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The zinc-desferrioxamine (Zn-DFO) complex is considered to be more permeative into parasitized erythro-
cytes than is the metal-free DFO. The former may penetrate the cell and exchange its bound zinc for ferric ions,
rendering the iron unavailable for vital parasite functions. The effects of these compounds on the in vitro
development of Plasmodium falciparum are compared. The results indicate that Zn-DFO is superior to DFO,
especially at concentrations below 20 uM, as shown by decreased levels of hypoxanthine incorporation, lower
levels of parasitemia, and interference with the life cycle of the parasite. At low concentrations, DFO even
enhanced parasite growth. Such an enhancement was not observed following exposure to Zn-DFO. Experi-
ments in which the compounds were removed from the cultures indicated that parasites treated with Zn-DFO
are less likely to recover at a later stage. Since DFO has already been used in humans for the treatment of
malaria, its complex with zinc, which is more effective in vitro, should also be examined in vivo.

The resistance of Plasmodium falciparum to commonly used
antimalarial drugs has created an urgent need for new com-
pounds which could effectively act against the resistant strains
(17). Iron-chelating agents have demonstrated antimalarial ac-
tivity and seem to represent bona fide candidates for such
novel drugs (7, 25). Most of the experiments relating to iron
chelators were performed with desferrioxamine (DFO). DFO
has been shown to suppress malarial parasites in culture (19),
in infected mice (5), and in aotus monkeys (18). Iron chelation
has been recently suggested as a therapeutic means to cure
human malaria (2, 7, 8, 12, 24). However, most of the treated
patients suffered recrudescences 7 to 10 days following the
termination of chelation therapy (2). It should be noted that
previous studies showed that DFO slowly penetrates into in-
fected cells, is removed relatively quickly from body fluids, and
can induce deleterious side effects (12).

Zinc has been known to play an antioxidant role, protecting
cells against free radical-mediated damage (27). The deregu-
lation of zinc metabolism (i.e., its excess or deficiency) also
interferes with iron metabolism (4, 21, 22). The zinc(II)-DFO
complex (Zn-DFO) is a well-defined and organized globular
complex which is more permeative into cells than is the metal-
free DFO (3). DFO chelates predominantly ferric iron (Fe®™).
The affinity of DFO for trivalent ions, in general, is much
higher (complex stability constant for Fe*>*, 10°!) than that for
the corresponding divalent ions (complex stability constant for
Zn**, 10') (14). Consequently, Zn-DFO should readily ex-
change its bound zinc for available ferric ions, rendering the
iron unavailable for vital parasite functions (3).

The goals of the present study were to determine whether
Zn-DFO demonstrates antimalarial activity and to compare its
activity to that of the metal-free DFO. The significance of the
data in regard to antimalarial chemotherapy is discussed.

P. falciparum (strain FCR-3) was cultured according to the
method of Trager and Jensen (23). The cultures were synchro-
nized by sorbitol treatment (15) at the ring stage, every other
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day. Normal erythrocytes were obtained from healthy humans.
The experiments were initiated within 14 days after the collec-
tion of the blood. The parasites were treated with DFO (Des-
feral; Ciba Geigy, Basel, Switzerland) or the complex Zn*"-
DFO (a patented agent effective against free radical- and iron-
mediated injurious processes [Israeli patent 91047, 1989]).
Parasitized erythrocytes at the ring or trophozoite stage were
adjusted to 1 to 2% levels of parasitemia in an erythrocyte
suspension (5% hematocrit in RPMI 1640 containing 10%
plasma and the compounds under examination). The cells were
dispensed into 96-well microplates and incubated with or with-
out the drugs under study at 37°C by the candle jar method
(23). The supernatant was replaced every day with identical
medium, unless otherwise stated. The incorporation of radio-
active hypoxanthine (Hx) was measured as a parameter for
parasite development according to the method of Golenser et
al. (6) as follows. [*H]Hx (specific activity, 18.5 kBq per well;
New England Nuclear) was added in 25 pl of medium to the
culture. The cells were collected by filtration on glass microfi-
ber filters, and radioactivity was counted with a Minaxi Tri-
Carb 4000 (Packard). The incorporation of Hx by uninfected
normal erythrocytes did not exceed 3% of the lowest level of
uptake by untreated parasitized erythrocytes. Levels of para-
sitemia were determined with Giemsa-stained blood smears.
The total number of erythrocytes counted per smear was
10,000.

Parasitized erythrocytes adjusted to 1% levels of parasitemia
at the ring stage were exposed to five concentrations of DFO
or Zn-DFO for 24 or 48 h. Growth inhibition was assessed by
monitoring the incorporation of Hx in treated and control
plasmodial cultures, and the inhibition or enhancement of the
growth was calculated. Our results indicate that Zn-DFO is
more efficient than the metal-free DFO in inhibiting the de-
velopment of P. falciparum in vitro. Inhibition was observed at
a DFO concentration of 12 uM after 24 h of continuous ex-
posure to the drug. The inhibitory effect was dose dependent
and increased monotonically with the DFO concentration. Zn-
DFO demonstrated a similar but more pronounced effect: in-
hibition was noticed already at 3.75 uM (Fig. 1). The 50%
inhibitory doses of DFO which were evaluated from dose-
response curves for 24 and 48 h were about 25 and 15 pM,
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FIG. 1. Inhibition of hypoxanthine incorporation by P. falciparum. Cells were
treated with various concentrations of Zn-DFO or DFO for 24 (A) or 48 h (B).
Data represent the means of five determinations. Bars show standard errors.

