Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/08/11

For personal use only.

Free Rad. Res. Comms., Vols. 12-13, pp. 137-146 © 1991 Harwood Academic Publishers GmbH
Reprints available directly from the publisher Printed in the United Kingdom
Photocopying permitted by license only

THE EFFECT OF FREE RADICALS INDUCED BY
PARAQUAT AND COPPER ON THE IN VITRO
DEVELOPMENT OF Plasmodium falciparum

ESTHER MARVA* MORDECHAI CHEVION** and JACOB GOLENSER*

The Departments of *Parasitology the Kuvin Centre for Tropical Diseases and
**Cellular Biochemistry, The Hebrew University, P.O.B. 1172, Jerusalem, Israel

The role of transition metals in paraquat toxicity was studied in cultures of Plasmodium falciparum. We
showed that addition of copper led to an enhancement of the plasmodium killing, whereas addition of
chelating agents, such as desferrioxamine and diethylenetriamine pentaacetic acid markedly reduced the
toxic effects. Parsitized G6PD deficient erythrocytes were more sensitive than parasitized normal eryth-
rocytes to copper and to the combination of copper and paraquat.

Abbreviations: DTPA — dicthylenetriamine pentaacetic acid; DFO — desferrioxamine; G6PD — glu-
cose-6-phosphate dehydrogenase; Hx — hypoxanthine; Paraquat — Methy! viologen, 1,1"-dimethyl-4-4'-
bipyridinum dichloride, PQ*?

KEY WORDS: Malaria, paraquat, transition metals, oxidant stress.

INTRODUCTION

Methyl viologen (l,1’-dimethyl-4-4’-bipyridinum dichloride, paraquat, PQ*?) is a
widely used herbicide affecting all green plants in the presence of light and oxygen.'
It has been proven to be highly toxic to living cells in a variety of biological systems
ranging from microorganisms to mammals.? Paraquat which is enzymatically reduced
to the monocation radical (PQ?) and reacts fast with molecular oxygen to yield the
superoxide radical in a cyclic mode of action has been employed as a model for
studying superoxide toxicity. Many studies’ showed that superoxide radical is the
major causative agent responsible for this toxicity. Recent studies demonstrated an
enhancement by copper or iron of the deleterious effects exerted by the superoxide
radicals.”® In this mechanism, paraquat metabolism’® leads to the formation of
hydroxyl radicals in a site-specific manner.’

In vitro and in vivo studies on the biology of plasmodia showed that a variety of
oxidant stress-generating drugs'®'? possess antimalarial activity. In this study we used
cultures of Plasmodium falciparum as a biological system for evaluating the role of
transition metals in paraquat toxicity.

The study of the mode and mechanism of parasite destruction by compounds
inducing oxidant stress is necessary for the rational design of antimalanial drugs. This
should include consideration of the oxidant sensitivity of infected erythrocytes and
the effectiveness of oxidant drugs. In view of the growing problem of drug resistance
the development of therapeutics should be vigorously pursued.

The experiments were carried out on parasites growing in normal and in G6PD-
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deficient (G6PD-) cells. Malaria parasites grown in G6PD- erythrocytes, rather than
in normal erythrocytes, are more sensitive to oxidant stress.'*'

MATERIALS AND METHODS

Experimental Design

Two experimental approaches were examined: in the first, pretreatment of eryth-
rocytes alone, followed by infection with parasites was used, while in the second
approach, treatment of the parasitized erythrocytes has been employed. Experimental
systems included in vitro cultures of P. falciparum in normal and G6PD-deficient
erythrocytes. The parameter for parasite development was the uptake of radioactive
hypoxanthine (Hx) by the parasitized erythrocytes.

Parasites

Plasmodium falciparum (strain FCR-T3) was cultured according to the method of
Trager and Jensen,'* with some modifications as earlier described,' in 20 mM glucose.
Cultures were synchronized by sorbitol treatment.'s

Blood

Blood was collected from normal individuals or from G6PD-deficient (Med-) in-
dividuals and stored at 4°C. The activity of G6PD in the deficient blood was less than
3% of the normal activity. Experiments were initiated within 72 h following collection
of the blood.

