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Abstract

Malaria parasites, unable to synthesize purine de novo, use
host-derived hypoxanthine preferentially as purine source. In a
previous study (1990. J. Biol. Chem. 265:6562-6568), we
noted that xanthine oxidase rapidly and completely depleted
hypoxanthine in human erythrocytes, not by crossing the eryth-
rocyte membrane, but rather by creating a concentration gra-
dient which facilitated hypoxanthine efilux. Wetherefore in-
vestigated the ability of xanthine oxidase to inhibit growth of
FCR-3, a chloroquine-resistant strain of Plasmodium falci-
parum in human erythrocytes in vitro. Parasites were cultured
in human group O erythrocytes in medium supplemented, as
required, with xanthine oxidase or chloroquine. Parasite viabil-
ity was assessed by uptake of radiolabeled glycine and adeno-
sine triphosphate-derived purine into protein and nucleic acid,
respectively, by nucleic acid accumulation, by L-lactate produc-
tion, and by microscopic appearance. Onaverage, a 90% inhibi-
tion of growth was observed after 72 h of incubation in 20 mU/
ml xanthine oxidase. Inhibition was notably greater than that
exerted by i0' Mchloroquine (< 10%) over a comparable pe-
riod. The IC5o for xanthine oxidase was estimated at 0.2 mU/
ml, compared to 1.5 X i0' Mfor chloroquine. Inhibition was
completely reversed by excess hypoxanthine, but was unaf-
fected by oxygen radical scavengers, including superoxide dis-
mutase and catalase. The data confirms that a supply of host-
derived hypoxanthine is critical for nucleic acid synthesis in P.
falciparum, and that depletion of erythrocyte hypoxanthine
pools with xanthine oxidase offers a novel approach to treat-
ment of chloroquine-resistant malaria infection in humans. (J.
Clin. Invest. 1991. 88:1848-1855.) Key words: erythrocyte -
hypoxanthine * malaria * oxypurine * Plasmodium falciparum .
xanthine oxidase

Introduction

Malaria remains a serious world health problem. An estimated
200 million people suffer from the disease, of whom 1-2 mil-
lion die annually (1). Effective therapy with antimalarial drugs
is hampered by emergence of drug-resistant strains of Plasmo-
dium in Southeast Asia, South America, and, more recently, in
Africa (1-4), while immunotherapy is limited by the enormous
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diversity of parasite proteins, particularly surface antigens (5).
Plasmodium falciparum, a protozoan parasite responsible for
the most virulent form of human malaria, lacks the ability to
synthesize its purine requirements de novo, and depends on
salvage of preformed purines (6). This dependence is shared by
many other pathogenic protozoan parasites (7). The relevant
pathways of purine metabolism in a malaria parasite and its
host erythrocyte are depicted in Figure 1.

Although adenosine triphosphate (ATP) is the predomi-
nant purine present in human erythrocytes, there is a consider-
able body of evidence to indicate that the purine base hypoxan-
thine, formed from ATP catabolism, is the immediate purine
precursor utilized by parasites (8, 9). Although the original.
method for parasite culture described by Trager and Jensen
(10), and followed by many workers, does not incorporate ad-
ditional hypoxanthine, others have shown that supplementa-
tion of culture medium with 100-400 gM hypoxanthine in-
creases parasite yields three- to fourfold (11-13). Hypoxan-
thine appeared to be the most important parasite growth
promoting component of serum lost after exhaustive dialysis
(13). Bungener showed that allopurinol, an inhibitor of xan-
thine oxidase, marginally enhanced parasite growth in a rat
malaria model (14). Radiolabeled hypoxanthine is readily in-
corporated into nucleic acid by parasites growing in culture
(15, 16). Enzymes involved in degradation of adenylate nucleo-
tides to hypoxanthine, including adenosine deaminase and
purine nucleoside phosphorylase, are produced by P. falci-
parum, which apparently allows it to grow in human erythro-
cytes deficient in these enzymes (17, 18). Enzymes of parasite
origin, required for hypoxanthine salvage, including hypoxan-
thine phosphoribosyltransferase (HPRT),' adenylosuccinate
synthase, and inosine monophosphate dehydrogenase, have all
been identified (7). Consequently, there appears to exist the
complete enzymatic machinery whereby ATP is degraded to
hypoxanthine and the hypoxanthine salvaged to form adenyl-
ate and guanylate nucleotides. Inhibition of adenosine deami-
nase by 2'-deoxycoformycin (19), of adenylosuccinate synthase
by hadacidin (15), and of inosine monophosphate dehydroge-
nase by bredinin and mycophenolic acid (15), interfere with
parasite growth. This emphasizes the importance of hypoxan-
thine salvage, as opposed to the more direct salvage of adeno-
sine by adenosine kinase. Adenosine is not a substrate for the
plasmodial phosphorylase (18), thus adenosine cannot be sal-
vaged via adenine. Absence of xanthine oxidase in parasite (7)
and host cell (20) precludes catabolism of hypoxanthine to ur-
ate. Thus, despite some dispute (21), it is now generally ac-
cepted that hypoxanthine is an important, if not the exclusive,
source of purine for P. falciparum. It remains unclear, how-

