
Biochemical Pharmacology, Vol. 37, No. 16, pp. 3139-3147, 1988. 
Printed in Great Britain. 

ccux-2952/l% s3.al + 0.00 
@I 1988. Pergamon Press plc 

DIFFERENTIAL EFFECTS OF CHLOROQUINE ON THE 
PHOSPHOLIPID METABOLISM OF PLASMODIUM- 

INFECTED ERYTHROCYTES* 

HENRI J. VI&t MARIE-LAURE ANCELIN,t MONIQUE J. THUETS and JEAN R. 
PHILIPPOTt 

t CNRS UA 530, INSERM U 58, 60 rue de Navacelles, 34090 Montpellier, and $ Laboratoire de 
Physique Biologique, Institut de Biologie, Boulevard Henri IV, 34000 Montpellier, France 

(Received 20 October 1984; accepted 15 February 1988) 

Abstract-The effect of the antimalarial drug chloroquine (CQ) on the phospholipid metabolism in 
Plasmodium knowlesi-infected simian erythrocytes has been studied by incubating cells with different 
labeled precursors and various concentrations of CQ. The drug induced considerable modifications of 
this metabolism but at the same time decreased nucleic acid and protein synthesis as well as the output 
of 14C02 from radioactive glucose. Phosphatidylcholine biosynthesis was severely reduced. However, 
under these conditions, CQ had the early effect of markedly increasing phosphatidylinositol labeling 
from radioactive inositol, fatty acids, l-(14C)palmitoyl-lysophosphatidylcholine, but not from glycerol. 
Synthesis of phosphatidylserine from (14C)seiine and of phosphatidylethanolamine from labeled glycerol, 
ethanolamine, and serine was increased, especially at high CQ concentrations when the whole metab- 
olism of the parasite was severely reduced. These effects reflect a deep differential effect of CQ on the 
intense phospholipid metabolism of the Plasmodium-infected erythrocytes, which might involve a 
redirecting of phospholipid metabolism similar to that induced by other cationic amphiphilic drugs, and 
a compensatory synthesis resulting from the severe blockage of phosphatidylcholine synthesis. 

Chloroquine (CQ)$ is one of the most active 
phospholipidosis-inducing agents known. It belongs 
to the group of amphiphilic, weakly cationic drugs 
that penetrate biomembranes by non-ionic diffusion 
and accumulate in acidic compartments (such as in 
lysosomes) in their protonated form. Cells exposed 
to CQ readily take up the compound, accumulating 
it in a matter of minutes at concentrations many 
times higher than in the surrounding medium [l]. 
The intralysosomal accumulation of CQ has been 
correlated to a reduction of several lysosomal 
enzyme activities. In several species, including man, 
CQ treatment also causes an abnormal accumulation 
of lipids, mostly of phospholipids (PL), in organs 
with a high content and/or rapid turnover of PL 
[2,3]. The reason for this phenomenon might be 
either an interaction between the drug and lipid- 
metabolizing enzymes or between the drug and PL 
as a substrate. A polar lipid gradient from cytosol 
into lysosomes has also been reported [2,4-6]. As 
soon as the concentration of the polar lipids has 
attained a certain level, they arrange themselves in a 
typical order giving rise to a lamellated or crystalloid 
structure that is ultrastructural hallmark of numerous 
CQ-treated tissues [ 1,2]. 

CQ is the most widely used drug in the treatment 
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of the asexual erythrocytic stage in the plasmodial 
life cycle. The drug is taken up by erythrocytes 
infected with sensitive plasmodia but not by normal 
erythrocytes [7,8]. The drug is concentrated mainly 
in the acidic food vacuole of the parasite, where 
host cell digestion takes place [9, lo]. Since the CQ- 
resistant Plusmodia accumulate significantly less CQ 
than susceptible parasites, it has been speculated 
that this drug acts by means of its lysosomotropism 
[l, 10-121. 

The membrane biogenesis accompanying parasite 
growth requires an adapted PL biosynthesis [13,14]. 
Our previous results have shown that parasitized 
erythrocytes have a considerable capacity for build- 
ing new PL molecules [15] and can increase the PL 
content of erythrocytes by about 500% during the 
24 hr P. knowlesi cycle [16]. 

Although the interaction between amphiphilic 
drugs and polar lipid metabolism is a generalized 
phenomenon not restricted to certain tissues [2], the 
effect of CQ, which is one of the most investigated 
lysosomotropic drugs, on the PL metabolism of 
Plasmodium-infected erythrocytes has not been 
reported. Nevertheless, interference by CQ with the 
intensive PL metabolism present in these cells is 
probable, and considering the above observations, 
it is possible that this interference contributes to the 
drug’s action on parasite growth. In the present 
paper, we describe changes in the PL metabolism of 
P. knowlesi-infected simian erythrocytes induced by 
the CQ. 

MATERIALS AND METHODS 

Chemicals. The labeled compounds (U-14C)glu- 
case, (1(3)-3H) glycerol, (14C)isoleucine, (9,10(n)- 
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3H)oleic acid, (r4C)stearic acid, (2-“‘C)ethano- 
lamine, (i4C-methyl)choline, and myo-(2-3H)inositol 
were obtained from Amersham (Bucks., U.K.), 
(3H(G)hypoxanthine and ~-l-(l-‘4C)palmitoyl-lyso- 
PC from New England Nuclear (Boston, MA) and 
L-(U-‘4C)serine from CEA (France). RPM1 1640 
and modified RPM1 1640 was provided by Eurobio 
(Paris, France). Chloroquine diphosphate was pur- 
chased from Sigma (St. Louis, MO). 

