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Abstract-Ferriprotoporphyrin IX(FP) lysed both erythrocytes and isolated Plasmodium falciparum as 
judged by decrease in turbidity of erythrocyte and parasite suspensions. The lytic effect of FP on 
erythrocytes was enhanced by chloroquine(CQ). In the presence of 2.5-20 PM CQ, 5 PM FP led to 
complete hemolysis within 45 min. However, the lytic effect of FP or FP-CQ on both erythrocytes and 
parasites was inhibited completely by proteins. The protein inhibition was non-specific. 

This finding, the failure of FP and FP-CQ to cause hemolysis and lysis of malarial parasites in a 
protein-containing medium, does not support the “FP-CQ complex hypothesis” for the antimalarial 
action of chloroquine. 

Many studies have demonstrated that the anti- 
malarial drug, chloroquine, accumulates in eryth- 
rocytes infected with malarial parasites [l-5]. Some 
hypotheses have been proposed to explain the 
accumulation of the drug in the parasites and its 
antimalarial action [6-91. 

In 1964, two groups observed simultaneously that 
chloroquine could form a complex with ferrihemic 
acid, which is released during hemoglobin digestion 
by malarial parasites [lo, 111. The complex formation 
was considered to be related to the antimalarial 
action of chloroquine. Further studies from other 
laboratories indicated that ferriprotoporphyrin IX 
(FP)* could bind specifically to the chloroquine to 
form a FP-chloroquine complex [12-1.51. The com- 
plex is toxic for biological membranes and results in 
the lysis of the malarial parasites [ 16-191. Fitch et al. 
proposed a mode of antimalarial action of chloro- 
quine [20-221, postulating that FP, formed during 
hemoglobin degradation by malarial parasites, ser- 
ved as a chloroquine receptor [14, 15, 231. Binding 
of chloroquine to FP would divert FP from incor- 
poration into non-toxic substances (e.g. malarial pig- 
ment) to form a toxic FP-chloroquine complex [23- 
251. 

However, all experiments in support of the FP- 
chloroquine complex hypothesis were carried out in 
the absence of proteins [14, 16, 23, 241; significantly 
the lytic effect of FP and FP-chloroquine complex 
on biological membranes was inhibited by bovine 
serum albumin (BSA) [25]. Our previous results 
have shown that the antimalarial action of chlo- 
roquine is not correlated with the presence of 
malarial pigment in the parasites [26] and that chlo- 
roquine fails to form a FP-chloroquine complex with 
FP in protein-containing so1ution.t 

In the present report, we describe the lytic effect 
of FP and of the FP-chloroquine complex on eryth- 

* Abbreviations used: FP, ferriprotoporphyrin IX; CQ, 
chloroquine; BSA, bovine serum albumin. 

t Y. Zhang et al., submitted. 

rocytes and isolated malarial parasites as well as the 
inhibition of the effect by proteins. 

MATERIALS AND METHODS 

Hemolytic effect of FP and FP-CQ on human eryth- 
rocytes and the inhibition of the hemolysis by proteins. 
Erythrocytes from healthy A(+) donors were col- 
lected in acid citrose dextrose solution [27]. The 
erythrocytes were washed by suspension in 10~01. 
of isotonic medium [24] and centrifuged at 1500g 
min at 10”. After three washes, the erythrocytes 
were resuspended in the same medium for hemolysis 
experiments. 

Hemolysis was monitored by measuring the 
changes in turbidity of these suspensions at 700 nm 
with a Schimatzu UV-180 photometer [19, 241. A 
3 ml cuvette (optical path: 10 mm) was filled with a 
suspension of washed erythrocytes and +eincubated 
at 37” for 15 min before additior; of FP, CQ and 
protein solutions. The suspension for each measure- 
ment was adjusted to an absorbance of about 0.65 
(approximately 5% erythrocytes). All reference 
tubes had the same composition as the corresponding 
test tubes but contained no erythrocytes. 

Chloroquine diphosphate and FP chloride (hemin) 
were from Sigma Chemical Co (St. Louis, MO), 
BSA was obtained from Serva Feinbiochemica 
(Heidelberg) and hemoglobin and lysozyme were 
purchased from Merck (Darmstadt). 

