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Scientific Summary 

It is a pleasure for us to present the final report concerning the research project whlch 

encompassed three lines of interdisciplinary research activities The research, which was 

carried out in Israel and In Thailand included the followmg topics 

"Development of the synthetic methodology for the preparation of iron scavenging 

molecules that possess two major structural elements (I) iron binding groups, and (11) 

reporter groups or synergetically acting elements 

The synthetic methodology involved (1) the preparation of tetra, tris-, or bis- 

carboxyphenolates, (11) their coupling with one equivalent of reporter group, drug or 
synergetically acting element, and (111) subsequent coupling with three, two or one 

equivalents of iron bindmg groups (WI, Rehovot, Israel) 

*Development of novel formulations for rn vivo examination of combination 

therapies involving iron scavengers Particular emphasis has been placed on the generation 

of slow release formulations, which are expected to pertain an adequate serum level of 

active drug (HU, Jerusalem, Israel) 

"Preparation of novel conjugates between artemisinine and iron binding moIecuIes 

for zn vrtro studies as potential antimalarials The iron binding elements have been prepared 

and supplied by the Rehovot group (Bangkok, Thaland) 



Final Report of The Chemcal Aspects (Rehovot Group) 

The synthesis of a new Iron binding ligand (I) a derivative of N-hydroxy succinlmde was 

pursued 

1 - 
the synthetic route is described in the Scheme 

CH,COOCOCH, 

COOH C CH COOH NOBn 
I H ~n C,H, 
NHBoc 

BocNH 

H, 1 Pd 

N-OH NOBn 

BWNH' 

Three of these molecules are combined to form the tridentate molecule &which is expected to 

be a new slderophore that binds Iron 



T~tratlon experlments of the trlpodal lmde Zw~th  Iron establlshed bmd~ng by the appearance 

of a new absorption around 470 nm, whlch was attributed to the Fe(II1)-N-hydroxy- 

succ~nlrmde complex pH-tltrabon of the Iron complex establlshed optlmal blndlng around pH 

5, whle the correspondlng tris-hydroxamate exhlb~ted optimal b~ndlng around pH 8 8 The 

novel trlpodal ~rmde (2) IS thus expected to be a more potent Iron scavenger than the 

correspondmg trishydroxarnate at cell compartments of lower pH 
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AID-CDR Final Report (Jerusalem and Rehovot ) 

The ongmal am of the proposal was based on empincal observation that the hydroxarnate-based iron chelator DFO, 
arrested parasite growth m vrfro, in amma1 models and in the climc The project auned at mtroducmg novel iron chelators 
(ICHs) wth lmproved AM efficacy by using molecular probe deslgn and modular chemical synthesis Those were combmed 
m order to obtam drugs wth defined features such as a membrane accessib~l~ty (for faster speed of action), b selectwe 
actlon on Infected RBCs, by differential accessibility to P falcrparum infected celk; and c ~rreversible actlon on won 
metabolism m parasite ~nfected cells The two major groups of ICHs used were based either on N-denvatized forms of the 
natural DFO or the synthetic fernchrome-like siderophores (SFs) (called here reversed siderophores, RSFs) A h r d  group 
of chelators was based on the bidentate acyl-hydrazone conjugates (AHs) of vanous cyclic aldehydes The novel ICHs were 
~mtially charactenzed for their Iron bmdmg capacity and octanol water parbtion coefficient and screened m m wtro cultures 
of P fahparum for a AM potency, speed and stage dependence of action and c cytotoxlc~ty and iron extraction capacity 
m m a 1  cells They were evaluated in terms of quantitative structure-activlty relationship (SAR) schemes The most 
specific and potent AM agents found in In vrtro cultures of parasites were also prelimmary assessed for Ah4 actinty m 
m a 1  models of malana 

Summary of work and goals accomplished 
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chemcal deslgn of two novel senes of reversed siderophores (RSFs) and of N-denvat~zed DFOs and their assessment 
m terms of quantitative SAR on rn vrfro inhibition of Plasmodrum falclparum growth, 
assessment of RSFs and DFOs on parasite nucleic acid synthesis as a hncbon of concentration, tune of exposure to 
drug and developmental stage of parasites, 
assessment of RSFs and DFOs capacity to lrreverslbly arrest parasite growth rn vltro as a function of parasite 
developmental stages, 
dellneation of drug effects on parasite development in terms of permeability properties and of routes of access of 
drugs mto parasite vs host compartments, 
comparative evaluation of cytostatic and cytotoxlc effects of RSF and DFOs on parasitized cells and marnrnallan cells 
m culture, 
integration of the collected information into a working model of RSF mode of action as AMs and its implication for 
drug design and therapeutic improvement, 
assessment of the working model on parasites grown m vifro and rn vrvo with combinations of SFs that &splay 
different action profiles (analysis of drug synerg~sm), 
prel~mmary assessment of new means of drug delivery m animal models of malana 

Most of the above studies are covered in papers whlch appeared in peer remewed journals and m mwted renews The 
stules indicated that 
a fast, effective and selective AM actlvity (m v~tro) can be achieved with the most lipoph~lic members of both, the RSF 

and DFO farmlies (e g RSFm2phe and its propyl-ethyl ester and MA-DFO, respectively) and wth vanous AHs (e g 
SIH) They outperformed DFOYs AM action in rn vrfro cultures, but acted synergistically wth DFO, leadmg to long 
lastrng tnhlbition of parasite proliferation 

b all ICHs used were well tolerated by mammalian cells m the inhibitory antlmalanal range, some even showrng no 
cytostatic effect on mammalian cells 

c the ICHs used were active agamst strains which display different degrees of multi-drug resistance 
d the mode of action of the ICHs were ratlonallzed in a working model m which drug permeation and parasite stage 

susceptibility to iron deprivation played a central role The model was put to test inlt~ally on rn vztro malana cultures 
It led to the development of three concepts regarding drug design and application Those were mcorporated m the new 
proposal 1 coverage of the entire parasite hfe cycle in terms of antimalanal actlon by combwg the action of ICHs 
wth different activlty ( I  e permeation) profiles, ii improvement m the antimalanal potential of ICHs by mcreasmg 
their cell retention or 111 their exposure to cells by application chemical devlces for slow-drug release Prelumnary 
mformation showed the feasibility of three concepts rn vrfro and in animal models of malana 



I 

Golenser, J , Tsafack, A , Amitai, Y , Shanzer, A and Cabantchlk, Z I (1995) Antunalanal amon of hydroxamate-based 
iron chelators and potentiation od desfernoxarnnme actlon by reversed siderophores Antamacrcrob Agents. 

I 
I Chemother 39 61-65 

Tsafack, A , Golenser,J , Libman, J , Shanzer, A and Cabantchk, Z I (1995), Mode of action of iron chelators as 
antunalanal 111 Overadditive effect m the combmed action of hydroxamate-based agents on m vltro growth of 
Plasmodium falciparum Mot'. Pharmacol 47 403-409 

Tsafack, A ,  Loyevsky, M , Ponka, P and Cabantchik, Z I (1996) Mode of action of iron chelators as antlmalanals lV 
Potentiation of desferral action by benzoyl and isonicotinoyl-hydrazone denvatives J Lab Clrn Med 127 574-582 

Glickstem,H, Breuer, W , Loyevsky, M ,Konljn, A , Llbman, J , Shanzer, A and Cabantchk, Z I (1996) D~fferential 
cytotoxlcity of iron chelators on malana mfected cells versus mammalian cells Blood 87 4871-4878 

DETAILED REPORT 
IRON METABOLISM AND PARASITE DEVELOPMENT 

In the infected cell, the erythrocyte environment serves the parasite as a route of comrnunlcation with the outer world, 
as a source of nutnents and as a disposal ground for metabolites The bi-drectional properties of the hostparasite 
relationship are most profoundly manifested in the advanced stages of growth (I e trophozoites), when metabolic actiwties 
are at their peak These activities include iron mobilization and mtegration into essential fhctions and removal or 
neutralization of by-products of metabolism, including oxidative radicals Like with most orgmsms, it can be assumed that 
parasites need not only to mobilize iron but also to coordinately regulate iron levels bv balancmg metal import and storage, 
and thus reduce te nsk of oxidative damage 

Iron is apparently supplied to parasites from the internal sources of the host, smce parasites can propagate In wtro m 
meda nonunally free of iron or transfernn (91) The supply of iron and/or its mtegration mto vltal parasite functions would 
seem to be confined to a discrete stage of the parasite RBC life cycle This is based on our observations that infected cells 
treated wth permeant chelators resume growth after drug removal only when treated at the advanced but not at the early 
stages of parasite growth (l4,7 1) The proposed operation of an iron mobilization/mtegration phase at the trophozoite stage 
cotnc~des also wth the phase of phagocytosis of the host The putative source of iron is hemoglobm whlch is endocytosed and 
proteolymally processed (40) Iron was proposed to be chemically released from heme either m the parasite's food vacuole 
or m the host cytosol (4,32, 89a) However, provisions have still to be made for how such a mechmsm operates m a 
regulated fashion in terms of meetmg parasite demands while avoichng excess supply 

m s  projects aims at designing and applymg ICHs as antimalanals and as probes for assessmg the umque 
cytotoxlcity displayed by these agents The rationale rests on two basic and umque properties associated wth uon 
metabolism in paras~tised cells and In rehculo-endothelial (RE) cells of the host One is the nature of parasite mobilization of 
mtal iron from urlthin the infected cells, wh~ch is restncted in terms of both the metal source and the stage of parasite 
development, the trophozoite These features which are descnbed in our working model (Fig 6 ), indicate that parasites can 
be depnved of iron and led to an irreversible or deadly path, if substantial uptake of the ICH occurs outside the active phase 
of iron mobilization andor can be intracellularly retained dunng the alleged active phase The second rests on the restncted 
capacity of monocyte/macrophages to clear parasitised cells due to release of t o m  agents from digested cells (83q96a) 
Such toxlcity seemingly reduces the host defense capacity, but can be overcome, in part, by ICH treatment, as animal (38a) 
and clmcal stud~es (104a) to Imply The challenge is therefore to design specific chelators which express defined 
permeation and cell distribution properties in parasitised and mammalain cells so as to attam, m a step-wse, systematic 
fashlon, unproved antimalarial performance and selectlvity These approaches constitute a rational drug design whose 
products we assess first in rn vrtro cultures and subsequently m arumal models, wth  selected agents 

ANTIMALARIAL EFFECTS AND SELECTED PROPERTTES OF IRON CHELATORS 
Iron chelators I Chemacal provertaes 
We focused most of our previous work on hydroxamate type SFs whch form octahedral bmdmg camties for hemdental 
complexation of a smgle iron(1II) ~-coNoH-+F~~+=F~(coNo-)~+~H+ These SFs have several advantages a they form 
hgh a&ty complexes with iron(II1) but hardly affect transfernn iron, b bmding of a smgle iron(II1) does not modfy their 
electroneutral character and c the chelated iron is markedly reduced in chemical reactimty, so that the SF-iron complexes are 
not t o m  to cells The two major structures used were based on natural SFs and f e r n o x m e  B (log K=30 6 and 2g21 
respectively) In type A SFs (Flg lA),  we have chemically mimcked the basic iron bmding camty of Fernchrome (m terms 



of ion select~wty and affin~ty) The cavlty connects to a symmetric anchor wa a tnpodal bndge mth armno acids whch bear 
dfferent side chams (R) CH3CHZC(CH20(CH2),CONHCHRCONOHCH3)3 

r 
The first line of SFs (type A) mcluded ml  and rn2 congeners (m=# of CH2 m the tnpodal bndge) w th  armno acid residues 
of vanable hydrophobicity By modulation of R we controlled the hydrophlic/lipophlic balance (HLB) of the SFs Thls m 
turn conferred upon l e  SFs the requisite properties for unproved and in specdc cases, selective penetration across RBC 

I membranes and accessibil~ty to cellular iron (III) pools (14) We refer to the compounds wth the name of "reversed 
siderophores" (RSF), because their hydrophob~c character IS opposed to those of natural SF'S (whch are hydrophilic and 

/ extrasellular chelat~ng) (14,97) Modification of the chain length m m allowed us also to control the size of the chelator, 
another determant of membrane permeation Some of the physicochemical properties of RSFs and their AM actwty are 
summanzed m Table I and in Figs 3-5 and rewewed m ref 14,15 

The second llne of chelators (type B) was made of 
N-termmal denvatives of DFO, whch blnd iron(II1) by 
loopmg around the Ion as m a coil The added groups 
were usually hydrophobic and fluorescent such as 
n~trobenz-oxa-furazan (NBD)-, anthranilic (A) or 
methylanthranilic (MA) (66 ) (Fig 1B) The groups 
conferred to DFO h~gher partition coefficients, but dld 
not lnterfer wth the~r Iron bmdmg propertles The 
unique feature of those denvatives is their metal sensmg 
propertles, which are manifested as fluorescence 
quench~ng upon sto~ch~ometnc blndlng of the metal 

I 
('32)2 
I p y' 1% PO dq or hw*& The t h ~ r d  lme of agents was composed of Iipophhc 

FN, oon 
C - ( C H Z ~  W, RSFs which carry ester groups as m 

(cH~)~-NH/ 8 X=NBD x-MA Et-C-[CH20CH2CH2CONOHCH2CH2COOEt]3 As 
esters, these compound were envisioned to s d l y  

Fig 1 S a m e  of rcvmcd stdcrophoru (RSFs) and dafcmoxamme denvahvu (DFOs) 
RSFs arr btdt as hydromate bmdmg cavlly (for hemdentate won coodmahon m 
octahedral geometry as found m DFO) whch u comected wa tnpodal bndgu to anchor 
hkcdona r n d h b l e  bssc m=l andnr2 represent of RSFs tdenhficd by the 
number of methylone groups m the bndge whde R denoted the ammo and stde groups 
l'he tluoracmt DFO denvahvu arc N t subshtuted NED or MA ( m e t h y l a n ~ c )  

penetrate mto parasites and undergo enzymatx 
hydrolysis to yield the charged ac~ds and the respective 
alcohols 
Et-C-[CH20CH2CH2CONOHCH2CH2COO-]3 



Fig 2 Acyl hydrazone conjugates 

P I H  

SIH 

The fourth h e  of chelators was based on acyl-hydrazone 
(AH) conjugates (Fig 2, PM, S M  and HNBPH[) of 
vanous cycllc aldehydes of vanable hydrophobic character 
(prowded by Dr P Ponka, McGill Unwersity, Canada) 
(6) In addltion to then relatively small dunension, hgh 
Iron binding affimty (logK=29) and 2 1 stolchometry of 
iron bmdmg (bidentate), those agents were found to swftly 
enter Into cells and markedly reduce the labile (or 
chelatable) Iron pool (17) Moreover, due to their fast iron 
binding lunetlcs, they could also serve as uon donors to 
sultable high affinity acceptors (such as DFO derivatives) 
(111 
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Iron Chelators I1 Antrmalanal a c t ~ v ~ t t  
In what follows we shall surnmanze only some of the 
collected (mostly pubhshed) data to Illustrate major 

OH points and mtegrate them Into worlung models of RSF 
F action 

I The AM efficacy of drugs adnunistered continuously to growing cultures of P falcrparum was best correlated with the 
par t~ t~on coeffic~ent (PC) of the drug (an md~cator of permeation properties across membranes) (Illustrated m Table 1 & 
Fig 3 for RSFs) This was reflected both m the IC5o on nucleic acid synthesis (NAS) (24-48 h 
startmg at the nng stage) or the speed of drug action, measured as inhibition of NAS dunng the first 8 h of exposure of 
m g s  at IC50-levels of drug The empincal SAR served as guide for the development of type-A RSFs The opt~mal RSF is 
about 60 fold more potent and 14 fold faster actmg than DFO The AM efficacy of RSFs and DFO were sim~lar m 
strams of P fakrparum spannmg a wide range of drug resistance (97 ) 

L-leu 
L-leu 
L-phe 
L-phe-PEE 
L-pro 
L-vd 
L-val 
L-trp 
L-leu-NBD 
DFO 

* Methyl groups of the b~nding cavity were substituted with H See Fig 1 for structural formula and nomenclature 
1 OctanoVsaline partihon coefic~ent (left-absolute value, nght relawe to L-alaml ) 
2 Relahve to L-slam 1 
3 Relatlve speed of achon % inhibition of nuclelc acid synthes~s after 8 h evposure of nngs to the Indicated IC50 concentrahon normal 
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divlded) by the actual 48h- IC50 value 
4 The Peciprocal of IC50 normallzed (1 e divrded) by the reciprocal of the L-alaml ' IC50 

Fig 3 Correlation between AM activlty and RSF partition coefficient (Data were taken from Table I) 

L phe 

001 1 1 

1E-9dl ' ' """" 1 ' " "'"" 10 ' ' " 

0 1 1 10 

Part~tion coeffilent Parh6on coefficient 

11 The ability of chelators to permeate across membranes was studied m three expenmental systems a as 5 5 ~ e - ~ ~ ~  or 
~ ~ F ~ - R S F  uptake mto normal or mfected RBCs (Flg 4A) (71), b as RSF ability to de-quench the fluorescence of calcem-Fe 
complexes encapsulated m red cell ghosts (17 ) and c the same as b but m cultured mammalian cells loaded wth 
calcein-AM (10-12,17 ) (Fig 4B) The permeation of the RSFs clearly correlated with their PC m all the expenmental 

I 

systems, desplte the fact that each method measured a different aspect of RSF a permeatlon of the iron complex across the 
RBC cell membrane, b permeatlon of free RSF across the RBC membrane and c permeatlon of free RSF across the K562 

I cell membrane (10-12,17) Sunllar propertres were also found for DFO denvatwes (35) 

Fig 4 A Uptake of SFs into normal and infected cells over t ~ m e  B (right) ICH ingress 
and bmding of the lablle iron of KS62 cells as a functlon of their partition coefficient 
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On-he  follow-up of drug effects on nuclelc acid synthesis throughout all stages of parasite growth clearly mdicated that 
the onset of dubition (also referred to as drug speed of actlon) depended on drug llpophilicity and also on the particular 
developmental stage of the paras~te (14) 

ill The abllity of chelators to chelate and extract intracellular won from infected RBCs vaned with the stage of paras~te 
growth The chemical measurements, which were done after 4h rncubation of cells wth either of two ICHs, show that Iron 
extracted from cells Into medium by either ICH vaned mth the paraslte stage of development (trophozoltes> 
rmg>scluzont>unmfected) 



chelator uninfected n n ~ ~  trouhozoites schizonts Although the two chelators,an RSF and 

DFO 0 0 2 O*O 5 0 7*0 2 an AH-conjugate, dffered m then PC 
RSF &pa 0 0 0 0 and the stoichlometry and mode of won 

RSFflo 0 1 2*0 4 2 l*O 5 1 O*O 3 complexatlon, they showed remarkably 
RSFd 0 8kO 3 2 2&0 7 3 l * l 2  0*1 smla r  membrane permeation rates and 

