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BACKGROUND

Treatment of malaria disease with chemotherapeutic agents remains the cornerstone of patient
management and will likely remain so for the foreseeable future. But, albeit much can be done with
existing drugs if properly used, there is an urgent need for new drugs with mode of actions different
from existing ones. The reason is that resistance to antimalarials is emerging and spreading, and there
are few effective drugs in the pipeline (1).

Drug research should be led by, and adjusted to, the needs of malaria treatment in the field so that
research products can meet and satisfy the diverse practical requirements of case management in
different situations. Needs for malaria drugs include life-saving therapy and drugs for broad use for
uncomplicated malaria -many of the drugs for current use are restrained by resistance, cost or toxicity
in target groups. It is equally important that the cost-benefit and the acceptability of new interventions
receive careful evaluation at an early stage of development.

There are short-term and long-term research objectives. A reasonable objective in the short term would
be to optimize the use and effective life-span of available drugs: exploring drug combinations would be
critical to improve dosing regimens and minimize the development of resistance. Longer term, though
unavoidable, objectives are the identification of chemotherapeutic targets and the discovery of new
leads, as well as a better understanding of the mechanisms of drug action and resistance.

THE NEEDS
Treatment of severe malaria

Mortality due to cerebral malaria is still high; case-fatality rates with standard treatment range 12-25%
depending on prevailing standard of care, even in areas of full quinine sensitivity (2). Quinine is safe
but its efficacy is fading in Thailand (3).

The needs in connection with the management of severe malaria are three fold: developing new
antimalarials unrelated to quinine to overcome resistance; assess alternative approaches to prevent
progression to severe malaria; better understanding of the pathogenesis of severe malaria to identify
adjunct treatment.

Artemisinin derivatives (artemether, arteether, artesunate, dihydroartemisinin) show no cross-resistance
with other antimalarials and have rapid activity (4,5). With the exception of artesunate they are all
insoluble in water and therefore cannot be administered intravenously. At present, no conclusive
comparative study is available to enable to opt for one derivative or another. The use of these drugs has
traditionally been limited to China and areas of Southeast Asia because the available pre-clinical and
clinical data did not satisfy stringent regulatory requirements for international marketing authorization.
Intramuscular artemether has subsequently received further development and is now being
commercialised in other parts of the world.



It is worthwhile noting that a clear clinical advantage in terms of mortality and sequelae of artemisinin
derivatives over quinine is so far apparent only in the presence of parasites with decreased
susceptibilities to quinine (6,7,8). This finding highlights the need for alternative approaches to prevent
the occurrence of the serious complications of falciparum malaria. Ideally, prompt diagnosis and
treatment preferably of uncomplicated cases would settle the problem, but in practice very often
patients -mostly children- are already comatous when they reach the hospital. That is why it has been
suggested that control strategies should be directed against the disease rather than killing the parasite
since children in endemic areas develop immunity to the serious complications of malaria several years
before their parasitaemias start to fall (9). Better understanding of mechanisms involved in the
pathogenesis of severe malaria (cytokines, cytoadherence and rosetting) is therefore needed (10,11).

Treatment of uncomplicated malaria episodes

The therapeutic armamentarium for treating malaria is limited, and drug cross-resistance is facilitated
by the fact that most of the available compounds belong to a restricted collection of chemical structures.
Chloroquine has been for decades the mainstay of malaria treatment and prevention, but resistance to
this drug 1is nowadays widely spread (12,13). Second-line treatment in Africa is
pyrimethamine/sulfadrug combinations, but resistance is emerging after a relatively short time from
introduction. Toxicity (particularly severe cutaneous adverse events) may also limit its use. In fact, the
blessing and the drawback of the in-use antifolates has been their long half-lives, which can generate
resistance and be responsible for drug adverse reactions (14,15). In certain areas of Southeast Asia,
multidrug resistant parasites have emerged and there is evidence for reduced efficacy of almost all
known antimalarials. Resistance is already established to mefloquine and halofantrine in Southeast
Asia, particularly Thailand (12,13,16-18) and sporadically elsewhere (19,20). The use of halofantrine is
limited by cross-resistance with mefloquine and possible cardiac toxicity (21).

