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SUMMARY

A series of inhibitors of red blood cell anion-transport were tested as possible inhibitors
of intraerythrocytic growth of Plasmodium falciparum parasites in in vitro human
cultures. Two classes of compounds were used in this study: Class I, hydrophilic com-
pounds which are impermeant to uninfected cells (e.g., disulfonic stilbene derivatives and
phlorizin), and Class II, relatively lipophilic compounds to which membranes are perme-
able (e.g., phloretin, furosemide, niflumic acid,and indacrinone. (MK-196). Good correla-
tion between the inhibitory power on anion transport and on parasite growth was obtained
for the reversibly acting 4,4’-dinitro-2,2’-stilbenedisulfonic acid and the irreversibly acting
analogue, 4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid. Phlorizin; a potent inhibitor of
sugar transport but a rather poor inhibitor of anion transport, was the most efficient
antimalarial agent. Alternatively, niflumic acid and MK-196, both good inhibitors of anion
transport, and phloretin, a potent inhibitor of anion and sugar transport, were relatively
less efficient in arresting parasite growth. Studies of growth rates and of metabolic
activities conducted with synchronously grown cultures indicate that the Class I inhibitors
arrest parasite development and propagation by the two following modes of inhibition: at
the host cell membrane level, by blocking the anion transport (Mode A), and at the
cellular level, by direct interference with schizont development and propagation (Mode
B). The latter is made possible by an observed permselectivity change in the host cell
membrane, which appears after trophozoite formation and persists throughout schizo-
gony. Stilbene disulfonates act by both modes, whereas phlorizin and niflumic acid act
primarily by Mode B. Our work indicates that anion transport inhibitors which act in a
reversible fashion and which are impermeant to uninfected cells are useful antimalarial
agents in in vitro systems. The work provides a rational basis for the design of drugs of

potential therapeutic use.

INTRODUCTION

The development of malaria parasites inside red blood
cells depends on a metabolically balanced intraerythro-
cytic environment. The host cell, in general, and its
membrane, in particular, play a major role in maintaining
this environment by providing routes of supply of nutri-
ents and electrolytes and the means for disposing of the
catabolites produced by the developing parasites. In this
work we explored new means for selectively impairing
intraerythrocytic parasite growth, primarily by the use
of agents which are demonstrably impermeant to unin-
fected human red blood cells and whose known action on
these cells is the blockade of red cell anion permeability
(1, 2).
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Anion transport is the predominant red blood cell
membrane function involved in the CI"-HCO; exchange
which subserves the removal of CO; from tissues to lungs
(see refs. 1 and 2 for review). In addition, this membrane
transport system provides red cells the only access route
for other important inorganic anions such as phosphate
and sulfate, as well as a minor route for some amino acids
(e.g., glycine and cysteine) (3) and for catabolites such as
lactate (4, 5). Since the development of parasites de-
mands a relatively high input of nutrients and output of
catabolites (6), we hypothesized that partial blockade of
the above routes by agents impermeant to uninfected
cells should have deleterious effects on parasite growth,
while marginally affecting other cells (7).

In this work we present evidence for the antimalarial
activity of red blood cell anion transport blockers such
as the highly membrane-specific impermeant disulfonic
stilbenes (8) and the less specific niflumic acid, a nonste-
roidal anti-inflammatory drug (9), phlorizin, and phlore-
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tin (1), as well as the diuretics furosemide (10) and MK-
196' (11). We also attempted to determine the modus
operandi of apparently impermeant agents by studying
their effect on anion transport, glucose consumption,
lactic acid production, and amino acid incorporation into
parasitized cells at defined stages of parasite growth. The
results of this work indicate that the inhibition of intraer-
ythrocytic parasite growth by disulfonic stilbenes and
phlorizin can only partially be explained by direct block-
ing of host membrane anion transport, which indirectly
affects the metabolic activity of parasitized cells. The
additional mode of action of these agents is by their
direct interference with intracellular events occurring at
the advanced stages of parasite growth (trophozoite and
schizont stages). In these stages a discrete change in the
permselectivity properties of the host cell membrane
makes the intracellular compartment demonstrably ac-
cessible to the otherwise impermeant substances (12).