RSF-ileud <O 1 ND 4 6*0 9 ND mtracellular iron bmdmg properties If 

RSF &pee 1 7*0 9 3 7*18 8 5*2 6 3 M 0 7  anythmg, SIH would seem to be more 
RSF-phW 1 6 i 0 9  3 l k l 5  8 5*2 6 3 O*O 7 efficient than RSFm2phe m all those 

SIH 1 2 * 0 5  2 3*0 7 6 5*12 1 9iO 4 respects Nonetheless, the RSFm2phe 

Values are gwen as n r n o ~ 1 0 ~ ~  cells of iron extracted from cells was about 30 fold more potent than SIH 
m inhibiting parasite growth (ICS0 0 6p 

vs 20 M) Clearly, these (and other) results indicate that the AM potency of some RSFs IS dlctated not only by the speed 
and amount of Iron it can extract from infected cells, but presumably, also by ~ t s  accessrbrl~ty to specific cell targets 
(enzymes 3) 

m Access paths and site of action of ICHs host or paras~te 
Although normal cells can be easily accessed by RSFs but not by DFOs, Infected cells are seemmgly accessible to 

DFOs and also to fluorescent DFOs, but only to a fraction of their volume (65,66) Since this fiactlon was identified m 
trophozoites wth the parasite compartment (by confocal fluorescence mcroscopy) (74), it could be lrnplied that parasltes can 
be reached by externally added DFOs while bypassing the host cytosol Although such routes of access to parasltes mght 
colncide wth the proposed (and still controvers~al) membrane duct (29,83, loo), other altematwes (e g vesicle trafficlung) 
are also feas~ble 
In order to assess whether DFOs access the host cytosol pnor to the paraslte, normal RBCs were loaded wth m M  
concentrations of DFOs by encapsulation, and the resulting red cell containers were exarnlned for their capacity to support 
paraslte Invasion and growth (the drugs were largely retained in b~ologically active forms) While none of the encapsulated 
DFOs rnterfered wth parasite development m drug-laden, containers, they were demonstrably inhibitory to other cultures 
after berng released from RCC by lysis (IC50 of 20-30 pM for DFO and 3-5 pM for MA-DFO) These and other 
observations indicated that either DFOs apparently does not access the paraslte from the RBC host, but through some 
fenestrations (14) as shown also for phlonzin (66), or that it mlght be neutralized by iron released from parasite to host 

vl Stage dependence of ~ n h ~ b ~ t ~ o n  and rrrevers~b~lity of effects by RSFs and DFOs In m vrtro cultures o f P  falcrparum 
and mammal~an cells 
The assumed target of iron deprivation 1s nucleic acid synthesls, vra inactivation of ~ron-dependent nbonucleotide reductase 
(RNRase) However, unlike RNRase inhibitor hydroxyurea, prolonged treatment with DFO and RSFs affected parasite 
growth ~rrevers~bly, I e parasites failed to resume growth after drug removal (Flg 5) 

mgS trophs 

HepG2 P falc~parum 
contln washed contm washed 

mgs trophs DFO MADFO RSFlleu 

Fig 5 Effect of DFOs and RSFm21leu on growth of P falcrparum and human hepatoma cells (He] 
Drugs were gwen elther at the indicated concentrations (Ieft) or at 50 M each (rrght) (cont refers to contmuous 
exposure of drug for 24 h followed by 6 h measurement of nucl acld synthesls in the presence of drug and washed, 
refers to cultures exposed for 24 h to drug followed by washmg and measurement of nucl acid synthesis for 6 h) 

Moreover, replenlshrnent of iron in forms whtch are utilizable by mammal~an cells, also failed to restore vmbility (73 ) l k s  
6 



contrasted w th  the marked reversibiltty found in mammalian cells (35) In general, the effects of DFOs and RSFs vaned 
wth  parastte-stage of growth as 
a RSF's tnhibited both nngs and trophs when the latter were continuously exposed to the agents, whle DFO uhbited 

pnmanly trophs and schlzonts, 
b RSFs irhbited progression of nngs to trophozoites In an irrevers~ble fashton, but failed to do so on trophozoite onwards I whle DFO blocked growth of trophozoites, mostly irreversibly 

I In contrast to DFO whch completely suppresses manmallan cell proliferation, MA-DFO, whch a about 10 fold more 
potent than DFO as AM, hardly affected mammalian cells up to tens of pM concentrations 

In terms of the mode of action of SFs as growth suppressors, the results clearly indicate a major difference m parasites and 
mammalian cell susceptibility This point wll be addressed In the followmg sect~ons, m whch the vanous properties of DFO 
and RSFs were mtegrated into a worlung model whtch rationalized their mode of act~on as Arns 

A WORKING MODEL FOR THE MODE OF ACTION OF IRON CHELATORS (14,15,74) 
The model depicts the vanous stages of parastte growth w i t h  one cycle It rests on the concept that parasites mobillze and 
metabolically Integrate iron only at a spec~fic stage of their life cycle (the active iron phase) (Fig 6) 
The efficacy of ICHs in arresting parastte growth resides on their potential to cause irreversible damage to parasites either 

a by intracellular iron depnvation when acting outstde the active phase or b by actmg on a sustamed basts wthm the 
act~ve Iron phase and poss~bly also by generattng toxic Iron compleves The permeation properties of the ICHs determme to 
a large extent at which parasite growth stage they act permeant RSFs and SIH affect all stages, but only at the m g  stage do 
they act irreversibly, since at that stage the iron mobilizing mechantsms are apparently inoperative (nngs fail to resume 
growth because of their ~nability to reactivate iron dependent functions) Trophs and schizonts, however, do have such 
mechmsms operative and show, therefore, major recovery from RSF treatment The hydrophdic DFO which is unpermeant 
to nngs but slowly permeant to trophs, accumulates apparently in an lntraparasitlc compartment, and it is retained there for 
relatively long penod of times, poss~bly contnbuting to inh~bttion also by compleving wth Iron and f o m g  potentially t o m  
complexes 



RSF 
DFO 

RSF I 

3 DNA synthes~s 

F I ~  6 Model of Iron chelator mode of actlon in 
malaria paras~tes The metabol~c cycle of rnalana 
parasite (shown in the box) is affected by all-stage 
permeant RSFs and by trophozolte-schzont-penneant 
DFO The permeation rates are mhcated by the wdth 
of the arrows on the top powon of the diagram (DFO 
shows poor Ingress into cells and vutually no egress) 
The lower part depicts the actwe stage of Iron 
mobilization (from hemoglobin degraded in the food 
vacuole 7) and integrat~on into DNA synthesimg 
enzymes, which, llke RNRase (nbonucleohde 
reductasee)(l8,90), are part of the replicahon 
apparatus 

PHARMACOLOGICAL IMPLICATIONS OF TIIE MODEL DRUG SYNERGISM 

The workmg model highlights also the possible shortcomings of therapy based on single ICH Drugs llke RSFs or DFO 
cause sustamed inhibitions only at particular stages of parasite development While RSF has a fast action profile on all 
parasite stages, it acts reversibly at the mature stages Due to its relatively slow permeation, DFO requires prolonged 
exposures at high doses to attain sufficiently high concentrations in mature parasites This is apparently also the case m 
vwo We reasoned that the inherent limitations in the usage of indwldual drugs such as RSFs or DFO, can be largely 
overcome by simultaneous application of both types of drugs This could be achieved by either one of the followmg 1 by 

, drug complementation, that is by using a combination of drugs whch act at different stages of parasite growth and 2 by 
drug synergism, that 1s by a drug which not only complements but also potentiates the effect of the other These modes were 
expenmentally venfied with vanous fast acting RSFs (phe, m2-pee, leum2 and m2) which complemented DFO effects by 
actlng irreversibly on nngs However, thev also potentiated the persistent effects of the slow actmg DFO by allowmg its 
lntracellular accumulation in trophs while attenuating their growth (15,110) 
An analogous mode of synergy m drug action was also observed in nngs using S M  ( I l l ) ,  whlch is not only hghIy 
permeant, but which can also scavenge iron from infected cells and transfer it to an extracellular acceptor, llke DFO DFO, 
whch is v~rtually maccessible to nngs, served here as a factor whch potentiated SIH inhibition of nngs by s e m g  as an 
iron sink for SIH-extracted metal The two modes of action of chelator combinations are depicted m the followmg scheme 
for both stages of parasite development (Flg 7) 

trophozottes 

Fig. 7 Pathways of entry of RSF, SIH and DFO Into 
d~fferent developmental stages of ~ntraerythrocyt~c 
paras~tes and extraction of intracellular Iron The arrows 
mdmte the permeation of the respectwe chelator into the 
cell (as free chelator) and out from the cell (as a complex 
wth rron) In nngs, the impermeant DFO serves only as a 
sink whereas in trophs it serves as a sink and acts as a 
permeatmg-inhibitor SIH can transfer the evtracted iron to 
extracellular DFO 

We focused pnmanly on the restricted cytotoxicity displayed by 
each class of chelators and whether it could be overcome by 
simultaneous application of complementary actmg agents A 
predicted feature of the model is that the comblned effect of 
agents which act at potentially sirmlar parasite targets but 
access them at different rates is likely to displav overadhhve 
action, lvlth fast acting RSFs potentiatmg the persistent effects 
of the slow acting DFO The RSFs denvatives (m2phe, m2leu 
and m2) and SIH were applied here either separately or together 
with DFO, at either equal or at different molar ratios and their 
antimalarial effects were followed lunetically These were 

assessed m terms of mrhbof NAS and parasltema dunng drug 
treatment or after drug removal 

The results lndicated that the combmed applicaQon of both 
agents demonstrably unproved the antunaland efficacy of 
individual drugs beyond addltivlty and stage restricted 
cytotoxicity, as marufested m the ICS0 vaIues (TabIe 11) 



Combmed drug actions were assessed according to Poch 
and theordcal values for "additive" and "independent " 
modes of actlon of drug combination were compared mth 
expenmental ones by statistical t-tests We have found 
that combinations of fast actmg RSFs or SM potentiated 
the effects of DFO, both m terms of profiles of 
concentrat~ons and tune-dependence of effects 
(38,109,111) We depict here only results obtalned mth 
vanous concentrations of SIHk DFO (10 M), 
a b s t e r e d  to nngs for 24h (Fig 8) 

SIH + DFO 
0 SIH 

Growth l n h ~ b ~ t ~ o n  

Ic50 ( M) 
(-) DFO (+) DFO 

RSFm2phe 0 6*0 2 0 3M 1 (s) 
RSFm2ileu 4 4*10 1 1M 1 (s) 
RSFm2leu 1Ohl 7 4*1 0 (s) 
RSFm2 29345 1 0420 2 (s) 
SM 23*3 5 &12 (s) 
DFO - 17 *1 

Table ILInd~vldual and combmed effects of RSFs, SIE 
and DFO on In vltro cultures of P falcrparum Data were 
obtamed as in Table I (+)DFO deplcts in the presence of 10 
M DFO , (s) denotes synergshc mode of actionaccordmg 

to Pochs' analysi~cal schemes 

Fig 8 Inh~b~t~on of nucle~c a c ~ d  synthes~s by SIB. alone and in 
combmation w~th DFO Parasite nucleic acid synthesis was 
measured for 20h after exposing early nngs for 24h wth SIKkDFO 
(10 CtM) The llnes are best fits to evenmental points (meankSE, 
n=3) obtalned by NLSQ analysls to a sigmoidal funcuon The 
tlleorehcal curves are best fits through polnts obmned for 
"add:tive" and "independent" modes of achon (followng Poch's 
analys1s)(78) The comblned effects of RSF wth DFO were 
significantly different (hlgher) from the theorehcal values for 
"independent" (P<O 01) and "additive" (P<O 05) effects ( Student 
t-tests) Slmllar profiles were obtained for the RSFs and simlar 
conclusions could be drawn for the hme dependence of the effects 
The comb~ned drug achon was clearly higher than addltive 

The potentiating action of RSFs on DFO's long lasting effects on parasite growth, conformed wth the postulated mechamstlc 
model of ICH action and iron handling by parasites (l4,15) 

DIFFERENTIAL EFFECTS OF ICHS ON PARASITES AND MAMMALIAN CELLS 

In the above mentioned model, we highlighted the molecular properties underlyng the mode of actlon of the chelators m 
terms of iron mob~llzation by parasites and drug accesstb~lity (I e permeation) and intracellular retention A most extreme 
example of a differential effect of an ICH on parasites vis a vis mammalian cells, is glven by DFO and its methylanthrmlic 
(MA) denvative MA-DFO Both the parent compound and its denvative have comparable affhties for iron(III), although 
MA-DFO was considerably less hydrophllic than DFO and therefore more permeant to cells (65) As antwpated by our 
model, outperformed DFO m arresting parasite growth both, in terms of dosage, speed of action and spectrum of activrtv on 
parasite stages (Fig 5) All these properties are commensurate wth the lipophilic character conferred to DFO by the MA 
group However, the opposite appeared to be the case wth mammalian cells in culture, both m terms of growth lnhib~tory 
capaclty and iron sequestration, as visual~zed by cellular femtin levels (35) The demonstrably permeant MA-DFO, filed to 
affect marnmallan cells when glven at equivalent concentrations to those of DFO Taken together, MA-DFO d~splayed a 
markedly hgher therapeutic mdev and higher efficacy as antimalarial agent than DFO We tentatwely attribute the "poor" 
performance of MA-DFO on mammalian cells to its limited capacity for chelating the cytosolic form of the metal, rron(I1) 
(35) This mght explain the apparent lack of effects on marnrnal~an cell proliferation In parasites, iron(II1) is most llkely the 
prevailmg chelatable form of iron This dlfferentlal mechan~sm of action was deduced based on a novel technology we 
developed for assessmg then iron status in lmng cells wth fluorescent probes (10-1 1&28*, 65) 



ASSESSMENT OF ICHS IN ANIMAL MODELS 
Animal models We have assessed the AM effects of ICHs in two animal models of malana 
a Plusmodrum vrnckea petten parasites (strain 279, onginally provided by Dr I Landau, Pans) because of their highly 
synchromzed cell cycle m mce (Swss) and the possibility of timing the administration of drug at equivalent stages m the 
cycle for a given population of ammals and 
b Cerebral rnalana (CM) model whlch has been descnbed for Plusmodium berghei K173 mfections m mce  (C57BL) Thls 
model is charactenzed by sequestration of mononuclear cells that nugrate between the endothelial and post-capillary venules 
and cause wdespread petechial hemorrhages (6a,44) The parasitemia (P) and body temperature (BT) were momtored for 
development of CM, inasmuch as a strong correlation was shown to ewst between a drop m BT (< 300C) dunng the last 24 
h of hfe (death usually occurs m the 2nd week post-ifection) and the presence of lesions m the bran (analyzed post 
mortem) (6a ) The model dtfferes from the Plasrnodzum yoeh 1 7 Z ,  which, m CM, resembles more closely the human P 
falsqmntrn 
The ICHs used for these stules were selected on the bas~s of their performance as growth inhibitors m rn vrtro studes of 
P falciparum DFO, MA-DFO, SIH or RSFm2phe They were used either as individual drugs or m combmation wth 
DFO 
Mode of drug administration The major problem encountered wth the RSFs is the choice of an appropnate vehlcle for 
anunal adrmnistration, due to poor solubility in aqueous solutions and precipitation m mixed solvents All the RSFs and 
DFO could be administered at doses of 2 5 or 5 mglmouse(20-25g body weight) as DMSO solutions, either i p or s c For 
RSFm2ileu, we also succeeded m dissolving sufficient matenal either m 25% DMSO-saline or in ethanol and prepanng a 
dispersion m mglyol 840 (propylene glycol diester of dicaprylate/dicaprate from coconut oil (German pharmacopoeia, 
DAB 9) (5% final ethanol conc ) This rather viscous matenal could be administered i p or s c However, we were forced 
to dlscontlnue the use of this matenal because of local reaction DFO was dissolved in saline and could be ahmstered 
either 1 p , or wth  the aid of an infusion pump (s c ) 
In order to overcome the solubtlity problems encountered w~th most RSFs, we opted for entrapping sufficient amounts of 
ICHs inside polyrnenzed fatty actds, which decompose in body flu~ds and provide a means for slow release of the drugs 
(1-3,25-27) A lcm patch of polymer can entrap sufficient amounts of drug equivalent to a full course treatment (9 
mjections), and be released dunng a 5-7 day course Preliminary evperlments were conducted wth DFO and SIH and the 
polymer poly(d1rner erucic acid-sebacic acid)22 78, which has been approved by the US Food and Drug A h s t r a t i o n  for 
human cllmcal tnals (101) It was first melted on a hot plate at 70°C, and immediately mved wth DFO or SIH powder and 
pressed between two metal plates to obtam the appropnate thickness (-2 mm) A 35% DFO polymer (wt wt) was found 
suitable according to in vitro slow release determinat~ons the polymer tablet was placed m 20 ml PBS (0 1 M, pH 7 4), 
Incubated at 37OC and the release was monitored daily DFO was determtned spectrophotometncally after complexabon 
wth FeC13 Degradation of the polymer was estimated by we~ghtng after drylng The polymer released the DFO and SM 
wthm 1 week as a first order process (28a) The rate of release could be controlled by the chemical composition of the 
polymer and the ratio of drug to polymer 

6 Treatment Swss mice were infected by i p injection of blood (3x10 parasittzed erythrocytes) from a donor a m 1  
(parasites were maintained by weekly transfer of infected blood to naive animals) Treatment wth drug was mitiated at 
patency (parasites are usually detected within 2-3 days after tnfection) by injection i p (or as mdicated) wth, for example, 
2 5 or 5 mg DFO (or any other ICH), 3dday dur~ng 3 consecutive days Alternatively, the polymer (cut to obtam the 
desired slzeldrug dose) was lrnplanted s c or i p in the lower abdominal reglon and the inctsion closed P was monitored 
dady by Giemsa stained blood smears The C57B1 mice were infected with lo3 parasitized erythrocytes and 6 dayslater 
(when P 0 5%), the patch containing 140mg DFO or control patches were implanted s c 
Results (selected stud~es) The examples glven are representative and are meant to provtde examples of data obtamed 

1 Early studtes wth  DFO and RSFm2 ileu (given to mice post-patent, thnce daily for 3 days s c m mglyol) showed 
arrest of parasitemia wthin 24 h of treatment and s~gnificant prolongation of life of mfected ammals (followed up to 10 
days) DFO effects were slnular but slower to develop Th~s  approach was discontinued because of mcompabbility of the 
carner wth most other RSFs and some reactions observed at the site of injectton 