Although artemisinin derivatives rapidly reduce parasitemia, parasite recrudescence occurs frequently
unless given for 5 days or longer or used in combination with mefloquine (22-26). But concerns are
expressed over the use of oral formulations of artemisinin derivatives for the treatment of
uncomplicated malaria in areas where other first-line medications could be used: unregulated use of
these drugs may exert drug pressure that can lead to resistance; moreover, the effect of repeat dosing is
not known yet and might lead to cumulative (neuro- or cardio-) toxicity so far observed only in
experimental animals (27,28). The long-term implications of their use need to be assessed, and new
derivatives with better disposition, oral bioavailability and toxicological profile need to be sought.

Thus, there appear to be two sets of priorities in connection with these patterns of resistance: one is for
a first-line, safe, oral, preferably cheap medication for broad use to replace chloroquine, particularly for
Africa. In addition, drugs effective in multidrug-resistant malaria are badly needed in limited areas of
the world nowadays. For the time being the numbers of people in need of such drugs are comparably
small and relatively high priced medications can be afforded. But the world may also face the appalling
prospect of multidrug resistant strains spreading to high transmission areas of Africa and this would be
a crisis of immense proportion (19,20). Waiting for new drugs with novel mechanisms of action to
become available, a rationale assessment of combination chemotherapy regimens should be carefully
done in order to prevent or delay parasite resistance (29).

The reduced efficacy of drugs against blood stages makes it increasingly important to develop causal
prophylactic or radical curative agents, thus preventing blood stages from emerging and causing clinical
diseases.

PERSPECTIVES

The previous section has highlighted the compelling need for novel antimalarials. But, although



chemotherapeutic targets and new lead compounds have been identified, the drug development pipeline
is drying off. Interesting though they are, the new avenues in research appear to have little impact on
the ultimate availability of new drugs on the pharmacy shelves. Moreover, the costs and risks of drug
development, particularly in the face of the perceived limited profits and the long pay-back period of
drugs for the developing world, are seen by the pharmaceutical industry as disincentives for
antimalarial drug development.

New Drugs Under Development (30)

Two new injectable artemisinin derivatives are currently being developed: one, arteether, closely
related to artemether, is water-insoluble and such injected intramuscularly, is in Phase II-1II clinical
development; the other, sodium artelinate, water-soluble, is being developed for intravenous
administration. Also existing artemisinin derivatives are receiving further study, including potential
combinations with other antimalarial drugs (22-26), and alternative formulations. Studies are being
initiated to assess whether the availability and use at the peripheral level of the health system of
artesunate suppositories for patients unable to swallow "en route" to the hospital can prevent severe
malaria or improve its outcome.

Atovaquone (hydroxynaphthoquinone), is a new antimalarial with a broad spectrum of activity to
opportunistic pathogens (7.gondii, P.carinii). It shows high intrinsic activity against erythrocytic
stages of P. falciparum in vitro and also primary liver stages. As an inhibitor of electron transport, it
has a novel mode of action and is not cross resistant with other antimalarials. In contrast to previous
members of the naphthoquinone series, it is metabolically stable with an elimination half-life of
approximately seventy hours. However, resistant parasites emerge readily after single-agent treatment
with atovaquone in approximately 30% of cases; atovaquone is therefore now combined with proguanil
to prevent or delay emergence of resistance, and is currently in advanced phases of international
clinical development for the treatment of uncomplicated P.falciparum malaria. The combination appear
to be very effective in the various settings where it was tested (31,32).

The combination of chlorproguanil and dapsone proved to have the best therapeutic index among
available drugs investigated in vitro to assess the activity and toxicity of antifolate drug combination,
(33). This combination was then chosen for clinical trials, also based on preliminary clinical results and
good track of safe use of the two individual drugs (34): the results of a Phase II trial in Kenya
comparing a three-day and a one-day regimen with chlorproguanil/dapsone vs pyrimethamine/
sulfadoxine are being analysed. The rationale for using alternative antifolates with shorter residence in
the organism is two fold. First, due to their short half life they are believed to exert lesser selective
pressure on the parasites and to be less prone to toxicity. Second, pyrimethamine and sulphonamide
resistance are unlinked in P.falciparum (35,36). But this approach, which may be valid in areas of no or
just emerging antifolate resistance, may not be enough in areas of Southeast Asia with high levels of
resistance to both DHFR and dihydropteroate synthase (DHPS) inhibitors. There, newer drugs are
required, such as the triazine WR99210, administered as the prodrug PS-15 (or WR250417) (37).