1. Abbreviations used in this paper: HPRT, hypoxanthine phosphor-
bosyltransferase; PRPP, 5-phosphoribosyl l-pyrophosphate.
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Figure 1. Diagram of a malaria parasite in a human red blood cell (RBC), showing the routes of ATP catabolism in the host and hypoxanthine
utilization in the parasite. Hypoxanthine may either enter the parasite to provide the purine moiety of parasite nucleic acid, or diffuse out of
the RBCvia a high-capacity purine base transporter in the RBCmembrane. Efflux of hypoxanthine is facilitated by xanthine oxidase, which
oxidizes extracellular hypoxanthine and creates a transmembrane concentration gradient. The nonconcentrative purine base transporter is de-
picted by the solid circle. Abbreviations: ADA, adenosine deaminase; PNP, purine nucleoside phosphorylase; HPRT, hypoxanthine phosphori-
bosyl transferase; XOD, xanthine oxidase; PRPP, 5-phosphoribosyl-l-pyrophosphate; ASS, adenylosuccinate synthase; IMPD, inosine mono-
phosphate dehydrogenase.

ever, how the purine needs of the replicating parasite can be
supplied by hypoxanthine derived from the host cell, since
many studies, including our own, have shown that hypoxan-
thine release from human red cells under physiologic condi-
tions is too slow to match the rate of parasite nucleic acid syn-
thesis (22-24).

During the course of a previous study on the regulation of
hypoxanthine turnover in human erythrocytes, we noted that
incubation in xanthine oxidase markedly accelerated the rate
of ATP catabolism and hypoxanthine release (22). Wesug-
gested that hypoxanthine accumulation and its subsequent re-
lease varies inversely with the rate of hypoxanthine recycling
through a three-component oxypurine cycle, comprising hypo-
xanthine, inosine monophosphate, and inosine. Provided that
the rate of 5-phosphoribosyl I-pyrophosphate (PRPP) synthe-
sis, needed for hypoxanthine salvage, matched cycle flux, hypo-
xanthine accumulation remained negligible. Only when cycle
flux exceeded PRPPsynthesis, did PRPP levels decline and
hypoxanthine efflux begin. Hypoxanthine efflux was tightly
coupled to PRPPdepletion under a variety of experimental

conditions. Weproposed that, by irreversibly oxidizing extra-
cellular hypoxanthine, xanthine oxidase established a concen-
tration gradient, which led to the efflux of hypoxanthine via the
high-capacity passive purine base transporter located in the red
cell membrane. Consistent with this interpretation was the
PRPPaccumulation provoked by xanthine oxidase, suggesting
that the enzyme was able to lower intracellular hypoxanthine
to levels insufficient to sustain the HPRTreaction; that is, to
levels well below the Kmof 10 MMof HPRTfor hypoxanthine
(25). The same explanation may hold for the findings of Roth
et al. (26), who noted a 50-fold increase in PRPPlevels of red
cells infected with early schizont stages of P. falciparum. This
stage of parasite development is associated with a sudden burst
of nucleic acid synthesis, and also, presumably, of hypoxan-
thine utilization. Direct measurement in red cells equilibrated
with 20 uM ['4C]hypoxanthine confirmed that xanthine oxi-
dase depleted intracellular hypoxanthine to well below 1 AMin
< 1 min (22).

Since noninfected red cells lack adenylosuccinate synthase,
hypoxanthine cannot be reincorporated into adenylate nucleo-
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tides, and is essentially a metabolic end product (9). Hence
depletion of hypoxanthine per se would not be expected to
exert any deleterious effect on noninfected erythrocytes. In-
deed, human tolerance towards very low plasma hypoxanthine
seen during renal dialysis suggests that hypoxanthine depletion
in general has no serious sequelae in humans.