To avoid problems associated with the poly- 
merization of FP in water [28, 291, a fresh hemin 
solution had to be used in all experiments. As stock 
solution, 1 mM or 5 mM hemin was prepared in 
double-distilled water after first dissolving it in a 
minimal amount of 0.1 N NaOH and putting it in an 
ultrasonic bath for 5 min. The stock hemin solution 
was stored at 4” for 2 hr. CQ stock solution (1 mM) 
and protein stock solution were prepared with iso- 
tonic medium. In measurements of hemolytic 
response to any two components or more among FP, 
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Fig. 1. Time-course oi FP-induced hemolysis. A 0.5% suspension of washed erythrocytes was incubated 
in the standard medium with 5 PM (O), 10 PM (0), 15 PM (A), 20 PM (A) and 30 ,uM (m) for the 

indicated time intervals at 37” and pH 7.4 in the dark. 

CQ and proteins, the components were preincubated 
at 37” for 15 min to insure complete interaction. All 
incubations of suspension with FP were carried out 
in the dark. 

Lytic effect of FP-CQ on isolated PIasmod~um 
fa~ciparum and the inhjb~tion of this effect by protein. 
PI~modium f~~~iparam (FCB-strain) was used in the 
experiments. The parasites were cultured in medium 
RPMI-1640 (GIBCO Limited, Scotland), supple- 
mented with 25 mM HEPES, 32mM NaHC03, 
50 mg/l hypoxanthine and 10% (v/v) human serum 
from A( +) blood according to the candle jar method 
[301. 

Minutes 

Fig. 2. Concentration effect of chloroquine on enhance- 
ment of FP-induced hemolysis. FP solution preincubated 
with various concentrations of chloroquine was added to 
the suspension of erythrocytes. The changes of absorbance 
were recorded at 700 run: 0, 5 PM FP; 0, 5 PM FP plus 
0.2 PM chloroquine; c), 5 uM FP plus 1 PM chloroquine; 
n , 5 PM FP plus 2.5 PM chloroquine; A, 5 FLM FP plus 
5 PM chloroquine; A. 5 @ plus 20 FM chloruine. In the 

absence of FP. chloroquine causes no hemolysis. 

The parasites were synchronized by 5% sorbitol 
for 10min at room temperature [31]. The resulting 
infected erythrocytes were washed twice with the 
medium and then added to washed fresh erythrocytes 
to maintain a parasitemia of 1.5% and the cultures 
were re-established. After 48 hr (one life cycle of 
the parasite), the parasites were culture with a 2% 
suspension of erythrocytes with twice daily medium 
changes [32]. 

At about 30 hr in the second cycle of the synchron- 
ous parasites, the infected erythrocytes at the tropho- 
zoite stage, with about 30% parasitemia, were col- 
lected by centrifugation at 15OOg for 5 min at 10”. 
The erythrocytes were washed in isotonic medium 
and then lysed by incubation at 37” for 10min in 
20 volumes of 15 mg% saponin (Sigma, St Louis) in 
isotonic medium f16]. After low speed centrifugation 
the pellet, consisting of the parasites, was retained 
and the supernatant, consisting of soluble material 
and erythrocyte ghost, was discarded. The parasites 
were washed twice and resuspended at a density 
of approximately 10’ per ml in isotonic medium for 
measuring the lytic effect of FP-CQ within 2 hr. The 
lytic effect was monitored by the method as described 
above the erythrocytes. 

RESULTS 

~emolyi~~ effect of FF and FP-CQ on human 
erythrocytes 

In this study, carried out with fresh blood cells, 
less than 1% hemolysis occurred in controls without 
FP during the incubation interval from 30 to 90 min 
at 37”. We found that the absorbance at 700 nm in a 
range up to 0.65 was an approximate function of 
erythrocyte concentration so that hemolysis can be 
expressed by its reduction. Nevertheless, all cal- 
culations concerning hemolysis percentage were 
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Fig. 3. Time-course of hemolysis by FP-chloroquine at high concentration. Preincubated FP-chloroquine 
solution with high concentration was added to the suspension of erythrocytes. The changes of absorbance 
were recorded at 700 nm: n , 20 PM FP plus 20 @l chloroquine; 0,40 fl FP plus 40 m chloroquine; 

0, 80 m FP plus 80 m chloroquine. 

adjusted by means of an erythrocyte suspension- 
absorbance standard curve. 