11 Recent studies were aimed at assessing the new technology of slow-drug release with chemical devlces and its 
applicability to the drugs of mterest (28a) Data presented are pnmanly of DFO, because thls drug was also used on CM 
models of rnalana (see below) The efficacy of DFO given i p m saline solution (3x2 5mg or 3x5mg mjectiondday for 3 
days, days 2-4 post-patent on P vlnckei petten mfected mice) (Fig 10) was compared wth that of a smgle patch (70 or 140 
mg) unplanted s c on day 2 (Flg 11) Data show that wtth either treatment, development of parasitema was significantly 
delayed relative to control (no drug) and death was largely prevented Slrnilar data were obtamed wth  i p implanted 
patches of DFO (not shown) 
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Fig 10 Effect of DFO on In vlvo development of P v~ncke~ petteri in mice Days of treatment (3 dally i p ~nject~ons 
for 3 consecutive days) indicated as dark bars 
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Fig 11 Effect of DFO on m vtvo development of P vmcke~pettert in mice Treatment (a s c patch was implanted on day 2) 

i i ~ S m l a r  studies showed that SM outperformed DFO in terms of speed of action (28a*) although, caution had to be 
exercised wth the amount of drug adrnin~stered or speed of release fiom the polymer, so as not to attam t o m  levels 

m DFO and SM were also used in vanous combmations and shown also In vrvo to have potentiatmg effects (28a) 

v DFO patches were also used to preliminary assess its effects on rodent model of cerebral malana CM (Table III) (30), 
whch was made available to us by Dr W M S Elin (Netherland) Although we are aware of differences that exlst between 
the tested model and that of P falc~parurn CM, we have used ~t because prelumnary studies indicated that DFO gwen to the 
Infected mce, either by I p Injections or by ifision pumps, was totally inefficient in reliewng them from symptoms and 
from progresslon of the dlsease leading to death (Table 111) 

Table I11 Effect of DFO (*Zn) patches on the progresslon of infection and CM symptoms in P bergher infected mce Experiments 
wth DFO adrmnistered 1 p or wth infuslon pumps gave s~mdar results to those of control 
The followng symbols denote P= % parasitemia, T= body temperature in OC and S=mce survwal, ND, not detemned Days refer 
to hme after ~nfechon, wth polymeric patch Implanted on day 6 

Based on these senes of stubes, and two others not shown (38a), we obtained that the slow release of DFO had sigmficant 
effects on parasite sumval and on development of symptoms simdar to those of CM Usrng a new DFO formulation 
(Zn-DFO) (19) admimstered vla an infusion pump (1 mg/daylmouse), P was also markedly reduced, CM was prevented and 
rmce sumval was hlly attained (515 infected ammals) 

control 
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DFO-Zn 

1 

day 11 
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0 
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day 8 
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Final Report by Y Yuthavong, June 1998 

1 Effect of Combmat~on of lron Chelators with Artem~sinm 

We have proposed that artemlsln~n acts by binding w~th its target and 

exertmg ox~datlve damage w~ th~n  its vlcln~ty through combmed action with 

redox metal Ions, which could be Fe(lll)/Fe(ll) The reactlve intermediates 

may ~nclude both reactlve oxygen species, and radical derivat~ves of the 

drug Generat~on of these ~ntermediates would, like generatron of oxygen 

~ntermediates, requlre partlc~patron of lron or other redox metals These 

reactions are equivalent to the Fenton react~on wh~ch gives rise to the 

hydroxyl rad~cal This hypothes~s therefore deserves to be tested further, and 
may lead to other agents w~th strong ant1 malarial effects Our approach was 
to test the vahd~ty of the concept by studymg the ant1 malar~al effect of 
artemrs~n~n and iron chelators, and to synthesized and study the antr malarral 
effect of rron-chelator-linked artemlslnm derwatrves We reason that 

artemrslnm and iron chelators should be antagon~stic in combmat~on On the 

other hand, ~f moderately strong Iron chelators can be covalently lmked to 

artemislnin, the llnked compounds might be better ant1 malar~a agents than 

the parent artemlslnln, slnce they could dehver requ~red lron at the s~ te  of 

action 

In support of our hypothes~s, we observed strong antagon~sm In ant1 

malarial effect between arteether and chelators desferr~oxamrne, pyrrdoxal 

benzoyl hydrazone, or 1,2-d1methyI-3-hydroxypyrid-4-one Other lron chelators 

were tested for comb~natlon effect with artemlsrnln As have been observed 

before w~ th  other iron chelators and arteether, desferr~oxamme, pyridoxal 
benzoyl hydrazone (PBH) and 1,2-d1methyl-3-hydroxypyr1d-4-one (DMP), kojrc 
ac~d, pyrogallol, and sal~cylhydroxam~c acrd each showed a marked 
antagon~stic effect w ~ t h  artemislnm Benzohydroxam~c acid showed an 

antagonist~c effect only at low concentrat~ons of the chelator Methyl caffeate 

showed an add~twe effect In combln~ng w~th artemwnm These results taken 

1 



together show that the action of artemislnm and derivat~ves are Indeed 
augmented by the iron chelators 

We then showed that the reversed s~derophores, provlded to us by Prof 
A Shanzer, are moderately to strongly antagonlstlc w~th  artem~s~nin in the 
activity against Plasmod~um falaparum K1 in culture RSF-Leu (IC5o = 3 7 pM) 

shows only a moderate antagonlsm wlth artem~sln~n (lC50 = 8 4 nM) at low 

artemisinm concentratlons (less than 3 nM) and an addltive effect at h~gher 
artemislnin concentrat~ons RSF-Phe (IC5o = 1 8 yM) shows a strong 

antagon~sm wlth artemlslnin at all concentration ranges, with Berenbaum 
fractlonal inhibition value of 1 31 RSF-COOEt (ICso = 9 pM) shows strongest 

antagonlsm, wlth the fractlonal ~nh~bltion value of 1 80 These results confirm 
further our previous conclus~on that lron is important In the actlon of artemlsinln 

2 Synthesis and Ant1 malarial A c t i v ~ t ~ e s  of Iron-Chelator-Linked 
~ r t e m ~ s i n ~ n l  

Var~ous derivat~ves of artemlsinin covalently l~nked to iron chelators were 

synthes~zed and the~r ant1 malarial activities were evaluated Our first 

generation of hnked compounds were derivatives of d~hydro artemis~n~n, lmked 
through the 17-0 to an alkyl chain, further linked to a chelator Although results 
show no mdication that the presence of an lron chelator in the viclnlty of 
artem~sinin potent~ates its actlon, the linked compounds prepared st111 retam 
comparable activities to that of artemls~nln One problem w~th th~s  group of 
lmked compounds is the mstabillty of the ether lmkage It is known that this 
linkage is unstable and eas~ly hydrolyzed We therefore developed another 
group of llnked compounds whlch would be more stable in aqueous conditions 

Such l~nked compounds can be synthesized through conversion of 
artem~sinin [I] to artem~s~tene [2], an intermediate whlch can be used to link 
w~th iron chelators through a C-C bond We established a procedure which 
gave artemisitene with 71% yield In one pot whereas a prior published 
procedure gave about 58% yield through four steps of reactrons 
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The reversed s~derophores (RSFs) from Israel were lmked to exocycl~c 
double bond at C-9 pos~t~on of artemrsrtene in prelrmmary exploration, we 
used for a model Benzyl amlne, w~th NH2 as the funct~onal group to attack the 

double bond to acts as a model In the same manner, lm~dazol was also llnked 
to the double bond of artemlsltene 

I via Wchael addmn 



Compound A 

Compound B 

We then tried to hnk compounds A and 8, dehvered to us from the lsraeh 
group, to the exocyclic double bond at C-9 position of artemisitene using the 
same conditions as the previous models However, we found that the 
compounds could not be linked under the same conditions So we attempted to 
find an optimal condition by varying various parameters(time, temperature, 
solvent system, chemical reagents to generate anion for attack, etc ) 
Eventually, we found the cond~tion (a large excess of l~thium di-isopropyl amine 
as anion generator, ZnCI2 as stabil~zer of the keto function, -780C1 6 h), to 

produce the desired products However, the desired products could not be 
purlfled from crude reaction mixtures, e~ther on silica gel or alumina gel The 
products also proved to be unstable Alternat~ve plans for linkage are being 
tried out 

Although we have not yet ach~eved our prlmary objective, we obtained a 
number of stably linked compounds which together proved to glve novel insight 



mto the mechanism of act~on of artem~s~nin, and the predict~on of anti malar~al 

act~v~ty of der~vatives 

4 B~ndlng of Artem~srnln Derwat~ves to Ferroprotoporphyrln IX 
Correlates w ~ t h  Thew Ant1 malarial Actlvlty (Ref 2) 

The ant1 malar~al act~v~ty of a number of artem~s~n~n der~vat~ves, both 

newly synthes~zed and currently used as drugs, aga~nst Plasmodrum faicparurn 
In culture shows a correlat~on w ~ t h  the~r a f f~n~ ty  of b~ndmg w ~ t h  

ferroprotoporphyrm IX, as measured from the spectral change of the latter The 

new C-16-funct~onal~zed artem~s~n~n der~vatives were obtamed through a novel 
one-pot synthesis of artem~sitene [2] from naturally abundant artemlsln~n [I], 
followed by M~chael add~t~on w~th nucleoph~les The correlat~on points to the 
b~olog~cal  s~gn~ f~cance  of the mteract~on of these der~vatives with 
ferroprotoporphyrm IX and may prov~de a basis for primary screenmg of 

perox~d~c anti malarial agents of sim~lar structures The correlation also ralses a 

number of quest~ons to be pursued further, such as how the drug actwat~on 

occurs after bmdmg, what IS the protem target, if any, and how the paras~te IS 

kllled It can also be asked whether the mteract~on w~th heme derwatlves also 

occurs In the erythrocyte, and whether th~s leads to drug mactwatlon before ~t 

reaches the paras~te, hence partly explarnmg the ~neffectweness of the drug 

w~th paras~te ~nfect~ng thalassemic erythrocytes (see below) 

5 lneffectlveness of Artemlslnln Derwatlves agalnst Plasmod~um 
falclparum lnfectlng a-Thalassemlc Erythrocytes (Ref 3) 

D~hydro artemisinin and other artem~s~n~n derwat~ves are relatwely 
meffectwe agarnst Plasmodrum falcrparum mfectlng a-thalassem~c erythrocytes, 

namely hemoglobm (Hb) H or HbHIHb Constant Sprmg erythrocytes, as 
compared w~th those ~nfectmg genet~cally normal erythrocytes The var~ant 

erythrocytes accumulate rad~olabelled d~hydro artemlslnm to a much higher 

extent than the normal ones, and the accumulated drug was retamed after 

extenswe washing, In contrast to the drug In normal erythrocytes whlch was 
mostly removed At ~n~t ia l  drug concentrat~on of 1 yM, most (82-88 Oh) gf the 



drug was found in the cytosol fraction of both variant and normal erythrocytes 

Bmding of the drug to hemoglobins accounted for 40-70% of the total uptake 

Hb H, accounting for 10 9 + 2 7 % and 12 4 k 6 2 % of total protein in HbH and 

HbHJHb Constant Sprmg erythrocytes, bound with 28 7 t- 6 7 % and 21 8 k 8 3 
% of the drug respect~vely Bindmg experiments showed that Hb H had 5-7 

t~mes the drug-bmding capacity of Hb A For Hb H, the maxlmum bindmg 
capacity (Bmax) = 1 67 i: 0 17 molJmol Hb, and the d~ssoc~at~on constant (Kd) = 

66 + 17 pM, and for Hb A, Bmax = 0 74 + 0 18 mol/mol Hb and Kd = 224 -t 15 

pM It IS concluded that preferential bindmg of drhydro artemisinin to Hb H over 
Hb A accounts partly for the higher accumulat~on capac~ty ~f the a-thalassemic 

erythrocytes, wh~ch leads to its anti malarial ineffectiveness In addition to 

binding to Hb H, other factors such as ~nactivation of the drug by heme 

derwatives present In the thalassemic erythrocytes may also contr~bute to 

ineffectiveness of the drugs 

6 Publrcations 

1 Kamchonwongpaisan, S ,Paitayatat, S , Thebtaranonth, Y , W~la~rat, P 

and Y Yuthavong (1 995) Mechan~sm-Based Development of New 

Antimalar~als Synthesis and Derivatives of Artemrsinm Attached to Iron 

Chelators J Med Chem 38, 231 1-231 6 
2 Paitayatat, S , Tarnchompoo, B , Thebtaranonth, Y and Yuthavong, Y 
(1 997) Correlation of Ant~malarial Activ~ty of Artem~s~n~n Der~vatives w~th 
Bindrng Affin~ty with Ferroprotoporphyrin IX J Med Chem 40, 633-638 

3 Vattanaviboon, P , W~lairat, P and Yuthavong, Y (1998) Bindmg of 
Dihydroartemisrnm to Hemoglobm H Role In Drug Accumulation and 
Host-Induced Antimalar~al Ineffectiveness of a-Thalassem~c Erythrocytes 

Mol Pharmacol 53, 492-496 



Mechsm-Based Development of New Antimalarials: Synthesis of Denvatives 
of Artemisinin Attached to Iron Chelators 

1 

Sumalee Kamchonwongpsusan, Sumpan Patayatat, Yodhatha Thebtaranonth: Prapm Wdan-at: and 
Yongyuth Yuthavong* 

Departments of Btochenustry and Chemutry Faculty of Scwnce Mahzdd Unzverslty Rama 6 Road, Bangkok 10400, Thazland 

Recezved October 10, 1994* 

Vanous denvatwes of a r t e m s m  covalently M e d  to uon chelators were synthesmed, and 
thew antunalanal activlties were evaluated Although results show no mdxalxon that the 
presence of an Iron chelator m the mcmty of ar temsmn potentiates its actron, the h k e d  
compounds prepared still retam comparable actmties to that of artermslzlln 

Malana conimues to be a major endermc mfectious 
bsease m many developmg countries, requuvlg both 
global and national efforts m research toward ~ t s  control 
and erahcation The &ease is caused by Plasmodzum 
spp , especially Plasmodzum falczparum, the pathogen 
responsible for the We-threatemrig form of the hsease 
The problems have been further comphcated by emer- 
gence of resistance to many drugs Therefore there 1s 
a great need for new antunalanals, preferably mth 
rahcally Werent structures and modes of action, m 
order to deal mth development of resistance to the 
drugs in current use Artemsmn offers excitmg new 
possibllrtles m drug development due to its uIuque 
structure, mode of action, rapid ahon, and efficacy 
agamst chloroqume-resist paras~te 

Artermsimn or qmghaosu had been isolated from 
Artemzsza annuu Lmn . an ancient Cbmese herbal used 
for treatment of fever 'and malana Its structure had 
been identfied to be an endoperomde-contamng ses- 
qwterpene lactone The presence of endoperoxlde lmk- 
age is essential for its a&on,14 and many reports 
showed that the drug probably acts through generabon 
and exertion of oxldabve stress on the parasite 5-7 

Furthermore, the presence of free Eon 1s hkely to be 
mportant m the drug ahon, as smultaneous zn vztro 
apphcatlon of artemsum or its denvatives, arteether 
and artesunate, and one of a number of won chelators, 
whch by themselves also have antmaland property, 
leads to antagomm Antermsinm or its denvatives 
may thereore act, afhr rea- the ate of a d o n  m the 
parasite, by exertmg oxldatxve damage through com- 
bmed a&on mth Fe(III)/FdII) whch generates reahve 
mterme&ates The reahve mtermehates may lnclude 
reactlve oxygen specles and ra&cd denvatives of the 
drug If t h s  is so, then lt should be expected that the 
reactive mtermebates wdl  combme mth paraslte com- 
ponents at  or very close to the site of then- formation 
It should furthermore be expected that If uon can be 
made avadable m b  the v~c~ruty of artermsuun or its 
denvabves, the drug should become much more potent 
Such strategy may be acheved through apphcabon of 
new drug agents mth  the structure of artermsrnun 
covalently U e d  to a sutable Eon chelator Such a 
chelator should not bmd Iron too strongly smce it must 
be able to dehver free uon to the site of drug a d o n  or 
allow reversible redox reachons of the m n  and yet must 
have the capauty to carry Iron to that site In order to 
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test this hypothes~s, approaches to the synthesis of such 
h k e d  compounds should be developed In t h ~ s  report 
we show a general scheme for such synthesis, mth  a 
number of examples of N e d  compounds, some of whch 
are shown to have zn vztro antanalanal activlties 
comparable to artemslnm 

Artemsum 1 was reduced mth sohum borohydnde 
mto d&ydroartemsmn 2 Treatment of the benzene 
solution of 2 mth bromopropanol at room temperature 
m the presence of boron tduonde  etherate catalyst4 
afforded a single /3-isomer of the corresponhg bromde 
3 S d a r  treatment of 2 mth propanehol, on the other 
hand, gave both a- and /3- isomers of artem=- 
propanol denvatives, 4 and 5, m respectable ylelds (11% 
for a- and 30% for B-isomers), whch can be crystalhed 
from hexane at -20 "C (Scheme 1) Elucidaixon of the 
stereochermstry of the above products was acheved by 
thelr NMR data whereupon the small couphg constant 
(J = 3 5 Hz) between the nclnal protons, H9-Hlo, was 
observed m the case of the /?-isomer The trans rela- 
tionshp of these two protons m the a-lsomer was 
endent from a large couphg constant of 9 Hz 

Artemwmn-chelator denvabves were prepared by 
reahons depicted m Scheme 2 The uon chelator was 
&solved m DMSO and subjected to sohum hydnde (1 5 
eqcuv) treatment to generate the corresponhg amon 
for further reahon mth artem~sm-brormde denva- 
ime 3 The method pronded a senes of artermsmm 
hybnds whose structures were proved by hgh-resolu- 
txon NMR Ldcmg of artermslnln to methyl caEeate 
reg.lospec~fically afforded compound 6 as  endenced by 
the chermcal sfuR of aromatx proton at C-2' on the 
caffeate nucleus whch remamed unchanged upon W- 
mg Alkoxylation of artellll~uun to kojic aud provlded 
compound 7 whch resulted from the reahon of hy- 
droxyl fun&on at C-2', causmg an up field shrft of the 
adjacent C3' proton by 0 4 ppm as compared to that of 
kojic aud itself Reacbon of artermslllln mth pyrogallol 
ylelded three products, 8, 9, and 10 Signals of the 
equvalent (compound 8) and uneqmvalent (compound 
9) aromatic protons at C-4' and C-6' on the pyrogallol 
nucleus mhcated the U g e  of artermsmm molecule 
to the hydroxyl group at C-2' and C-l', respectnrely The 
NMR spectrum of the ddkylated product 10 not only 
showed the unequvalent protons at  C-4' and C-6' but 
also the presence of two sets of sgnals of artemsmln 
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moieties, lnmcatmg the couphg of two artemslllln 
molecules to C-1' and C-2' hydroxyl groups Reaction 
of artermsm mth benzohydroxamrc acid gave the 
mono- and ddkylated products 11 and 12, respedxvely 
Sahcylhydroxarmc acid also W e d  to artenusnun vm 
its h y d r o m c  OH gmng nse to compound 13 as the 
sole product Further experiment was performed to  
provide a better understandmg of the site of covalent 
bondmg between artermsmm and the hydroxamate 