On the assumption that xanthine oxidase may successfully
compete with malaria parasites for available intracellular hypo-
xanthine, we set out to examine the effect of xanthine oxidase
on growth of P. falciparum in vitro, and compare it with the
widely used antimalarial drug, chloroquine. Chloroquine, a hy-
drophobic quaternary amine base, diffuses across the red cell
and parasite membrane at neutral pH, to become protonated
and trapped in the acidic parasite food vacuole (27). Here, prob-
ably by increasing the pH of the vacuole, it interferes with
proteolytic digestion of endocytosed red cell cytoplasm, which
provides the parasite with the amino acids needed for growth.
Chloroquine resistance is based on the expression of an ATP-
dependent glycoprotein on the parasite membrane that pumps
chloroquine out, and maintains a 50-fold lower cytosolic chlo-
roquine concentration than that observed in sensitive strains
(3). The broad substrate specificity of this transporter confers
resistance to a wide range of antimalarial drugs, often having
very different modes of action. Weresolved to culture FCR-3, a
well-characterized chloroquine resistant strain of P. falci-
parum, and compare the effect of chloroquine and xanthine
oxidase on parasite viability, as assessed microscopically, and
by a number of independent biochemical parameters. In partic-
ular, we were interested in whether growth inhibition caused by
xanthine oxidase was due to hypoxanthine depletion or due to
formation of active oxygen metabolites, including 02 or H202.
In this regard, ability of excess hypoxanthine, and the inability
of catalase and superoxide dismutase, to reverse inhibition
would confirm the former mechanism.

Methods

Culture of P. falciparum. FCR-3, a well-characterized chloroquine re-
sistant strain of P. falciparum was obtained from the Research Institute
for Diseases in a Tropical Environment, Durban, South Africa, and
maintained in culture according to the method of Trager and Jensen
(10), as modified by Freese et al. (1 1). Briefly, parasites were grown in
O+ human erythrocytes, obtained from freshly drawn venous blood
after removal of the plasma and buffy coat by repeated washes in me-
dium. Infected erythrocytes were suspended in 20 vol RPMI- 1640 me-
dium (Highveld Biological, Kelvin, South Africa), supplemented with
Hepes (25 mM), glucose (22 mM), NaHCO3(25 mM), and human A'
serum (10% vol/vol). Unless specifically indicated, medium was not
supplemented with hypoxanthine. Flasks were equilibrated with a gas
mixture consisting of 4%02,4% GO2, 92%N2, and incubated at 37°C.
Medium was replaced daily, and fresh cells were added twice weekly to
maintain a parasitemia between 0.1% and 10%. Percent parasitemia
was determined daily on Giemsa-stained (BDH, Poole, UK) thin blood
films. All experiments were initiated with unsynchronized cultures at a
1% parasitaemia.

Incorporation of [14Clglycine into parasite protein. Cultures were
centrifuged, the medium was discarded, and 0.2-ml aliquots of erythro-
cytes were resuspended in 1 ml of medium supplemented with 4 'UM
[1'-"C]glycine (Amersham, Buckinghamshire, UK) (54 Ci/mol). Gly-
cine was chosen as it is a relatively abundant amino acid in most pro-
teins. Serious error arising from its incorporation into purines and
heme were considered unlikely, as neither erythrocytes nor parasites
synthesize purines de novo, and mature erythrocytes, which lack mito-
chondria, are unable to synthesize heme. Suspensions were gassed as

described above, and incubated for 5 h. Erythrocytes were lysed in fresh
medium containing 0.15% saponin (Hopkin and Williams, Essex,
UK). The red cell ghosts and parasites were deposited by centrifuga-
tion, washed twice in fresh medium, then transferred to 2.5-cm diam
GF/F glass fiber filters (Whatman International, Maidstone, UK), and
washed again with 50 ml of distilled water, using a vacuum filtration
unit (Millipore Corp., Bedford, MA). The discs were transferred to
counting vials containing 5 ml of scintillation fluid (Hionic-Fluor,
Packard Instruments Co., Inc., Downers Grove, IL), and counted in a
LS 6000IC liquid scintillation counter (Beckman Instruments, Inc.,
Fullerton, CA).