Similar studies have been described in the past 
[33-351 but our study showed some new results. 

The time-course of hemolysis in the presence of 
various concentrations of FP indicated that the 
degree and the rate of hemolysis depended upon FP 
concentration (Fig. 1). AT FP concentrations greater 
than 15 ,uM, 50% hemolysis of the suspension 
occurred within 30 sec. The hemolysis by FP was 
rapid but seemed incomplete, particularly at low 
concentrations. 5 PM FP did not show a clear lytic 
effect within 45 min (Fig. 1). 

The time-course of hemolysis by FP-CQ showed 
some differences from that by FP alone. 

1. Compared to only about 20% hemolysis pro- 
duced by 5 @l FP alone, 5 yM FP with 2.5-20 PM 
CQ caused 100% hemolysis within 45 min and had a 

similar time-course (Fig. 2). This suggests that CQ 
enhances the FP hemolytic effect and that the 
enhancement of FP hemolysis by CQ is independent 
of the CQ concentration in the indicated con- 
centration range. 

2. In contrast to FP, hemolysis by FP-CQ did not 
occur immediately but showed a lag phase. The time- 
course of hemolysis appeared as a sigmoidal curve 
(Fig. 2). In incubation with 5 PM FP alone for 45 min, 
50% hemolysis of total erythrocytes occurred within 
the first 5 min while no hemolysis was seen during 
the initial period in the suspensions of erythrocytes 
incubated with 5 ,uM FP in combinations with from 
2.5 to 20 PM CQ (Fig. 2). With higher concentrations 
of FP, andFP with an equal amount of CQ, hemolysis 
by FP alone was much more rapid than that by FP- 
CQ (Figs 1 and 3). The time of 50% maximum 
hemolysis by FP was a few seconds but that by FP- 
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Fig. 4. Effect of chloroquine on the preincubation of FP with erythrocytes. A 0.5% suspension of washed 
erythrocytes was incubated for 45 min under the condition described for Fig. 1: 0, 5 yM FP; 0, 5 PM 
FP plus 0.2 PM chloroquine; n , 5 PM FP plus 1 PM chloroquine. Another 5 PM chloroquine was added 

to every group after the incubation for 45 min. 
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Fig. 5. Inhibition of FP- and FP~~oroquine-induced hem- 
olysis by BSA. FP or preincubated FP-chloroquine, FP- 
BSA and FP~hloroq~ne-BSA were added to the sus- 
pension of erythrocytes. The changes of absorbance were 
recorded at 700nm under the condition of incubation 
described for Fig. 1: a, 20 @f EP; 0,80 FM FP plus 80 @ 
chloroquine; A, 80 PM FP plus 2% BSA; @, 80 PM FP and 
80 PM chloroquine plus 1% BSA; m, 80 FM W and 80 fl 

chloroquine plus 0.1% BSA. 

The concentration effect of various proteins on 
the inhibition of hemolysis by FP-CQ shows that 
BSA, hemoglobin and lysozyme are capable of inhi- 
biting the hemolysis by FP-CQ to almost the same 
degree (Fig. 6). Almost total inhibition is produced 
by all proteins at 1 mg/ml; a clear hemolysis was seen 
only in the solution containing less than 0.03 mg/ml 
proteins (Fig. 6). 

CQ was several minutes even if the concentration of 
FP-CQ (80 + 8OpM) was higher than that of FP 
alone (10-30 PM). 