Pretreatment

The blood was centrifuged, plasma and buffy coat were removed and the erythrocytes
were washed twice with PBS (pH 7.2). Various concentrations of paraquat, copper (as
a sulfate) or combination of the two reagents, were added in 2ml of PBS to 0.1 ml of
packed erythrocytes. The cell suspensions were incubated at 37°C for 1 h with gentle
shaking, washed with RPMI-1640 medium to remove remaining reagents and sus-
pended in growth medium. Suspensions enriched in trophozoites and schizonts (mat-
ure forms) were obtained by the gelatin sedimentation technique."” An inoculum of
parasitized erythrocytes was added to an erythrocyte suspension (5% hematocrit), so
that the initial parsitemia was 1% and the contamination by untreated cells (originat-
ing from the inoculum) was less than 1.5% of the recipient cell population.

Treatment

Parasitized erythrocytes in their mature form were adjusted to 1% parasitemia (unless
otherwise indicated) in red blood cell suspension (5% hematocrit). Solutions of
paraquat, copper, diethylenetriamine pentaacetic acid (DTPA), desferrioxamine
(DFO) or their various combinations were prepared in PBS. The reagents were added
in the following order: DTPA or DFO were added first, 5 minutes later copper and
immediately after that, paraquat. After an incubation period of 1 h at 37°C the cells
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were washed twice with RPMI-1640 medium, dispensed into a 96-well microplate
(100 pl/well) and incubated at 37°C using the candle jar method of Trager and
Jensen.' The supernatant was replaced every day by fresh medium.

Parasite Development

Incorporation of radioactive hypoxanthine (Hx) was measured according to the
method of Golenser, Casuto and Pollack'® as follows: [*H]-hypoxanthine (0.5 uCi/
well, New England Nuclear), was added in 25 ul of medium to the triplicate cultures.
The cells were collected by filtration on glass microfibre filters and radioactivity was
counted (by a Mimaxi f§ Tri-Carb 4000 Packard). When necessary parasitemia was
estimated in blood smears stained with Giemsa.

RESULTS

The influence of paraquat on the development of Plasmodium falciparum, with
emphasis on the role of copper was studied by following the uptake of radioactive
hypoxanthine (Hx) into parasitized erythrocytes. The incorporation of Hx in normal
erythrocytes alone (without parasites) did not exceed 1-3% of the uptake by infected
red blood cells. Each experiment was performed three times.

Parasitized erythrocytes (1% parasitemia), were exposed to paraquat and/or cop-
per at the onset of the experiments. Table I shows the effect of the duration of
exposure to paraquat alone (0.12 mM), to copper alone (2 uM) and to their combina-
tion on the incorporation of radioactive Hx. Inhibition of Hx uptake by either
paraquat or copper was time dependent. An additive effect of the combination of the
paraquat and copper was observed. In view of the results it was decided to use one
hour of exposure in subsequent experiments.

“Paraquat caused a dose response inhibition in the uptake of Hx that could be
clearly observed already by the second day following the treatment of the parasitized
erythrocytes (Figure 1A-C). Copper (2 M) by itself, was also inhibitory causing
approximately 22% inhibition (Figure 1B). The combination of copper (2 uM) and

TABLE |
The effect of duration of exposure to paraquat, copper or their combination on the development of P.
Jalciparum

Treatment Duration of Treatment

10 30° 60’
Paraquat (0.12mM) 8 34 35
CuSO, (2 uM) 0 20 25
Paraquat (0.12mM) 8 63 65

and CuSO, (2 uM)

Parasitized erythrocytes (1% parasitemia, mature forms) were treated for various periods, after which
the cultures were washed and reincubated. Hx was added 48 h later and the cells were harvested after an
additional 19 hours.

*The results are expressed as percent inhibition of Hx uptake by untreated cells.
CPM of the control for 10, 30 and 60 minutes were 22335, 19935 and 17248 respectively. This is one
representative experiment (out of 3).
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FIGURE | The effect of paraquat or combinations of paraquat and copper on the development of P.
Jalciparum. The parasitized erythrocytes (1% parasitemia with mature forms) were treated for | h with
paraquat @--@ or paraquat and copper O--Q. Hx was added at 0-19 h (A), or 24-43 h (B) or 4867 (C) and
the cells were harvested at 19, 43 or 67 h respectively. CPM of the control at 0-19 h, 24-43 h and 48-67 were
24904, 20958 and 57340 respectively. This figure respresents combined results of three different experi-
ments.

paraquat yielded an additive response in which the slopes of the curves with or
without copper (with respect to paraquat concentration) were similar (Figure 1).