MATERIALS AND METHODS
Chemicals

The disulfonic stilbenes DADS, DIDS, H.DIDS,
DNDS, and [?’H]JH,DIDS were synthesized according to
previously published methods (8, 13). NBD-Taurine was
prepared as described before (14). Other chemicals were
from the following sources: phloretin, K & K Chemicals;
RPMI-1640, GIBCO: phlorizin, Fluka; furosemide, Farb-
werke Hoechst AG; MK-196 was a generous gift from
Merck, Sharp & Dohm (Rahway, N. J.). Other chemicals
were of the best available grade.

Cultures

Plasmodium falciparum was grown in 75 cm? screw-
capped flasks (Nunc) with human erythrocytes (2-2.5%
hematocrit) and the growth medium of Trager and Jen-
sen (15) supplemented with inosine (1 mm) and heat-
inactivated human plasma (AB*). Medium was changed
daily and flushed with the following gas mixture: N, 90%;
CO., 5%; and O, 5%. Enrichment of parasitized cells
(trophozoites and schizonts) was performed on Ficoll-
Hypaque cushions (16). Synchronization of growth was
accomplished by a recently published method (12). The
percentage of infected cells (i.e., parasitemia) was deter-
mined on thin smears stained with Giemsa stain by
counting at least 1000 cells.

Chemical Modification of Cells

Red blood cells (infected or uninfected) were washed
with PBS containing 20 mm phosphate/135 mm NaCl
(pH 7.4) and were allowed to react with DIDS, H.DIDS,
or [PH]H.DIDS at the indicated concentrations for 30
min at 37° and at a final hematocrit of 10%. The cells
were subsequently washed with PBS and with growth
medium. All of these steps were conducted under sterile
conditions.

' The abbreviations used are: MK-196, indacrinone; DADS, 4,4'-
diamino-2,2'-stilbenedisulfonic acid; DIDS, 4,4’-diisothiocyano-2,2’-stil-
benedisulfonic acid; DNDS, 4,4’-dinitro-2,2’-stilbenedisulfonic acid;
H.DIDS, 4,4'-diisothiocyano-2,2’-dihydrostilbenedisulfonic acid; Hepes,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PBS, phosphate-
buffered saline (20 mm NaH,P0,/140 mM NaCl, pH 7.4); SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Effects of Inhibitors on Parasite Growth

Asynchronous cultures. Reversibly binding inhibitors
were added to the growth medium at the concentrations
indicated and were present throughout all periods of
growth unless otherwise stated. Irreversibly binding in-
hibitors were used to chemically modify uninfected cells,
as shown above. Infection was initiated by adding an
inoculum of infected cells. Parasite growth was assessed
as shown above and is given as percentage of parasitemia
(namely, the percentage of cells in culture containing
parasites).

Synchronous cultures. Inhibitors were added to cul-
tures at defined stages of parasitic growth. Reversibly
binding inhibitors were present during all subsequent
growth periods, whereas irreversibly binding inhibitors
were used as described under Chemical Modification of
Cells.

Effect of Inhibitors of Anion Transport

Anion transport and its susceptibility to irreversibly
binding inhibitors were assessed with the aid of the anion
fluorescent probe NBD-taurine and the method of con-
tinuous monitoring of transport by fluorescence (14, 17).
Briefly stated, cells were loaded with NBD-taurine (1
mM final concentration) in PBS medium (1 hr, 37°, 10%
hematocrit). Prior to efflux measurements, the extracel-
lular probe was removed by repeated washes in Hepes
medium (150 mMm Hepes, pH 7.4, 0°). Aliquots of cells
(~10" in 10 ul of Hepes medium) were injected into
cuvettes containing 2 ml of PBS ( inhibitor) and placed
in the 37° thermostated cuvette compartment of an
MPF-4 Perkin-Elmer spectrofluorimeter. Efflux was
monitored spectrofluorimetrically on four parallel sys-
tems. Rate constants were computed from nonlinear
regression analysis of the exponential fluorescence traces
with the aid of a Wang PCSII system. In a few instances
the efflux medium PBS contained either inactivated hu-
man plasma or human serum albumin (Sigma Chemical
Company).