Biological model. We used splenectomized 
Macaca fascicularis monkeys (SANOFI, Montpel- 
lier, France) and cryopreserved 1171 Washington 
strain, variant 1 of P. knowfesi (Dr G. Mitchell, 
Guy’s Hospital, London). Levels of parasitemia were 
determined at appropriate intervals by microscopic 
examination of a Giemsa-stained film of tail blood. 
High infected blood was collected aseptically by veni- 
puncture in citric acid-dextrose after the monkey 
had been anesthetized by an intramuscular injection 
of ketamine (Iffa-Credo, France). The monkeys 
were cured by intramuscular injection of CQ 
(150 mg) on three consecutive days. After 6 weeks, 
they could be reinfected. Cells were collected by 
centrifugation at 700g for 10 min and washed once 
with basic medium (RPM1 1640 without choline, 
inositol and serine, supplemented with 35 mM 
Hepes, pH 7.4). White cells were removed by pass- 
age through a cellulose powder column (CF 11 
Whatman) [18]. After two washes with basic 
medium, the infected erythrocytes were ready for 
experimentation. 

Assay of labeled precursor incorporations. P. 
know/e&-infected erythrocytes were preincubated at 
l&20% hematocrit in basic medium containing the 
indicated concentrations of CQ. After 1 hr at 37”, 
cells were pelleted and the medium was removed. 
They were then incubated with radioactive pre- 
cursors of lipid metabolism (glycerol, fatty acids, 
lysoPC, choline, ethanolamine, serine or inositof) 
or of basic metabolism (glucose, hypoxanthine, 
isoleucine). Incubations were carried out at a hem- 
atocrit of 7-15% in enriched medium composed of 
modified RPM1 1640 (20 PM glycerol, choline, eth- 
anolamine , serine, 10pM myo-inositol) 
supplemented with 35 mM 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid buffer (pH 7.4), 1 mM 
ATP, 30,uM CoA, and 0.5 mM of the essential 
plasmatic fatty acids (FA), namely palmitic, stearic, 
oleic and linoleic acids in a molar ratio of 1.7/0.7/ 
1.3/l .3, respectively, bound to fat-free bovine serum 
albumin (17-20 mg/ml). ATP and CoA facilitate the 
formation of the fatty acid derivatives (e.g. oleyl- 
CoA) involved in their incorporation into PL [19]. 
When 1ysoPC was the radioactive precursor, con- 
centrations of the FA as well as bovine serum albu- 
min were reduced by a factor of 10. After incubation 
at 37” in stoppered test tubes for the indicated time, 
reactions were stopped at 4”. The cells were washed 
once with 5 ml of basic medium and twice with 5 ml 
of 0.9% NaCl. 

Phosphoiipid ~olat~on and determination. For 
incubations performed with labeled precursors of 
PL, the cellular lipid material was extracted and then 
fractionated as described previously [15,20]. When 
(14C)ethanolamine was the precursor, thin layer 
chromatography on silica gel in CHCl~/CH~OH/ 

CH&OOH/lO% NaHS03 (50 : 20 : 6 : 1.5) clearly 
separated phosphatidylcholine (PC), phosphatidyl- 
ethanolamine (PE) and ~,~-dimethyI-PE. After 
visualization with iodine vapor, the silica gel of the 
lipid spots was transferred to vials and radioactivities 
were determined. No measurable radioactivity was 
found apart from spots corresponding to the lipids 
mentioned in text. The amounts of labeled pre- 
cursors incorporated into cellular lipids (nmol. lo7 
cells-‘. time-‘) were computed on the basis of radio- 
activity incorporated into lipids and the specific 
activity of the precursor in the incubation medium, In 
experiments where (U-““C) serine was incorporated 
into PE or PC, radioactivities were corrected for the 
loss of one radioactive carbon unit. 

Non-lipid metabolism studies. To measure labeled 
isoleucine or hypoxanthine incorporation, incubated 
cells were washed twice with 0.9% NaCl at 4”, then 
mixed with 4ml of cold 10% trichloroacetic acid. 
The precipitates were washed twice with 4ml of 
10% trichloroacetic acid and the final residues were 
solubilized in 0.8 ml NCS (Amersham) for 12 hr at 
37”. 1.5 ml of decolorizing Hz02 (110 vol.) was added 
and radioactivities were counted in 20ml of scin- 
tillation fluid. The release of 14COz from (U- 
14C)glucose metabolism was determined by incu- 
bating erythrocytes in glass tubes closed with rubber 
stoppers allowing the passage of a syringe needle, 
and containing a suspended fiberglass filter 
(1.6 cm* GF-D Whatman) moistened with 2 N 
NaOH. At the end of the incubation time, reactions 
were stopped by acidifying the medium with 0.5 ml 
of 2 N H-SO4 and the tubes were shaken for 2 hr to 
assure complete trapping of i4C0,. Radioa~ivity of 
the filter was determined in a 15 ml scintillation 
cocktail. 

Measurement of choline and ethano~am~ne trans- 
port into infected erythrocytes. This was performed 
on pure P. knowlesi-infected erythrocyte suspension 
(96-100% parasitemia) to eliminate the contribution 
of uninfected erythrocytes. These were obtained by 
washing infected red blood cells (lO-25% parasi- 
temia) and subjecting them to a Percoll-sorbitol frac- 
tionation, as recently described [21]. 

Transport of choline and ethanolamine into 
infected erythrocytes after CQ treatment was 
measured after preincubation with various con- 
centrations of CQ, and a change of medium to pro- 
duce similar conditions for the assay of labeled 
precursor incorporations. Transport measurements 
were initiated by rapidly mixing the cell suspensions 
with lOO@ of modified medium containing either 
5 PM (3H)choline (0.4Ci/mmol) or 5 PM (3H)- 
ethanolamine (0.90 Ci/mmol) to give a final hemato- 
crit of 2.8%. After 7 min at 37”, the flux was stopped 
by adding ice-cold basic medium. Triplicate aliquots 
of the cell suspension were immediately placed on 
300 ~1 of dibutyl phthalate (Kodak) in polyethylene 
tubes (containing 100 ~1 basic medium in the bottom) 
and centrifuged in a Beckman II microfuge at 
10,000 g for 10 set at 4”. Supernatants were discarded 
and cells were washed once with basic medium at 4”, 
and then lyzed and precipitated with 5OOpl of 10% 
perchloric acid. After centrifugation, 400,& of the 
supernatant was taken for radioactive determination. 

