectrum of action (including against gametocytes)

• Coformulation possible

• Inexpensive
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parts of the tropics. Where semi-immunity to malaria is present, the
addition of an artemisinin drug such as artesunate can improve
efficacy (E1; based on NHMRC levels of evidence23),24 but ACT
effectiveness is compromised by using failing drugs as partners.24

Despite this situation, WHO has prioritised artesunate plus amo-
diaquine (a chloroquine-like drug which is not available in Australia)
and artesunate plus sulfadoxine–pyrimethamine as the second-line
and third-line ACT combinations, respectively.1 Interestingly, where a
substantial reduction in the use of chloroquine and sulfadoxine–
pyrimethamine has been associated with a reciprocal increase in local
parasite sensitivity, the reintroduction of these drugs as part of ACT
does not restore efficacy in patients with no immunity to malaria
(E3).25

In South-East Asian countries such as Thailand and Cambodia,
artesunate–mefloquine has been used quite widely for many years
and remains highly effective for uncomplicated falciparum malaria.
Under the WHO system of efficacy assessment, more than 95% of
patients will remain free of malaria 28 days after such treatment
(E2).26 However, the neuropsychiatric effects of mefloquine as well as
its relative expense are problematic. No coformulation is available,
but in Cambodia there is a blister pack containing tablets of each
constituent drug grouped by the doses to be administered over 3
days. It is therefore possible for patients to identify and take the
artesunate while leaving the less well tolerated mefloquine.27 This
increases the risk of recrudescence and wastes the opportunity to
exploit the mutual protection against parasite resistance that has been
documented when this combination is used in areas with relatively
low-level transmission (E3).28

Artemether–lumefantrine has been given priority as the first-line
ACT combination recommended by WHO for uncomplicated
malaria.1 The reasons for this recommendation are unclear. Firstly,
artesunate represents a pharmacologically better artemisinin drug
than artemether. Secondly, the partner drug, lumefantrine, has to be
given with food (preferably containing fat) to ensure adequate
absorption and thus efficacy. This bioavailability problem afflicted the
chemically related compound halofantrine (which has now been
withdrawn because of cardiotoxicity).29 Lumefantrine exhibits no
significant cardiotoxicity, but initial studies with a 4-dose arte-
mether–lumefantrine regimen showed a relatively high rate of late
treatment failure (E1),30 consistent with the difficulty in ensuring that
a febrile, nauseated patient with acute falciparum malaria takes milk
or biscuits with each dose to improve bioavailability. A 3-day, 6-dose
regimen is now recommended by the manufacturer, but there are
insufficient data to confirm that this longer course is as effective as
other types of ACT (E1).30 In one study in an area with high-grade

mefloquine resistance, the 6-dose artemether–lumefantrine regimen
was associated with a 28% treatment failure rate at 14 days (E3).31

Perhaps the most promising form of ACT is dihydroartemisinin–
piperaquine. Piperaquine is a bisaminoquinoline frequently used in
China in the 1970s and 1980s, when chloroquine resistance became
a problem in the south of the country.32 It was rediscovered in the
1990s as a candidate for ACT, and is currently partnered with
dihydroartemisinin. There have been two recent Indochinese studies
that have demonstrated its effectiveness, with 28-day cure rates
greater than 95% (E2).26,33 The 2-day, 4-dose recommended treat-
ment regimen is well tolerated and there are no significant cardio-
vascular or metabolic side-effects.34 Although the long half-life of
piperaquine may theoretically allow resistant parasites to be selected
out by the subtherapeutic concentrations present well after treat-
ment,35 this has not been of concern in areas of Thailand where the
transmission rate is low and where mefloquine (a drug with a
similarly long elimination phase) has been used extensively with
artesunate.28

Use of ACT in special groups
Falciparum malaria can be particularly severe in pregnancy. Because
of the potential benefits of the artemisinin derivatives in this situa-
tion, WHO has published a position statement based on a review of
available safety data.36 Use of artemisinin derivatives in 731 pregnan-
cies was not associated with human fetal toxicity, but animal studies
have shown significant adverse effects. Because of these latter obser-
vations and the limited human data, WHO currently advises against
the use of artemisinin drugs in the first trimester, unless in a lifesaving
situation where no other drugs are suitable, while, in later pregnancy,
alternative therapies should be used if available. There are few data
on ACT use in pregnancy.36 If ACT is considered preferable to
monotherapy with an artemisinin drug, the partner drug should
obviously be chosen with the pregnancy in mind.37 ACT has been
used safely in children as young as 1 month4 and paediatric
formulations (such as dihydroartemisinin–piperaquine granules32)
are available in some cases.