Effect of Inhibitors on Amino Acid Incorporation into
Proteins

Short-term and long-term effects of inhibitors on par-
asite development were assessed, after removal of the
extracellular probe (18), by [*H]isoleucine incorporation
into trichloroacetic acid-precipitable material.

Effect of Inhibitors on Glucose Consumption and
Lactate production

Normal or infected cells were incubated at a 10%
hematocrit concentration in wash medium (growth me-
dium without plasma) in the presence of absence of
inhibitors. After various intervals of incubation at 37°,
aliquots of 2 ml were centrifuged, and the supernatant
was brought to 5% trichloracetic acid and recentrifuged.
Glucose was determined by use of the glucose/oxidase
(EC 1.1.3.4)/peroxidase (EC 1.11.1.7) method (19). Lac-
tate was determined on 0.25 ml of whole cell suspensions
after the addition of 15 ul of 1.0 M perchloric acid. After
a brief centrifugation, 0.2 ml of the supernatant was
neutralized with 15 ul of 0.7 M KOH. Lactate was deter-
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DAYS IN CULTURE
Fic. 1. In vitro growth profile of Plasmodium falciparum in the
presence of phlorizin
A suspension of erythrocytes (2.5% hematocrit) was inoculated with
P. falciparum-infected cells to a final parasitemia of 2% and incubated
in growth medium in the presence of the indicated concentrations of
phlorizin. The parasitemia was followed on a daily basis.

mined enzymatically with lactate dehydrogenase (EC
1.1.1.27) (20). Glucose consumption and lactate produc-
tion were calculated and were related to the concentra-
tion of cells in the assay systems, as determined by
counting the cells in a hemocytometer. All enzymes and
reagents were obtained from Sigma Chemical Company.

RESULTS

Effects of red blood cell impermeant anion transport
inhibitors. Typical growth curves of P. falciparum in the

presence of phlorizin, a reversibly acting agent which is
impermeant to uninfected red blood cells (21), are de-
picted in Fig. 1. In the presence of phlorizin, parasite
growth is reduced in a concentration-dependent manner
and is fully arrested at about 100 uM probe. To compare
the inhibitory power of phlorizin with that of other
agents, we used the parasitemia values (the percentage
of parasitized cells in a given cell culture) at the 3rd day
of cultivation with the drug, and we displayed the data
as parasitemia relative to control versus drug concentra:
tion (Fig. 2). The dose-response curves of three reversibly
acting drugs to uninfected cells, namely phlorizin, the
dinitrostilbene disulfonate DNDS, and the diamino an-
alogue DADS, showed marked differences in their inhib-
itory potencies. To assess whether these effects could be
correlated to the inhibitory activity of these drugs on
anion transport, we compared both inhibitory effects on
Dixon plots (Fig. 3). As shown, phlorizin was approxi-
mately 3-fold more potent in arresting growth than in
blocking anion transport. Conversely, DNDS was appar-
ently 3-fold less potent in arresting growth than in block-
ing anion transport. However, this was found to result
from binding of DNDS to plasma components present in
the growth medium but absent in the standard transport
assay medium. As depicted in Fig. 3, the addition of
human serum albumin to the standard transport assay
medium, to approximately the same final concentration
as in the growth medium, brought about the DNDS
inhibitory effect on anion transport to virtually the same
level as that observed on parasite growth. The specificity
of both inhibitory effects of DNDS are supported also by
the fact that its diamino analogue, DADS, led to no
measurable change in either property in the indicated
concentration range (Fig. 3) and even in the millimolar
range (data not shown).
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F1G. 2. Dose-response profile of Plasmodium falciparum growth in the presence of various anion transport inhibitors impermeant to

uninfected red cells

In vitro growth profiles of P. falciparum were carried out in the presence of various agents, essentially as described for phlorizin in Fig. 1. The
dose-response curves for the various drugs were constructed from the parasitemia values obtained at either the 3rd or 4th day of the cultures (Fig.