All experiments were done at least twice with 
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each precursor, at different parasitemias, and with 
different monkeys. Within a single experiment, dif- 
ferences between data from control and CQ-treated 
cells were considered to be statistically significant, 
using Student’s t-test only for P c 0.05. 

RESULTS 

Effiect of chioroquine on the de novo biosyn~h~~ of 
lipid.9 

In the absence of CQ, as already described flS], 
(31-I)glycerol incorporation, which represents the de 
nouo synthesis of lipids, is essentially recovered in 
PE, PC, phosphatidylinositol (PI) and phosphat- 
idylserine (PS) as well as in diacylglycerols and tri- 
acylglycerols (42.3, 38.0, 6.1, 4.3, 7.0, 2.2% of the 
total lipid radioactivity respectively). Figure 1 shows 
that CQ signifi~ntly decreased (by 26%) the incor- 
poration of (3H)glycerol into PC when 5OpM was 
added to the incubation medium. However, no modi- 
fication of PI radioactivity was observed over the 
whole range of CQ concentrations and incorporation 
into PS was significantly decreased only at the highest 
concentration, i.e. 0.5 mM. The most conspicuous 
aspect of this figure is the marked increase in (3H)- 
glycerol incorporation into PE, which was present at 
20 PM CQ (i-38%) and lasted up to at least 0.5 mM. 
Radioactivities recovered in the neutral lipids, 
diacylglycerols and triacylglycerols were not sig- 
nificantly different from controls in the same exper- 
iment (not shown). 

Effect of CQ on non-~~p~d ~erabol~~ in the infected 
cells 

For comparative purposes, the effects of CQ on 
DNA, protein, and glucose metabolism were also 
investigated. Hypoxanthine, which is the purine pre- 
ferred by intraerythr~~c plasmodia [14] and iso- 
leucine, which undergoes high level of incorporation 
into parasite proteins and is absent from Rhesus 
monkey hemoglobin [22], were chosen to label, 
respectively, the nucleic acids and proteins of P. 
knowlesi-infected erythrocytes. The output of radio- 
active 14C02 from (U-14C)glucose served as an index 
of glucose metabolism, which essentially represent 
the percentage of glucose meta~~zed via the para- 
sitic pentose phosphate pathway 114,231, Figure 2 
shows thtat the biosynthesis of nucleic acids and 
proteins was severely affected by CQ. Incorporation 
into the macromolecules was already significantly 
decreased by 25 and 31% at 20@ and dropped 
rapidly at higher concentrations. Thus, protein syn- 
thesis was completely blocked after 1 hr of contact 
between infected cells and 0.5 mM CQ. Experiments 
carried out with (U-14C)glucose showed a similar but 
less drastic decrease in the output of (14COr) only 
when CQ concentrations reached 50 PM or higher. 

,!#ect of CQ on fatty acid ~corporafio~ into 
phospho~~p~~ 

Plasma FA and 1ysoPC both serve as sources 
of the FA required for cellular PL biosynthesis 
[15]. Consequently, we assayed for saturated (14C)- 
stearate, unsaturated (3H)oleate, and L-l- 
(~4~)palmitoyl-lysoPC. Since plasma FA are strongly 

Fig. 1. (3H)-glycerol incorporation into the lipids of P. 
knowlesi-infected erythrocytes as a function of chloroquine 
concentration. P. knowlesi-infected erythrocytes (SS% 
parasitized, ring form) were incubated at 10% hematocrit 
in basic medium containing the indicated ~n~ntrations 
of CQ for 1 hr at 37”. The cells were then pelleted, the 
supematant was removed and 8 x 10s cells were further 
incubated for 90 min at 37* in 1.2 ml of RPMI X40-enriched 
medium containing 20 fiM (‘H)glycerol (540 Ci/mol) and 
the variousconcentrations of CQ. Each point represents the 
mean of triplicate experiments expressed as a percentage of 
the control (cells incubated in the absence of CQ). Vertical 
bars correspond to 1 SE. 100% glycerol incorporation 
into phosphatidyicholine (PC), phosphatidylserine (PS), 
phosphatidylinositol (PI) and phosphatidylethanolamine 
(PE) amounted to 25.6 -C 1.6, 2.9kO.3, 4.1 20.4, 
28.5 + 1.2 nmol/lO”’ infected cells/90 min f SE respec- 
tively. The incorporation of (3H)glycerol into diacylgly- 
cerols and triacylglycerols of control cells corresponded to 
4.7 2 0.4 and 1.5 2 0.1 nmol/lO” infected cells/ 
90 min + SE respectively. None of the CQ con~ntrations 
modified the incorporation of the precursor into neutral 

lipids. 