Results from a model reaction between salicylhydrox- 
armc acid and benzyl bromde mdicated that the reac- 
tivity toward akylation at each heteroatom of t h s  
chelator was m the order of hydroxamrc OH > hydrox- 
armc NH > phenohc OH 

It was worth notmg that although reacttons described 
above could be regarded as straghtforward, mampula- 
bons were someiznes hfficult due to the fact that 
dhydroartemsmm nucleus was unstable under the 
strong basic con&tions employed m the study Also, 
some of these products, beanng both oxldnmg and 
reduclng moieties, were rather unstable and underwent 
spontaneous decomposition 

An alternabve method to construct artems~mn- 
cafTeic aad hybnd was shown m Scheme 3 CaEeic aad 
was treated mth tluonyl chlonde t o  afford the aad 
chlonde whch upon reactton mth artermsm-hydroxy 
denvatme 5 provlded the hybnd 14, but m very low yeld 
and the product very unstable Scheme 4 also shows 
the construction method of compound 15, a denvatwe 
of artemsnun coupled mth &ethyl &thocarbarnate, an 
won chelator whch is also a potent dubitor of super- 
oxlde dxmutase, an antioxidant enzyme present both 
m the erythrocyte and the paraslte lo 

Results and Dlscuss~ons 
Based on drug combmahon stu&es, we proposed8 

that artemsum acts by bmdmg mth its target and 
exertrng oxldabve damage m t h n  its ~ 1 ~ l l l l t y  through 
combmed adxon wrth redox metal ions, probably Fe(III)/ 
Fe(I1) Compounds mth the structure of artemsmm 
cross-Med to sutable chelators can therefore have 
greater antunalanal adxvity, provlded a number of 
mportant condrbons can be fultilled The mam cntena 
for effectiveness of such new compounds agamst the 
malanal parasite should be the ab&ty to penetrate 
infected cells and blnd to the same target as artemman, 
the ab&y to carry the won to that target, and the abfity 
to allow the lron to partzapate m reversible redox 
reacbons A number of won chelators were chosen 
based on the presence of swtable groups whch can be 



Table 1 Antmaland Achnty of Iron Chelators, 
Diethyl&thocarbamate (DDC) and The~r Denvakves agamst P 
falcapamm m Vztro 

agents ICso (MI 
caffelc acid 1 22 10-4 
methyl caffeate 4 65 x 10-s 
kojic acld 1 58 lo4 
~ ~ r o g d o l  5 66 x loV6 
benzohydroxarmc aad 1 76 x lo-5 
sahcyihydroxanuc acrd 1 07 lo-4 

Table 2 Ant~malanal Actinty of Artermsmm and Its Novel 
Derivatives agamst P falczpamm zn Vztro 

arte~msmln (1) 
dhydroartermsm (2) 1 1 
compound 3 3 68 Ifi 0 55 compound 11 23 64 
compound 6 4 78 f 3 0 compound 12 4 255 
compound 7 9 55 & 5 0 compound@ 52 45 
compound 8 7 67 compound 15 7 67" 
-- - 

Table 3 Effect of Iron (20 pM FeC4) on the Antmalanai 
Act~mty of Artemmu and Its Novel Denvabves agamst P 
falczparum in Vztro 

Ic50 (nM) 
compounds control (a) mth 20 pM FeC4 (b )  ratlo of bta 

artemismm 1 6 04 5 41 0 9 
compound 6 2 82 3 38 1 2  
compound 7 14 79 16 80 1 1  
compound 8 10 61 9 21 0 9 
compound 11 19 36 32 91 17 
compound 13 45 53 48 71 11 

used to lmb: covalently mth a r temlsw The lron 
chelators and the novel artemsum denvatmes were 
mvesttgated for antunalanal actlmty agamst a mdh- 
drug-res~stant P falczparum K1 stram zn vztro The 
results are summanzed m Tables 1 and 2 All the 
chosen rron chelators possessed mtnnsic anhmalanal 
actlwty Denvatlzatlon of artemsum lnto compound 
3, whch IS an ether denvative of dihydroartemslm, 
exerted the antunaland actmty m the same range as 
~ t s  parent compound MocMcabons of compound 3 mto 
compounds 6-13 by covalent Lznksng mth Iron chelators 
dtd not Increase the antlmalanal potency of these 
denvatwes over that of artermsm but &d not dmimsh 
the potency remarkably elther Although compounds 
9 and 14 structurally possess lron b m h g  capabhty, 
they were mpawed by thelr mtnnsic mstabdity and 
therefore mght not be expected to show any supenor 
antmaIanal potency Compound 15, mth a h k e d  
molecule of &ethyl &thocarbarnate, whch is both an 
Iron chelator and an dubitor of the anlzoxldant enzyme 
superoxlde &smutase,1° also has comparable activlty 
mth artemlslllln 

In order to check whether the antunaland aativlty 
mght depend on prenously chelated Iron m the me- 
&urn, FeCh was added to anha lana l  testmg system 
Table 3 shows that the presence of 20 pM FeC13 &d not 
enhance the Inllmg effect of these synthehc ddenatmes 
The anixnalanal actmhes of these denvahves therefore 
&d not depend on the presence of exogenous won 

In the testmg of our hypothesq ~t u mportant that 
the denvatwes can chelate ron  under the condhons of 
our experiment We have ascertamed, from the change 
m vmble spectrum, that the sahcylhydroxamate denva- 
lme 13 could mdeed chelate mth Fe(III) although not 
as effectively as the parent sahcylhydroxarmc acid 

Figure 1 (A) Spectra of (1) 0 19 mM sahcylhydroxamate 
denvatwe &solved m 5 mM sulfunc acid, (2) 2 5 mM femc 
mtrate dmolved in 5 mM sulfunc acid and (3) 0 19 mM 
salrcylhydroxarnate denvakve plus 2 5 mM femc mtrate 
dmolved m 5 rnM sulfunc acid (B) Spectra of (1) 0 075 mM 
salicylhydroxarmc acid drssolved in 5 mM sulfunc acid, (2) 2 5 
mM fernc mtrate dwsolved m 5 m M  sulfunc acld and (3) 0 075 
mM sal~cylhydroxam~c acid plus 2 5 mM femc rutrate &s- 
solved m 5 mM sulfur~c acid 

Flgure 1A shows the appearance of a peak at 515 n m  
when Fe(II1) IS present together mth the denvatwe 13 
A s d a r ,  but stronger, peak also appears at 525 nm 
mth the chelated parent sahcylhydroxamate 

Although the results from our study have not gven 
any m&cabon that the presence of an won chelator m 
the vrclmty of a r temsun can potentlate its ahon, the 
fad that the hiked compounds stdl retam antmaland 
adrwhes nevertheless encourages us to explore other 
denvatwes whch will meet the cntena ant-mpated for 
synergsttc mteractlon 

Conclusions 
Several novel artemsum derivatives have been 

synthesized based on the requvement of rron m the 
mechaxusm of achon of ar temlsm The general route 
for estabhslung a M a g e  of m n  chelators to the C-10 
lad01 of artemsum nucleus m &s study 1s accom- 
phshed by a bplacement reactaon Although the novel 
hybnds obtruned &d not show enhanced antmaland 
acttnhes, they were nontheless comparable to that of 
artemsum Hence they mght be usem drugs If they 
exhbit less toxlaty than a r t e m  or other known 
denvalmes Furthermore, the study reveals the use of 
other m n  chelators whch mght  Interact synergistxally 
mth artermslllln Some of the h k e d  denvahves re- 
ported here do not have hgh  chelatmg abhty (e g ,  
compounds 6,7,8,10,11,12 and 13, and 15) However, 
we have shown that compound 13 has a h t e  chelatmg 
abhty, although not as hgh  as the parent chelator 
sahcylhydroxamate Some of the compounds synthe- 
sued m t h s  study (e g , compounds 9 and 14) turn out 



reactlon (between peroxlde and Iron chelator moieties) 

Consequently, more s a t a b l e  chelators for o p t m u m  
synergs tx  mteraction wth a r t e r m s m  stdl have to be 
found 

Chermstry NMR spectra were recorded e~ther on a Vanan 
EM 360L or on a Bruker AM 400 spectrometer The IR spectra 
were deterrmned on a JASCO model A 302 or a Perhn Elmer 
2000 NIR FT Raman spectrometer Elemental analyses were 
camed out on a P e r h  Elmer elemental analyzer 2400 CHN 
and the results are mthm 0 4% of the theorehcal values Mass 
spectra were recorded on a JMS-DX 300 JEOL mass spec 
trometer Meltmg pomts were deterrmned on an electrother- 
mal meltmng point apparatus (Electrothermal 9100) Merck's 
Resegel 60 PF254 were used for preparabve layer chroma- 
tography 

Conversion of Dhydroartemisi~m to the Bromide or 
Hydroxy Derwatives (3-5) Dlhydroartermsim 24 (500 
mg, 176 mmol) m dry benzene (5 mL) was treated mth 
bromopropanol(2 mL, 20 mrnol) under n~trogen in the pres- 
ence of freshly distdled boron tnnuonde etherate (BF3 E t O  
1 mL of 5% (vIv) BF3 Et20 m dry benzene) at  mom temperature 
for 2 h Punficahon of the bromo denvative 3 (90% yleld) was 
performed by crystallization *om hexane at  -20 "C 

The reaction of &hydroartermsim w t h  propanediol gave 
the con-espondmg alcohols 4 and 5 whch after punficat~on 
by TLC (s iha gel usmg 50% ethylacetate m hexane as eluent) 
followed by crystakzahon from hexane at  -20 "C provlded 
pure samples m 11 4 and 30 11% respectively 

Compound 3 whlte crystals, mp 85-86 5 "C (from hex- 
ane) IR v,, (Nujol) 1100,880, and 825 em-', MS mle (relative 
mntensity) 388 (M+ - H20, 0 4), 'H NMR (CDCl3) 6 0 90 (d 
3H J = 7 36 Hz H l6),O 90 (m 1H H-7a), 0 95 (d, 3H J = 
6 25 Hz, H 151,125 (m lH, H-5a), 1 33 (m, 1H H 61,144 (s, 
3H, H-14) 1 48 (m, 1H H 8a) 1 50 (m 1H H 5/31 1 64 (m, 
1H H 781,175 (m, 2H H-8) 1 87 (m lH, H 5a) 2 03 (ddd, 
lH, J = 14 32,4 67,2 92 Hz H-48) 2 10 (m 2H, H-19),2 37 
(ddd, lH, J = 14 32,13 9,3  94 Hz, H-4a), 2 63 (ddq, lH, J = 
2 8 , 3  4,7 36 Hz, H 9), 3 49 (t, 2H, J = 6 41 Hz, H-20),3 49 
(dt, lH, J = 10 06,5 73 Hz, H 18b) 4 00 (dt lH, J = 10 06, 
5 73 Hz H-18a), 4 80 (d lH, J = 3 4 Hz, H 101, 5 42 (s 1H 
H-12), 13C NMR (6 m CDC13) 12 92,20 31,24 47,24 62 26 13, 
30 53, 30 84 32 50, 34 58, 36 38, 37 40, 44 34, 52 54 65 66 
81 00,87 88 102 06,104 06 [aIn +I22 1" (c 0 35, CHC4) Anal 
(C~aHzsOsBr) C, H 

Compound 4 whmte crystals, mp 106-109 "C (from 
hexane) IR v,, (Nujol) 3500 (sharp), 1100,880 and 830 cm-', 
MS mle (relative mntensity) 310 (M+ - 32,1), IH NMR (CDCL) 
6 0 8-2 8 (m, 23H), 3 35 (s 1H OH disappeared after DzO), 
3 45-4 3 (m 4H 2 x H-18 2 x H-20) 4 50 (d, lH, J = 9 Hz, 
H-lo), 5 40 (s, 1H H 121, [ a h  +73 3" (c 0 03, CHCW Anal 
(CleH3006) C, H 

Compound 5 whte crystals mp 72-73 "C (from hexane) 
IR v,, (neat) 3500 (sharp), 1100 880 and 830 cm-I MS mle 
(relahve mtenslty) 310 (MC - 32,l)  'H NMR (CDC13) 6 0 85- 
2 8 (rn 23H), 3 13 (s 1H OH &sappeared wth DzO) 3 3-4 3 
(m, 4H 2 x H-18 2 x H 20), 4 75 (d, lH, J = 3 5 Hz H-101, 
5 38 (s, lH, H 12). [ a l ~  +I41 lo (c 0 48, CHCL) Anal 
(Cl8&006) H, C ~ & d ,  63 14 found, 64 21 

Couplmg of Artem~smm Denvatwe 3 mth Iron Ch- 
elators 6-13 Typical Procedure A rmxture of 50% 
so&um hydnde m oil (48 mg, 1 mmol) and methyl cafYeate 
(1 5 mmol) m dimethyl sulfomde (5 mL) was shed under 
mtrogen at room temperature for 1 h The reachon d u r e  
was cooled down to 4 OC and a soluizon of compound 3 (405 
mg 1 mmol) m dunethyl sulfomde (5 mL) was mtroduced and 
the solution was left stmmg a t  room temperature for 2 h The 
rea&on IIllXture was cooled down to 4 OC and au&ed mth  
dllute aqueous hydrochloric aud The orgamc matenal was 
extracted rnto ethyl acetate and the combined ethyl acetate 
extract was washed vnth water, dned (MgS04) filtered, and 
finally evaporated to dryness The crude product was p d e d  

y'" < - C 

Compounds ~ ~ ' w l u t e  crystals, mp 141-144 "C (from 
chloroform), IR v,, (CHC13) 3550, 1700, 1640 1620 1590, 
1515,1100,990,880, and 830 cm-l, MS mle (relative mtensih) 
472 (M+ - 46,4) lH NMR (CDCL) G 0 85 (m, 1H H-7a), 0 85 
(d 3H, J = 6 27 Hz, H 15), 0 89 (d, 3H, J = 7 36 Hz, H 161, 
1 02 (m, lH, H 6), 1 19 (ddd lH, J = 11 47,1121,6 54 Hz, 
H-5a), 142  (s 3H, H 14), 1 4 3  (m, lH, H 8a), 1 4 5  (m, lH, 
H 5@), 1 50 (m, lH, H 781,170 (m, 2H, H 8) 1 83 (dddd, lH, 
J = 13 6 ,3  08,3 64,6 84 Hz, H 5a), 2 02 (ddd, lH, J = 14 48, 
4 69,3 05 Hz H-4p) 2 11 (m, 2H, H-19), 2 35 (ddd, 1H J = 
14 48 13 63, 3 95 Hz H-4a) 2 64 (ddq, lH, J = 7 36 4 40, 
3 36 Hz, H-9), 3 55 (dt, lH, J = 9 97,5 54 Hz, H-18b) 3 79 (s, 
3H H-10 ) 4 07 (ddd, lH, J = 9 97,7 08,5 82 Hz H-18a),4 19 
(t, 2H, J = 6 41 Hz, H 20), 4 81 (d, TH, J = 3 36 Hz, H 101, 
5 33 (s lH, H 12) 5 82 (s, lH, OH), 6 29 (d lH, J = 15 93 
H z , H 8 )  683(d, lH,  J = 8 3 4 H z , H 4 ) , 7 0 0 ( d d ,  l H , J =  
8 34,2 06 Hz, H 63,7 15 (d, lH, J = 2 06 Hz, H-2 ) 7 59 (d, 
IH, J = 15 93 Hz, H-T), 13C NlMR (CDCb) 6 12 94, 20 31, $ 24 54 24 59, 26 09, 29 03,30 82,34 50,36 37, 37 35,44 28, ev 
51 53,52 44,64 04,65 82,80 92,87 82,101 91,104 15 111 34 1 
113 36,115 88,121 61,128 11,144 59,146 05,147 73,167 63 "s 
[a111 +84 2" (c 0 30 CHCh) Anal (C21~H3809) C, H 

it i 
Compound 7 semsohd IR v- (Nujol) 3370 (broad) 1650 3 

1620 1600, 1110, 880 and 835 cm-l, m/e (relatwe mtennsity) 
420 (M+ - 46 0 2) lH NMR (CDCL) 6 0 81 (d, 3H, J = 7 35 
Hz H 16) 0 82 (m, lH, H 7a) 0 87 (d 3H, J = 6 00 Hz H 15) 4 

1 15 (m lH, H-5a) 1 21 (m, 1H H 6), 1 35 (s 3H H-14) 1 38 
(m 1H H 8a) 1 41 (m, 1H H 58), 1 53 (dq, 1H J = 13 16 
3 10 Hz H 7/31 1 68 (m, 2H H 8) 1 80 (m, lH, H-5a) 1 96 
(ddd lH, J = 14 05 4 42 3 18 Hz H-4/3) 2 00 ( q u  2H J = 
6 29 Hz, H 19), 2 28 (ddd, lH, J = 14 05,13 91 3 9 Hz, H-4a) 
254(ddq, 1H J = 7 3 5 , 4 1 0  3 5 H z  H-9),347(dt 1H J =  
10 19,6 06 HZ H-18b), 3 88 (dt, 2H, J = 6 41 1 76 Hz H-201, 
3 92 (dt 1H J = 10 19 6 06 Hz, H 18a) 4 41 (s, 2H H-6 
4 71 (d, lH, J = 3 5 Hz H-10) 5 30 (s 1H H 12) 6 46 (s lH, 
H-5'), 7 55 (s, 1H H-3 ), 13C NMR (CDCL) 6 12 87,20 19 24 35 
24 49 25 95, 29 12 30 72, 34 41 36 22, 37 28, 44 18, 52 34 
60 29, 64 41, 66 61, 80 91, 87 70, 101 85, 104 01, 111 41 
139 37 147 49, 168 04 174 87 [ah +96 4" (c 0 29 CHCM 
Anal (C24H3409) C, H 