1.
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- F16. 3. Correlation between inhibition of anion transport and in-

- hibition of parasite growth by impermeant agents

Upper half. The effect of agents on anion transport of uninfected
cells was determined at 37° by the continuous monitoring of transport
fluorescence method (17). Inhibitors were present during the flux
measurements at the indicated concentrations. In one instance, human
serum albumin (5 g/liter) was present in the flux medium. Data are
given as Dixon plots of Vo/V; versus the DNDS concentrations, where
Vis the initial rate of NBD-taurine efflux obtained either in the absence
(Vo) or in the presence (Vi) of inhibitor. The experimental data were
analyzed by a nonlinear regression program with a Wang PCSII com-
puter. The x-intercepts give the concentration of probe required to
inhibit transport by 50% (ICso): phlorizin, 120 + 40 uMm; DADS > 1 mum;
DNDS, 15 + 4 uM; and DNDS + human serum albumin (HSA), 39 +
13 pm.

Lower half. Dixon plot of data shown in Fig. 2, given here as Po/P;
versus DNDS concentration, where P, and P; are the percentages of
parasitemia in the absence and presence of inhibitor, respectively. Data
analyzed as in the upper half gave the following ICs values: phlorizin,
16 + 7 um; DNDS, 35 £ 9 uM; and DADS > 10 mM.

Effect of other anion transport inhibitors. A compar-
ison between the effects of a variety of anion transport
inhibitors on both transport and parasite growth is shown
in Fig. 4 in terms of Dixon plots. Phloretin, niflumic acid,
and MK-196, all of which are potent reversible inhibitors
of anion transport, in serum-free media (Fig. 4, upper
half, —) were markedly less inhibitory in medium
containing human serum albumin (Fig. 4, upper half, -
- -). However, MK-196 correlated reasonably well with
inhibition of parasite growth (Fig. 4, lower half). Con-
versely, the diuretic sulfonamide, furosemide (22),
showed demonstrably more potent effects on parasite
growth than on anion transport—this despite the fact
that in growth media this sulfonamide is sequestered by
serum-albumin and is therefore less available for binding
to red blood cell membrane components.

Mechanism of growth inhibition by disulfonic stil-
benes. The only known common denominator for all of
the agents used in this work is their inhibitory effect on
red blood cell anion transport. We selected to study the
effect of disulfonic stilbenes because of their selective
effects on membranes, their high specificity for the anion

0
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61 a Furosemide
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F1G. 4. Correlation between inhibition of anion transport and in-
hibition of parasite growth by various agents

The effects of various agents on parasite growth (lower half) and on
anion transport in protein-free medium (upper half, —) were deter-
mined essentially as described in Fig. 3. The corresponding effects on
anion transport in human serum albumin-containing medium (5 g/liter)
were performed in an analogous fashion (upper half, - - -). Data are
displayed in terms of Dixon plots of either V,/V; (anion transport) or
Py/P; (parasitemia) versus drug concentration, the lines indicating the
best fit through the experimental points obtained by linear least-
squares analysis. The x-intercepts denote the ICs (micromolar). For
anion transport in protein-free medium the ICso values were as follows:
phloretin, 7.1 + 0.9; niflumate, 12 + 0.2; MK-196, 28 + 2; and furosemide,
300 + 80. For anion transport in human serum albumin-containing
medium the ICs values were as follows: phloretin, 112 + 24; niflumate,
65 + 15; MK-196, 170 £ 40; and furosemide, 420 £ 95. For parasitemia
the ICs values were as follows: phloretin, 56 + 16; niflumate, 60 + 23;
MK-196, 72 + 25; and furosemide, 50 + 13.