bound to albumin and their inco~ra~ons into red 
blood cells is a function of the molar ratio FA/ 
albumin [24,25], a 0.5 mM total final concentration 
of the major plasmatic FA and a molar ratio FA/ 
albumin equal to 2 were used in our experiments. 
Figure 3A shows that under these conditions, oleate 
incorporation into PC was slightly but significantly 
decreased at CQ concentrations of 20 PM and higher. 
Although the curves for the inco~oration of this 
precursor into PS and PE recall that for PC, the 
results were significantly different from the control 
only from 0.2 mM CQ upward. By contrast, PI radio- 
activity increased significantly from 10 to 50 PM CQ, 
and then returned to control values. Similar results 
were obtained with (r4C)stearate as the radioactive 
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Fig. 2. Effect of chloroquine on the incorporation of labeled 
h~xanth~ne (A) and isoieucine (A) into acid-insoluble 
material and on the output of “C02 from (r4C)gfucose (x). 
(3H)hy~xanthine (6 &X/ml) and (*4C)isoleuciue (0.8 ,t.&i/ 
ml) were added to a 0.6 ml suspension containing 3.8 X IO8 
ring-infected cells with 55% parasitemia. The output of 
14C02 was measured after 2 hr contact between 100 ~1 of 
basic medium containing 2 X 10s infected cells (same para- 
sitemia) and lOOti of 0.9% NaCl containing radioactive 
glucose. The final glucose concentration was 7.4 mM, 0.34 
Ci/moie. The incubations and processing of the cells were 
carried out as described in Fig. 1 and the text. Results are 
means of three separate experiments and are expressed as 
percentages of the radioactivity in control cells, which 
krtained 1.12 2 0.06 x 106 (3Hjdpm and 49.5 Z!Z 1.8 x ld 
(t4C) dam. The release of 14COT from control cells cor- 
respbnrded to 183 _t 9 nmol/2 x 1G8 total cells. Vertical bars 

correspond to 1 SE. 

precursor except that decreased inco~ration into 
PE was more pronounced (-38% at 20 PM). 

Since we have shown that extracellular FA and 
IysoPC compete for entry into infected erythrocytes 
[15], L-1-(**C)palmitoyl-1ysoPC metabolism was 
assayed in the presence of only 50 PM of the mixture 
of major plasmatic FA, and bovine serine albumin 
was consequently decreased. The concentration of 
exogenous 1ysoPC used in this experiment (8@M, 
i.e. a molar ratio of lysoPC/aibumin equal to 0.3) 
was far lower than haemolytic concentrations. Figure 
3B shows a sig~~~ant decrease in (r4C)lysoPC recov- 
ery in cellular PC at low doses of CQ (-19% at 
50 FM) whereas the decreases observed in the case 
of PE and PS started only at 0.2 mM (-22 and -28% 
respectively). On the other hand, an accumulation 
of (14C palmitoyl)lysoPC in PI occurred at low doses 
of CQ, but the incorporation into this PL returned 
to the control value at 0.1 mM and above. 

The inco~oration of (3H)oleate and (14C)lysoPC 
into neutral lipids remained unchanged relative to 
control values at all CQ concentrations except 
0.5 mM, at which radioactivities recovered in diacyl- 
glycerols and triacylglycerols were decreased by 20- 
53% with either precursor (Data not shown). 

Effect of CQ on the incorporation of PL polar heads 
into Plasmodium infected erythrocytes 

Figure 4A shows that (14C)choline entry into PC 

was inhibited by 32% at 50 /LM and fell progressively 
with increasing concentrations. In contrast, an 
accumuIation of ~3H)inositol in PI occurred at low 
doses of CQ, leveling off at 50pM. However, this 
accumulation was slow at the highest dose of CQ. 

Chloroquine effects on (‘4C)ethanolamine metab- 
olism, which labels both PE and PC [lS] differed 
according to the PL. An increased labeling of PE 
was observed at 50-2OOpM whereas a slight but 
signi~~ant decrease in PC labeling was observed at 
200pM CQ (Fig. 4A). Since this model, i.e. 
increased formation of PE coupled with a decreased 
formation of PC by PE N-methylation could be favor- 
able to an accumulation of the methylated-inter- 
mediate, we tested for this compound. However, 
the thin layer chromatographic analysis showed no 
significant formation of N,N-dimethyl-PE, even at 
the highest dose of CQ. 

The metabolism of (**C)serine which is simul- 
taneously incorporated into PS, PE and PC 115,261, 
was also modified. The expe~ments in Fig. 4B, 
carried out with a suspension of erythrocytes, 10% 
parasitized by the early stage of the parasite showed 
that incorporation of this precursor into PS and PE 
was considerably increased by CO, but only at high 
doses. Radioactivity in PC remained at the control 
value at all CQ concentrations. 

We checked the effect of CQ on the entry of 
radioactive choline and ethanolamine into P. know- 
lesi infected erythrocyte, since the changes observed 
in their incorporation into PL molecules could have 
been due to a change in the availability of these 
precursors for the parasite. The experiments were 
carried out under the same conditions as above 
except that the infected cells were isolated by the 
recently developed method of percoll-sorbitol gradi- 
ent fractionation 1211. This was done to allow a 
precise measurement of the entry of these precursors 
into infected erythrocytes alone since choline and 
ethanolamine can enter uninfected erythrocytes by 
facilitated transport and passive diffusion, respect- 
ively (Ancelin and Vial, in preparation). Figure 5 
shows that after 60 min of contact with various con- 
centrations of CQ, the rate of ethanolamine entry 
into infected cells was not altered. Similarly, the 
entry of choline into the infected cells was not modi- 
fied by CQ except at its highest concentration 
(0.4 mM), in which case entry was reduced by 44%. 

DISCUSSrON 

This work shows that CQ induces a considerable 
modification of PL metabolism in P. knowlesi- 
infected erythrocytes. Glycerol and polar heads are 
not incorporated into normal erythrocyte glycero- 
lipids and we have shown that the incorporation of 
FA and 1ysoPL into infected erythrocyte PL is 70- 
500-fold higher than in normal erythrocytes [lS, 191. 
Moreover, we never observed a significant reticu- 
locyte response as reported in other similar systems 
[27,28]. Consequently, the PL incorporation 
measured can be attributed without possible con- 
fusion to the infected erythrocytes. 