Compound 8 pale yellow needles, mp 140-141 "C (from 
a nmture of ethyl acetate-hexane), IR v, (Nujol) 3530,3450, 
1600, 1500, 1480, 1110, 875, and 820 cm-l, MS mle (relative 
mtensrty) 404 (MC - 46 51,266 (71,249 (31,221 (601,184 (181, 
180 (24) 163 (1001, 149 (221, 137 (12) 126 (52) 93 (121, 81 
(lo), 71 (9), 55 (16), 46 (17), 43 (421, lH NMR (CDCL) 6 0 90 
(m 1H H 7a), 0 93 (d, 3H J = 7 39 Hz H l6),O 94 (d, 3H, J 
= 6 12 Hz, H-151,125 (m, lH, H-5a), 1 30 (m, lH, H 61,145 
(s, 3H, H-141,148 (m lH, H 8a), 1 50 (m, lH, H-5p) 1 60 (dq, 
lH, J = 13 19,3 24 Hz H-7/3), 1 75 (m, W, H-8), 1 88 (m, 1H 
H 5a) 2 04 (m 2H, H 19),2 06 (m lH, H4/3),2 38 (ddd, 1H 
J = 14 34,13 70,3 98 Hz, H-4a), 2 68 (ddq, lH, J = 2 92,3 49, 
739Hz H 9 )  376(ddd,lH,J=1089 657 432Hz,H18b), 
4 06 (m, lH, H-18a), 4 10 (m, 2H, H 20),4 87 (d, lH, J = 3 49 
Hz, H-lo), 5 44 (s, lH, H 12), 5 72 (s, lH, OH, dwippeared 
wthD2O) 649(d  lH, J = 8 1 9 H z  H-4),649(d l H , J =  
8 19 HZ H-63,6 85 (t, lH, J= 8 19 HZ H-5 1, *C NMR (CDC4) 
6 12 83,20 27,24 43,24 66 26 07,29 90 30 89,34 59 36 42, 
37 43 44 36,52 52 65 23,7135,8106 88 00,101 95 104 23 
108 10,124 65 133 69, 149 31, [ah +lo1 5" (c 0 62, CHCb) 
Anal (C24&(&) C H 

Compound 9 pale yellow 011, IR V- (CHCL) 3560 (sharp), 
3460 (broad) 1620 1510,1470,1100,880, and 830 cm-l, MS 
mle (relahve mtensity) 404 (M+ - 46,2), 361 (11, 267 (51,266 
(41, 234 (1) 221 (67), 184 (21) 163 (loo), 162 (fig), 149 (171, 
137 (14). 126 (41) 107 (go), 93 (15), 81 (l2),71(9) 55 (171,46 
(20) 43 (45) Due to rapld decompo&on m solutaon no 
respectable NMR spectrum of 9 was obtamed 

compound 10 'colorless of MS mle (relative Intensity) 
502 (M* - 272 1) lH NMR (CDCL) 6 0 88 (d 3% J = 6 02 
Hz H-15) 0 88 (m 2H H-7a),O 89 (d 3H J = 7 30 Hz, H 16) 
O92(d 3H J = 7 3 0 H z  H16),093(d,3H,J=602Rz,H15), 
110 (m l H  H-6) 122 (m 2H H-5a) 129 (m 1H H 6) 142 
(s, 3H, H-141,144 (m, 2H, H 8a), 1 44 (s, 3H, H-141,145 (my 



2H, H 5B), 1 51 (m, 2H H-'7p), 1 59 (dq, lH, J = 13 14 3 19 
Hz, H-7p), 1 73 (m, 4H, H-8), 1 83 (m, lH, H 5a), 1 87 (m IH, 
H 5a), 2 02 (m, 2H, H-4p), 2 04 (m 2H H 19) 2 09 (m, 2H, 

1 H-19), 2 36 (m, 2H, H-4a), 2 64 (m, 2H, H 9),3 53 (dt, 1H J = 
9 90,5 63 Hz, H 18b), 3 66 (m, 1H H 18b) 4 04 (m 2H, H-18a), 
4 08 (m, 2H, H 20), 4 17 (m, 2H, H 20), 4 81 (d, lH, J = 3 38 
Hz, H-lo), 4 84 fd, lH, J = 3 44 Hz H-10) 5 33 (S lH, H 12) 
5 42 (s, 1H H 12) 6 04 (s, lH,  OH, dsappeared wrth D2O) 
644(dd l H , J = 8 3 0 , 1 1 5 H z  H6') 658(dd 1 H , J = 8 3 0 ,  
1 15 Hz, H-41,6 88 (t, 1H J = 8 30 Hz H 53 13C NMR (CDC4) 
6 12 92,12 97,20 26,20 28,24 43 24 50 24 62,24 65,26 12 
26 14, 29 41 30 22 30 86, 34 55 34 60 36 40 37 28, 37 35 
44 34 44 39, 52 46, 52 51, 64 33 65 25, 65 40 70 81 81 00 
81 05, 87 74, 87 89 101 90 101 93, 104 00 104 09, 104 77 
108 13, 123 77, 134 76 149 87, 151 84 No satisfactory el- 
emental analysis was obtamed 

Compound 11 pale yellow semisolid, IR v,, (Nu~ol13550 
(broad), 3250 (broad) 1740 1605 1580 1520,1490 870, and 
825 cm-l, MS mle (relative intennty), 415 (M* - 46, I), 60 
MHz 'H NMR (CDC13) 6 0 7-2 9 (m 23H) 3 32-4 33 (m 4H 
2 x H 18, 2 x H 20), 4 77 (d, lH, J = 3 5 Hz, H-lo), 5 43 (s, 
1H H12) ,75(m,3H,H3,H4,H5)  775(m,2H,H2',H 6 )  
9 47 (s, lH, NH, dsappeared mth D20) [ a h  +I03 4" (c 0 21 
CHC13) Anal (C25H3507N) C H N calcd 3 03 found, 3 46 

Compound 12 pale yellow semlsohd IR v,, (Nujol) 1740 
1660, 1600 1580, 1500, 1460 1095 870 and 820 cm-' MS 
mle (relative intens~ty) 514 (M+ - 271,2), 'H NMR (CDC13) 6 
O81(d 3H J=735Hz,H-16) O88(d 3H,J=732Hz H 16) 
O90(m,2H H7a),O94(d 3H J = 6 2 1 H z  H15) O95(d 
3H J = 5 9 8 H z  H15),122(m 1H H5a) 124(m,lH H5a) 
127 (rn 1H H 6) 133  (m 1H H 6) 143 (s 6H H-14) 145 
(m 2H H 8a) 148 (m 2H H 58) 160 (m 2H H 7/31 165 
(m, 2H, H 8) 170 (m 2H H 8) 172 (m 2H H 19) 187 (m, 
2H H 5a) 2 01 (m 2H H 19) 2 05 (m, 2H H 4p) 2 36 (ddd 
2H J = l 4 2 5  1377 394Hz H4a)  258(m 1H H9) ,262  
(m 1H H 9) 3 26 (dt lH, J = 10 01 6 36 Hz H l8b), 3 47 
(dt 1H J = 10 12 6 24 Hz, H 18b) 3 71 (dt 1H J = 10 01 
6 05 Hz H Ma), 3 79 (m 4H, H 20), 3 94 (dt lH, J = 10 12 
5 97 Hz, H Ha), 4 64 (d, 2H J = 3 37 Hz H lo), 4 78 (d, 1H 
J = 3 40 Hz H lo), 5 29 (s, lH, H 12),5 38 (s, lH, H-12),7 39 
(m,2H H 3  H 5 )  742(m 1H H 4 )  764(m 2 H , H 2 , H 6 ) ,  
'3C NMR (CDCIs) 6 12 92 12 97, 20 30, 24 42, 24 66 26 14 
27 63, 28 44, 30 74, 30 85, 34 59, 34 64 36 40 36 43 37 35, 
37 46 44 33 44 42 52 53 52 58, 64 68, 65 61 71 42 80 95 
81 05, 87 81 87 88, 101 85, 102 07 104 03, 104 06 127 93 
127 93, 128 11 128 11, 130 48 134 43 169 88, [ a ] ~  1128 3" 
(C 0 15 CHCl3) Anal (C43H63012N) C H N 

Compound 13 pale yellow semsohd IR v,, (CHC13) 3425 
(sharp), 3250 (broad) 1650, 1605, 1590, 1495 1450 1305 
1240,1095 870 and 820 cm-I MS mle (relative mtensity) 431 
(M+ - 46, l ) ,  'H NMR (CDCls) 6 0 90 (d 3H J = 7 32 Hz 
H 161, 0 90 (m 1H H-7a), 0 93 (d, 3H J = 6 19 Hz, H 15) 
125 (m 1H H 5a), 1 32 (m, IH H 6) 1 43 (s, 3H, H-141,150 
(m 1H H-8a) 1 5 1  (m, 1H H-5P) 1 61 (dq 1H J = 13 20 
3 11 Hz K 78) 1 75 (m, 2H H-8), 188  (m, 1H H 5a), 199 
(m, 2H H-19) 205 (m 1H H-4b) 2 37 (dd 1H J = 14 03 
13 97 3 89 Hz, H-4a) 2 63 (ddq 1H J = 3 41 4 12 7 32 Hz 
H-9),3 55 (dt 1H J = 10 05 5 86 Hz H 18b) 3 99 (dt 1H J 
= 10 O5,6 20 Hz H Ma), 4 14 (m 2H H 20) 4 80 (d lH, J = 
3 41 Hz, H-lo), 5 45 (s 1H H 12) 6 83 (m 1H H 5 ) 7 00 (m 
1 H , H 3 )  740(m,lH H 6 )  741 (m,lH H 4 )  9 3 6 b  lH, 
NH &sappeared wth  D2O) 11 58 (s 1H OH, disappeared 
mth DzO) 13C NMR (CDCl3) 6 12 96,20 27,24 51,24 66 26 14 
28 54, 30 90, 34 59, 36 44, 37 46, 44 40 52 55, 65 09 74 25, 
81 11, 87 97, 102 21 104 23 112 33 118 68, 118 85 125 37 
134 66, 161 23, 169 10 [ a h  -f-96 3" (c 0 58, CHCls) Anal 
tCzsH35OsN) C, H, N 

P r e p r a t t o n  of Artemsmn-Caffeate Denvatwe 14 
Compound 5 (100 mg, 0 3 mmol) m dry benzene (5 mL) was 
added to cdey l  chlonde at  10 OC, and the mlxture was left 
stnmng a t  50 "C for 7 h The crude product was p d e d  by 
TLC (sllica gel, usmg 50% ethyl acetate m hexane as eluent) 
to obtain compound 14 (15 5 mg, 0 031 mmol, 10 05% yield) 

Compound 14 yellow oil, IR v,, (CHC13) 3550 (sharp), 
3300 (broad), 1700, 1640, 1600, 1510,1450, 1110, 980 875 
and 820 cm-I, 'H NMR (CDCb) 6 0 3-2 8 (m, 25H), 3 2-4 6 

(m 4H 2 x H-18,2 x H 20) 4 82 (d, IH, J = 3 5 Hz, H-10) 
5 50 (s 1H H 12) 6 30 (d lH, J = 16 Hz, H 8'), 7 08-7 22 
(m, 3H, H !2',5,6'), 7 63 (d, IH, J =  16 Hz, H 7') Due to rapid 
decomposition no mass ion or elemental analysis of tlvs 
compound was obtalned 

Preparahon of Artermslmn-Dlethyl Ihthmcarbamate 
Denvatme 15 Sodlum &ethyl &thocarbarnate (148 mg, 0 87 
mmol) m acetomtnle (3 mL) was stmed w t h  artemsinm 
brom~de denvatlve 3 (350 mg, 0 87 rnmol) m aceto~utnle (3 
mL) at  room temperature for 1 h The whrte precipitate of 
sodium brormde that formed m the reaction was filtered out 
The filtrate was evaporated and d h t e d  wrth ethyl acetate 
washed wrth water followed by saturated aqueous so&um 
chlonde solutlon dned over MgSOr atered, and evaporated 
to dryness The crude product was punfied by TLC (slhca) 
uslng 30% ethyl acetate in hexane as eluent to obtan pure 15 
as yellow 011 (332 mg, 0 7 mmol 80 68% yleld) 

Compound 15 yellow VISCOUS od, IR v- (neat) 1500,1260, 
1200,1100,880,820, and 780 cm-', MS mle (relahve mtenslty) 
473 (M+ I), 440 (3), 428 (0 2), 324 (6), 267 (31,266 (21,249 (2) 
237 (6) 220 (171,207 (14) 190 (761, 162 (loo), 149 (661,135 
(15) 116 (921, 100 (19, 88 (51), 72 (301, 60 (361, 55 (23) 44 
(74) 43 (591, lH NMR (CDCl3) 6 0 7-3 0 (m, 29H), 3 2-4 4 
(m 8H 2 x H 1 8  2 xH-20 2 x H24 2 xH26) ,477(d , lH 
J = 3 5 Hz H 10) 5 43 (s 1H H 12) Anal (C23H39OONS2) 
C, H N calcd 2 96 found 3 69 

Biology 
A n t m a l a n d  Act~vlty of the  Novel Arterms~nrn De 

rivatwes and  Iron Chelators The antmalanal actmty of 
iron chelators and artemisimn novel denvatlves aganst P 
falczparum ~nfected red cells was measured by using a mod1 
ficatlon of the [3Hlhypoxant~e mcorporation method reported 
by Desjardins Bnefly, the drug was dissolved m dimethyl 
sulfoxlde (DMSO) and diluted urlth the culture medlum to the 
requred concentrat~on The final concentration of DMSO was 
less than 0 1% usually 0 001% whch had no effect on the 
paraslte growth A mucture of 25 pL of the me&- contwmg 
the drug and 200 pL of 15% cell suspension mth 1-2% 
parasltema a t  immature schizont stage was cultured m 
tnpllcates for 24 h aRer which 25 pL of 0 5 pCl f3H] 
hypoxanthme was added After an ad&tional18 h m culture 
the cells were harvested onto glass-fiber filters The radoac 
tivlty was measured by a Beckman kqud scmtdlahon counter 
mode LS 1801 The ICm the concentrabons required for 50% 
reduction of the radioactivlty as compared to control mthout 
the drug of the drug a g m t  these mfected cells were obtamed 
from dose-response c w e s  

In testmg for effect of Eon on the antmalanai actmty of 
the novel artemisinm denvatlves a stenlized solutlon of 
freshly prepared 2 rnM FeCl3 m double dlstllled water was 
mured mth  the parasitued cell suspension The cell &me 
was unmehately used for testing the antimalanal actlvlty of 
the prepared compounds as mentioned above The final 
concentration of FeCI3 m the test system was 20 pM 
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Differential Cytotox~c~ty  of I ron Chelators on Malaria-Infected Cells Versus 

Mammalian CeIls 

By Hava Gtrckstem Wlllram Breuer Mark Loyevsky, Abraham M Konlln Jacqueline Lhrnan Abraham Shanzer - and Z loav Cabantchtk 

Iron chelators of the hydroxamate dass arrest rn vrtro proirf- 
erauon of malana parasrtes and of mammaltan cells The 
factors determrntng the btologturl a&vw of the chelaton 
have dasstcally been attnbuted to the chelaton' capacrty 
for btndmg Iron and to their ability to travene membranes 
as free chelators and as  chelator~ron complexes. We show 
tn t h ~ s  work that the nature of the chelatable pool of cell 
~ m n  also contributes to the susceptrbtlrty of cells to iron 
chelatom A dass  of N-termmal (NJ dematrves of desfemox- 
amme (DM), (&-DM] IS shown here to  differerrtrally affect 
growth and repbcatxon of tntraeryth-c parasites (Plas- 
modium hlaparum) Methyl-anthranrlic DH) (MADMI, the 
relatively less hydrophtlrc member of the N4Kls senes 
reduced parasrte prolrferatton (ffs hour test) wrth an 1% of 
4 + 1 pmollL and mammal~an -41 (K562 and HepG21 prolrfer- 
atlon wrth an I&, > 100 pmol/L On the  other hand the 

D ESFERRXO- @FO) the hydroxamatGbased 
chelator of mn, s an agent w t h  a proven thtrapeutlc 

record m m n  ovdoad drseaseP and mth demonstrable 
anamalanal acnv~ty m vim,' m nnlmaI modeke and m 
human c h w a l  enaIsM The bass for lts reIatxve1y h g h  thera- 
peuuc rndex nsldcs, m pa& m the fact that arumaI cxh can 
tolerate doses of cheiator aeatmcnts that are demonstrably 
effcctlve m reducrng mu-Ioad and can even cause bastent  
cell metal depnvanon.' Indeed m ntro stu&es m & d  
that such DFO treatments l d  to a translent arrest m cell 
proliferahon pnmanly vla blockage of obkgatory deoxyn- 
bonucieotlde synthtsls Thc cytostanc blockage has been 
attnbuted to the scavengmg of maaceflular mn,' whch s 
presumed to be composed of low molecular welght m n 0 -  
or ~ r o n ~ - c o m ~ l e x c s ~ ~  (le, chelatable m n  p i )  On che- 
lator removal m n  s restored and nuclelc acld synthesl~ s 
swlfily resumed However, m the process of mn0 oxlda- 
tlart'cornplexatxon by DFO thcre s also a nsk of oxldatwe 
r a d d  format~on" that can also cause DNA breaks and m- 
duce apoptosls I' Thest adverse p r o p a  of Dm, mght 
conmbute to some of the mxlc effects of the drug as pre- 
vlously r e p o d '  

In malma ~nfecttd cells, the major b l o l o g d  effect of 
DFO n cytotoxlc stha than ~ ~ t o s t a t ~ c . " ~  Thus, d & e  
marnmailan CCUS that Iargely ncover on DFO rcmovaL para- 
stes can nexther replumb w n  stans and resume metabohc 
acmbes ,  nor, appaxcntly, can tbcy drscard andlor n e u t d m  
ttrt chelator-metal complcxts 16" T h e s e g r o ~ t s  arc asso- 
ciated wlth the restricted mode of m n  acqumaon by para- 
sltcs from parar;~tc-mahtd dcgradatlon of host hao&-  
b d 9  and wlth DFO's M e r e n d  penneatlon to paras~tmd 
red blood cells (RBCs) Rmg stages, berng essenhally m- 
pe-t to DFO, arc rclativdy lIlscnsltlve to the drug, 
whenas trophozo~te-schmnts, b a g  markedly more penne- 
able. are hghly susceptible to IL Thest propcrhcs hctate 
the chemotherapeutic regunens, whch ccmpnse prolonged 
treatments1 and expose the host to p t e n d y  deletenous 
drug effects 
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more hydrophlitc N, free D M  displayed I C ,  values of 21 2 
5 p o l / L  for parasrtes and 7 +. 1 p o l / L  for mammalian 
cells. The selecbve anaparasac actrvity of MA-DFO as re- 
flected rn the speed of actton and I& values on call proldera- 
tron IS attnbuted pnmanly to membrane permemon and 
aon(lIl1 btndrng properties of the dmg In contrast. the reia- 
trvely low ataaprolrferahve actnnty of the more permeant 
MA-DM on mammalfan cells resutted from MADKI's r e  
d u d  capaaty for scavenging trttmcdlular tmn T h s  ts ap- 
parent from MASM reduced effects on (11 the chelatable 
~ron(II) pool that is assoaated wrth the cell cytasd (21 the 
a i l  chelator-extractable Iron, and (31 cell fembn levels. The 
potent antmalanai efficacy and b~ologrcal selectrvrty of MA- 
DM rehave to the parent Dm, b of importance for tm- 
pmved design of chemothempeutx agents. 
Q 1996 by 73s Amencan Smety of Hematology 

With the am of undustandmg the selectwe name of DFO 
effects on m a h a  parasrtes as  cornpaxed to mammal~an cells 
we assessed several N-temmd denvahzed DFOs (X-N,- 
DFOs) m terms of thclr effects on cellular m n  stores and 
anapmhferatlve amon. P n h m m y  stu&cs ln&cated that 
N,denvarsmon of DFO Qd not lmpau ~ t s  tsn@r) bmdmg 
propernes The Nt-hpopbhc subsatuaon of DFO con- 
ferred to the chelator rmproved permcanon capacrty mto 

was also accompmcd by a major reduction m the adverse 
acuon of DFOs on mammnlran cells Therefore, we have 
assessed whether the m e n n t r a l  amon of N,-DFOs rmght 
be assoc~ated wlth an apparently lower capacrty of N, denva- 
uztd-DFOs paraculariy methyl an-c (MA)-DFO for 
afiecmg the cytosohc hbde (or cheIatabIe) m n  pools of 
mmmahan cells Such Merentla1 performance of N,-DFO 
denvaflvcs on parasites vxs a vls mammahn cells may pro- 
nde new gut& for ~lnprovmg the antmaland drug perfor- 

Dcp~mcnr of Orgamc Chanrmy WWMNI INIILlltC of Snence. 
Rrhovos lrmcL 
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mance of Iron chelators Moreover t h s  class of agents can 
also be of use as biochemcal or pharmacologml tools for 
assesslng the mechmsms of metai acqumnm and handkng 
by ceils . 