transporter, and the body of information available on
their molecular mode of action (2). Although the inhibi-
tory effect of DNDS on red cell anion transport was
shown to be of a reversible nature (23), it was important
to verify that DNDS inhibition of parasite growth was
not caused by irreversible damage to uninfected cells. As
shown in Fig. 5, preincubation of uninfected cells with
DNDS under culture conditions affected only temporar-
ily the subsequent growth of parasites after removal of
the drug. Cells precultivated with DNDS for 48 hr and
subsequently cultivated in DNDS-free growth medium
supported parasite growth either after a 24-hr or a 48-hr
recovery period, depending upon the concentration of
DNDS present during precultivation. In order to assess
whether growth inhibition by DNDS was as fast as on
transport (23) or whether it manifested itself only after
prolonged incubations of the cells with the drug and
increased with time of incubation, we followed the in
vitro growth of parasites as a function of time after the
addition of DNDS (Fig. 6). The drug was added at the
3rd day of an asynchronously grown culture, when the
parasitemia reached a 9% value. While control cells con-
tinued to grow, parasitized cells exhibited an arrest of
parasite growth within 24 hr after addition of the drug.
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Fi1G. 5. Reversal of DNDS effects on uninfected cells as reflected
by their subsequent infection with malaria parasites
Uninfected cells were cultivated for 2 days in culture medium con-
taining the indicated concentrations of DNDS. At the end of this
period, the cells were washed free of external DNDS, resuspended in
growth medium, and infected with an aliquot of a 20% parasitemia cell
suspension (2% final parasitemia). Parasite propagation was determined
daily and is given as percentage of parasitemia.

°%% parasitemia

Since the life cycle of P. falciparum is 48 hr, it is evident
that the propagation of the parasites was impaired by
DNDS with no apparent delay. This was corroborated
by the fact that very few ring-forms were present in the
culture 14 hr after the addition of DNDS (data not
shown).

A more direct test to evaluate the particular develop-
mental stage at which DNDS affected parasite growth
was carried out on synchronously grown cultures, using
amino acid incorporation into proteins as a measure for
parasite development. As shown in Fig. 7, DNDS had
virtually no effect on ring development but markedly
arrested the development of the metabolically more ac-
tive and advanced stages of trophozoites and schizonts.
Further proof for the above interference of DNDS with
the metabolic activity of infected cells (trophozoites and
schizonts) was obtained by following lactic acid produc-
tion, which provides a measure for the glycolytic activity
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F1G6. 6. Effect of DNDS on cells preincubated under culture con-
ditions

Cultures (2.5% hematocrit) were cultivated for 3 days with daily
change of growth medium (parasitemia reached 9%). Thereafter, culti-
vation was continued in the presence of DNDS at the indicated con-
centration. Parasitemia was determined on Giemsa stains taken from
samples withdrawn prior to the daily change of growth medium.
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F1G6. 7. Stage dependence of DNDS effect on amino acid incorpo-
ration into parasitized cells

Parasite growth was synchronized as described under Materials and
Methods. Cells which reached the indicated stage of growth were
analyzed for [*HJisoleucine incorporation for various periods of time in
growth media containing the indicated concentrations of DNDS. Un-
infected cells cultured in parallel and analyzed for amino acid incorpo-
ration, in either the presence or absence of DNDS, gave essentially the
same results.

of the parasites (6) and host cells (24). As shown in Fig.
8, neither lactic acid production by ring-forms nor that
by uninfected cells was significantly affected by DNDS,
whereas trophozoite and schizont lactate production was
markedly suppressed by the drug. Comparable results
were obtained with glucose consumption (data not
shown), which also provided a measure for the metabolic
status of the cells.
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F1G. 8. Stage dependence of DNDS effect on lactate production by
parasitized cells

The experiments were conducted essentially as described in Fig. 7,
except that lactate production (see Materials and Methods) were
studied at the different developmental stages of parasite growth.
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F1G. 9. Correlation between DIDS inhibition of anion transport
and of parasite growth

Red cells (10% hematocrit in PBS, pH 7.4) were treated with the
indicated concentrations of DIDS (30 min at 15°) and were subse-
quently washed with growth medium. An inoculum of infected cells
(20% parasitemia) was added to each of the treated cell preparations to
reach a 2.5% final hematocrit and 2% parasitemia, and the suspensions
were kept under culture conditions. The parasitemia values given were
determined at the 3rd day of cultivation. For measuring anion transport,
cells were first loaded with NBD-taurine at 37°, subsequently washed
with PBS at 5°, and treated with DIDS as indicated above.