Incorporation of ['4C]purine from ["4CIATP into parasite nucleic
acid. 5 ml of fresh washed erythrocytes were enriched with ["4C]ATPby
incubation in 5 ml medium containing 10 MAM[8-`4C]adenine (Amer-
sham) (54 Ci/mol). After 1 h, 99%of the radioactivity had disappeared
from the medium, and had been incorporated into the intracellular
adenylate nucleotide pool, mainly as ATP, as shown by high pressure
liquid chromatography (HPLC) analysis (22). The medium was dis-
carded, and the erythrocytes were infected with P. falciparum at a 1%
initial parasitemia. Incorporation of radioactivity into the growing para-
sites was determined by saponin lysis of erythrocytes and trapping the
liberated parasites on filters, as described for ["4C]glycine.

Conditionsfor investigating the effect ofchloroquine and ofxanthine
oxidase, with or without hypoxanthine, on nucleic acid and L-lactate
accumulation. Six sets of six flasks each were prepared, all containing
0.2 ml of freshly drawn, washed erythrocytes, and 4 ml of medium. Sets
2 and 3 were supplemented with chloroquine to give a final concentra-
tion of l0-7 and 5 x 10-7 M, respectively. Sets 4 and 5 were supple-
mented with 3 mU/ml xanthine oxidase, while set 5 contained, in addi-
tion, 1 mMhypoxanthine. Sets 1-5 were inoculated with 20 Ml of in-
fected erythrocytes (- 10% parasitemia). Set 6 served as noninfected
control. All flasks were gassed and incubated at 37°C. Every 24 h, the
red cells were centrifuged and the medium removed and kept for assay
of L-lactate. Two members of each set were processed for nucleic acid
content, while the remainder were resuspended in fresh medium of the
appropriate composition, gassed, and reincubated.

Nucleic acid extraction and quantitation. The 0.2 ml of cell pellets
was lysed in 6 ml of a cell lysis buffer, consisting of Tris-HCl 10 mM,
pH 7.6, sucrose 0.32 M, MgCl2 5 mM, and Triton X-100 1%(vol/vol).
The lysate was centrifuged at 2,500 g for 20 min, and the insoluble
pellet, consisting mainly of parasites and degraded heme, was washed
once in 2 ml of the same buffer. The pellet was resuspended in 0.6 ml of
a digestion buffer containing EDTA25 mM, pH 8.0, NaCl 75 mM,
SDS 1% (wt/vol), and Proteinase K (Boehringer Mannheim, GmbH,
FRG) 0.5 mg/ml, and incubated overnight at 560 to ensure complete
proteolysis. The suspension was mixed with 0. 15 ml of saturated so-
dium acetate to "salt out" degraded protein, and centrifuged at 10,000
g for 10 min at 10°C to obtain a clear supernatant containing nucleic
acid. The supernatant was mixed well with an equal volume of isopro-
panol, and kept at -20°C for 2 h to allow complete precipitation of
nucleic acid. The nucleic acid pellet was washed once with cold 70%
ethanol, and dissolved in 1 ml of distilled water. The ultraviolet (UV)
absorption spectrum of the extract was measured, and the nucleic acid
concentration was calculated from the absorbance at 260 nm, assum-
ing that a 50Mg/ml solution of nucleic acid has an absorbance of 1.0 U
at this wavelength (28).

Agarose gel electrophoresis. 20 Ml of nucleic acid extract (up to 1 Mg
nucleic acid) was electrophoresed for 16 h at 40 V on a 2%agarose gel
(Sigma Chemical Co., St. Louis, MO). Tris acetate 40 mM, pH 8.0,
containing 2 mMEDTA, was used to prepare the agarose and provide
tank buffer. The gel was stained for '/2 h in 10 Mg/ml ethidium bromide,
destained in water for 1/2 h, visualized under UV light, and photo-
graphed.

Supplementation ofmedium. Where indicated, medium was supple-
mented with xanthine oxidase (Boehringer) at a concentration of 20
mU/ml (0.1 mg/ml), except in the hypoxanthine rescue experiment,
where its concentration was reduced to 3 mU/ml. Superoxide dismu-
tase and catalase (Sigma Chemical Co.) was used at concentrations of
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0.4 and 0.15 mg/ml, respectively. Chloroquine sulfate (Sigma Chemi-
cal Co.) was diluted from a 1 mMaqueous stock solution to give the
appropriate final concentration.

Measurement of medium L-lactate concentration. L-Lactate was
measured on perchloric acid extracts of medium, by monitoring the
formation of NADHin the presence of lactate dehydrogenase (29).

