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ABSTRACT Incubation of a 0.5% suspension of
washed normal mouse erythrocytes with ferriproto-
porphyrin IX (FP) for 2.5 h at 37°C and pH 7.4 results
in sufficient membrane damage to produce hemolysis.
A sigmoidal dose-response curve is followed with 50%
hemolysis being produced by 4 uM FP. Complete
hemolysis is produced by 6 uM FP. The hemolytic
process has at least two phases: a lag phase of ~45 min,
during which little hemolysis occurs, and a phase
characterized by rapid hemolysis. Chloroquine, which
binds tightly to FP, enhances the effect of FP by
eliminating the lag phase. Under the conditions of
these experiments, maximum enhancement is ob-
served with chloroquine concentrations in the range of
5-25 uM. Since FP is produced when malaria parasites
digest hemoglobin, it may mediate a chemotherapeutic
effect of chloroquine by forming a complex with the
drug that could enhance the toxicity of FP for bio-
logical membranes, including those of the parasite.

INTRODUCTION

Ferriprotoporphyrin IX (FP)! is produced when
intraerythrocytic malaria parasites digest hemoglobin.
Although this compound is clearly a waste product
of the parasites’ metabolism, it fulfills certain criteria
for identification as an important drug receptor. It has
high affinity (K4 = 3.5 nM) and the appropriate
specificity for chloroquine and related 4-aminoquino-
line drugs (1). In the role of a drug receptor, FP could
mediate the chemotherapeutic action of chloroquine
in either of two ways. It could serve only to concen-
trate the drug in the proper location, or the FP-chloro-
quine complex could itself be toxic to the malaria
parasite. We now demonstrate the plausibility of the
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latter possibility by showing that chloroquine acceler-
ates FP-induced hemolysis.

METHODS

Normal mouse erythrocytes were used as a model system,
and hemolysis was used as an indicator of membrane damage.
The methods for preparing washed erythrocytes and the
standard medium used in this work have been described
(1, 2). This medium is buffered to pH 7.4 with 50 mM phos-
phate. Chloroquine diphosphate and FP (hemin from equine
blood) were purchased from Sigma Chemical Co. St. Louis,
Mo. The FP was recrystallized once according to the pro-
cedure of Labbe and Nishida (3). On the day of each experi-
ment, a fresh stock solution of 0.5 mM FP was prepared in
5 mM NaOH and placed in an ice bath. Immediately before
use, an aliquot of the stock solution was diluted to the ap-
propriate concentration using ice-cold standard medium, pH
7.4. The erythrocytes were incubated with FP and chloro-
quine in plastic vessels in an Eberbach shaking incubator
operating at 2.3 Hz. Hemolysis was measured as follows.
At the end of incubation, intact erythrocytes were sedimented
by centrifugation, and the amount of hemoglobin in the
supernatant solution was determined by measuring the OD
at 540 nm. Then the erythrocyte pellet was lysed with dis-
tilled water, and its hemoglobin content was measured.
Percent hemolysis was calculated from these measurements.

RESULTS

The hemolysis of erythrocytes by FP followed a
sigmoidal dose-response curve (Fig. 1). Under the
conditions of the experiment, 50% hemolysis was
produced by 4 uM FP. This amount of FP is approxi-
mately equal to 4% of the heme in the erythrocyte
suspension. The hemolytic process induced by FP has
at least two phases (Fig. 2). There was a lag phase of
~45 min, during which time little hemolysis occurred.
Then, there was a phase characterized by rapid hemol-
ysis. The lag phase could be prolonged by decreasing
the incubation temperature and shortened by in-
creasing the concentration of FP. Conducting the in-
cubation in the dark did not diminish the hemolysis,

J. Clin. Invest. © The American Society for Clinical Investigation, Inc. - 0021-9738/80/10/0856/03 $1.00

Volume 66 October 1980 856-858



HEMOLYSIS (%)

0 2 4 6 8 10
FERRIPROTOPORPHYRIN IX (UM)

FIGURE 1 Hemolytic effect of FP. Aliquots of a 0.5% sus-
pension of thrice-washed normal mouse erythrocytes were
incubated with various concentrations of FP for 2.5 h under
room air at 37°C and pH 7.4. In the absence of FP, <3%
hemolysis was observed.

indicating that protoporphyrin IX-induced photo-
hemolysis is not involved.

Chloroquine enhanced the toxicity of FP by ac-
celerating the hemolytic process (Fig. 2). In fact,
rapid hemolysis began immediately upon the addition
of chloroquine. In Fig. 2, the chloroquine was added
after the erythrocytes had been incubated with FP for
15 min, but the results were the same when FP and
chloroquine were added together at the beginning of
the incubation. The concentration dependence of the
effect of chloroquine is shown in Fig. 3. A bell-shaped
curve was produced with the peak effect occurring
between 5 and 25 uM chloroquine. Therapeutic con-
centrations of chloroquine in whole blood may be as
high as 5 uM (4), but much lower concentrations
are usually effective in treating malaria (5). Since our
experiments used only relatively short incubation
periods and a gross indicator of membrane damage,
it is possible that exposure to low concentrations of
the FP-chloroquine complex in vivo would be suf-
ficient to produce subtler but nonetheless lethal
damage. The reason for less effect of high concentra-
tions of chloroquine in the hemolytic test shown in
Fig. 3 has not been determined; possibly it is related
to the extent of saturation of FP by the drug.