However, when parasitized erythrocytes (20% parasitemia) were exposed to para-
quat and copper (for | h after which the culture was washed and non-treated eryth-
rocytes were added to obtain 1% parasitemia), a synergistic effect was observed
(Table II). At 19 h following the | h treatment, no difference was recorded in parasite-
mias, however, there was a difference in the distribution of the different developmental
stages, between treated and non-treated parasites. In non-treated cells, 64% of the
parasites were developed to the ring from, with 0.5mM PQ only 18%, and with 2 M
CuSO, only 40%. At 43 hours following the treatment of parasitized erythrocytes:
0.5mM PQ caused about 40% reduction in parasitemia, copper alone did not cause
any reduction, but their combination killed almost all of the parasites. The parasites
that remained could survive later.

Figure 2 shows the dose response of copper alone on the incorporation of Hx. At
2 uM about 17% inhibition was observed, and this concentration was chosen for all
further experiments. At 16 uM and above almost a total inhibition was recorded.

The effects of the chelating agents DTPA and DFO on the activity of paraquat and
copper are depicted in Figures 3 and 4. Both DTPA and DFO were added 5 minutes
prior to copper or paraquat, and caused a reduction in the inhibition imposed by
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FIGURE 2 The effect of copper on the development of P. falciparum. Hx was added at 24 h and the cells
were harvested 19 h later. See additional details in legend to Figure 1. CPM of the control was 26, 350. This
figure represents the combined results of three different experiments.
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FIGURE 3 The reversal of the inhibition caused by paraquat, copper or their combination by DTPA.
The parasitized erythrocytes (1% parastemia with mature forms) were treated for | h. Hx was added at 24 h
and cells were harvested 19 h later. 0 (A), 2.5uM (B) or 10 uM of DTPA were added. C W control; PQ
paraquat (0.12mM); Cu 8 copper (2 uM); PQ + CU 0O paraquat (0.12mM) and copper (2 uM). CPM of
the control was 25,300. This figure represents the results of three different experiments (average + SD).

paraquat, copper or their combination; i.e., it increased the uptake of Hx by the
parasitized cells that were exposed to paraquat alone, copper alone and their com-
bination.

Normal and G6PD-deficient parasitized erythrocytes at the trophozoite stage were
exposed for | h to paraquat (0.5 mM), copper (2 uM) and their combination. Parasi-
tized G6PD-deficient erythrocytes were not more sensitive to paraquat than normal
infected RBCs. However, the parasitized enzyme-deficient cells were more sensitive to
treatment with copper alone, and to treatment with a combination of copper and
paraquat (data not shown).

We conducted another series of experiments using a different procedure - exposure
of non-infected erythrocytes to oxidative challenge, and subsequently infecting the
RBCs with P. falciparum. In these experiments, G6PD-deficient RBCs proved
markedly more sensitive toward the oxidative challenge, paraquat, and in particular
to copper, and their combination (Table III).
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FIGURE 4 The reversal of the inhibition caused by paraquat, copper or their combination by desfer-
rioxamine (DFO). 0 (A), 33 uM (B) of desferrioxamine. See additional details in legend to Figure 3. CPM
of the control was 32, 150. This figure represents the results of three different experiments (average + SD).

TABLE III
The effect of pretreatment of non-infected normal or G6PD(-) erythrocytes with paraquat, copper or their
combination on the development of P. falciparum after subsequent infection of the erythrocytes

NRBC G6PD-
Paraquat 0.125 mM 0* 0*
0.250 mM 0 6
0.500 mM 9 43
Copper 20 uM 0 22
2.5uM 0 36
3.0 uM 4 46
Paraquat 0.25 mM 13 45
+ Copper +2.0 uM

*Percent inhibition of Hx uptake.
CPM of the control for NRBC and G6PD were 35230 and 32144 respectively. The experiment was
performed three times and a representative one is presented.