There are also other drugs under development that share common chemical structures with in-use
drugs. Despite common chemical features, Mannich bases (eg. quinoline-type: amodiaquine,
amopyroquine; acridine-type: pyronaridine, pyracrine) differ substantially from chloroquine in their
activities and in the rate and stability of resistance (38,39). The development of amopyroquine was
abandoned because of high cost of production, minimal advantage over amodiaquine, and poor oral
bioavailability. Amodiaquine -which has long been underutilised after reports of severe and fatal
haematological toxicity in prophylaxis- has still a place in the treatment of uncomplicated malaria as it
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is comparatively more active and no more toxic than chloroquine (42). Pyronaridine stands out as the
more active molecule of the whole lot (43). It has been used clinically in China since the 1970s and is
now marketed in that country, but is not widely available and has been only used experimentally
outside China. Two recent studies in Cameroon and Thailand have shown the drug is effective against
chloroquine-resistant parasites and retains activity in areas of multidrug resistance (44,45).
Pyronaridine is a potentially valid addition to the therapeutic armamentarium for the treatment of
malaria. Nevertheless, a larger accessibility of the drug is conditional to substantial investments in the
studies required to meet international standards for registration outside China in light of the possible
life-span of the compound. Also, the current price makes is by far too expensive for extensive use:
dosing regimes need to be optimised and Phase I studies with more suited oral formulations are
scheduled to begin presently (30).

Another Chinese synthetic compound benflumetol, a fluoromethanol, is currently under development
for concurrent use with artemether, but limited efficacy data are available so far.

Primaquine replacements under investigation are WR238 605 and CDRI 80/53. WR238 605, an 8-
aminoquinoline compound which was originally designed as a primaquine-replacement for prevention
of relapsing malaria, shows promising activity for prevention and treatment of falciparum malaria. It is
currently in early phase II clinical testing. Its potential advantages over primaquine are: a longer half-
life, a better therapeutic index, a greater blood schizontocidal activity in addition to its activity as a
tissue schizontocidal (44). It is hope that this drug can be used for causal prophylaxis and as single-dose
radical curative for P.vivax. CDRI 80/53 has comparable activity with primaquine but is claimed to
have lesser haemolytic potential.

Some alternate approaches

As pointed out before, several other factors beyond «parasite susceptibility» contribute to malaria
mortality, hence the need for adjuvant treatment and «antidisease» therapy to prevent progression to
severe malaria. Antagonists of Tumor Necrosis Factor (TNF) are being developed and tested by several
pharmaceutical companies to combat septic shock and autoimmune diseases and some of them have
been tested clinically in severe malaria, but the results are not encouraging so far (B.Greenwood,
personal communication). Preliminary data indicate pentoxyfillin may be a valid adjunction to standard
quinine treatment (45,46). Putative receptors and ligands on the surface of infected cells which are
involved in cytoadherence and in rosetting have been identified. These could lead to novel
interventions for the management of severe malaria. It is hoped that ongoing research can lead to drugs
that, combined with anti-parasite therapy, would reduce malaria-associated morbidity and mortality.

Restoring susceptibility to antimalarials to which parasites have become resistant could also be a
valuable solution. Various drugs, including calcium-channel inhibitors (eg. verapamil) and tricyclic
compounds (eg. desipramine) that are known to reverse the mdr phenotype in human cells have been
shown to "reverse" or "modify" chloroquine resistance in vitro (47,48). Others, like penfluridol,
modulate resistance to mefloquine and halofantrine. Unfortunately, no compound has yet proved
effective in vivo and there is some concern for potential host cell toxicity (49). The availability of such
resistance modifiers or chemosensitizing compounds would have great practical repercussions by
restoring the effectiveness of present first-line antimalarial drugs in areas where parasites are no longer
susceptible. This would be particularly desirable for chloroquine, which was shown to be valuable also
in inhibiting cytokine production (50).