Lytic effect of FP and FP-CQ on Plasmodium fal- 
ciparum and the ~~hib~t~o~ of this effect by proteins 

3. If a lower concentration of CQ (lower than Figure 7 shows that CQ alone (from 10 to 250 juM) 
1 PM) was added to the 5 _uM FP system, the hemo- does not cause a decrease in the turbidity of the 
lytic effect was enhanced partially. 0.2 or 1 PM CQ parasite suspension, but FP alone (20 or 40 yM) leads 
increased hemolysis by 5 PM FP from 18.2% to 28.4 to a decrease in the turbidity, due to lysis of the 
or 85% in 45min. However, the effect occurred parasites [16]. However, FP or FP-CQ only reduced, 
immediately and the lag phase of the time-course but could not eliminate the turbidity of the parasite 
disappeared, which was similar to the hemolytic suspension which may be due to the presence of cell 
effect of FP alone (Figs 1 and 2). components which cannot be lysed by FP and do not 

4. Suspensions of erythro~ytes were preincubated 
with 5 PM FP or FP with the low concentration of 
CQ for 45 min, to obtain partial hemolysis. To these 
suspensions, another 5 ,uM CQ (i.e. enough to 
enhance the hemolytic effect by FP) (Fig. 2), was 
added, but further hemolysis was not observed within 
another 30 min (Fig. 4). 

Inhibition of hemolytic effect of FP and FP-CQ bx 
proteins 

The above results have shown hemolytic effect of 
FP and FP-CQ. I-lowever, these experiments were 
carried out under protein-free condition. When 0.1% 
(15 M) BSA was added to the system, the hemolytic 
effect of FP or FP-CQ was prevented even though 
the concentration of FP or FP-CQ in the incubate 
was 15 times higher than the hemolytic concentration 
(Fig. 5). 

0.3 
Log concentration of proteins 

(mgfml f 

Fig. 6. Concentration effect of various proteins on the inhibition of hemolysis by FP-chloroquine. FP 
and chloroquine were preincubated with BSA, hemoglobin or lysozyme at various concentrations for 
15 min at 37”. Suspension of erythrocytes was added to these preincubated solutions and then, incubated 
for 45 min at 37”. All groups contained 40 PM FP and 50 PM chloroquine, and with BSA (e), hemoglobin 

(0) and lysozyme (A) at various concentrations. 
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Fig. 7. Lytic effect of FP and FP-chloroquine on Plus- 
modium falciparum. A suspension with about 10’ parasites 
per ml was incubated in the standard medium without FP 
(O), with 250 yM chloroquine (0), 20 PM FP (W), 40 PM 
FP (O), 20 yM FP with 20 PM chloroquine (A) and 40 PM 
FP with 40 yM chloroquine (A) for the indicated time 

intervals at 37” and pH 7.4 in the dark. 

exist in erythrocytes, e.g. parasite nuclear material 
and malarial pigment. 

The lytic effect of FP-CQ on malarial parasites 
was relatively slow and its time-course was sigmoid 
and had a lag phase (Fig. 7). However, CQ did 
not enhance the lytic effect of FP on the malarial 
parasites (Fig. 7). 

The lytic effect of FP and FP-CQ on the Plas- 
modium falciparum parasite was also blocked com- 
pletely by BSA and hemoglobin (Fig. 8). 

4 o.li 
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Fig. 8. Inhibition of lytic effect of FP and FP-chloroquine 
on P. falciparum by proteins. A suspension of isolated 
parasites was incubated under the condition described for 
Fig. 7. The concentration of FP and chloroquine, used in 
the experiment, is 40 @l respectively and the concentration 
of proteins is 0.5%: 0, FP alone; 0, FP with chloroquine; 
n , BSA alone; A, BSA with FP; A, BSA with FP and 
chloroquine; l , hemoglobin alone; 0, hemoglobin with 
FP; 8, hemoglobin with FP and chloroquine; 0, control 

group (without proteins, FP and chloroquine). 

DISCUSSION 

Our results confirm the observation of others that 
FP might serve as a hemolytic agent [33-351 and be 
toxic for the membranes of the malarial parasite 
[16,19]. However, our finding of the difference in 
hemolytic time-course between FP and FP-CQ com- 
plex is in contrast to the result of Chou and Fitch 
[33], who suggested that CQ enhanced the hemolytic 
effect of FP by eliminating the lag phase. We found 
that the rate of hemolysis by FP-CQ is slower than 
that by FP alone although the degree of hemolysis 
was enhanced by CQ (Figs l-3). This result suggests 
that the process of hemolysis by FP-CQ complex 
may not be the same as that by FP alone. 