A means to assess whether growth inhibition by the
reversibly acting DNDS resulted primarily or exclusively
from effects induced at the host-cell level relied on the
use of DIDS or H.DIDS—both covalently binding ana-
logs—which were shown to interact with DNDS mem-
brane binding sites (13, 25). These analogues provided,
therefore, the tools with which to probe the sites of action
of DNDS. Uninfected cells were first labeled with DIDS
and then either used for measuring anion transport or
were infected with parasitized cells and their growth was
followed with time. Data shown in Fig. 9 indicate that
anion transport was about 2-fold more susceptible to
inhibition than parasite growth. The latter showed about
20% of the cell population as refractory to increasing
concentrations of DIDS at levels at which anion trans-
port was already fully blocked by the drug. These appar-
ent differences in susceptibilities were found to result, in
part, from the fact that approximately 10% of uninfected
cells in the culture were DIDS-untreated cells which
were carried along with the inoculum of parasitized cells
at the time of infection of the DIDS-treated cells. When
this factor was taken into account, the two profiles of
inhibition became comparable. These results indicate
that modification of the cell surface of uninfected cells
by DIDS reduced the ability of these cells to support
parasite growth and suggest that one mode of DNDS
inhibition of growth is by directly affecting red cell mem-
brane components. Nevertheless, since in the previous
profiles of DNDS inhibition both uninfected and infected
cells were exposed to the drug, we attempted to evaluate
whether DIDS had additional effects on infected cells.
Synchronous cultures were grown up to the schizont
stage, at which point part of the culture was challenged
with DIDS. Aliquots of these cultures were mixed with
an equal volume of uninfected cells which were either

treated or not treated with DIDS and placed under
culture conditions. The percentages of newly formed
rings and amino acid incorporation were determined after
14 hr. As shown in Table 1, DIDS modification of unin-
fected cells did not interfere with ring formation of these
cells, whereas DIDS modification of schizonts was re-
flected as a major reduction in the number of newly
formed rings.

Microscopic inspections led us to conclude that DIDS
affected the schizonts and interfered with their matura-
tion and rupture, inasmuch as many degenerated schi-
zonts were present in the smears stained with Giemsa
stain.

To localize the effect of DIDS on schizonts, we used
the *H-labeled analogue [’H]JH.DIDS, which had effects
similar to those of DIDS both on anion transport and on
growth suppression. As shown in Fig. 10, the [’H]H.DIDS
labeling was performed on an asynchronously grown
culture, and subsequently uninfected cells and rings were
separated from trophozoites and schizonts by a Ficoll
gradient and analyzed by SDS-PAGE. [?’H]H:DIDS la-
beling of rings and uninfected cells was fully localized in
the Band 3 protein, the purported anion transporter (2).
However, the schizont-rich fraction showed not only
labeling of Band 3 but also high labeling of lower molec-
ular weight components. One major component was iden-
tified as intracellular hemoglobin, both by molecular
weight and by the fact that hemoglobin-free membranes
from schizonts showed no labeled band in the hemoglobin
area. A major additional labeled component which mi-
grated at the front of the SDS gel reflected membrane
material, probably of a lipid nature. These results indi-
cate that the permselectivity properties of the host cell
membrane at the schizont stage were markedly altered,
so that molecules such as H,DIDS (and probably also
DNDS, phlorizin, and niflumic acid) could gain access to
the cytoplasm, thus affecting parasite development in a
more direct fashion. The latter hypothesis was assessed
by testing the effect of these inhibitors on the ability of
schizonts to propagate and lead to new ring formation.
The results given in Table 2 show that phlorizin, DNDS,
and niflumic acid indeed inhibited parasite propagation
at the schizont stage. However, because the reversibly

TABLE 1

Effect of DIDS treatment of uninfected cells and of schizonts on the
propagation of parasites

Cells from infected cultures which reached the schizont stage were
either treated or not treated with DIDS (50 um, 30 min, 37°) and
washed with growth medium. A volume of the above cells was diluted
with a volume of noninfected cells (N) (either treated or not treated
with DIDS as shown above), and cultivated for 16 hr. Invasion was
determined by counting both parasitemia (relative number of rings)
and [*Hlisoleucine incorporation as described under Materials and
Methods.