respectively. Similar inhibitions by Zn-DFO occurred at 24 and
48 h at concentrations of 18 and 10 wM, respectively. The
uptake of Hx by the parasites exposed to DFO at concentra-
tions of 7.5 uM or lower was even greater than that by the
control parasites. At DFO and Zn-DFO concentrations of 22.5
M and more and after 48 h of exposure, the Hx incorporation
by both DFO- and Zn-DFO-treated cells approached complete
inhibition and no significant difference could be observed. The
difference in the activities of the two compounds is also re-
flected in the level of parasitemia (Fig. 2) and the stage distri-
bution of the plasmodia (Fig. 3). The lower concentrations of
Zn-DFO were more efficient at reducing levels of parasitemia
than were the corresponding concentrations of DFO; i.e., 3.75
pM Zn-DFO reduced the level of parasitemia by about 50%,
while 3.75 pM DFO had no inhibitory effect but slightly in-
creased the level of parasitemia (Fig. 2). In addition, 98% of
the remaining parasites were arrested at the trophozoite stage
(the experiment started with ring forms). It is not clear what
proportion of the parasites was arrested at the trophozoite
stage and what proportion was dying. However, these parasites
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FIG. 2. Effects of Zn-DFO and DFO on P. falciparum parasitemia after 48 h
of treatment. Data represent the means of three experiments. Bars show stan-
dard errors.

are partially capable of nucleic acid synthesis. An increased in
vivo effect of Zn-DFO, yielding trophozoites which are either
dying or just arrested, may allow the immune system to over-
come the infection. Identical concentrations of DFO reduced
only 24% of Hx incorporation, reduced the level of parasitemia
by 45%, and arrested 35% of the parasites at the trophozoite
stage, while slowing down the development of an additional
30% (Fig. 3).

The cumulative effects of each drug at 12 and 22.5 pM were
evaluated by a series of 6-h pulses of Hx incorporation into the
parasites. This demonstrated that the antimalarial effects of
both DFO and Zn-DFO are dose and time dependent. How-
ever, a pronounced inhibitory effect on Hx incorporation oc-
curred after 12 h in culture, when the parasites were still in
their early stage of development, with Zn-DFO only. Zn-DFO
remained more effective at a concentration of 12 wM than did
DFO, even after 48 h. At 22.5 uM, after 48 h, the effects of the
two compounds reached similar levels of inhibition (more than
80%) (data not shown).

The residual inhibitory effects were determined by the extent
of inhibition of Hx incorporation during a 4-h pulse, which was
performed following incubation with the drug and washing
away of the remainder of the drug. The cultures containing 2%
young trophozoites were exposed to DFO or Zn-DFO (30 nM)
for 10 h. The agents were then removed by washing three times
with RPMI 1640, and the parasites were retained in culture
without drugs. The results (Fig. 4) demonstrate that the para-
sites treated with DFO or Zn-DFO could recover. However,
there was a delay of 4 h in the recovery of parasites treated with
Zn-DFO. Even 12 h after removal of the drugs, the level of
parasite growth in Zn-DFO-treated cultures was only two-
thirds of that of the cultures treated with DFO alone.

The mechanism of suppression of parasite growth by DFO is
still not fully understood, although most investigators agree
that the activity of most chelators is based on the specific
chelation of transient iron pools (11, 20). Alternatively, DFO
may act as an inhibitor of ribonucleotide reductase, possibly by
extracting the enzyme-bound iron which is essential for the
enzymatic activity (13). The fact that the maximal efficiency of
DFO coincides with the period of maximal DNA synthesis by
the parasite indirectly supports this hypothesis (26). Iron che-
lators could also act by redistributing available forms of low-
molecular-weight iron, leading to site-specific oxidative stress
(1, 3, 9, 10). The speed of antimalarial action of an iron che-
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FIG. 3. Stage distribution of P. falciparum after treatment with Zn-DFO or DFO for 24 or 48 h. The effects of these compounds on parasitemia are presented in

Fig. 2). Data represent the means of three determinations.

lator and the stage specificity of its effect are largely the results
of its membrane permeation properties and iron-binding ca-
pacity (16).

The advantage of Zn-DFO over DFO was more pronounced
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FIG. 4. Sustained effects of Zn-DFO and DFO treatments on growth of P.
falciparum. The compounds were removed from the culture after 10 h of exposure,
and parasite development was estimated by Hx incorporation in successive pulses of
4 h. The results are expressed as percent incorporation by untreated cultures. Each
datum point represent the mean of four determinations. Bars show standard errors.

when the effects of low concentrations were compared. This
might be also important for the treatment of malaria: high
concentrations of DFO were needed for the treatment of hu-
man malaria, and these could be obtained only by infusion for
3 days (2). At low concentrations, DFO even enhanced the
development of the parasites, perhaps by preventing the pro-
duction of free radicals. Such an enhancement was not ob-
served following incubation with low concentrations of Zn-
DFO. A preliminary in vivo experiment revealed that Zn-DFO
was more efficient than DFO against rodent cerebral malaria
(4a).

Zn-DFO is a complex of zinc, which is a redox-inactive metal
ion and acts as an antioxidant agent in a variety of biological
systems, and DFO, which is a randomly oriented and disorga-
nized molecule. Within the complex, DFO assumes a well-
organized structure which facilitates the permeation of the
complex into cells and allows the exchange of transient iron for
the zinc (26). By means of this exchange, the redox-active iron
ions are rendered inactive and their oxidative potential is neu-
tralized. Thus, the special role of Zn-DFO in plasmodial cul-
ture, and possibly also in vivo, is to scavenge the transient iron
which is necessary for the parasite’s vital biosynthetic pro-
cesses.
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