A similar difference in lytic effect of FP and FP- 
CQ complex was observed in the experiment with 
isolated P. falciparum (Fig. 7). 

A more significant observation in the study is that 
the lytic effect of FP and FP-CQ on erythrocytes 
and malarial parasites is inhibited by proteins (Figs 
5 and 8). The inhibitory effect of proteins is non- 
specific, as not only BSA but also hemoglobin and 
lysozyme can prevent the lytic effect of FP and FP- 
CQ (Figs 5 and 8). This result is in disagreement 
with the mode of the antimalarial action of CQ 
postulated by Fitch et al., which suggests that as FP 
can bind to CQ, it can be regarded as a receptor 
for CQ, resulting in accumulation of the drug in 
erythrocytes infected with malarial parasites [14,23, 
36, 371. The FP-CQ hypothesis states that as soon 
as CQ binding to FP, FP is diverted from incor- 
poration into non-toxic substances to form a toxic 
FP-CQ complex, which can lead to lysis of the para- 
sites [23-251. However, an important factor appears 
to have been neglected in these studies as the experi- 
ments about FP-CQ binding and FP-CQ lysis were 
carried out under protein-free condition. 

Many studies have shown that FP binds tightly 
to various proteins to form a non-toxic FP-protein 
complex and does not exist as free-FP under physio- 
logical conditions [3-l]. These results are in agree- 
ment with the fact that “free-FP”, as a receptor of 
CQ hypothesized in the FP-CQ theory, could not be 
demonstrated in malarial parasites by experiments 
[4244]. 

The behavior of CQ under physiological con- 
ditions is different from that of FP. Only one third 
of total CQ is bound to serum proteins [45, 46,*]. 
Other experiments indicate that CQ alone, at any 
concentrations, could not cause the lysis of the para- 
site membranes [16,47-49]; suggesting that the anti- 
malarial action of the drug is not due to the formation 
of a lytic FP-CQ complex. Our previous study 
showed that the antimalarial effect of CQ was not 
correlated with the presence of malarial pigment and 
FP in the parasites [26] and our recent experiments 
showed that FP with CQ formed a complex but this 
complex was not very stable. As soon as protein 
was added to the FP-CQ solution, the complex was 
dissociated and a new FP-protein complex was 
formed. The FP-protein complex possesses much 
higher stability than the FP-CQ complex* and is not 
toxic for biological membranes (Figs 5, 6 and 8). 

Free-FP in water solution is very unstable and 
forms polymers rapidly [28, 29, 501. It can bind to 
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proteins released from lysed biological membranes. 
This property may explain why FP alone, particularly 
at lower concentrations, produced only partial hem- 
olysis in the early phase of incubation (Fig. 1). The 
partial hemolysis was not enhanced by adding 
another 5 ,uM CQ (Fig. 4)) suggesting that there was 
no toxic free-FP after 45 min in the system, i.e. that 
FP had bound to components from lysed eryth- 
rocytes. CQ enhances the stability of FP by means 
of FP-CQ complex formation* and thus enhances 
the hemolytic effect of FP (Fig. 2). 

Proteins at a concentration of 0.1%) which is much 
lower than protein concentration in cells, showed a 
strong inhibitory effect on the lysis by FP-CQ at a 
concentration of 4tH?O ,uM, which is much higher 
than levels encountered by the parasites. This result 
suggests that the antimalarial action of CQ can not 
be fully explained by the FP-CQ hypothesis. We 
have demonstrated that CQ can not form an FP- 
CQ complex under physiological condition* and that 
neither FP nor FP-CQ can lead to lysis of eryth- 
rocytes and malarial parasites in protein solution 
(Figs 5, 6 and 8). For these reasons we feel that FP- 
CQ complex formation as a basis for the antimalarial 
action of CQ is less likely than some other mech- 
anisms which have been proposed [Sl-551. 
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