MATERIALS AND Mmf0D-S 

DFO and DFO-E wen l a d y  provided by DrB Schnebh (Ciba- 
Ge~gy Basel S w ~ i a n d )  and wen l~sed for X, K.rmnmai dcnvau- 
uon w~lh uther antfrranalrc (A-) or MA groups m y ~ l d  A-DFO and 
MA-DFO nspectrveiy a Nitnio-DFO (N-DFO) was h d l y  pro- 
vided by Dr G GarpardCi ia -hgy  Basel) ~HJhypoxanthmz 
['H]~soleu and ['KJ-thymrbe w a e  from the bdmchcrmcal Qnm 
(Amcrsham UK) Unless sptaficd othtrmsc. alT other chemtcaIs 
w m  from Sigma Chcrmcal Co (St LOUIS MO) .or best avdable 
grade 

Plarmod~um falczpafum, stcam F a - 3  used for all expenmenti 
was monmned in NuncIon culture Bask (Nmz Roshlde, Den- 
mark) in human A* or O* RBCs m RPMI 1640 &urn (Btologcal 
Industncs Beth Hacmek. Israel) supplemcntd w t h  25 rnmoYL 
HEPES 10 mmoUL gIucose and 20 mmoK NaHCo1 and 10% 
(voUvol) heat inactmated A* human plasma pwW from drffennt 
blood donon The cuItwatron mdhod used wasamocbficd version 
of Trager and Jenscn'p as described elsewhtrcU P ~ ~ a  and 

syntberls (5-hour ~ ~ ~ 0 ~ )  of elher ['HI-hypaxanrhtne or [ J ~ f l -  
thymdrne (5 pCi/mL) mto nuclelc ac~ds. respmvely ~562 e l l s  
were prouJsed wth a M a m  cell harvester (Packard kuments 
Menden CT) RadtoIabeled HtpG2 and CHO cells wen w w  
~ t h  W~DIIIC buffet fixed on the plates mth ~cc-cold 5% m a o r p  
afcuc acxd TrCA) and TCA pf#~~PtabIe matmais were soh- 
~ t f i  0 1N KOH and countcd for rad~tt~lnty 

~ o r a i  UU prom was emmated on 96 well plates e ~ t h a  anth the 
BCA merhod (hcrcc QermcalC4, Rockford. IL) or the suIforfic& 
m e  m&od as dcscnbed ekewhere ' The mtcroplatcs were read 
m an enzyme w ~mm~110sorimit assay -A) f icrop~ate  Q 
309 autarca&r (810-Tck Inreumtnu Znc Wmoosh, VT) at the am 

growth stage distnbuaon were derczrmned on mahano1 fixed and 
G~emsa smned smears Paras* growth synchnuauon and assess- 
ment of anumalanal m w t y  of m a  chelaton wcndone as described 
prcviousiy lS  he compauids war: added from concentrated stock 
soluaons in dimethyi suif'oxlde (DMSO) to rrn~~~lturrs (24 wells 
Costar CYnbndge MA) contarnrng mfcctcd RECs (25% hematocnt 
and 2 to 5% parasxtema) The cultures were synchmnutd to the 
nng stage by ~ncubatron m 300 mmoUL alanrnc and 10 mmoUt 
Tns-HC1 pH 7 4Is or by PemlI gmhent c a t n f u g m o ~ ~  Aft= 18 
to 24 hours exposure to the m & d  drug the cells wen ather 
suppiementcd directly wuh 6 pGImL of [3H'Jhypoxan~ne or 
washed 3 umes wth largc voimc of RPMI 1640 m&um and 
replen~shed wch fresh growth m&um before ad&uoaof the radoia- 
be1 incubauon for an addmonal18 to 24 hours and lysls by fnurng 
The f r m c  thawed Iysae of Iabeled ccik was passed thmugh glau; 
fiber filters (%mar Inc. J d c m .  Lnart) LnaxpaQon of label mto 
nucleic aczd was measured m a Beckman Sannlknon Counm (Beck- 
man Carp Fuilerton CA) All sysrtms wae  run rn h u a n r p h m  
The 50% iniubltoj conanmaom 4C,) w w  dclamrned by n o d m  
ey least square fit to sxgmoldal W o r n  as a b e d  e l s e w h x  
Statlstld r-rests wcn pxfomed a a d q  to rhe s~lhstlcal pacLage 
PCS (Pharmacologc Calculahon System. Mi-mputa S- 
New York) b a d  on the netbd o f  T&& and M m y  % ?he 
rokwan program M~crucal Ongm (Microcat Sofrware Inc. Northamp 
ton MA) u%s used for cum s m a o n  and for p p h c  -lay 

Mammal~on Cell Cultures 

Mmrnal~sn cells were mmmncd m Nunclon cuitun: flask 
(Nunc) and grown at 37°C In a COrlncubator ( 5 6  Cot) in 24-wdi 
plates (Nunc) as follows human K562 erythroleuktma cells as 
suspenstons tn a-Mdlfied csgle s M d u m  (aMEM) human hepa- 
tomn cells (HepG2) as monolayas in m e  s MEM (EMEM) and 
chmae hamster ovary cdls (CHO) as monolayen in Dulbecco s 
MEM (DMEM) Cells in growing phase were e x p o d  to iron chela- 
tori for 24 to 48 hours and ;rssaycd in dupl~utes for macmmoleculv 

Ceb (K562 or gowu in 12-well plates and treat& m& 
chelators for 24 hours, w e n  washed with wtamc buffer and subse- 
quently expaacd mth 300 pL TN-HQ 10 mmoUL, NaQ 1% 
mmolR, Tnton X-IOO (SIP) (05%) N& (0.2%). pH 7 4 con- 
m g  a cockad of anapteases as elsewhere 26 The ex- 
uau was cmmfuged at 2,,000g X 10 mmutrs at 5*C and kept ar 
5°C Akquots wen used for durrrmnatlons of profem (ECA merhcd, 
Race Chcmcal Co) and of femnn by fluomguuc ELIS& usng 
rabb~t anahurnan spleen f e m ~  anasua. a d  punlied anafcmon 
a n o w e s  conjugad to ~ - ~ a l a c r o s l k ~  Fcmm w a ~  aIso chttked 
on lmmunobioa af samples mn on kd dodtcyl snlfatr- 
plyanylanu& gel eltcaophorrsj (SDS-PAGE) (10 to 15% aayl- 
am&) g e  usmg rabbit anabnman placental femm anakhes " 
goat anarabb~t y giobultn conpgattd to horse radsh peroxldase 
(Jackscn I m m u n o ~  West Grove, PA) m conjunCtIon wtth 
enhanced chemti~rm~~esccnce (ECL) d e m o n  (Rakochermcal Cen- 
ter Arnersham. LJK) t6 No attempts wen made to dsmmurn be- 
tween feman H and L % b u t s  

iron Emacnon Capaczty of DFO Demamtes 

K562 ceUs were ploaded for 1 h o u r a n t h s F e ~ m c  Transfann 
(6 25 X 10' dpm/nmole Fe 0 05 p g / d  ttansrcrnn) extens~vely 
washcd wth comolea growth m d u m  and buf=d same rolunons 
and incubatd for 24 horn wth the rcspeEtlve chelators m 24 aell 
plats. The suspensxons wen sepmtcd rnto supunatcs (Sl) and 
pellets by cenmfugatloa The pellets were CXtcMveiy wash& mth 
full growth m d u m  and buffered salxne soluaong tread wth 02% 
Tnton X-100 (m 150 mmoK NaQ 20 mmaih Tns-HU pH 7 4) 
supplemented wth an anuprutcase ahquot of the &m- 
gent4spmcd cells was taken for prom ddenptnaaon @CA 
method. Rcrcc Chrrmcal Co) and the rrmarnder was ccnnrfngcd at 
15 OOOg x 5 murutcs. Radmcnnry was auuted m both dl su- 
pcrnate (Sl) and soluble (1% supam@ lkcaon of duergent extract 
(supanate TS2) after decaloraton anth HzG (5%) 

Chelatlon of Innncelluular Iron Assessment by a 
Fluorescent Method 

Human uythroleulcerma K562 cells w e n W  ovcmght wth 
chelators in MI growrh h u m .  washed adcnavely and loaded 
wth 0 125 pmol/L dccm-acetoxymethyl estts (ca lm-AM)  for 5 
mxnutcs at 3TC m HEPES-buffacd, b r h n a t e - f n e  a-MEM me- 
drum contatlllng 20 mmoK HEPES pH 7 3  (a-MEM-HEP) a n -  
rmrung I mg/rnL bovlne serum aiburmn. washed fmrn excess calm- 
AM and reaspended in a MEM-HEP m&ulllBm Just before 
mmsurcments 1 mL of d c c m  loaded cell suspensron (-S X Id 
cells) was ccnmfuged rn a merocrntnfuge and thc cell+ wac rcsus- 
pended in 2 mL of prewmed 150 mmolR. NaCI 10 mmom 
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HEPES-Tns pH 7 3 (FIBS buffer) The cell suspension was trans- 
ferred to a smed. thamoswcd (3PC) cuvene and fluorescence 
measurements w e n  muared Ruoreacnce mcasurcments (EXC 488 
~ m .  Em 517 nm) wen done m a Fl7Specaomeay Stauon (Oscar 
connguraaon) (PhotoMcd, Wedd Germany), equipped wth a tcm- 
peramre conuuUcd cuvene holder and magnetic sumr  The map- 
rude of the baschne tluorrscenr signal remained niauveiy srable 
rhroughout rtrc measurements the csumated leakage of the probe 
was lower than 10% per hour at 37°C A fluonscencequcnchmg 
anucalcera anabody (10 / J I ~ v e n e )  was added to ehmmarc all ex 
nacellular tluonsccnce, wh& amouuted to -2% of the total fluo- 
rescence The basehe signal under thrs condmon rcmaxncd stable 
for a20 rmaure~, m&caang m~nmal leakage of the pmbe dumg 
h e  expenmental p e n d  At the m & d  ame sahcyialdchyde rsom- 
coanoyl hydrazone (SM) was added (100 pmol/L hl confentra- 
uon) to obtam the m& level of cheiarabh mn, as shown eise 
when 

RESULTS 

The repertom of DFOs used m t b  study compnscs the 
hydrophl~c DFO and ~ t s  rumla denvauve N-DFO and the 
less hydrophl~c methy1anthram.h~ denvatwe MA-DFO and 
the cychc DFO-E (Fig 1) Although these agents M e r  pn- 
manly m the nature of the subsntuent group at the terrmnd 
ammo group they &play comparable bmdmg afhunes for 
m n ( W  @Ka 29-31) (measured as m ref 20) 

Effect of DFOs on Macromolecule Synthesu m Parasznzed 
Cells 

P faic~panun infected cells were exposed to vanous con- 
centrauons of DFOs stamng at rmd-nngs After 24 hours 

DFO DFO-E 

u 
hiA-DFO N-DFO 

CH3 

Fig 1 Stru&rs of D M  dematnres N-dematized 0% used tn 
the prosant study- OH3 N-DM cyclic DFO IDFO-EI and Nmuthylan- 
tbrantllc DH) (MA) 

L I I 1 I I 

-6 0 -5 5 5 0  -45 -4 0 

Log [concg 

Fig 2. Oosaresponse curves of D F W  effects on nuddc aad syn- 
thests of P falaparum Infscted sytfirocytar: Cuftums of aady nngs 
were exposed to ths indicated comscrbrtioru of DFOs and supple 
manted 20 hours later wrtlr ['HI-hypoumthlne The Incotpodon of 
'H label into nude~c aad was a a s a e d  20 hours later and b gwan 
as a parwnt ralatrve to eantmL The 50% inhibitory amantration L C ,  
[tn pmoliU was obtatned fmm nonlinearsquare anaipts of ugmotdai 
curves.MADM4+1 D m - E 7 f  Z D M 2 1 * 4  a n d K D M 1 7 r 3  

trcarmen~ they were assessed for nucle~c aud  synthcsrs m 
t e r n  of [ - 3 ~ h y p o x a n h e  mcorporatlon lnto nucluc a d s  
The dose-response curves for the vanaus DFOs an gvcn m 
Fig 2 Two p u p s  of agents can be ~denaficd m terms of 
thea growth miub~totory profiles 'Ihe first IS composed of the 
Ndcnvatucd and reiatlvely less hydropluhc MA-DFO and 
DFO-E. wkch gave I& values of 4 + 1 and 7 C 2 pmoY 
L, respecaveiy Thc second IS compased of the more hydro- 
ph&c DFO and N-DFO w&ch gave I& vdues of 21 i- 5 
pmoUL and 17 t 4 p m o G  ~ v c i y  A fifth DFO dtnv- 
awe, anthanl~c DFO (A-DFQ) (not shown), performed 
comparably to MA-DFO (I& = 6 + 2 pmoYL) None of 
the struchlrai congeners of DFO had a~$ detectabie &ect 
on parasrte cultures when admmstered as mnCm) com- 
plexes (not shown) Havmg prenously shown that mum- 
DFO compIexes and even more so mn(m)-MA-DFO com- 
plexes wen demonstrably pcrmeant to malana mfected 
cells " ~t can be lmphed that DFO effects on malaria arc 
pnrnanly caused by Iron depnvatloa 

Eflecr of DFO Denvcrnves on Mammhan eel& 

Nuclac crc~d and protern synrhcrxs Thc two human d 
lrnes K562 and HepG2 (exponentla1 growth phase) wen  
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Fig 3 Dosa-responss curves of D H k  effects on nudetc acrd syn- 
thesrs of mammalran cell artturar K562 ceils were exposed to the 
indmted concentrations of drug for 48 hcum in cutture condrtrons 
and subsequenlly supplemented wrth [Wl hypoxanthrne rncubated 
for 5 houn and a s s e d  for tncorporatron of rad~olabel rnto nucle~c 
aads Data of a represemtatrvs experiment are g ~ e n  as nucferc acld 
synthesrs relative to control (no helator) Data pooled from 6 rnde- 
pendent experiments and analyzed as rn Fig 2 gave the following IC,  
values Irn p n o l l u  MA-DM > 100 pmol/L D M  E 7 c 2 DFO 9 t 2. 
and N D M  17 f 3 

exposed for 43 hours to the vanous DFOs and pulsed for 5 
addiuonal hours with the [3a-labeIed precursors bypoxan- 
h n e  or thyrmdme Figure 3 depxts the dose-response curves 
of the vanous agents on nuclelc a c ~ d  synthesis and Table I 
sumrnanzts the calculated ICw, values for chelator effects 
on DNA protem, and nucle~c acxd synthesis Althougfi quan- 
tltauveIy M e r c n ~  the rank order of lnhrbltory potenczes 
was essentrally s~mlar for the ttuee parameters DFO was 
cons~derably more potent than a11 its denvahves on elther 
mammal~an cell h e  whereas MA-DFO was the least potent 
of the four The rclatlve potencxcs of the two other DFO 
denvauves were mterm&ate to o f  DFO and MA- 
DFO We have found the LCw, values for drug effects on 
[ ' H I - t h y h e  incorporation mto DNA pamcularfy vanable 
for HepG2 cells Factors contnbutmg to that phenomenon 
were found to be assmated wtth the state of the culture 
such as culture passage number phase of celI growth and 
the tlme of exposure to drug Most of the vanab~llty could 
be mmmztd by extendmg the drug exposure to 4% hours As 
shown above for antmalanai actlvlty, none of the structural 
congeners of DFO had any detectable effect on mammalian 
cells prol~fnat~on when adrmn1stercd as mn(III) complexes 
(not shown) 

Because the vanous DFOs differ m the lipoph111c nature 

of the N-termmal group and therefore m thezr putatlye per- 
rneauon propemes, we assessed whether any correlation ex- 
isted between these drug propeNS and the onset of growth 
irhbition, le, the drugs' speed of actlon (Fig 4) For that 
purpose we followed the kmet~cs of nuclerc acld synthesis 
m the presence of drugs' m both K562 and HepG2 cells 
Cells exwsed to a m g l e  concentranon of 100 pmoVL DFO 
denvauve were tune morutond for [3Hj-hypoxanthme w r -  
porauon mto nuclelc a d  mg 4) The onset of ~ d u b i ~ o n  
for all four DFO denvatlvu was besween 4 to 6 hours 
suggesmg that permwan into ceils per sc &d not appar- 
ently h u t  the rate of chelator acuon Tius was found to be 
the case for the least potent of the drugs tested, E/fA-DFO 
Tlus ff uonscent denvanveA accumuIated m the cells &thin 
4 to 6 hours as vxsu&cd by fluorescence mcroscopy unage 
analysrs (not shown) 

Cytosolrc-chelatable zron (1) Md fernnn levels (12) The 
effect of DFOs on mammnltan cells was also assessed m 
terms of cytosohc cheiatable Iron and cell femtm levels 
Both cell parameters provlde a measure for the m n  sratus m 
the cyrosol The first gves a duect measure of the chelatable 
metalzw and the second mcficam how changes In cytosohc 
iron affected f e m m  levels 

(1) The cytosohc chelatable m n  pool that mght be af- 
fected by the vanous DFOs was assessed w ~ t h  the recently 
developed fluorescencequencbg method based on the 
metal sensor calcem K562 cells mated wrth DFOs were 
loaded urlth the ffuorescent cdceln The lmclal level of fluo- 
rescence attamed represents the amount of free calccm 
loaded lnto cells The lncrcase m fluorescence resultmg from 
addiuon of the hrghly permeant chelator SM provldes an m 
sltu measure for the chelatable m n  pool m the cell A typlcd 
expenmcnt is depicted m Fig 5 Control cells showed a- 
02.5 pmoI/L Ievel of rntracellular chelatable m n  as shown 
prev~ously After pretreatment wlth chelators, the basal 
level of cell ffuorcsctnce mcreased relauve to ~ ~ t r 0 - 1  .'as 
relatively less chelatable Iron s present m ceils Conse- 
quently the amount of fluorescence restored by SM de- 
creased. For all concentrahons used (20 to 100 pmoUL) 
DFQ was considerably more potent than MA-DFO The ell 
chelatable mn was reduced from 0 25 pmol/L to 0 013 to .. 