Procedure for determining the extent of hypoxanthine oxidation
under hypoxanthine "rescue" conditions. Culture medium containing
3 mU/ml xanthine oxidase and 25 uM ['4C]hypoxanthine (54 Ci/mol)
was incubated at 370C for 1 h in the absence, or 24 h in the presence, of
1 mMunlabeled hypoxanthine. Medium was deproteinized with 0.25
vol 1.5 Mperchloric acid, and the clear supernatant was neutralized
with 6%(vol/vol) 2.5 MK2CO3. After allowing the KC104 precipitate
to settle overnight at 40C, the distribution of label in the supernatant
was analysed by reverse-phase HPLC.

HPLC. Separation of oxypurine metabolites was effected by HPLC
of neutralized perchloric acid extracts of medium, using a model SF
8800 ternary HPLCpump (Spectra Physics, Inc. Mountain View, CA)
and a C-18 Novapak 4 u reverse-phase cartridge, mounted in a radial
compression module (Waters Associates, Inc., Milford, MA). Elution
was performed isocratically with 0.15 MNH4H2PO4, pH 6.0, at a flow
rate of 1.5 ml/min. Retention times of urate, hypoxanthine, and xan-
thine were determined with authentic standards, by monitoring absor-
bance of the effluent at 260 nm (UV-vis detector, model SP 8450,
Spectra Physics). After injection of '4C-labeled samples, 0.25-ml frac-
tions of the eluate corresponding to the purines of interest were col-
lected, mixed with scintillant, and counted as described under Incorpo-
ration of ["Clglycine.

Results

Effect of xanthine oxidase on ["C]glycine incorporation into
protein. Parasites grown in the absence of xanthine oxidase
showed a progressive increase in their ability to incorporate
['4C]glycine into protein (Fig. 2 A). Incorporation was mark-
edly impaired by the presence of xanthine oxidase, so that by
the third day, protein synthesis had decreased to the negligible
levels observed in noninfected cells. At the conclusion of the
experiment, mean parasitemia, measured on Giemsa-stained
films, was 5.0% and 0.3%, for infected cells incubated in the
absence and presence of xanthine oxidase respectively.

Effect of xanthine oxidase on purine incorporation from
["C]A TP into nucleic acid. Parasites were grown in red cells in
which the adenylate nucleotide pool had been prelabeled with
['4C]adenine. The extent of ['4C]purine incorporation into nu-
cleic acid increased steadily in parasites incubated in medium
alone, whereas incorporation was markedly impaired in para-
sites exposed to xanthine oxidase. The background level of in-
corporation of ["4C]ATP-derived purine into noninfected red
cells remained low throughout (Fig. 2 B).

Effect of heat denaturation and oxygen radical scavengers
on inhibition by xanthine oxidase. Xanthine oxidase, exposed
to 100°C for 10 min, lost both enzyme activity and the ability
to inhibit ['4C]glycine incorporation (results not shown). In
contrast, superoxide dismutase and catalase had no effect on
the inhibition of [14C]glycine incorporation exerted by xan-
thine oxidase (results not shown).

Effect of hypoxanthine on parasites exposed to xanthine ox-
idase. Fig. 3 shows total nucleic acid content of erythrocytes
incubated for 3 d under a variety of conditions. A steady in-
crease in nucleic acid was observed in infected cells incubated
in medium alone. Inclusion of 1 x 10-' Mchloroquine had
little effect, whereas 5 x 1-' Mchloroquine markedly inhib-
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Figure 2. Inhibition by xanthine oxidase of parasite protein and nu-
cleic acid synthesis. (A) Time course of ['4C]glycine incorporation.
Infected RBC, at a 1% initial parasitemia, were incubated for 72 h,
either in the absence (-) or presence (A) of 20 mU/ml xanthine oxi-
dase. Noninfected RBC, incubated without xanthine oxidase, were
included as a negative control (o). At timed intervals, aliquots of RBC
were resuspended in medium containing ['4C]glycine, and the percent
incorporation of ['4C]glycine into parasite protein measured as de-
scribed in Methods. Each assay was performed in duplicate. Error bars
show the values of individual duplicates. Absence of error bars indi-
cate duplicates that fell within the symbol used to depict the mean
value. (B) Time course of ['4C]purine incorporation by parasites
growing in RBCcontaining [14C]ATP. Fresh, noninfected RBCwere
prelabeled with ['4CJATP by preincubation with ['4C]adenine, then
infected with P. falciparum to give a 1% initial parasitemia. Incuba-
tion was continued for 72 h, either in the absence (e) or presence (A)
of 20 mU/ml xanthine oxidase. Aliquots were removed at timed in-
tervals, and the ['4C]purine content of parasite nucleic acid measured
as described in Methods. Noninfected RBC(o) were incubated in
parallel. Results are expressed as a percentage of total RBC['4C]ATP
content. Each point is the mean of duplicate estimates, with individ-
ual values denoted by error bars.