At the same time, however, hypoxanthine and 
isoleucine incorporations into their respective 
macromolecules were also severely reduced, along 
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Fig, 3. Effect of increasing ~ncentrations of chloroquine on the in~~oration of (3H)oleate and L-I- 
(14~)palmitoyl-lyso~ into the lipids of infected erythrocytes. Preincubation, incubation, and processing 
of the cells were carried out as described in the text and Fig. 1. 1.6 X 10’ infected erythrocytes (10% 
ring parasitized) were incubated in the presence of: (A) 13OpM (3H)oleate, 22Ci/mol; (B) 8pM 
(i4C)lysoPC, 57 Ci/mol. The incorporations are means of three experiments and are expressed as 
percentages of incorporation in the absence of CQ. In control cells, the incorporations (nmol/lOio 
infected cells/90 min f SE) into PC, PS, PI and PE were respectively: (A) 40 -C 1.2,8.2 -+ 0.4,9.9 & 0.3 
and 75 2 5; (B) 102 -C 3, 4.5 + 0.2, 7.5 -C 0.8 and 58.5 2 2.7. The standard errors of the mean for the 

data points.ranged from 2 to 12% of the plotted mean values from three observations. 
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Fig. 4. Incorporation of labeled choline, inositol, ethanolamine, and serine into the phospholipids of P. 
knowlesi-infected erythrocytes as a function of choloroquine concentration. Incorporations were 
measured as in Fig. 1 except that the radioactive precursors were: (A) 20 FM (i4C)choiine, 20 Ci/mol, 
and 10 PM (‘H)inositol, 183 Ci/mol or 20 FM {14C)ethanolamine, 9 Ci/mol; (B) 20 PM (14C)serine (83 Ci/ 
mol). The experiments with (14C)e~anolamine used 1.6 x log infected erythrocytes, 10% parasitized, 
Data are the means of three inde~ndent experiments and are expressed as percentages of the 
incorporations observed in the absence of CQ. Vertical bars correspond to 1 SE. In control cells, the 
incorporations (nmol/IO’” infected cells/90 min -C SE) were: (A) chohne into PC, 17.0 f 0.6 (0); inositol 
into PI, 0.24 f 0.01 (U); ethanolamine into PE, fO--0) and PC (O---e): 100 + 7 and 26.0 It 1.7; 

(B) serine into PS (II), PE (0) and PC (0) 8.5 t 0.6, 11.6 z!z 0.5, 1.5 rt 0.2, respectively. 
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Fig. 5. Effect of chloroquine on labeled choline and eth- 
anolamine entry into P. knowiesi infected erythrocytes. 
Entry of 5 PM (3H) choline (a) or 5 FM f3H) ethanoIamine 
(0) into 3.5 x 10’ P. k~~w~e~i infected erythocytes (100% 
parasitemia) was measured for 7 min at 37”. Cells were first 
preincubated for 60 min at 37” in the presence of various 
CQ concentrations as described in Methods. Entry rates 
into untreated infected erythrocytes were 4.5 2 0.5 nmol 
and 11.0 +: 0.7 nmol/lO’O infected cells/7 min for choline 
and ethanolamine, respectively. Entry is expressed as a 
percentage of that in control cells without contact with 
CQ. Data are means of the results of a representative 
experiment done in triplicate. Vertical bars corresponds to 

t SE. 

with the output of 14C02 from glucose metabolism. 
The first modifications of these metabolisms 
appeared at lO-20pM. Although there are no data 
indicating how crucial each of these metabolisms is, 
the decrease in the metabolism of nucieic acid and 
protein, and in the metabolism of glucose via the 
pentose shunt pathways, under our experiments 
conditions, probably followed the lethal effect of CQ 
on the parasite 1291. 

On the other hand, PL synthesis either increased 
or decreased depending on the PL species. The 
results presented here show that CQ generally 
decreased lipid precursor incorporation into PC and 
increased it into PI, PS and PE. For instance, 
f3H)glycerol incorporation increased selectively in 
PE but decreased in PC; the acceleration of labeled 
oleate, stearate and 1ysoPC incorporation was lim- 
ited to PI but first decreased in PC. The incorporation 
of the labeled polar head groups, inositol, eth- 
anolamine and serine into their respective PL was 
clearly stimulated in the presence of CQ, but choline 
incorporation decreased considerably. (3H)glycerol 
as well as FA are precursors common to all 
glycerolipids. This is also true of the FA released 
from 1ysoPC [15]. Hence, an effect of CQ on the 
uptake of these precursors would be parallel in all 
glycerolipid classes. However, a modification of 
polar head incorporations, since each of them is 
specific for a particular PL, could reflect an effect of 
CQ on precursor uptake. We checked that CQ does 
not alter the entry of the cations choline and eth- 
anolamine under our conditions, except at the 
highest CQ concentrations (Fig. 5). Thus, the modi- 
fications of PL precursor incorporations by CQ can- 
not be explained by a change in the entry of so 
various precursors into the infected cells. This is 
strengthened by the observed differential effect of 

CQ on glycerol and FA metabolism depending on 
the PL. 

The decreased biosynthesis of PC observed with 
labeled glycerol, FA, 1ysoPC and choline could be 
the result of a generalized and nonspecific toxic effect 
of CQ on the infected cells, as already observed in 
the case of nucleic acid, protein and glucose metab- 
olisms, or may be part of a specific alteration of 
PL metabolism by CQ in the infected erythrocytes. 
However, a generalized disturbance of parasite 
metabolism does not take into account the fact that 
PI, PS and PE metabolisms were stimulated. In this 
context, the most striking results concerning the 
effect of CQ were the increased biosynthesis of these 
three PL. These data demonstrate that CQ redirects 
PL metabolism, an action reminiscent of the cationic 
amphiphilic drugs, in that its net effect is to decrease 
the synthesis of PC and to increase that of PI and 
PS. 

CQ and other amphiphilic drugs have in common 
two main biochemical effects which lead to the 
accumulation of PL, principally in lysosomes. They 
cause an impairment of PL degradation and a 
redirection of PL synthesis toward acidic PL, 
resulting from an inhibition of phosphatidate 
phosphohydrolase (EC 3.1.3.4). This second change 
involves a diversion of glycerolipid synthesis away 
from PL synthesized by the Kennedy pathway, 
toward CDP-diacylglycerol-derived PL [2,4,6,30]. 