Treatment Parasitemia Isoleucine incorporation
(% ring-forms)*® (dpm/2 x 107 cells)®
N+1I 9.0 (100) 15,000 (100)
Nows + I 85 (94) 13,800 (92)
N + Ipios 4.2 (47) 7,300 (49)
Nbis + Inips 4.5 (50) 8,000 (53)

“ Numbers in brackets denote percentage of control (N + I). Values
given are averages of quadruplicate determinations (SEM 5-10%).
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Fi6. 10. SDS-PAGE radioelectrophoretogram of ["H]H,DIDS-la-
beled cells from infected cultures

A suspension of infected cells in PBS, pH 7.4 (18% parasitemia: 8%
rings, 2% trophozoites, 8% schizonts), was treated with ["HJH.DIDS (20
uM, 5 X 10° dpm/umole) for 30 min at 37°. Uninfected cells and rings
were separated from trophozoites and schizonts by Ficoll-Hypaque
cushions. The final parasitemia of the upper layer of the cushion (i.e.,
trophozoites and schizonts) was 75%. SDS-PAGE was performed either
on the same number of whole cells or on membranes isolated from cells
by hypotonic lysis (13). Gels were processed for °H counting as previ-
ously described (13).

acting inhibitors had to be present during schizogony and
reinvasion, it was difficult to ascertain at which of the
two stages of the cycle the inhibitory effect was most
prominent. The above work with DIDS supports the idea
that the schizont stage is apparently the most susceptible
one to the aforementioned drugs.

DISCUSSION

The primary goal of this work was to introduce a new
series of antimalarial agents which might be of potential
use against a disease that is spreading throughout the
world and for which new therapeutic agents are in de-
mand. The rationale on which the present approach is
based is the use of agents that are impermeant to animal
cells and the antimalarial action of which would therefore
be confined primarily to interference with membrane-
related processes. Because intraerythrocytic growth of
parasites demands a much higher import of nutrients and
export of catabolites than in noninfected red cells (6), we
reasoned that blockers of the red cell transport processes
might differentially affect malaria-infected cells (7).

Our initial studies were carried out with inhibitors of
red cell anion transport for the following reasons. (a)
Anion transport is a unique transport system for which
the red cell is highly specialized and for which a large
reportoire of reversibly and irreversibly binding inhibi-
tors, of known mode of action, has been developed. (b)

TABLE 2
Effect of anion transport inhibitors on the propagation of parasites
Cells from infected cultures which reached the schizont stage were
diluted with an equal volume of noninfected cells and cultured in the
presence of the indicated concentrations of inhibitors. Further details
as in Table 1 and under Materials and Methods.

Treatment Parasitemia Isoleucine incorporation
(% ring-forms)*  (dpm/2 X 10’ cells)”
None 12.0 (100) 34,273 (100)
DNDS (100 pm) 7.2 (60) 18,832 (55)
Niflumate (300 um) 4.3 (36) 17,147 (50)
Phlorizin (100 uMm) 1.2 (10) 15,093 (44)
MK-196 (300 pum) 11.8 (98) 23,678 (70)

“ Numbers in brackets denote percentage of control (None). Values
given are averages of quadruplicate determinations.

The red cell anion transport system is the main route for
phosphate entry into red cells (1-3) and a minor route
for lactate exit from (5, 6), and amino acid (i.e., the
glutathione precursors glycine and cysteine) entry into,
these cells (4). (c) Partial interference with this system
should have a more deleterious effect on the metabol-
ically more active parasitized cell than on the uninfected
cell.