DISCUSSION

[t has been previously shown that in E. coli system, paraquat toxicity is enhanced by
redox transition metals, Cu(Il) and Fe(III)."* In this study we used cultures of
Plasmodium falciparum as a biological indicator for evaluating the role of transition
metals in paraquat toxicity. It is assumed that in this system, the infected erythrocytes
“provide” iron during the development of the parasite as hemoglobin is digested and
a concurrent release of high levels of iron takes place within the red blood cell.? In
this study, we have chosen to use adventitious copper as an exogenous metal in order
to allow discrimination between the effects of the endogenous and added metals.
Additionally, copper per se, is known to act as an oxidant agent on red blood cells.?*?

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/08/11

For personal use only.

144 E. MARVA, M. CHEVION AND J. GOLENSER

We have found that copper itself is toxic to the parasites. 16 uM of copper added
to parasitized red cells killed most of the parasites. 2 uM copper inhibited the incor-
poration of Hx by the parasites by approximately 17%. Treatment with 2 uM copper
in an oxygen depleted atmosphere caused only 2-5% inhibition (data not shown).
Etkin and Eaton® showed that parasitized erythrocytes release H,0,. In the presence
of copper the Fenton reaction can take place and free radicals can be generated, and
may affect the non-infected cells in the culture. This conclusion is supported by the
fact that pretreatment of normal red blood cells before infection with even a higher
copper concentration, i.e. with 3 uM did not inhibit neither invasion nor the intracel-
lular growth of the parasites at all. In contrast, this concentration caused 46%
inhibition in pretreated G6PD(-) cells. These findings are consistent with those of
Calabrese® who showed a markedly increased sensitivity in G6PD(-) cells which was
expressed by the accumulation of copper-induced methemoglobin and decreased
levels of acetylcholinesterase activity, as compared to normal red blood cells.

Inhibition of Hx uptake following treatment of parasitized erythrocytes with
paraquat was dose and time dependent. The combination of copper and paraquat
yielded an additive effect, whereas it was synergistic in the bacterial system.'” The
effects of paraquat and copper in a mixture of non-infected and infected cells may be
directed against different cellular targets and therefore would be only additive. When
we eliminated one of the targets by either treating parasitized red blood cells that were
only later diluted with untreated NRBC or pretreated uninfected red blood cells
before the addition of parasites, the effect of copper and paraquat was synergistic.

The role of transition metals in the enhancement of oxidant stress was further
examined by the addition of the chelators diethylenetriamine pentaacetic acid
(DTPA) and desferrioxamine (DFO) to the experimental system. These chelators
reduced the inhibition of plasmodial growth that had been imposed by paraquat,
copper or their combination. The fact that DTPA in 10uM and DFO in 33 uM
reduced PQ toxicity almost completely indicate that its activity is dependent on
endogenous transition metals. The inhibitory effect of paraquat probably is mediated
by the newly released yet undefined form of intracellular iron.

The effect of DTPA and DFO is in accord with the protection provided by DFO
in alloxan-induced damage to plasmodia in vivo, in mice.'® It could also be reconciled
with long term exposure to DFO.® There, the chelator deprives the parasite from
utilizing iron, which is essential for the parasite growth, **~* and by this, enhances the
damage rather than provides the expected protection.

Parasitized G6PD(-) erythrocytes showed only slightly higher sensitivity toward a
challenge of paraquat, than the parsitized normal erythrocytes (data not shown).
Since the production of the free radicals induced by paraquat is NADPH dependent,?
and since G6PD(-) parasitized cells have much less NADPH under oxidant stress,”
this resuit is not surprising, despite the general higher sensitivity of G6PD(-) eryth-
rocytes to oxidant stress. However, the increased sensitivity of G6PD(-) erythrocytes
was expressed, as was mentioned above, in the other experiments where non-infected
erythrocytes were exposed to the challenge and only subsequently were infected with
P. falciparum. In these experiments G6PD(-) erythrocytes were markedly more sensi-
tive toward the challengers, paraquat and in particular copper and their combination.
It has long been suggested that G6PD deficiency confers some degree of protection
against infection with malaria parasites.

The results in this study suggest that the deleterious effects of paraquat are metal-
dependent and occur via a free radical pathway. The synergism between paraquat and
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copper substantiates this suggestion. Our understanding of the role of transition
metals reducing agents and free radicals in parasite development and injury provides
novel strategies in the fight against malaria.
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