DISCUSSION

Since FP is lytic for the erythrocyte membrane, it is
reasonable to suspect that it would damage various
other biological membranes, including those of the
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FIGURE 2 Effect of chloroquine on FP-induced hemolysis.
Aliquots of a 0.5% suspension of thrice-washed normal mouse
erythrocytes were preincubated for 15 min under room air
at 37°C and pH 7.4 either in the presence or absence of
5 uM FP. Then chloroquine was added and the incubation
was continued. FP alone (@), FP plus 2.5 uM chloroquine
(A), FP plus 5 uM chloroquine (M), no addition of FP or chloro-
quine (O). In the absence of FP, chloroquine caused no
hemolysis.
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FIGURE 3 Concentration dependence of the effect of chloro-
quine on FP-induced hemolysis. Aliquots of a 0.5% sus-
pension of thrice-washed normal erythrocytes were pre-
incubated with 5 uM FP as in Fig. 2 before incubation
with various concentrations of chloroquine for 30 min. Means
and SE are shown for three separate experiments. The dotted
lines show the results of control incubations with FP only.
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malaria parasite. In the parasite, FP accumulates in
malarial pigment in digestive vacuoles (6-8). Con-
sequently, the membranes surrounding these vacuoles
should be the most vulnerable. Sequestration of FP
in malarial pigment (8) may ordinarily keep its con-
centration very low. The presence of chloroquine,
however, might enhance the toxicity of low concen-
trations of FP sufficiently to cause membrane damage.
Such damage to the digestive vacuoles could cause
them to fuse and to form the large vesicles which
are known to be the first morphologic manifestation
of the chemotherapeutic action of chloroquine (9, 10).
Therefore, it is plausible to propose that FP not only
serves to recognize chloroquine but, in addition,
mediates a chemotherapeutic effect of this drug on
biological membranes.

It is also noteworthy that FP is generated in hemo-
lytic anemias associated with the production of Heinz
bodies (11, 12) and possibly could contribute to
hemolysis in some of them.

ACKNOWLEDGMENTS

We thank Mr. Richard L. Serena for technical assistance.

This work was supported in part by United Nations
Development Programme/World Bank/World Health Organi-
zation Special Programme for Research and Training in Tropi-
cal Diseases.

REFERENCES

1. Chou, A. C., R. Chevli, and C. D. Fitch. 1980. Ferri-
protoporphyrin IX fulfills the criteria for identification
as the chloroquine receptor of malaria parasites. Bio-
chemistry. 19: 1543-1549.

2. Fitch, C. D., R. Chevli, and Y. Gonzalez. 1974. Chloro-

858 A. Chou and C. Fitch

10.

11.

12.

quine-resistant Plasmodium falciparum: effect of sub-
strate on chloroquine and amodiaquin accumulation.
Antimicrob. Agents Chemother. 6: 757-762.

. Labbe, R. F., and G. Nishida. 1957. A new method of

hemin isolation. Biochim. Biophys. Acta. 26: 437.

. Frish-Holmberg, M., Y. Bergkvist, B. Domeij-Nyberg, L.

Hellstrom, and F. Jansson. 1979. Chloroquine serum
concentration and side effects: evidence for dose-de-
pendent kinetics. Clin Pharmacol. Ther. 25: 345-350.

. Berliner, R. W., D. P. Earle, Jr., ]J. V. Taggart, C. G.

Zubrod, W. J. Welch, N. J. Conan, E. Bauman, S. T.
Scudder, and J. A. Shannon. 1948. Studies on the chemo-
therapy of the human malarias. VI. The physiological
disposition, antimalarial activity, and toxicity of several
derivatives of 4-aminoquinoline. J. Clin. Invest. 27:
98-107.

. Fulton, J. D., and C. Rimington, 1953. The pigment of the

malaria parasite Plasmodium berghei. ]. Gen. Microbiol.
8: 157-159.

. Homewood, C. A., G. A. Moore, D. C. Warhurst, and E. M.

Atkinson. 1975. Purification and some properties of
malarial pigment. Ann. Trop. Med. Parasitol. 69: 283—
287.

. Yamada, K. A., and I. W. Sherman. 1979. Plasmodium

lophurae: composition and properties of hemozoin, the
malarial pigment. Exp. Parasitol. 48: 61-74.

. Macomber, P. B., H. Sprinz, and A. J. Tousimis. 1967.

Morphological effects of chloroquine on Plasmodium
berghei in mice. Nature (Lond.). 214: 937-939.
Warhurst, D. C., and D. J. Hockley, 1967. Mode of action
of chloroquine on Plasmodium berghei and P. cynomolgi.
Nature (Lond.). 214: 935-936.

Jacob, H. S., and K. H. Winterhalter, 1970. Unstable
hemoglobins: the role of heme loss in Heinz body forma-
tion. Proc. Natl. Acad. Sci. U. S. A. 65: 697-701.

Jacob, H. S., and K. H. Winterhalter. 1970. The role of
hemoglobin heme loss in Heinz body formation: studies
with a partially heme-deficient hemoglobin and with
genetically unstable hemoglobins. J. Clin. Invest. 49:
2008-2016.



