Specific Aims:
The specific aims of this work are to develop novel trioxane dimers as potential antimalarial compounds and to evaluate them for activity against malaria.

Background and Significance:
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Malaria, which affects over 400 million people1 worldwide, especially in Africa and South east Africa, causes in excess of 2 million deaths each year.2  In addition an increased incidence of the disease, due to resistance4 to common treatments of malaria such as chloroquine (x), mefloquine (y) and even the naturally occurring, highly efficient antimalarial quinine (z), puts nearly 2 billion people at risk of contracting the disease.
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Taking a lead from ancient Chinese medicine, (+) Artemisinin (a) was isolated from Artemisia annua L. Compositae (Qinghao).  While not used for the treatment of malaria in the U.S., a is a potent antimalarial without obvious adverse reactions or side effects in patients.1  The therapeutic indices of a has been very limited by its low solubility in water and oil.  Water solubility is important for metabolism and oil solubility is important for penetration of lipid layers in vivo.  The oil solubility may be important for the compounds to gain entry into the infected cells or the parasites food vacuole.
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One artemisinin derivative used as a fast-acting chemotherapeutic drug is artelinic acid (v).  
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Recently,13 the new antimalarial, OZ277 (T) was reported.  While T is an ozonide that is not an artemisinin derivative, it was found to have excellent antimalarial activity, with an IC50 of about 1 ng/mL for one strain and about 0.90 ng/mL for another.

The medicinal chemistry of Artemisinin and related endoperoxides has been reviewed.3  

In recent years, 5-7 the Posner group has become very well established at developing artemisinin-derived trioxane dimers as antimalarial compounds.  These compounds were also found to poses antitumor activity, and while a discussion of this is beyond the scope of this proposal, any analogues prepared would also be tested as antitumor drugs, as well.  Thebtaranonth and co-workers11 have also developed a large number of cytotoxic and antimalarial dimers, trimers and tetramers of C-16 artemisinin derivatives.  It is worth pointing out that the derivatives studied by Thebtaranonth and co-workers were derivatized at C-16, while those studied by Posner and proposed here are derivatized at C-10.  The Posner group has established itself further in this field with the preparation of a number of antimalarial monomers.8-10  

The specific aim of this work is to develop dimer analogues of a monomer developed by the Posner group.  The basis for the selection of the particular dimers to be pursued will be:

1.) Activity of the monomer

2.) Activity of the dimer-linking group

3.) Synthetic practicality
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It has been established that in most cases, trioxane dimers are more active as antimalarials, in addition to being antitumor, relative to the parent monomers.  Several examples of this are seen in Posner’s work6 on antimalarial artemisinin-derived trioxane dimers.  In this study, all but one analogue (i) was found to be more active than the parent monomer, artemisinin, in vitro.  

The most active dimer linker was found to be the diol ii.  It is worth noting that the 1,2 diol linker may provide enhanced water solubility, which may contribute to its higher activity.  Also possessing great water solubility is linker iv.  The water solubility of iv is close to 30 times more water soluble than artelinic acid (v).
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In another study,5 the same result was observed.  That is, only one analogue was found to be less active than the artemisinin parent monomer.  In this study, the phosphate dimer B-a was found to be 50x more potent than artemisinin and 15x more potent than the clinically used acetal artemether.  

The potency of this dimer was found to be in the sub-nanomolar range with an IC50 of 0.2nM against one strain of the parasite and an IC50 of 0.09nM against another!

These are two excellent examples of dimers possessing enhanced activity relative to the respective parent monomer.  While all the dimers are dimers of artemisinin, it is expected that dimers of derivatives of artemisinin that posses even modest antimalarial activity will display a similar trend.

It has also been shown7 that in these dimers, it is required that both units in the dimer contain a trioxane unit.  The bisdeoxy compounds have been shown to have no antiproliferate activity and virtually no (IC50=1030 nM) antimalarial activity.  This very well establishes the requirement of the trioxane units.  However, it does not necessarily suggest that both therapeutic qualities arise from the same biological mechanism.  Further, while the mechanism of trioxanes’ antimalarial activity is becoming more clear, the mechanism of the antiproliferate activity remains to be elucidated.

Dimers of artemisinin were found to not only posses impressive antimalarial activity, but also anti-cancer activity.  One artemisinin dimer, based on 1f, was shown by Posner14 to be a very good growth inhibitor against 4 prostate cancer cell lines, with an IC50 range of 23.3 nM-9.2 nM, with an average IC50 of 16.6 nM.  The best two values were obtained for the most aggressive cell lines.  Artemisinin dimers similar to 1a and 1b5 were also found to have impressive anti-cancer activity.  In many cases for the 1a derivative, the GI50 (the concentration of drug that inhibits percent growth by 50%) was >10 nM.  In fact, this level of activity was observed in at least one cell line for leukemia, colon cancer, melanoma, prostate cancer and breast cancer.  This same compound displayed activity near that of paclitaxel, with TGI’s (total growth inhibition) of 1-10 μM against four leukemia cell lines, one colon cancer cell line and one breast cancer cell line.  The analog 1b is based on shows similar activity against the same cell lines, although, generally, not as impressive as 1a.  It is worth noting that there was little activity against lung, central nervous system (CNS) and renal cell lines.  Evidence was found in this study5 that suggested specific cellular targets for these compounds.  This is because the length of the linker was found to greatly influence activity.  The artemisinin derivative on which 1c is based was found to be selectively and strongly growth inhibitory, but not lethal, to the renal cancer cell line ACHN.  In addition, the 1d analog was especially selective and potent at inhibiting growth of only colon cancer KM 12 cells, CNS SF-295 cells and ovarian OVCAR-3 cells.

One particular monomer developed by the Posner lab10 (iii) was found to have excellent activity, with an in vitro IC50 of 1.3nM.  Unfortunately, due to low water solubility, in vivo testing of this particular monomer was prohibited because it could not be easily 
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administered intravenously or orally.  It is worth noting that more polar, water solubilizing linker groups seem to promote activity.  This, coupled with the fact that the dimers are more active, in general, than the parent monomers, makes a dimer such as 1 an attractive target.  In 1, a very active monomer unit (iii) is converted to its dimer by using the same linker family and chemistry employed in Posner’s study of artemisinin dimers.5, 6  It is proposed that this extremely active monomer will become more active, as the general trend suggests, when converted to its dimer, and that appropriate choice of dimer linker could impart enhanced water solubility that will allow for in vivo testing as well.  
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Of the specific dimers targeted (1a-1f), 4 employ linkers that have been shown to afford greater activity than the parent monomer when the monomer is artemisinin.  The one exception (1e) is a synthetic intermediate toward 1c, 1d and 1f.  This dimer, 1e, is based on i which is the artemisinin analog that did not posses greater activity than the parent 

monomer.

The impressive anticancer and antimalarial activity summarized here for the artemisinin analogs on which the targets are based, along with the exceptional in vitro activity of the monomer on which the targets are based make the targets 1a-1f attractive and worthy targets.
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