ited nucleic acid synthesis. Xanthine oxidase, used here at a
concentration of 3 mU/ml, exerted a similar inhibitory effect,
while inclusion of 1 mMhypoxanthine with 3 mU/ml xan-
thine oxidase restored nucleic acid synthesis to levels exceeding
those observed in infected cells incubated in medium alone.
These results are confirmed by agarose gel electrophoresis of
the nucleic acid extract (Fig. 4). A band of high molecular
weight DNAis apparent in extracts from control and 100 nM
chloroquine-treated cultures, and increases in intensity with
time. DNAaccumulation is clearly inhibited in extracts from
cultures treated with 500 nM chloroquine or with xanthine
oxidase, whereas the DNAband is restored to its former inten-
sity in cultures treated with xanthine oxidase plus hypoxan-
thine. The same pattern emerged when we examined lactate
release into the medium over the three 24-h incubation periods
(Fig. 5).

Extent ofhypoxanthine oxidation under hypoxanthine "res-
cue" conditions. In order to show that, although xanthine oxi-
dase could effectively oxidize micromolar concentrations of
hypoxanthine, it was unable to quantitatively remove the 1
mMhypoxanthine added to rescue parasites, medium contain-
ing 3 mU/ml xanthine oxidase was incubated with 25 gM
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Figure 3. Accumulation of nucleic acid in infected RBC, inhibition by
high-dose chloroquine and xanthine oxidase, reversal by hypoxan-
thine. Infected RBCwere incubated in medium alone (.), in 100 nM
chloroquine (A), in 500 nMchloroquine (v), in 3 mU/ml xanthine
oxidase (o), or in 3 mU/ml xanthine oxidase plus 1 mMhypoxan-
thine (o). Noninfected RBCwere included as a control (v). RBCnu-

cleic content was measured at times indicated. Differences between
duplicate analyses, when larger than the symbol used to denote their
mean, are shown by error bars.

['4C]hypoxanthine for 1 h (Fig. 6 A), or with 1 mM['4C]-
hypoxanthine for 24 h (Fig. 6 B). HPLCanalysis, showing the
distribution of radioactivity among hypoxanthine, xanthine,
and urate, confirmed that, while 25 ,M hypoxanthine was com-

pletely oxidized to urate within 1 h, 16% of 1 mMhypoxan-
thine, or 160 ,M, remained present after 24 h of incubation.

Microscopic appearance of parasites exposed to xanthine
oxidase. Giemsa stained blood films were examined, and
showed that while ring forms of the parasite predominated in
control and chloroquine-treated cultures, xanthine oxidase
caused parasites to accumulate as late trophozoites and as schi-
zonts with only two nuclei. The normal distribution of parasite
stages, with ring forms predominating, was restored by hypo-
xanthine rescue.

Dose-response curves for xanthine oxidase and chloroquine.
The efficacy of xanthine oxidase and chloroquine as inhibitors
of parasite growth was assessed by measuring incorporation of
['4C]glycine into parasites exposed for 48 h to varying concen-
trations of either agent (Fig. 7). Results are expressed as a per-
centage of the [14C]glycine incorporated into parasites incu-
bated in medium alone. The EC50 for xanthine oxidase and
chloroquine was estimated at 0.3 mU/ml (1.5 ,ug/ml) and 1.5
X l0-7 M, respectively.