Thus, a stimulation of PI metabolism is com- 
patible with an inhibition of phosphatidate phospho- 
hydrolase. However, the present study also shows 
large differences between labeled precursor incor- 
poration into PI. The drugs stimulated only myo- 
~3~)inositol, FA and 1ysoPC inco~oration into PI 
but did not stimulate t3H)glycerol incorporation. 
The incorporation of the latter precursor is a conse- 
quence only of the de rtovo synthesis of PI. Thus, 
the absence of a concomitant increase in the incor- 
poration of (3H) glycerol into PI could be seen as a 
renewal of the phosphorylinositol and FA moieties 
of PI, conserving the glycerol backbone of the 
molecule. The conservation of the glycerol backbone 
is supported by a recent study showing that cationic 
amphiphilic drugs stimulate the Mn2+-dependent 
inositol exchange reaction [31]. However, other 
observations indicate that PI synthesis via a de nouo 
pathway is also activated in the PI response, probably 
because the diacylglycerols generated by the break- 
down of PI do not enter the metabolic cycle for 
resynthesizing PL but are used as FA donors [32,33]. 
Apart from a specific PI response in infected erythro- 
cytes (we have just demonstrated the presence of a 
PPI cycle in ~l~mod~u~, Vial et al., in preparation), 
the lack of a concomitant stimulation of glycerol 
entry into PI by CQ could also indicate that PI is 
synthesized via a glycero-3-phosphate pool which is 
not affected by CQ. 

The second group of stimulated incorporations 
concerned PS and PE. The decrease in (3H)glycerol 
entry into PS and of labeled FA and 1ysoPC into PS 
and PE occurred only at high CQ concentrations and 
were probably related to the considerabte alteration 
of parasite viability by these drug concentrations (see 
Fig. 2). In this context, the increased PS labeling 
from (14C)serine and increased PE labeling from 
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radioactive glycerol, eth~ola~ne and serine can 
only be more significant since they are present only 
at high CQ concentrations. 

PC is synthesized via the CDP-choline pathway 
but can also be formed from PE via successive PE 
N-methylations. The parasite metabolizes ethano- 
lamine into PE, but PS decarboxylation can provide 
a large proportion of the PE requirements of infected 
cells. PS is the most abundantly synthesized PL, but 
only low levels are present since it is only a precursor 
of PE and PC, the two most abundant PL in infected 
erythrocytes [15,26]. The increase in PS labeling by 
(14C)serine but not by glycerol recalls the effect of 
CQ on PI metabolism and could well reflect the 
redirection of PL synthesis by the amphiphilic 
cationic drugs at the main branchpoint in the pathway 
leading to the various glycerolipids. Since PS func- 
tions as a precursor of PE, PE labeling is logically 
increased. 

Int~guing and more difficult to explain is the 
large increase in the entry of labeled glycerol and 
ethanolamine into PE, indicating a stimulated de 
nouo synthesis. The redirection of glycerolipid syn- 
thesis by cationic amphiphilic drugs in fact involves 
a decreased synthesis of all PL originating from the 
Kennedy pathway by an action at the phosphatidate 
phosphohydrolase step [4]. This should include 
(*4C)eth~ola~ne-labeIed PE. However Leli and 
Hauser [31] have recently suggested an inhibition of 
CTP : phosph~holine cytidyltransferase (2.7.7.15) 
by cationic amphiphilic drugs and we have recently 
demonstrated that (14C)ethanolamine is incorpor- 
ated into PE by a Kennedy pathway distinct from that 
of PC biosynthesis in infected erythrocytes [34,35]. 
Hence, PC biosynthesis could be selectively 
decreased, and PE biosynthesis could escape this 
phenomenon either because it is localized in another 
compa~ent or due to specific enzymes 134,351 not 
altered by CQ. The increased synthesis of PE could 
occur by a compensatory mode as it does when 
infected erythrocytes are deprived of choline (per- 
sonal observations). Molecular mechanisms leading 
to this effect remain to be determined. This will 
require a better enzymatic characterization and 
localization of PL metabolism. 

The action of the first antimalarial compound on 
PL metaboiism in infected er~~~ytes was not 
known even though the biosynthesis of these mol- 
ecules is plethoric in infected erythrocytes and that 
the interactions between CQ and phospholipid 
metabolism are largely documented. The present 
work shows that CQ induces various modifications of 
PL metabolism in P. knowlesi-infected erythrocytes, 
which can be summarized as follows: 
(1) A general disturbance of the whole parasite 
meta~lism. The decrease in PC biosynthesis, which 
is concomitant with a decrease in nucleic acid, pro- 
tein and glucose metabolism, could result from the 
toxic and generalized effect of CQ on the infected 
erythrocytes. 
(2) An early effect, the increase in PI labeling from 
inositol, FA and lysoPC, but not from glycerol, could 
result from the redirection of glycerolipid metab- 
olism caused in various tissue by CQ and other 
amphiphilic cationic drugs. The decrease in PC 
biosynthesis could also reflect this phenomenon. 

(3) PE biosynthesis is clearly increased by the Ken- 
nedy pathway as we11 as by PS decar~xylation. This 
increase, which occurs at high CQ concentrations, 
when other metabolic pathways are severely affected 
could be due to a compensatory mode resulting from 
the severe blockage of PC biosynthesis. 

CQ, which was discovered in 1934, is the leading 
antimalarial drug, but its mechanism of action 
remains obscure. At present, two conflicting theories 
are used to explain its me~h~ism of action: the 
lysosomotropic weak base hypothesis and the fer- 
riprotoporphyrin IX complexation hypothesis 
[12,36-381. Nevertheless, as reported in the above 
mentioned reviews, neither hypothesis is sufficient 
to explain the available data. Ginsburg and Geary 
[38] argue that the well known CQ-phospholipid 
interaction could offer an intriguing explanation for 
CQ action and the phenomenon of reversible CQ- 
resistance. 