Long-term goals: Drug discovery

Achieving short-term objectives by «getting extra-mileage» from existing drugs or their combinations
can momentarily ease the struggle for tools to control malaria, but will only partly offset the trend to
further expansion of resistance. In fact, the current armamentarium of drugs against malaria is limited,
and this appears to be one of the factors which have contributed to the development of drug resistance.
Therefore, long-term objectives of research must focus on the discovery of compounds with new
structures acting on new chemotherapeutic targets.

More research needs to be done in order to identify and validate targets, and to use them for testing
compound activity. But we cannot expect all targets to be suited; a chemotherapeutic target must be an
essential feature of the parasite life-cycle (involved in a rate limiting biochemical process with no
alternative pathways which circumvent the target), and either parasite-specific (eg. food vacuole
functions, the mitochondrion/plastid) or differ significantly from any analogous process in the host (eg.
DHFR, signal transduction). A number of putative chemotherapeutic targets have been identified for
malaria.

Examples of validated targets already amenable to compound screening are: proteinase inhibition in the
plasmodium food vacuole (plasmepsin I, II, and cystein proteinase), inhibition of folate metabolism
(DHFR, DHPS), and phospholipid metabolism. Other drug targets are at earlier stages of investigation
or have not yet led to the discovery of new leads. Chemotherapeutic targets for malaria are summarised
in Table 2 and are reviewed in Vial & Olliaro, 1995 (51).



Ultimately, the main motor for change will have to come from technology, and already recent
discoveries and developments open new avenues of research for drug discovery. There are already
several examples of new technologies which can be increase our capability to discover new
compounds: recent advances in genetic engineering now allow to identify and confirm targets; the
malaria genome is being sequenced, and this has the potential for leading to new targets identification;
huge numbers of compounds can now be tested by robotic high throughput screening is possible
against selected enzyme targets. The capability to generate new structures is also now tremendously
improved by new techniques such as combinatorial chemistry. This consists of a systematic assembly
of molecular "building blocks" in multiple combinations and generates collections of compounds
named combinatorial libraries. These molecules can be either biological (DNA/RNA,
peptides/proteins) or chemical (peptides, polymers or peptoids, and now also organic). In essence, the
rationale for combinatorial chemistry is twofold. Firstly, many believe that our difficulty in discovering
novel effective molecules stems from the limited numbers of chemical structures explored so far -
combinatorial chemistry aims at generating chemical diversity. Secondly, compound screening and lead
optimisation by medicinal chemistry work has traditionally been a bottleneck in drug discovery; now
many would hope that chemical libraries may lead to a drug with minimal medicinal chemistry. By
coupling combinatorial chemistry and robotic high throughput screening it is now hoped that huge
numbers of compounds in produced in minimal quantities can be screened in very limited times. This
new technique is now being adopted by several pharmaceutical companies as an alternative to more
classical approaches to drug discovery.

But, since parasites appear to invariably get round any human intervention, research should also focus
on understanding the mechanisms of resistance, if we are ever going to keep pace with the development
of resistance.

The Research and Development (R&D) process for drugs

The rate at which such new drug entities will become available for clinical use depends on the available
resources. Over the past ten years, there has been a significant cut in funds allocated to drug discovery
in the drug industry, and the number of new chemical entities has dropped substantially. This affects
primarily low-priority areas for the pharmaceutical industry such as tropical diseases. The burden for
development is therefore on the public sector, however, governmental efforts also are being reduced
significantly.

New chemical entities discovered through the process mentioned above cannot be expected to become
drugs available on the market soon. The drug discovery and development process is lengthy and
expensive. The timescale now averages 12 years, and can fail at any stage. Full R&D costs for each
new chemical entity on the market average US$ 395 million -costs inclusive of projects prematurely
terminated; a commonly accepted figure is that 1 in 10,000 molecules studied is ultimately put on the
market. Review of dossiers by regulatory authorities also needs time: the review process by the Food
and Drug Administration in the United States of America takes on average 32 months (52).

CONCLUSIONS

Much is being done for malaria but this is obviously not enough. The dominating theme in antimalarial
use and research is resistance, which is the key factor in determining the duration of a drug effective
lifespan.