As shown in this work, the results of testing in vitro
parasite growth in the presence of classical inhibitors of
anion transport support in part the aforementioned hy-
pothesis. Interestingly, the two types of agents which
were nonpenetrating to uninfected cells, the glycoside
phlorizin and the disulfonic stilbene DNDS, showed the
most potent inhibitory action on malaria growth in vitro
(Fig. 2). In the case of DNDS, the excellent correlation
between the inhibitory activity on anion transport and
the arrest of intraerythrocytic parasite growth suggests
the involvement of anion blockade in growth inhibition
(Fig. 3). This was also supported by the fact that normal
cells modified with DIDS under conditions known to
affect only the anion transporter Band 3 (Fig. 4), or
preincubation of noninfected cells with DNDS (Fig. 4),
failed to support parasite growth. An interesting feature
of the latter treatments is that they reduce considerably
the ability of noninfected cells to support subsequent
parasite propagation in in vitro culture conditions. To
some extent, the hypothesis is also supported by the
results obtained with a variety of other anion transport
inhibitors whose modus operandi is not precisely known,
particularly with regard to their site of action on the
anion transporter and to their permeation properties.
However, these agents were chosen preferentially be-
cause they are currently in therapeutic use: niflumic acid
as a nonsteroidal anti-inflammatory agent (9) and furo-
semide (26) and MK-196 (11) as diuretics.

In the case of phlorizin,” the most potent of the agents
used, the inhibition of growth could not be correlated
with that of anion transport (Fig. 3), indicating that this
drug operates either by a different mechanism or by an

2 Phlorizin was referred to in The Merck Index, 1968 edition (27), as
an antimalarial agent whose medical use was discontinued. Our at-
tempts to obtain further information on the pharmacological and
pharmaceutical uses of phlorizin as an antimalarial agent were not
successful.
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additional inhibitory mechanism. This finding with
phlorizin does not necessarily contradict the aformemen-
tioned hypothesis; it only suggests that the major anti-
malarial mode of action of the drug is probably not via
blockade of host cell anion transport. The possibility that
the drug works mainly by blocking host cell monosac-
charide transport (28, 29) can also be rejected on the
grounds that phloretin, a relatively better blocker of this
function (30), is a poor inhibitor of malaria growth, as
well as on the basis that the ICs; of parasitemia (10 um)
was markedly smaller than the ICs, of sugar transport
(140 pM, ref. 30). A likely target for phlorizin could be an
intracellular component, the parasitophorous vacuole
membrane, or perhaps the parasite itself, inasmuch as
otherwise impermeant molecules of the same molecular
size as phlorizin (e.g., H.DIDS) could gain access to the
host cytoplasm of either trophozoites or schizonts (Fig.
10).

The change in the permselectivity properties of the
host-cell membranes which appears at the trophozoite
stage and persists throughout schizogony (12) provides a
pattern of inhibition of parasite development that is
additional to the aforementioned effect on anion trans-
port. Support for this pattern was obtained when drugs
added to schizonts were shown to interfere with their
metabolic activity as a short-range effect (Fig. 8; Tables
1 and 2) and with the subsequent development and
propagation of parasites as a long-range effect (Fig. 7;
Tables 1 and 2). The two suggested patterns of growth
inhibition by DNDS, phlorizin, and possibly niflumic
acid, one on the anion transporter at the host membrane
level and the other on intracellular targets, have the
unique feature of relying on drugs which are impermeant
to most normal cells and which are likely to produce only
reversible effects on noninfected cells. The relative im-
portance of the two patterns, which at present can be
given only in qualitative terms, would depend on the
drug of choice. Phlorizin’s primary mode of action is
probably by direct interference with intracellular events
in trophozoites and schizonts, which is facilitated by
partial permeabilization of the host-cell membrane. Con-
versely, the effect of DNDS is of a bimodal nature,
affecting directly the red cell membrane functions of
uninfected cells and of infected cells at all parasite stages
and/or affecting intracellular events, as proposed for
phlorizin. Although elucidation of the molecular mecha-
nism of growth inhibition by blockers of anion transport
would require further investigation, the initial studies
with these agents provide a new basis for the design of
modern drugs for malaria chemotherapy.
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