Summary and implications for Australian travellers
In many South-East Asian countries, ACT is now established as
first-line treatment for uncomplicated malaria, and it is likely that
its use will extend throughout the tropics in future. All currently
available artemisinin derivatives are well tolerated, safe and effec-
tive, but artesunate has the most favourable pharmacological
profile for use in ACT. The choice of partner drug depends on a

3 Pharmacology of available partner drugs for artemisinin-based combination therapy

Drug Elimination half-life Coformulation Efficacy Advantages/disadvantages

Chloroquine 3–14 days No Depends on degree of 
resistance, immune status

Inexpensive. Widely available

Fansidar* 6–9 days for sulfadoxine; 
3–4 days for pyrimethamine

No Depends on degree of 
resistance, immune status

Inexpensive. Widely available

Mefloquine 2–3.5 weeks No High Neurological/other side-effects. Expensive

Malarone† 12–15 hours for proguanil; 
2–3 days for atovaquone

No Few published data Expensive. Limited availability

Lumefantrine 4–6 days Artemether High Six-dose regimen. Needs to be given with fat

Piperaquine‡ 3–4 weeks Dihydroartemisinin High Inexpensive. Increasingly available

* Roche. † GlaxoSmithKline. ‡ Not available in Australia.
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variety of factors, including parasite resistance patterns, elimina-
tion half-life and cost. Two fixed-dose ACT coformulations (arte-
mether–lumefantrine and dihydroartemisinin–piperaquine) are
increasingly available in the tropics. The latter may have advan-
tages in terms of ease of administration and effectiveness. Its cost
(about US$1 per adult treatment course) is significantly less than
the WHO-negotiated discounted price for artemether–lumefan-
trine (US$2.40)26. However, part of this can be explained by the
fact that, unlike artemether–lumefantrine, dihydroartemisinin–
piperaquine is not yet manufactured to Good Manufacturing
Practice (GMP) standards.

Increasing numbers of Australians will purchase ACT in the
tropics, either as presumptive treatment for symptoms suggestive
of malaria or as standby therapy. As fake artemisinin derivatives
are being sold in pharmacies and shops in South-East Asia,38 it is
likely that ACT will follow suit — Australian travellers should be
made aware of this disturbing development. The only ACT
currently available in Australia is artemether–lumefantrine,
which is marketed as Riamet (Novartis). Important messages for
patients are given in Box 4. Although there may be better forms
of ACT available elsewhere, it is still a very useful addition to the
range of antimalarial therapeutic drugs in this country. There are
few studies of its efficacy in non-immune travellers,30 but no
treatment failures in this context have been reported. Neverthe-
less, Australian patients taking artemether–lumefantrine should
be made aware of the need for full compliance with the
instructions, specifically taking the full course and taking each
dose with food. A treatment course costs about A$73, compared
with A$53 for the atovaquone–proguanil coformulation Malar-
one (GlaxoSmithKline).

The future for ACT looks promising. Novel chloroquine-like
partner drugs, including pyronaridine and naphthoquine, are
being assessed and preliminary clinical data are encouraging.39 The
combination of artesunate with chlorproguanil–dapsone, two “old”
antimalarial drugs, is being developed,40 although haematological
toxicity is of concern.41 Although expensive, the combination of
atovaquone–proguanil and artesunate proved effective in an area
with multidrug-resistant P. falciparum.42 Synthetic trioxolanes43

might prove more cost-effective than currently available artemisi-
nin derivatives and displace them from ACT. Future development
of ACT should include continued safety evaluation, especially in
pregnant women and young children. The challenge will be to
develop a range of new antimalarial combinations that are potent,
safe, easy to administer and inexpensive so that the emerging drug-
resistant malaria “disaster”44 can be averted.
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4 Important messages for patients

• Artemisinin-based combination therapy (ACT) is now established 
as first-line treatment for uncomplicated malaria in many South-
East Asian countries.

• The only ACT available in Australia is artemether–lumefantrine 
(Riamet).

• It is most important to follow the instructions when taking this 
antimalarial medication — take the whole course and take each 
dose with food.

• Because fake antimalarial therapies are being sold in pharmacies 
and shops in South-East Asia, it is better to plan ahead and obtain 
medications for prevention and/or treatment of malaria in 
Australia before departing.
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