Discussion

Wehave shown, by a number of independent biochemical ap-

proaches, that xanthine oxidase inhibits growth of P. faki-
parum under in vitro culture conditions. Thus, the ability to
synthesize protein, the ability to utilize ATP for nucleic acid
biosynthesis, overall metabolic activity as indicated by lactate
production, and organism number, as reflected by nucleic acid
content, are all significantly decreased when infected erythro-
cytes are exposed to xanthine oxidase. These experiments are

greatly facilitated by the fact that mature human erythrocytes
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Figure 4. Confirmation by agarose gel electrophoresis of DNAaccu-

mulation in infected RBC, inhibition by xanthine oxidase, and rever-

sal by hypoxanthine. Extracts from infected RBC, incubated for 1, 2,
and 3 d under the conditions described in Fig. 3, were electrophoresed
on a 2%agarose gel, and visualized with ethidium bromide. Nucleic
acid consisted predominantly of a single band of high molecular
weight genomic DNA, migrating close to the origin.

are anucleate, synthesize neither nucleic acid or protein, and
are metabolically rather inactive. Hence the biochemical ef-
fects of rapidly growing and dividing Plasmodia are readily
apparent, even though only a small percentage of erythrocytes
are, in fact, infected.

Wepropose that xanthine oxidase exerts its inhibitory ef-
fect by depriving parasites of purine, in the form of hypoxan-
thine, upon which they depend for nucleic acid biosynthesis. A
number of alternative possibilities should be considered. First,

2

z

0

P

z

0

W-

2

20

10

0

'a a a

L. C.
C 2 2

0 0

x x 1

0 0
C

a
v

x x + 0oc

Figure 5. L-Lactate production by parasite-infected RBC, inhibition
by xanthine oxidase and reversal by hypoxanthine. A deproteinized
extract of spent medium, removed after the first (o), second (o), and
third (n) 24-h incubation periods, in the experiment described in Fig.
3 was assayed for L-lactate. All assays were performed on duplicate
samples. Error bars denote the difference between individual dupli-
cates and their respective mean.
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Figure 6. Extent of 1 mMhypoxanthine oxidation after 24 h under
hypoxanthine "rescue" conditions. Reverse-phase HPLCanalyses of
medium containing 3 mU/ml xanthine oxidase, incubated for I h
with 25 AM['4C]hypoxanthine (A), showed quantitative conversion
of label to urate, whereas after 24 h of incubation with I mM['4C]-
hypoxanthine (B), significant hypoxanthine and xanthine remained
detectable. The elution position of markers are superimposed on the
radioactivity profile.

a toxic contaminant of the xanthine oxidase preparation used
may have mediated growth inhibition. However, when the en-
zyme is exposed to 100IC, loss of catalytic activity parallels loss
of inhibitory activity, and confirms that a catalytically intact
enzyme is required to produce inhibition. A further possibility
is that active oxygen species, including superoxide anions and
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Figure 7. Dose-response curves for chloroquine and xanthine oxidase
as inhibitors of parasite growth. Infected erythrocytes, at a 1% initial
parasitemia, were incubated for 48 h at varying concentrations of
chloroquine (.), and xanthine oxidase (o). Parasite viability was as-
sessed by ['4C]glycine uptake, as described in Methods, and expressed
as a percentage of the uptake observed in the absence of either inhib-
itor. Error bars denote the difference between duplicates and their
mean.

hydrogen peroxide, generated in the xanthine oxidase reaction,
may mediate the toxic effect of the enzyme (30). Direct evi-
dence to the contrary is provided by the inability of superoxide
dismutase and catalase to relieve growth inhibition. Further-
more, inclusion of hypoxanthine with xanthine oxidase re-
versed, rather than aggravated, growth inhibition seen with xan-
thine oxidase alone. Generation of oxygen radicals would, if
anything, be enhanced by provision of additional substrate for
the xanthine oxidase reaction.

Most compelling evidence for hypoxanthine deprivation,
however, comes from the ability of hypoxanthine to com-
pletely reverse inhibition of growth induced by xanthine oxi-
dase. By adjusting the relative concentration of hypoxanthine
and xanthine oxidase, we could achieve conditions where some
hypoxanthine remained available for parasite use for the entire
24-h incubation period with xanthine oxidase, and showed that
this was, in itself, sufficient to restore unimpeded parasite
growth.

During the first 36 h of its 48-h growth cycle, P. falciparum
exists in uninucleate ring form, which thus predominates in
unsynchronized cultures (10). During the final 12 h of the cy-
cle, rings mature to trophozoites, which undergo cell division
to form schizonts containing 8-32 nuclei (4). Each is capable of
infecting a fresh erythrocyte, and initiating a new cycle. The
accumulation of abnormal trophozoites and early schizonts
induced by xanthine oxidase is consistent with failure of cell
division due to lack of nucleic acid precursor. These morpho-
logical changes are reversed by provision of sufficient hypoxan-
thine to overcome the deficiency. Growth arrest at the same
developmental stage is produced by a-difluoromethylorni-
thine, an inhibitor of polyamine synthesis, which prevents
DNAreplication (31). In this case, normal maturation of schi-
zonts is restored by putrescine rescue (32).