Table 1 ICu Constants of Cheiator Effacts 
on H e p a  and K56L Celb 

HspGZ Cslls KW Cells 

Chelator T H P T H 

DFO 7 2 1  1323 1022 2125 1323 

MACH) >I00 >I00 >lo0 - >I00 >loo 
NDFO 4524 39f3 3 5 2 6  2924 33:s 

DFaE 2622 1924 2325 2225 2725 

Cells were exposed to vanous concantratlons of chelatan (3 to 100 
pmolR) for 48 houn and analyzed for DNA synthes~s by Wthymrdrne 
m lncorporatlon nucie~c acrd synthes~s hy ~Hihypoxanthrne IH) in 
corporanon and total proteln (PI hr/\he sulforhodamrne method as 
descnbed In the tan. Data were analyzed as descnbed ~n Fig 2 the 
I& values (50% lnhrb~tory concentrations) I f  SEM n = 71 given In 
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Fig 4 Time-dependenca of OMS W o n  on nudecc aad synthests 
tn mammal~an calls K562 cells were axposed to  a single concantra 
t ~ o n  of drug supplemented wrth ["Hlkypoxanthtne and pmcessed 
at the indtcated bmes 1ncorporat.on of radtolabei into n u d m  aads 
IS given at  a funct~on of t m e  of incub&oh 

0 04 pmoyL (85% to 95% reductlon) after treatment wlth 
20 pmoK DFO and to undetectable levels (4100% reduc- 
tlon) by treatment wlth 100 p o y L  DFO However by 
eqwvalent treatments wth MA-DFO the chelatable m n  
pool of celb was consrderably less affected 42% and 74% 
reductlon wth 20 and 100 q o V L ,  respecavely 7 3 1 ~  clearly 
md~cates that the relatively more permeant MA-DFO, was 
less efficient m lntracellular chelatlon of tron than the parer& 
more hydropuc DFO Measurements of chelator extract- 
able lron were also assessed m cells loaded wlth ssFe-h'ans- 

i4 
cells - 

Fig 6. lntracellular Iron scavengtng by OMS as assassed wrth 
%on K562 celb were loaded for 1 hour wrttr %onhuman trans- 
femn washed extenswely wrttr growth medtum and than incubated 
for 24 hours in growth medium alone (controll or In medlum supple- 
mented wrth DH3s a t  erthsr 20 or 100 pmol/L Aad~oactwrty was 
measured ~n the medium and In  calk followng extensave wash~ng 
Data are gtven tn terms of pmol-lron (ustng the %on-transfernn spe- 
crfic actrvrty) per rng call protetn i n  the medtum (top tcalal and In 
e l ls  (bottom scale1 

femn and analyzed for ra&oactlvxty m cells and medtum 
(!5g 6) Desp~te the relaavely tugher partxhon coefficrent and 
permeaaon capacrty of MA-DFO versus DFO," the Imer 
was considerably more effiaent than MA-DFO m extracting 
lron from ceUs T ~ I S  was paracularly reflected m the parame- 
ters obwed  folIomg a 24 hour treatment wth 20 pmoY 
L chektor the m n  appearing m the m d u m  was 1 7 5 2 
and 0 5 prnoYmg pmtem after DFO and MA-DFO respec- 
avely The m n  rewed m the celIs after 24 hour treatment 
was 26 2 1 21 c 1 and 23 2 1 pmoVmg protem, m control 
DFO and MA-DFO treated cells, nspechvely 

(2) A smdar pattern of chelator acavltles was observed 
wvlth K562 and HepG2 cefls analyzed for femtln levels after 
a 24 hour lncubatlon m the presence of chelators flable 2) .. 

Table 2. Ferntin Levels in  HepG? and K562 Celis 
Treated Wrth Chelators 

HepGZ Celb K562 Calls 

Traahnent X [Rslaeive to Control) X (Relsthrs to Control1 

Fig 5 lntnrcellular iron wvengtng by DH3 and MA-DFO as as DFO 10a 25 r 5 (171 10 t 2 (5) 
reud by fluorescence K562 celh were incubated for 24 houm in 
growth medium alone (controll or In medlum supplemented wrth 

Dm 20 33 4 (331 23 r 4 (251 

erthar D M  or MA-DFO (20 or 100 pnol/lJ After washing Lay  were n r 7 (58) 40 r 5 (25) 

Incubated h buffered d i n e  medium wrth 023 pmol/L cabin-AM MA-DF0 20 91 -r 4 (891 85 -r 6 (951 

washad twtce and suspended In Z mL of the HBSHepsr-buffered 5 70 r 7 (75) 6S r 8 85)  
saline solution nlaced i n  a thennostated m a t t e  f37W m a t t e  under FAC 10 >500 (>3001 >I90 (2501 

PFST AVAILABLE COFY 



Fig 7 OH3 effects on ferntin iavels in mammalian K $ M d k  Cells 
grown for 24 hours in growth madldm a16na [ w n ~ l l  or in rned~um 
supplemented wrth arther D M  (20 or la pnollt l  MA D M  (20 or 
100 p o 1 1 4  FAC (10 pn41], or cydohsnmids (10 pmollU were 
washedwrtfr buffered salina andtheb cytml e x h d s d  and analyzed 
for f e d n  lev* by SDSPAGE Immunobio~ng Each dot on the 
gel was loaded wRh an al~quot dam& from a cuit~~rs well which 
contained the sarndnumber of calk at the begtnn~ng of tho treat- 
ment The blots wercrbnned m a Umax scanner (Umax Data SF 
tems Inc lndustnal Park. Hsu&n,Tarwan) and dewtographed wrth 
the a ~ d  of the lmagePro program (Med~a Cyhrnatla Silver Spnng 
MD) Data of femttn levels normaluad per milligram call proteln (BCA 
method1 are gNan In Table 2 (deb& in Matenals and Methods) 

For the ELISA method, we used rabbrt antxhuman spleen 
fernttn ant tWes and rabblt anthman placental ferntm 
antlbodres For SDS-PAGE (Western) ]11~~11oblottmg, we 
used rabbrt anthuman spleen fernm an thdxs  (Fig 7A and 
B respechvely) The plcture emerpg  from both assays was 
essentially equvalent Supplementabon of m n o  to the 
growth medum m the form of femc ammomum atcate 
(FAC) Induced a major mcrease m cytosohc feman levels 
DFO markedIy reduced cytosohc femtm even at 20 pmoV 
L concentranons whereas the less hydrophdx MA-DFO 
was consrderably less effectwe The other denvauves 
showed a partern of effects s d a r  to that obrmned for m n  
extraction These expenments mlcate that m mammalIan 
cells the Iron exmctton capaaq of the vanous DFOs 1s 
dlctated not only by the partxtlon coeffirxents, but also by 
thelr abhty to form stable complexes wth the cheiatable 
Eon form that prevads m cells 

Malana parasltes are among the most susceptlbIe organ- 
Isms to the actlon of m n  chelatorsg'"'" The mechasms 
by whch those chelators curb the pmIrferatxvc capaclty of 
parasltes have recently been rewewed for hydroxamate- 
based chelators 16's They mclude pnmanly propemes asso- 
aated wth the chelato~s, such as m n  bmdmg affimty and 
membrane partlhon coefficrents of the free chelator and rts 
Iron compiexes, whch provide a mezslte oftheu membrane 
permeahon propemes " These properties can be assumed to 
be sirmlar31 parasite mfected RBCs and d a n  cells 
as previously shown " However the mode of acaon of the 
chelators on the l f fennt  cell systems IS associated wlth ' 
addrtlonal propemes These mciude (1) the mechanrsms of 
Iron mobllizanon by the hfferent cells, (2) the dependence 
of Iron mobrllzatlon on the developmental stage of the cell 
or orgarusm and (3) the nature of the chelatable form of 
blo-avalable Iron that prevads m parasites as compared to 
mammahan cells I6 Parasrtes apparently dffer from mamma- 
l~an cells m all 3 properties, thus malang them umque targets 
for Iron chelaang agents The reversed slderophorcs used 

p rev~ous Iy ,~~  and the DFOs used m thls study, were found 
to ~rreverslbly affect P f a l c z p m  growth m Vltr~, whereas 
a11 mammalran cells tested W62, human hepatoma HepG2, 
human colon carcrnoma HT-29, and CHO cells), fully recov- 
ered from 24 to 48 hour katment with up to 100 ,urnom 
chelators (not shown) We athlbuted these findmgs to the 
ddYerentmI capaaty of mammahan cells for restoring mtm- 
cellular blo-avdable iron on drug r ~ m o v a l ' ~ ~ ~ ~  and for 
removmg the accumulated drug erther m the free form or as 
drug-mn complexes Because none of the drugs used had 
any effect on erther paraslte or mammahan cell prohferahon 
when apphed as m n  complexes, we assume that ther anu- 
proltferaave mode of m o n  1s most l k l y  assmated mth 
ther cap- to depnve cek of metabohc m n  However, 
at presenS we cannot reject the psslbhty of m sltu forma- 
tlon of toxrc mn-chelator complexes, pmcdarly m the 
u q u e  paraate enwonmenti7- 

In h s  work we showed that Merentlal effects of Iron 
chelators on parasites versus mammalian cells can be more 
profound than prevrousIy described mth FSFs 14" The ef- 
fects were found wth a senes of Nrdenvahves of the DFO 
farmly @gs 2 and 3 and Table 1) F i i ~  thelr b~olog~cd 
efficacy as suppressers of cell growth correlated wth the 
putaave permeation pmperhes of the DFOs m parasltes but 
not m mammalran c e k  Second, the relatively low suscepb 
bhty of rnamm&an cells to MA-DFO mg 3 and Table 2) 
the most potent ant~malanal N,-DFO tested was apparently 
assoaated w~vlth the chemcal nature of the m n  present m 
the chelatable pool of the mammahan cell (Ergs 5 and 6) 
Jn pamcular MA-DFO, winch has s d a r  u o n o  bmdmg 
affimty and even hgher pamon  coeffiaent and membrane 
permeahon caparxty than DFO," was less effective than 
DFO m chclaang and exaacmg mtraceflular m n  from mam- 
&an cells (Figs 5 and 6) and reducmg the femtm stores 
EFig 71 

The relahvcly lower cytotostatlc potency of MII-DFO m 
rnammahan cells, wh~ch comlates wth ~ t s  reiatrvely lower 
effects on ceLl m n  stores, could be attnbutcd to several 
factors k t e d  drug access mto cells was hghiy unhkeIy, 
because MA-DFO was found to be demonsm.bly permeant 
to mammaitan cells " The possible assoclaaon of N,BFO 
propems wth blockage of the terrmnal -Nl& group or 
rnodrficatron of the pK, of cu 10% III DFO to values >5 m 
MA-DFO or A-DFW should be considend Such a mod& 
catlon mght confer on DFO Merent accesslbhty proper- 
ties, whch, m turn, mght affect ~ t s  accumulaaon m pmcu- 
lar cell compartments or ~ t s  lnterachons wth the chelatable 
form of lntracellular mu. The b ~ o l o g d  effects of the two 
other N-bIocked or N-modrfied DFO denvaclves provlde 
some support for the previously dscussed ~deas, but do not 
nectssanly prove them. However, altematlve explanations 
should also be consldend, such as spccdic mtracelIu1ar mod- 
~fications of the drugs or Merent mteractlons wlth the form 
of chelatable m n  prevahg m cells, ~ e ,  mn(LI) Although 
the afffnlaes of DFOs for mn@) are reiahveIy s m d  (<lag) 
compand to those for m u 0  (ca 1 0 ,  m ambrent U, 
even mn(II) mght swtftly and avldly bmd to DFO followng 
hy&oxamate-catalyzed oxldahon to lron(m) 3a Thus, the ca- 
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pacq  of DFOs for formmg stable complexes w~th the 
uon(II) prevnhng 1n mght also depend on theu 
capacq to Induce ondabon to &e mn(m) form l k s  prop- 
erty mght vary not only with the tlexbhty of the cheiator 
backbone and the physicochemrcal nature of the N, group, 
but also w~th ad&aond factors present g cells Our m vlao 
studxes of the lnteractlon of DFO and MA-DFO wth mnCII) 
bound t a  the cdcun, support only m pa& such a notlon 
They mcidmte & MADFO'S capaclty for chefamg cytosohc 
m n  frpm mammahn cells, most of whrch 1s apparently m 
the mn(Q form, IS slgruficantly lower than that of DFO " 
Although h e  &sons for the dtfferentld behavlor of MA- 
DFO towards mammahan cells as compared to malana 1x1- 
fected cells reman to be fully elucidated, the lmplrcatrons 
of the results of the present work are hghly relevant for 
future anmaland drug desrgn 
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Hvdroxamate-based chelators of won are potent ~ n h ~ b ~ t o r s  of In n t ro  growth of Phmodrum faic~parum Two 
b-pes of such chelators, the natural desfernovam~ne and the synthetic reversed siderophore RSF,,,,,-, are 
prototvpes of ant~malanal agents whose action spectra differ In the speed of action, stage dependence, and 
desree of reversibllity of effects Thls work explores the posslb~htv of lmpronng the antlmaIanal efficacy of 
these agents bv using them In vanous cornb~natlons on In ntro cultures of P falczparurn Growth assessment 
was based both on total nucielc acrd svnthes~s and on pansltemia The results mdlcate that the svnthetlc 
reversed slderophore more than complements the ant~malanal act~on of desfemoxamne when appl~ed dunng 
either nng, trophozo~te, or mued stages The combmed drug effects were s~gnificantly hlgher than the additive 
effect of the lndlndual drugs Quaiitatlvelv s~mdar  results were obtalned for both revers~ble effects and 
~rreverstble (I e , sustmned) effects Follomng an 8 h wndow of evposure the comblned drug treatment caused 
parasite growth arrebt and prevented ~ t s  recoverv, even 3 davs after the treatment The fact that such a 
comb~natlon of won chelators d~splays a wder  actlon spectrum than e~ther  drug alone has lmpllcatlons for the 
des~gn of chemotherapy regimens 

The ant~malanal actron of vanous classes of asents IS deter 
mmed bv a vanecv of factors whlc? are assoctated w t h  prop- 
ertres or the drug itself the btologcal system m questlon and 
the ~nterplav between the two factors Malana paraslres have a 
comolev Ilfe cycle which encompasses conclnuous progression 
througn developmental changes of a d~stinct morpholo~cal 
and chemical nature For Plasrnod~urn faicrparum the most 
mqz-ous ar &e nurnan malana pansires the chan, ues are 
also manifested In membrane propemes such as perrneabd~ty 
and In the appearance of susceot~bte brochemlcal targets for 
drug actlon (4) The e5caw of a potentlal antirnalanal drug a 
therefore dlctated bv its speed of entry mto parasitized cells 
and bv the speed seiectrwty extent. and lrreverstbie nature or 
the chem~cal damage to putative paraslte targets Va-a-ws ail 
these propemes are the paraslte s abiIrty to counteract those 
effects by mechanisms which contribute to drug resistance and 
the lmrtat~ons posed by the selecuwty of the drug toxlc~ty to 
the paraslte versus that to host (5) For m wvo apphcaaons 
there are other considerat~ons whch also need to be taken mto 
account such as the pharmacokmencs and drug tolerance of 
the orgarurns 

Iron chelators are a class of agents whrch have proven useful 
as antunaland agents m vltro (2, 9, 15 18-23), m rodent 
models (6), m pnmate hosts (17), and m humans (renewed m 
reference 8) For the hydroxamate type chelators, the blolog- 
leal acmn has been attributed to chelauon of internal Iron 
pools (9,13,19) and, m turn, to mterference w t h  the supph of 
uoa to dserent parasite components (27), possibly to ribonu- 
cieohde reductase (1, 10, 27) For other types of chelators 

' Corresponding author Maiing address Department of Biologcal 
Chemstry Iwntute of Me Saences, Hebrew Umvers~ty Jerusalem 
Israel 91904 Phone 972 2 585420 F x  972 2 586974 EIectrumc mad 
address IOAV@HUJWMS 

wh~ch bmd lron(1II) but do not yleld hexadentace complexes 
other modes ot actlon have been suggested mcludmg torma- 
tion of tone chefator metal complexes (9,20 21) and mductlon 
of oxldant stress (7) In general the speed of antmalanal 
actlon of anv of the above type of agents the stage soecrfic,ty 
of the effects and the growth arrest efficacy are largely a result 
ot rheu me-mbrane penneatlo11 properues z d  m ( T E ) k . d -  

tng capaclty (5 12 14) Thus the in wtro antimdanal actron ot 
the relatrvely hydrophilrc destemoxamine B (DFO) u manr- 
fested after 8 to 10 h of conclnuous exposure of P falcrpanrrn 
trophozoites to the drug (the 50% inhloltory concentration In 
a 24-h culture was 30 p.M [14]) Less hvdrophllrc denvatrves of 
DFO such as N terrnmal-rnodlfied DFOs (12) or a senzs ot 
svnthetic reversed slderophores (RSFs) (5 13, Id) showed up 
to 10-fold hrgher potency, as reflected in the speed of acuon 
and the 50% Lnhlbttory concentration as well as a wder spec 
trum of acunaes at a l l  developmental stages (12) However 
whereas the effects of DFG on trophozoites were relatwely 
slow to develop (12 19, 27) but were Iargely ureversible m 
name  (12), those of RSFs were ureversible only on the nng 
stage but reversible on trophozoites (14) 