CQ concentration of 0.4 @f is usually observed in 
human plasma [39]. It has clearly been demonstrated 
that around 0.1 ,uM of CQ is needed to produce 50% 
inhibition of Plasmodium growth but only over a 
period of 48’hr of drug action [12,38,39]. It is well 
known that the length of exposure to CQ, the number 
of parasites in the cultures, and frequent changes of 
medium influence the lcso of CQ, since the drug 
is quickly removed by the susceptible stages. More- 
over, at 1 FM external CQ concentration, the most 
sensitive stages of Pl~m~dium (trophozoites and 
schizonts) only begin to show toxicity after 2 hr [38]. 
In our experiments, significant effects were observed 
from 10-20 PM, after 60 min of preincubation with 
CQ, i.e. 200 times its lcso (or 50 times its plasmatic 
level), But the duration of exposure was 48 times 
shorter than in experiments aimed at determining 
the 1~~~. It should also be noted that CQ accumulates 
in Pl~modium-infected red cells, where the con- 
centration of the drug can be as much as loo0 times 
higher than in plasma [7] leading in our experiments 
to a large drug depletion in the medium after cell 
incubation. A high hematocrit is a necessity when 
working with expensive radioactive precursors. It is 
reasonable to assume that the infected erythrocytes 
can concentrate CQ 250 times (i.e. a cell/medium 
ratio of 250 for CQ concentration) 17, Ill. In this 
context, incubation of ceils at 20 PM, a concentration 
at which effects on PL are clearly observed, would 
correspond to a CQ concentration of 1.4 FM after 
1 hr of incubation under the conditions of Fig. 1, i.e. 
only one order of magnitude above the IC~~ after 
48 hr of incubation. 

The present study shows that CQ directly inter- 
feres with the PL metabolism of infected cells, lead- 
ing notably to an increased synthesis of acidic PL. A 
marked increase in anionic PL, especially PI, is a 
characteristic phenomenon of CQ treatment, 
resulting in altered surface charges of membranes 
and phospholipidosis [2,40]. Due to the con- 
siderable biosynthesis of PL, which accumulate in 
the newly synthesized membranes of the malarial 
parasite [13,15,16], we cannot exclude the 
possibility that PL are involved in the CQ anti- 
malarial action, notably by altering fundamental 
physiological cell functions such as membrane 
homeostasis. 



3146 H. J. VIAL et al. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

REFERENCES 

De Duve C, de Barsy T, Poole B, Trouet A, Tulkens 
P and Van Hoof F, Lysosomotropic agents. Biochem 
Pharmacol23: 2495-2531. 1974. 
Lullmann H, Lullmann-Rauch R and Wassermann 0. 
Lipidosis induced by amphiphilic cationic drugs. Bio- 
them Pharmacol27: 1103-1108. 1978. 
Blohm TR, Drug-induced lysosomal lipidosis: Bio- 
chemical interpretations. Pharmacol Reu 30: 593-603, 
1979. 
Michell RH, Allan D, Bowley M and Brindley DN, A 
possible metabolic explanation for drug-induced 
ohosbholiuidosis. J Pharm Pharmac 28: 331-332.1976. 
Matsuzaw’a Y and Hostetler K, Effects of chloroquine 
and 4,4’-bis (diethylaminoethoxy)-diethyldiphenyl- 
ethane on the incorporations of (3H) glycerol into 
the phospholipids of rat liver lysosomes and other 
subcellular fractions in oiuo. Biochim Biophys Acta 
620: 592-602, 1980. 
Matsuzawa T and Hostetler K, Inhibition of lvsosomal 
phospholipase A and phospholipase C by chioroquine 
and 4.4’-bis (diethvIaminoethoxv)-diethvldiohenvI- 
ethane.‘J Biol Chem iS5: 5190-5194, 1980: ’ ’ 
Fitch CD, Plasmodium falciparum in owl monkeys: 
drug resistance and chloroquine binding capacity. 
Science 169: 289-290, 1970. 
Verdier F, Le Bras J, Clavier F, Hatin I and Blayo 
MC, Chloroquine uptake by Plasmodium falciparum- 
infected human erythrocytes during in vitro culture and 
its relationship to chloroquine resistance. Antimicrob 
Agents Chemother 27: 561-564, 1985. 
Aikawa M, High resolution autoradiography of 
malarial parasites treated with (3H) chloroquine. Am 
J Path01671 277-284, 1972. 
Yayon A, Cabantchik ZI and Ginsburg H, Identi- 
fication of the acidic compartment of Plasmodium 
falciparum-infected human erythrocytes as the target 
of the antimalarial drug chloroquine. EMBO J 3: 2695- 
2700, 1984. 
Geary TG, Jensen JB and Ginsburg H, Uptake of (‘H) 
chloroquine by drug sensitive and resistant strains of 
the human malaria parasite Plasmodium falciparum. 
Biochem Pharmacol35: 3805-3812, 1986. 
Krogstad DJ and Schlesinger PH, A perspective on 
antimalarial action: effects of weak bases on Plus- 
modium falciparum. Biochem Pharmacol35: 547-552, 
1986. 
Holz GG, Lipids and the malarial parasite. Bull Wld 
Hlth Organiz*SS: 237-248, 1977. _ 
Sherman IW, Biochemistry of Plasmodium (Malarial 
parasites). Microbial Rev 43: 453-495, 1979. 
Vial HJ, Thuet MJ, Broussal JL and Philippot JR, 
Biosvnthesis bv Plasmodium knowlesi-infected 
erythrocytes: the incorporation of phospholipid pre- 
cursors and the identification of previously undetected 
metabolic pathways. J Parasitol68: 379-391, 1982. 
Vial HJ, Philippot JR and Wallach DF, A reevaluation 
of the status of cholesterol in erythrocytes infected by 
Plasmodium knowlesi and P. falciparum. Mol Biochem 
Parasitol 13: 53-65, 1984. 
Rowe AW, Eyster RE and Kellner A, Liquid nitrogen 
preservation of red-blood cells for transfusion. Cryobi- 
ology 5: 119-128, 1968. 
Homewood CA and Neame KD, A comparison of 
methods used for the removal of white cells from mal- 
aria-infected blood. Ann Trop Med Parasitol70: 249 
251, 1976. 
Van Deenen LLM and De Gier J, Lipids of the red cell 
membrane. In: The Red Blood Cell (Ed. Surgenor D), 
pp. 147-211. Academic Press, New York, 1975. 
Vial HJ, Thuet MJ, Ancelin ML, Philippot JR and 
Chavis C, Phospholipid metabolism as a new target for 