The efficacy and safety of existing antimalarials could be "protected" if we could use them better and
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combine them rationally. But these would represent only momentary solutions, and there are obvious
difficulties in regulating the use of antimalarials when these are freely available in the market-place.
New drugs need to differ in their chemical structures from existing ones and to target different
processes of the parasite, and as such artemisinin derivatives and atovaquone/proguanil represent recent
breakthroughs. But will they be accessible and used properly? How long will their efficacy last? When
can we expect other drugs to become available? The duration, costs and risk of the drug R&D process
work against having new antimalarials available soon. There are no many antimalarial compounds in
the pipeline, and although there appear to be new interesting prospects, these are most often at very
preliminary stages, and one should not forget that the risk of failure is highest in the early phases of the
drug development process. Although several new targets have been identified, we cannot expect all of
them to eventually prove essential and specific. The ultimate need is for basic research to discover new
targets and lead compounds and to elucidate the mechanisms of resistance.

Finally, people should realise that development and implementation of antimalarial drugs needs a
concerted venture, and that efforts are doomed to failure if a partnership is not created between public
and private sector.

References

1. World Heath Organization. 1994. World malaria situation in 1992. Weekly Epidemiological Records
69:309-316

2. Marsh K, Newton CRJC, Winstanely PA, Ben Were J, Kirkham F. 1991. Clinical malaria - new
problems in patient management. In: Malaria - waiting for the vaccine (GAT Target Ed) John Wiley &
Sons

3. Pukrittayakamee S, Supanaranond W, Looreesuwan S, Vanjianonta S, White NJ. 1994. Quinine in
severe falciparum malaria: evidence of declining efficacy in Thailand. Trans R Soc Trop Med Hyg
88:324-327

4. Artemisinin. Trans. R. Soc.Trop.Med.Hyg. 88(Suppl1)1994
5. Hien TT, White NJ. 1993. Qinghaosu. Lancet, 341:603-608.

6. Taylor TE, Bridget AW, Kazembe P, Chisale M, Wirima JJ, Ratsma EYEC, Molyneux ME. 1993.
Lancet 341:661-662

7. Walker O, Salko LA, Omokhodion Sim Sowunmi A. 1993. An open randomized comparative study
of intramuscular artemether and intravenous quinine in cerebral malaria. Trans R Soc Trop Med Hyg.
87:564-565

8. Karbwang J, Tin T, Rimchala W, Sukontason K, Bunnag D, Harinasuta T. 1994. Comparative
clinical trial of artemether and quinine in severe falciparum malaria. 6th International Congress for
Infectious Diseases. Prague, Czech Republic April 26-30, 1004. Abstract 1001

9. Playfair JH, Taverne J, Bate CA.1991. Don't kill the parasite: control the disease. Acta Leidensia, 60,
157-165.

10. Clark TA & Rockett KA. 1994. The cytokine theory of human cerebral malaria. Parasitology Today

7



10(10):410-412.

11. Berendt R, Turner GDH, Newbold CI. 1994. Cerebral malaria: the sequestration hypothesis.
Parasitology Today 10(10):412-414.

12. Wernsdorfer WH. 1991. The development and spread of drug-resistant malaria. Parasitol Today
7(11):297-303

13. White NJ. 1992. Antimalarial drug resistance: the pace quickens. J Antimicrob Chemother 30:571-
585

14. Watkins WM and Mosobo M. 1993. Treatment of Plasmodium falciparum malaria with PSD:
selective pressure for resistance is a function of long elimination half life. Transactions of the Royal
Society of Tropical Medicine and Hygiene, 87, 75-78.

15. Bjorkmann A and Phillips-Howard PA. 1991. Adverse reactions to sulfa drugs: implications for
malaria chemotherapy. Bulletin of the World Health Organization, 69:277-304.

16. Fontanet AL, Johnson BD, Walker AM, Rooney W, Thimasarn K, Sturchler D, Macdonal M, Hours
M, Wirth DF. 1993. High prevalence of mefloquine-resistant falciparum malaria in Eastern Thailand.
Bull WHO 71:377-383

17. Nosten F, ter Kuile F, Chongsuphajaisiddhi T Luxemburger C, Webster HK, Edstein M, Phaipun L,
Thew KL, White NJ (1991) Mefloquine-resistant falciparum malaria in the Thai-Burmese border.
Lancet 337:1140-1143

18. Looareesuwan S, Harinasuta T, Chogsuphajaisiddhi T. 1992. Drug resistant malaria with special
reference to Thailand. Southeast Asian J Trop Med Public Health. 23:621-634