The total purine nucleotide concentration and mean cell
volume of human erythrocytes is approximately 1.8 X I0-' M
and 9.0 x 10-'4 liters, respectively (33, 34). This corresponds to
1.8 x 10-3 X 9.0 X 10-4 X 6.0 X 1023 = 1.0 x 108 purine
molecules per erythrocyte. The size of the haploid genome of P.

falciparum has been estimated at 3 x 108 base pairs (35). Since
each base pair contains one purine, during a single cell division
only a third of the purine complement of DNAcan be supplied
by the host erythrocyte. Considering that a replicating schizont
typically produces not one, but 8-32 daughter nuclei, and that
purine is also required for RNAsynthesis, it becomes apparent
that the infected cell can provide no more than 1-2% of its
parasite's purine requirement. The remainder must be sup-
plied from outside, and in our in vitro system at least, from
adjacent noninfected red cells. Purine is released from red cells
almost exclusively in the form of hypoxanthine (23, 24), and is
thus susceptible to oxidation by xanthine oxidase present in the
medium.

Failure of 1 x 10-7 M chloroquine to abolish parasite
growth is indicative of chloroquine resistance (31). Thus, we
have demonstrated that a chloroquine-resistant strain of P. fal-
ciparum is amenable to inhibition by xanthine oxidase. This
has important implications. While new antimalarial drugs may
be ineffective ab initio against parasites bearing the multiple
drug resistance (mdr) phenotype, which enhances effilux rate of
a broad spectrum of antimalarial drugs approximately 50-fold
(3, 36), only the development of an entire de novo purine bio-
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synthetic pathway could render parasites resistant to hypoxan-
thine depletion.

These in vitro results must now be extended to the in vivo
situation. The therapeutic potential of xanthine oxidase relies
on the fact that, while the malaria parasite appears to depend
entirely on hypoxanthine salvage, the human host is able to
synthesize its purine requirements de novo. Potential problems
associated with short term administration of xanthine oxidase
include development of antibodies, tissue damage caused by
oxygen radicals, and excessive production of uric acid. These
adverse reactions may be minimised by the coadministration
of superoxide dismutase (37), catalase (38), and/or uricase (39),
which have been shown to be nontoxic when injected into ani-
mals and humans. Xanthine oxidase is abundant in milk, from
which it may be purified relatively inexpensively. Preliminary
experiments involving intravenous administration of xanthine
oxidase to rabbits (unpublished observations) reveal an ab-
sence of untoward effects, apart from a transitory increase in
plasma urate. If this proves true for humans, the more expen-
sive uricase and oxygen radical scavenging enzymes may prove
unnecessary, making xanthine oxidase a realistic option for
malaria therapy in the Third World. Modificatioii of xanthine
oxidase by attachment of polyethylene glycol (38), or encapsu-
lation in red cell ghosts (40), would shield it from immune
detection and extend the circulating life, while retaining cata-
lytic activity. Provided such formulations proved safe in experi-
mental animals, their effect in combination with chloroquine
for treatment of acute malaria should be compared to the clini-
cal response to chloroquine alone. Use of an untried agent as
sole therapy can not be justified in so serious a condition.

Although the ability of exogenous hypoxanthine to en-
hance growth of malaria parasites is generally well appreciated,
the potential for removing endogenous hypoxanthine, and
thereby inhibiting parasite growth, has not been explored. Our
study shows that xanthine oxidase inhibits growth of P. fali-
parum, as assessed microscopically and by a number of inde-
pendent biochemical parameters. Inhibition is specifically me-
diated by hypoxanthine depletion. Weconfirm that hypoxan-
thine is an obligate intermediate in the utilization of host
derived purine, and propose that strategies aimed at depriving
malaria parasites of hypoxanthine with xanthine oxidase in
vivo may find application in treatment of malaria infections
resistant to conventional forms of chemotherapy. Of interest in
this regard are the recently discovered potent inhibitors of pur-
ine nucleoside phosphorylase (J. Sircar, unpublished observa-
tions), in that hypoxanthine formation in humans depends ex-
clusively on the activity of this enzyme.
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