malaria chemotherapy: mechanism of action of D-2- 
Amino-1-Butanol. Biochem Pharmacol33: 2761-2770, 
1984. 

21. Kutner S, Breuer WV, Ginsburg H, Aley SA and 
Cabantchik ZI, Characterization of permeation path- 
ways in the plasma membrane of human erythrocytes 
infected with early stages of Plasmodium falciparum: 
Association with parasite development. J Cell Physiol 
114: 245-251, 1985. 

22. McColm AA, Shakespeare PG and Trigg PI, Protein 
synthesis in the erythrocytic stages of Plasmodium 
knowlesi. In: Biochemistry of Parasites and Host-Para- 
site Relationships (Eds. Van Den Bossche H), pp. 5% 
65, Elsevier, Amsterdam, 1976. 

23. Shakespeare PG, Trigg PI, Kyo SI and Tappenden L, 
Glucose metabolism in the Simian malaria parasite 
Plasmodium knowlesi: activities of the glycolytic and 
pentose phosphate pathways during the intraerythro- 
cytic cycle. Ann Trop Med Parasitol73: 407-415,1979. 

24. Muller WE and Wollert J, Human serum albumin as a 
silent receptor for drugs and endogenous substances. 
Pharmacology 19: 5967, 1979. 

25. Donabian RK and Karmen A, Fatty acid transport and 
incorporation into human ervthrocvtes in vitro. J Clin 
Inoest 46: 1017-1027, 1967. . . 

26. Vial HJ, Thuet MJ and Philippot JR, Phospholipid 
biosynthesis in synchronous Plasmodium falciparum 
cultures. J Protozool29: 258-263, 1982. 

27. Weatherall DJ, Abdalla S and Pippard MJ, The anemia 
of Plasmodium falciparum malaria. In: Malaria and the 
Red Cell (Ciba Foundation Symposium), pp. 7497. 
Pitman, London, 1983. 

28. Boopucknavig V, Srichaikul T and Punyagupta T, Clini- 
cal pathology. In: Antimalarial Drugs I (Eds. Peters 
W and Richards WH), pp. 127-176. Springer-Verlag, 
Berlin 1984. 

29. Chou SG, Conklin KA, Levy MR and Warhurst DC, 
Surrogate models for antimalarials. In: Antimalarial 
Drues I (Eds. Peters W and Richards WM. DD. 281- 
329.“Springer Verlag, Berlin, 1984. ’ L I 
Seydel JK and Wassermann 0, NMR-studies on the 
molecular basis of drug-induced phospholipidosis. II. 
Interaction between several amphiphihc drugs and 
phospholipids. Biochem Pharmacol 25: 2357-2364, 
1976. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

Leli U and Hauser G, Modification of phospholipid 
metabolism induced by chlorpromazine, desmethyl- 
imipramine and propanol in C6 glioma cells. Biochem 
Pharmacol36: 31-37, 1987. 
Michell RH, Inositol phospholipid and cell receptor 
function. Biochim Biophys Acfa 415: 81-147, 1975. 
Hasegawa-Sasaki H and Sasaki T, Phytogen-induced 
stimulation of synthesis de no00 of phosphatidyl inosi- 
tol, phosphatidic acid and diacylglycerol in rat and 
human lymphocytes. Biochim Biophys Actu 666: 252- 
258, 1981. 
Ancelin ML, Vial HJ and Philippot JR, Char- 
acterization of choline and ethanolamine kinase activi- 
ties in Plasmodium infected erythrocytes. In: Enzymes 
of LiDid Metabolism II (Eds. Frevsz L. Drevfus H and 
Massarelli R), pp. 59-64. Plenum Press, New York 
1986. 
Ancelin ML and Vial HJ, Several lines of evidence 
demonstrating that Plasmodium falciparum a parasitic 
organism has distinct enzymes for the phosphorylation 
of choline and ethanolamine. PEBS Lett 202: 217-223, 
1986. 
Fitch CD, Antimalarial schizonticide: ferriprotopor- 
phyrin IX interactions hypothesis. Parasitol Today 2: 
330-331, 1986. 
Warhurst DC, Antimalarial schizonticides: why a per- 
mease is necessary. Parasitol Today 2: 331-334, 1986. 
Ginsburg H and Geary TG, Current concepts and new 



Chloroquine and phospholipid metabolism 3147 

perspective on the mechanism of action of quinoline- 40. Hostetler KY, Reasor M and Yazaki PJ, Chloroquine- 
containing antimalarials. Biochem Pharmacol36: 1567- 
1576, 1987. 

induced phospholipid fatty liver. Measurement of drug 
and lipid concentration in rat liver lysosomes. .I Biol 

39. Bruce-chwatt LJ, Chemotherapy of Malaria, 280pp. Chem 260: 215-219, 1985. 
World Health Organization, Geneva, 1981. 