19. Brasseur P, Kouamouo J, Moyou RS, Druilhe P (1992) Multidrug resistant falciparum malaria in
Cameroun in 1987-1988 II. Mefloquine resistance confirmed in vivo and in vitro and its correlation
with quinine resistance. Am J Trop Med Hyg 46:8-14

20. Basco LK, Le Bras J, Gillotin C, Ringwald P, Rabenjarson E, Gimenez F, Bouchaoud O, Farinotti
R, Coulaud JP (1991) Type Rl resistance to halofantrine in West Africa. Trop Med Parasitol 42:413-
414

21. Nosten F, ter Kuile FO, Luxemburger C, Woodrow C, Kyle DE, Chogsuphajaisiddhi T, White NJ.
1993. Cardiac effects of antimalarial treatment with halofantrine. Lancet 341:1054-1056

22. Luxemburger C, ter Kuile FO, Nosten F, Dolan G, Bradol JH, Phaipun L, Chongsuphajaisiddhi T,

White NJ. 1994. Single day mefloquine-artesunate combination in the treatment of multi-drug resistant
falciparum malaria. Trans R Soc Trop Med Hyg 88:213-217

23. Looareesuwan S, Vivaran S, Vanijanonta S, Wilairatana P, Suntharasamai P, Charoenlarp P, Arnold
K, Kyle D, Canfield C, Webster K. 1992. Randomised trail of artesunate and mefloquine alone and in
sequence for acute uncomplicated falciparum malaria. Lancet. 339:821-824

24. Looareesuwan S, Kyle D, Vivaran S, Vanijanonta S, Wilairatana P, Charoenlarp P, Canfield C,

8



Webster K. 1994. Treatment of patients with recrudescent falciparum malaria with sequential
combinations of artesunate and mefloquine. Am J Trop Med Hyg. 47:794-799

25. Karbwang J, Na-Bangchang K, Thanavibul A, Ditta-in M, Harinasuta T. 1995. A comparative
clinical trial of two different regimens of artemether plus mefloquine in multidrug resistant malaria.
Trans R Soc Trop Med Hyg. 89:290-298

26. Price RN, Nosten F, Luxemburger C, Kham AM, Brockman A, Chongsuphajaisiddhi T, White NJ.
1995. Artesunate versus artemether in combination with mefloquine for the treatment of multidrug-
resistant falciparum malaria. Trans R Soc Trop Med Hyg. 89: in press

27. The role of artemisinin and its derivatives in the current treatment of malaria (1994-1995). Report
of and Informal Consultation convened by WHO in Geneva 27-29 Sept 1993) WHO/MAL/94.1067

28. Brewer TG, Grate SJ, Peggins JO, Weina PJ, Petras JM, Levine BS, Heiffer MH, Schuster BG.
1994. Fatal neurotoxocity of artemether and arteether. Am J Trop med Hyg 51:251-259

29. White, PL Olliaro. Strategies for the prevention of antimalarial drug resistance: rationale for
combination chemotherapy for malaria. Parasitology Today, submitted for publication

30. Olliaro PL, Trigg PI. Status of antimalarial drugs under development. Bull WHO 1995;734(5): 565-
571

31. Canfield CJ, Pudney M, Gutteridge WE (1995) Interaction of atovaquone with other antimalarial
drugs against Plasmodium falciparum in vitro. Exp Parasitol 80 (3) 373-381

32. Canfield CJ, Boudreau EF, Alstatt LB, Dausel LL, Hutchinson DB (1995). World -wide controlled
clinical trials with atovaquone and proguanil for treatment of Plasmodium falciparum malaria. Am J
Trop Med Hyg 53(2):87 [abstract No 1]

33. Winstanley PA, Mberu EK, Szwandt ISF, Breckenridge AM, Watkins WM. 1995. The in vitro
acitivity of novel antifolate combinations against Plasmodium falciparum and human granulocyte
colony-forming-unit. Ant Agents Chemother 39:948-952

34. Watkins WM, Brabdling-Bennett AD, Nevill CG, Carter JY, Boriga DA, Howells RE, Koech
DK.1988. Chlorproguanil/dapsone for the treatment of non-severe plasmodium falciparum malaria in
Kenya: a pilot study. Trans. R. Soc. Trop. Med. Hyg. 82:398-403

35. Peterson DS, Milhous WK, Wellems TE. 1990. Molecular basis of differential resistance to
cycloguanil and pyrimethamine in Plasmodium falciparum malaria. Proceedings of the National
Academy of Sciences, USA., 87, 3018-3022.