In a w o r h g  model for the anmalanai  acaon of sid- 
erophores (5,14) we proposed that the Merentla1 e%cacres of 
DFOs and RSFs on the vanous stages of the Ilfe cycle of P 
falcrparum (13 14, 27) reflect not only the drug' pe~meaaon 
propemes at  the d8erent stages of parasite development bur 
aiso theu retennon wthm parasites after drug removai. Thus 
desp~te the fact that enher DFO or  RSF cause parasrte growth 
arrest as a result of mtracelldar Iron scavenpg, for the drug 
to be of therapeunc value, two drawbacks would need to be 
overcome the reversibthq of RSF effects on tcophozo~tes and 
the lack of DFO effects on mgs The aun of ttus work was to 
assess whether the combrned acaon of DFO and RSF would 

oencs mcrease the antmalanai speftrum of acmi~tv of both a, 
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above the r  mdmdual effects or even their expected addtlve 
actlon Expandmg a parasites suscepnbdq to a drug over 
most of the hfe span of the parasite should Improve the ther 
apeutic efficacy m terms of speed of action and Irreversible 
mode of lnhibiuon Vanous aspects of the comb~ned use of 
drugs (3,15 16) and thelr application to antlmicroblal(l5) and 
antunaland (2,26) therapy have been prevlously considered 
The effects of uon chelators m combmations w t h  chloroqume, 
pynmethamme and qulnine were neither synerptic nor 
hgher than the addinve effects (2) Moreover, dependmg on 
the range of concentranom used, some lron chelators showed 
antagomtlc rather than syner,slstic antunalanal achon (25) 

h l A T E W  AND METHODS 

Pa tas~ tu .  P falclponun ( s m n  FCR 3) was cultured accordmg to the method 
of Trager and Jensen (24) and ~ t s  grad was svnchronued bv sorb~tol ueaunent 
as dewnbed by Lambros and Vanderberg (11) every second day The ccpen 
menu were tnrtiated within 14 days after collemon of blood from normal healthv 
donors 

Iron chelators RSF ,,,_ was obta~ned as described elsewhere (22) and DFO 
(DFO B) was purchased from Ciba Ge~gy (Base1 Swtzerland) 

Drug treatment The number of parastrued erythrocytes contalnlng either 
n n g  or advanced forms (late trophozoites and schuonu) were adlusted to 
consutute a 2% crythrcqce suspension (5% hematocnt In RPMi 1640 contalnmg 
10% plasma) with a 1% level of parasltemia in medium contarnmg the tesr drug 
The ul ls  were dispensed into a 96-well m~croplate and ~ncubated at 27°C bv the 
candle jar method (24) The supernatant was replaced dailv w t h  fresh test 
medium unless otherwise stated The concentrations of the drugs are expressed 
m mmoeram~ w milTillrrr 

Paras~te development Paras~te development was assessed In terms of nucleic 
acid svnthests ['HJhvpoxanthme (Dupont New England Nuclear) was added to 
the culture (182 kBq per well) for vanous penods of t m c  the cells were 
collected by atranon on glass mmoiiber filters and the rad~oacuvxy was 
counted (M1na.u T n  Carb 4M)O PacLard) The incorporation of label in unm 
fected ervrhroqes exceeded no more than 3% the value obta~ned w t h  untreated 
paraslured ervrhroc~cs  Paras~tem~a was estmated by using G~emsa stuned 
blood smears 

Expenmental des~gn Vanous concentratlons of DFO and RSF either alone 
or In combrnat~ons werc compared for effects on the In vltro development of 
parasites The parasites were exposed to the drugs for 4 8 24 or 48 h The 
urpenments were performed m tnpl~cate cultures and repeated a t  least three 
nmes. For each ~ndiwdual expenment the standard dewat~on exceeded no more 
than 10% of the mean value The vanabihw benveen results obtamed In different 
expcnments was rerawciy higher than that m ma-mciua~ e-cpenmenrs We attrio 
uted the h~gher  d e p c  of vanab~hw to vananons mherent In thc btolog~cal 
svstcm which include plasma and e ry th rmes  from dlirerent donors and ex 
penmental factors such as the d e p c  of synchron~zat~on of the cultures and the 
exact stage in the 11fe cycle of the plasmodium at wh~ch the drug was admms 
tered However desom vanations all indtv~dual expenments led to the same 
qual~tat~ve conclusions Consequently we opted for depictmg a graph~callv rep 
rescntauve set of resulu for each rype of expenment 

The d c p e  of additive effects of cornbinat~ons of drugs A and B (DA) was 
~n~ual ly  dcu la t ed  for each combmauon of drugs as DA = I(AB)GI(A)+I(B)] 
where I(A) and I(B) are the percent mh~b~tion cawed by the rcspecnve slngle 
drugs and I(AB) 1s the inhib~uon caused when both drugs A and B werc present 
A value of 1 represents addiunrv and values of >I tnd~cate levels h~eher  than 
the a d d w e  (3) Toe DA values are gven in the graphs wlthm the appropnate 
b a a  Stausucal wmpanson between treatments (Students t tesr) is gven lo the 
respecuve legends. A more ngoruus analvs~s of addit~nry and mdependenr drug 
effects was camed out a a a d n g  to the method of Poch (16) 

RESULTS 

The effects of 48-h exposure of asynchronously grown par 
awes to DFO and RSF are depicted m Fig lk A h c n o n  of 
cells was washed to remove the drug and incubated for an 
ad&tlonal24 h (Fig 1B) Nuclelc aad  synthes~s was measured 
stamng at either 24 (Fig 1A) or 48 (Fig 1B) h by folIowuig 
[ 3 H l h y p o x a n ~ e  mcorporahon for an additional 24-h mcuba- 
hon penod The mdmdual drug effects on parasite growth 
were usually below 20% 2 2% mhibitlon (mean r standard 
error of the mean), and m some cases there was even an 
apparent enhancement of growth relanve to that of the con- 
trol However, for each drug combmanon, the combined actlon 

FIG 1 Effects or DFO RSF and thelr cornbinauons on P Jalc~parum cul 
turcs (asvnchronous) Cultures were u w r d  for eicher 45 (A) or 72 (B) h to 16 
p~ of DFO per ml or 1 2  kg of RSF per mi or t he~r  mmbinanon (column a)  22 
pg of DFO per rnl or 15 pg of RSF per ml or the~r  combmation (column b) or 
16 pg of DFO per ml or J 0 pg of RSF per ml or their combmation (column c) 
The results are expressed as the mean percent ~nhibit~on of ('Hjhypoxanch~ne 
lncorporauon dunng the last 24 h of treatment relacwe to that of coniroa 
(untreated cells) Error ban  indicate standard errors of the means S ta tmu1  
cornpansons benveen the combmed effects of drugs and the sum of effects of the 
correspond~ng ~?dividual drugs werc s~enincantlv d~fferent (P < 0 011 The num 
bers inside the columns (DA) ~ n d c a t e  the degree of add~t~virv (see Matenals and 
Methods) 

01 wth rnngs y s  stgmicmry mpcr man the sum ur rfre 
indivtdual drug effects (P < 0 01) For example whereas the 
sum of the mdlv~dual mhibitory effects of 16 pg of DFO and 5 
kg of RSF was onlv 22% t 2% (Fig 1B column c) the 
comblned actlon was 61% 2 5% This 1s also reflected m the 
degree of additivtry (DA *I) as deplcted in the respective bars 
(Fig 1) A qualicatively similar picture was obtained whether 
the drugs were removed after a gwen mcubation penod 

A similar experiment was performed on a synchronic culture 
of trophozoltes exposed to the d rug  for a conhnuous 4S-h 
penod m which the last 24 h mcluded assessment of nucleic 
acid synthes~s (Fig 2.4) or for a 24-h drug exposure followed by 
an additional 24-h penod of assessment of nucleic acid synthe 
sis in the absence of dnrgs (Flg 2B) In the range of concen- 
trations used removal of the drugs after 24 h of exposure 
wtuaily reversed the effect of RSF and shghtly reduced the 
effects of DFO However, m alI systems tested, the combmed 
achon of both drugs was markedly greater than that of the 
adcfiuve effect These expenments, when complemented wth 
deterrmnauons of parasitemla, revealed that the removal of 
the drugs enabled the recovery of parasites treated w t h  RSF 
(1 5 or 3 0 pg/d) or DFO (32 pghd) but not wth 64 pg of 
DFO per ml or any combmatlons of RSF with DFO Thus 
removal of RSF or DFO (32 pg/ml) ~ncreased the levei of 
parasltemia from 5 to 6% to 8 to 9% whereas those cultures 
whch were prevlously treated w t h  the combmaQons faded to 
recover and remained at  a low level of parasitema of 3 to 4% 

Expenrnents m wh~ch parasmzed erythrocytes were treated 
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FIG 2 The criects of DFO RSF and rherr cornb~nanons on P falc~oonun 
cultures (troonozolre staee) Cultures were exposed to the md~cated compounds 
for 24 h subsequenrlv washed, and re~ncubated In culture medlurn wlth (A) or 
wlthout (B) compounds for an I4 addmonal h Columns a. 52 ~g of DFO per mi 
or 12  pg of RSF per ml or their combmatton b 22 pg of DFO per rnl 2 0 Fe 
of RSF per rnl o r  therr cornbmatlon The results are expressed as the mean 
percent ~nhtblt~on of ['H]hvpoxanrhlnc lncorporatlon dunng the last 24 h In 
culture relat~ve to that of the cunuol (untreated celb) Error ban lndtcate 
standard errors of the means Srarlsuul cornpansons between the combmed 
effects of d r u g  and the sum of effecrs of the correspand~ng ~ndwtdual drues were 
s~_entficantlv d~iierent (P < 0 01 [A and B column bj and P C 0 05 [B column a]) 
The numbers lns~de the columns (DA) ~ndlcare the degree of addlt~v~cy (see 
Matcnals and ,Methods) 

for relativelv long penods (>24 h) revealed the same pattern 
of results as those shown previously irrespective of the lnltial 
parasite stage In order to examine the stage specific effects of 
ind~vidual drugs or their combinations, the drug exposure time 
had to be relatlve'v shorter A 4-h treatment of elther nng 
forms or trophozoites was found to be inadequate (too short) 
for obtaining reliable estimates of parante growth Therefore 
most expenments were conducted by exposlng paramzed 
ervthrocvtes to drugs for 8 h Rmg or trophozorte forms grown 
in the same conditions, were exposed to the drugs on two 
successive days Upon completion of drug exposure the cul 
tures were washed and resuspended m medium free of drugs 
The residual effects were est~mated in terms of parasitema 
(Fig 3) RSF caused pronounced delay m parasite growth up 
to the second day after treatment of ~g forms but was fol 
lowed bv a marked recovery whereas DFO alone was totallv 
meffective However only w t h  the two drugs comblned did the 
ancunalanal effect persist throughout the experunent (Flg 
3A) At the level of RSF and DFO used, the effects on uo- 
phozo~tes were more pronounced for RSF although signs of 
recovery were apparent at day 3 posttreament (Fig 3B) How- 
ever, despite the fact that an 8-h treatment of trophozoites wth 
DFO alone had no apparent effect on the propagatlon of 
parasltes, the comb~ned action of RSF and DFO demonstrably 
persisted over the enwe penod of the culture 

A more n p r o u s  analys~s of the combmed acuon of RSF and 
DFO was camed out accord~ng to the method of Poch (16) 
Paras~tized erythrocytes at the nng stage were treated wuh 

V) 

CONTROL 
a A 

DAYS I N  C U L T U R E  
FIG 3 Paras~tcm~a of P fak~panun treated w~rh e~ thc r  DFO (16 wdmll 

R S F  (12 ughril'l or both Grltwes of nnes [A) or uoohozoua 1BI w e  t m d  
wtth drugs for 8 h uasned and re~ncubated in drue free nedlurn Data tor the 
Control or DFO were nor gven for day 4 (panel B) since the rcspecuve cuitures 
could not sumve for an addmonal dav In culture at those levcis of parastternla 

varlous concentrations of RSF m the presence or absence of a 
gven concentration of DFO The activities of the drugs were 
measured in terms of theu capacities to mhibit nucleic acid 
svnthesis, which were determined dunng the last 6 h of treat 
ment (total exposure tune of 30 h) The sohd Imes depict the 
fit curves through the experimental points (Fig 4) The dotted 
h $ p i ~  kie k ~ i e - d  a-6 ' i ~  a- ~ d q e n d e n ~  
effects The ~nhibition obtamed w t h  8 of DFO per mi was 
6 1% i. 0 6% The results indlcate that s~rnultaneous treatment 
wth  both compounds leads to an effect signlficantlv greater 
than additive effect Companson of the RSF and DFO effects 
with either theoretical h e  for add~tive or Independent effect 
showed statisrlcallv s~gnificant differences at P of CO 05 

DISCUSSION 

Acqured resistance to standard anumalanal drugs has cre- 
ated an urgent need for new drugs whlch are effective against 
multidrug-res~stant strams The apphcation of d r u g  vnth dlf- 
ferent chemcai characters and modes of acuon has been sug- 
gested as a strategy for overcormng resmitnce It has been used 
m the past agamst bactena (16) and malana (26), lnciudlng the 
apphcation of uon-chelaung agents (2 25) 

Vanous uon chelators inhlb~t maiana growth m wtro and m 
vrvo and some are cl~nically effective Inh~bluon of paraslte 
growth was usually detected while m vltro cultures were belng 
treated w t h  the drug but recovery of growth was observed 
after dlscont~nuation of the treatment (8 27) Similar results 
were obtamed wth DFO as a therapeutic agent m humans, 
since most of the patients suffered from recrudescences 7 to 10 
davs after ternunauon of the therapy (8) 

DFO a a hydrophdic agent which permeates very slowly mto 
paras~tlzed cells, so that its anumalanal acnvlty develops rela- 
hvely slowlv even under contrnuous exposure Thus, the reia- 
tlvely short tlme wndow of action of such an agent llrnits ILS 
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RSF+OFO - 

C O N C E N T R A T I O N  (pglrnl) 

FIG 4 Dose reswnse curves for RSF In presence or absencc of DFO (8 
pgml) and analys~s of add~trwry and tndependence ot drug amon Cultures of P 
falctparum were treated at the ring stage for 30 consecutive h w~th the rnd~cated 
concentmuons of d rug  Paras~te development was assessed in terms of ['why 
poxanttune mcorporauon Into nucle~c aads dunng the last 6 h of culture Data 
are expressed as tne mean percent mh~bitton relatlve to that of the control 
(wthout drugs) Error bars mdtcate standard errors of the means The rnh~btt~on 
obtatned wth 8 pg of DFO per ml was 6 1% r 0 6% (mean = standard error of 
the mean) Sohd ha. slemoldal firs to the  orn nu oburned at the 
Merent mncentratlons of RSF and RSF plus DFO rcspenively Dotted 11nes 
s~gmordal firs to theoretical polnu for the combrned actlon of the drugs accord~ng 
to the method of Poch (16) The pomu for the add~t~ve effects were obtarned bv 
sh&ng the expenmentat polnrs obtaned w~th RSF alone to a new value wrre 
spondtng to the effect generated by DFO alone but rn terms of the equieffen~ve 
RSF wncentratlons the polnu for rhe mdependent effect were generated In 
terms of thcfollowng formula (161 I(AB) = I(A) -+ I(B) - [I(A) I(B)] where 
I(AB) denotes the percent tnh~bruon when bolh A and B were present and I(A) 
and I(B) denote the respccnve percent ~nhrb~t~ons caused bv the ~nd~vldual drugs 
The effects of comblnatlons of RSF and DFO were npnrficantly h~gher than the 
effen of the addrttve or of the drugs ~nd~wduallv (P < 0 05) 

+ ~ p h . b & q  as m m ~ ~ 2  ma1 agcm At presenr, the n a m e  of 
the selective paraslte cytotox~city of DFO and other hydrox- 
amate uon chelators remains unresolved, although the possl- 
blhty that it involves sequestration of intracellular ron en 
route to mtegratlon into macromolecules has been proposed 
(5 14) The proposed model also raised the poss~bility that 
parasltes acquire uon from the host only dunng a restncted 
penod of the parasite's Me cycle so that chelators acnng out- 
side that penod could irreversibly aifect parasltes 

A posslbie means of lrnprovlng the therapeutic potential of 
uon chelators as antmalanal agents is by mcreaslng  the^ ac 
cess~b~l~ty  to parasltes and thus leadmg to an mcrease m thelr 
speed of actlon (12) Another means 1s by aupen tmg  the 
retention of the drug by the parasltes to ensure a more-per- 
slstent cytotoxc effect (5 27) These seem~nglv contradictory 
propemes of potennal drugs whch on the one hand act rap~dly 
and on the other hand cause a long lasnng mhblnon could be 
accomphshed exher bv apphcahon of permeant prodrugs 
whch produce ~ntracellular lmpermeant drugs or  by apphca- 
Qon of a combmatlon of drug wth dserent acnon profles, as 
shown m the present studv For the case of malana parasltes, 
the combmed actlon of such drugs was annapated to outper- 
form the sum of the md~ndual effects (15, 16 ,22  26) Where 
the mechamm of drug acuon is h o w n ,  a scheme of synergstlc 
actlon can be drawn (16) Demonstration of such an actlon was 
assessed m h s  work for a pau of Iron chelators of the hydrox- 
amate type, whose acuon on maiana parasrtes IS associated 

wth  their capaclty to permeate mto parasltes and scavenge 
esennal lron (5, 13, 14) The dstmctly dserent  permeanon 
features of the two chelators confer them w t h  markedly dlf- 
ferent accesib~lrtles to parasite compartments and determme 
their speed of actlon and stage speclfic~ty (19,20) Smce they 
are assumed to affect s m l a r  paraslte targets, by scavengmg 
uon(II1) (5), they should theorencally lnhiblt m a classically 
addlt~ve manner (16) However, the faster permeating drugs 
although show-mg faster lnhibltory a a o n  on parasrtes, also 
allow parasites to recover from drug treatment upon drug 
removal (14) Therefore, the combmed actlon of slow and fast 
permeatmg drugs was expected to lnhiblt beyond the theoret 
ical adhtlve level and cause more-pers~stent mhrb~tory effem 
on parasites exposed for a gwen penod to drugs (5) Data 
shown m t h s  work are m accord wth  the above hypothess 
They also show that the comblned m vltro antlmalanal action 
of RSF and DFO was nelther add~tlve nor mdependent but 
demonstrably greater than additive acnon The potentration of 
one drug effect by another drug, both m the contmuous and 
disconunuous modes of drug treatment, mlght be mdlcative of 
a svnerglstic mechanism In mew of results obramed w~th  a 
mouse model of Plasrnodrum vcncker ~nfectlon in which RSF 
outperformed DFO in terms of speed of actlon but not In 
terms of cure after discontlnuat~on of treatment (S), we pro 
pose that a drug comblnatlon of this type should lead to im 
proved antmalanal performance of DFO m in vlvo anlrnal 
studles and also m humans 

T h ~ s  work was supported m part bv grants from the Natronal Insn 
tutes of Health (AI20342) the IZlch Fam~lv (via the Israel M~n~strv  or 
Arts and Scrences) the E D B e r p a n  Foundanon (wa the Authonw 
for Research and Developmenr, Hebrew Unlverslry of Jerusalem) 
and the CDR Program of the U S Agency for Internanonal Develop- 
ment 

ADDENDUM LN PROOF 

Recent studies mdicated greater than additwe effects for - 
rour aserent  types of reversed s~derophores used In combma- 
tlon w t h  DFO (A. Tsafacl et a l ,  unpubhshed data) 
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