36. Sirawaraporn W, Prapunwattana P, Sirawaraporn R, Yuthavong Y, Santi DV. 1993. The
dihydrofolate reductase domain of Plasmodium falciparum thymidilate synthase-dihydrofolate
reductase. Gene synthesis, expression, and anti-folate-resistant mutants. Journal of Biological
Chemistry, 268: 21637-21644.

37. Canfield CJ, Milhous WK, Ager AL, Rossan RN, Sweeney TR, Lewis NJ, Jacobus DP (1993) PS-
15: a potent, orally active antimalarial from a new class of folic acid antagonists. Am J Trop Med Hyg

9



49(1):121-126

38 Basco LK and Bras JL.1992. In vitro activity of pyronaridine against African strains of Plasmodium
falciparum. Annals of Tropical Medicine and Hygiene, 5: 447-54

39. Peters W and Robinson BL .1992. The chemotherapy of rodent malaria. XLVII. Studies on
pyronaridine and other Mannich bases. Annals of tropical Medicine and Parasitology, 86: 455-65

40. Ringwald P, Bickii J, Basco L. 1996. Randomised trial of pyronaridine versus choroquine for acute
uncomplicated falciparum malaria in Africa. Lancet. In press

41. Looareesuwan S, Kyle D, Viravan C, Vanijanta S, Wilairat P, Wernsdorfer W. 1996. Clinical study
of pyronaridine for the treatment of acute uncomplicated falciparum malaria in Thailand. Am J Trop
med Hyg. In press

42 .0Olliaro P, LeBras J, Nevill C, Ringwald P, Mussano P, Garner P, Brasseur P. 1995. A systematic
review of published and unpublished data on roal amodiaquine for the treatment of uncomplicated
malaria. American Journal of Tropical Medicine and Hygiene 53(2):281-282 (Abstract 592),1995

43. Fu S. and Xiao SH (1991) Pyronaridine: a new antimalarial drug. Parasitology Today, 7, 310-312.

44, Milhous WK, Robinson BL, Breuckner RP, Schuster BG, Peters W. 1992. Evaluation of Wr238695
in rodent malaria models. Am J Trop med Hyg 47(4):89 (abstract no.1)

45. Graninger W, Thalhammer F, Locker G.1991. Pentoxifilline in cerebral malaria. J Infect Dis
164:829

46. Di Perri G, Di Perri IG, Monteiro GB, Bonora S, Hennig C, Cassatella M, Micciolo R, Vento S,
Dusi S, Bassetti D et al. 1995. Pentoxifilline as a supportive agent in the treatment of cerebral malaria
in children. J Infect Dis 171:1317-1322

47 Martin SK, Oduola AMJ, Milhous WK. 1987. Reversal of chloroquine resistance in Plasmodium
falciparum by verapamil. Science, 235:899-901.

48. Bitonti AJ, Sjoerdsma A, Mccann PP, Kyle DE, Oduola MJ, Rossan RN, Milhous WK, Davidson
DE. 1988. Reversal of chloroquine resistance in the malaria parasite Plasmodium falciparum by
desipramine. Science, 242, 1301-1303.

49. Watt G, Long GW, Grogl M and Martin SK. 1990. Reversal of drug-resistant falciparum malaria by
calcium antagonists: potential for host cell toxicity. Trans Royal Society of Tropical Medicine and

Hygiene, 84:187-190.

50. Picot S, Peyron F, Vuillez JP, Polack B, Ambroise-Thomas P. 1991. Chloroquine inhibits tumor
necrosis factor production by human macrophages in vitro. J Infect Dis 164(4):830

51. H.Vial, P.Olliaro (1994) Une urgence: developper de de nouvelle molecules antipaludéennes.
Annales de 1'Institut Pasteur 5(4):315-323.

52. US Congress, Office of Technology Assessment, Pharmaceutical R&D: Costs, Risks and Rewards,

10



OTA-H-522 (Washington DC; US Government Printing Office, Feb 1993.

11



