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Plasmodium falciparum malaria kills roughly 2.5 million people, mainly children, annually. Much of this
mortality is thought to arise from the actions of a malarial toxin. This toxin, identified as glycosylphosphati-
dylinositol (GPI), is a major pathogenicity determinant in malaria. A malarial molecule, Pfj, labeled by
[3H]glucosamine like the GPIs, was identified as a non-GPI molecule. Here we show that Pfj is able to
down-regulate tumor necrosis factor alpha (TNF-�) production induced by the GPI of P. falciparum. Mass
spectrometry analysis showed that Pfj was not a single molecule but represented a number of molecules.
Separation methods, such as cation-exchange chromatography and thin-layer chromatography, were used to
isolate and identify the following four main fatty acids responsible for the inhibitory effect on TNF-� produc-
tion: myristic, pentadecanoic, palmitic, and palmitoleic acids. This regulatory effect on cytokine production
suggests that there is balanced bioactivity for the different categories of malarial lipids.

Infectious diseases caused by parasitic protozoans constitute
one of the greatest public health problems of mankind, affect-
ing 15% of the global population and having high morbidity
and fatality rates. Plasmodium falciparum malaria alone infects
about 500 million people worldwide and is responsible for
approximately 2.5 million deaths per year. Several pathophys-
iological responses, such as cerebral malaria, metabolic acido-
sis, anemia, and hypoglycemia, are associated with malaria
infection (32). Glycosylphosphatidylinositol (GPI) molecules
that are free or linked to surface antigens of the parasites have
been identified as dominant toxins involved in the pathogenic
process. These molecules initiate the production of excess lev-
els of the cytokines tumor necrosis factor alpha (TNF- �) and
interleukin-1 (IL-1), leading to a systemic inflammatory cas-
cade, renal failure, multiorgan inflammation, hypoglycemia,
lactic acidosis, and death (33). Purified malarial GPIs also
increase expression of cell adhesion molecules (ICAM-1,
VCAM-1, and E-selectin) and nitric oxide production in hu-
man vascular endothelial cells through cytokine-independent
pathways (35, 39). Thus, GPIs could participate in the increase
in adherence of parasitized erythrocytes to brain vascular cells
and in the increase in intracranial pressure observed in cere-
bral malaria. GPI toxicity is required for the development of
severe disease syndromes in rodent models and may be the
target of antidisease vaccination strategies (31, 34).

However, little is known about the role played by other
parasitic lipids in the development of malaria pathogenesis. De
novo biosynthesis of sphingolipids has been described in P.
falciparum (13). Studies of intraerythrocytic development of P.
falciparum have established that sphingomyelin is synthesized
(1, 8, 14) by a parasite-specific enzyme and is important for
parasite-mediated nutrient uptake (17, 18). In contrast to other
eukaryotic cells, no discernible amounts of steryl esters are
produced, and cholesterol is nearly absent in the parasite (42).
During intraerythrocytic development of the parasite, the
phospholipid composition of the erythrocyte membrane is
strikingly altered. The plasma membrane of infected erythro-
cytes contains more phosphatidylcholine and phosphatidylino-
sitol (PI) and less sphingomyelin than the plasma membrane of
normal uninfected erythrocytes contains (15). Large increases
in the levels of palmitic (C16:0) and oleic (C18:1) acids and
major decreases in the levels of polyunsaturated fatty acids,
such as arachidonic (C20:4) and docosahexaenoic (C22:6)
acids, occur as a result of infection (15). This makes the phos-
pholipid composition very similar to that of the parasite, indi-
cating that there is intense dynamic phospholipid traffic be-
tween the erythrocyte membrane and the membrane of the
intracellular parasite (15). Since mature erythrocytes have neg-
ligible lipid synthesis and metabolism, these modifications,
according to Hsiao et al. (15), must be a result of parasite
metabolism of erythrocyte lipids. Several studies have shown
that the biosynthetic machinery of the parasite can provide all
of the new phospholipid molecules. Two P. falciparum genes
have been characterized; one of them encodes the choline-
phosphate cytidylyltransferase, which catalyzes the rate-limit-
ing step in the de novo synthesis of phosphatidylcholine, and
the other encodes the CDP-diacylglycerol synthase, which syn-
thesizes CDP-diacylglycerol, a central molecule for the metab-
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olism of PI, phosphatidylglycerol, and phosphatidylserine (21,
44). A new pathway, which appears to be unique to Plasmo-
dium, directly decarboxylates serine, thus providing the para-
site with ethanolamine (7). The GPI biosynthetic pathway (5)
and both the PI biosynthetic pathway and PI synthase in P.
knowlesi and P. falciparum (41) have been described previ-
ously. Parasitized erythrocytes and hemozoin were found to
contain large amounts of monohydroxy derivatives of poly-
enoic fatty acids in their ester lipids (36). A detailed structural
analysis suggested that nonenzymatic, heme-catalyzed lipid
peroxidation is the origin of these products. In hemozoin and
parasitized erythrocytes a complex mixture of hydroxylinoleic
acid and hydroxyarachidonic acid isomers was detected. The
intraerythrocytic stages of P. falciparum accumulate triacylglyc-
erol produced using oleate and diacylglycerol as substrates (26,
42). In contrast to other eukaryotic cells, neither steryl esters
nor cholesterol esters, a second neutral lipid species reported
to be important for a related apicomplexan, Toxoplasma
gondii, were detected in P. falciparum (26, 42). PfDGAT, an
enzyme similar to the acyl-coenzyme A:diacylglycerol acyl-
transferases (DGAT) involved in neutral lipid synthesis, is
expressed in a stage-specific manner and is the most likely can-
didate for plasmodial triacylglycerol synthesis (26, 42). Synthe-
sized neutral lipids are stored as lipid bodies in the parasite
cytosol in a stage-specific manner. Their biogenesis is not mod-
ified upon incubation with excess fatty acids or lipoproteins or
after depletion of lipoprotein in the culture medium (24).

After labeling of intraerythrocytic parasites with [3H]glu-
cosamine, a radioactive peak having an unknown composition,
designated Pfj, was observed (10). A similar peak was also
detected after labeling of the cell-free system with UDP-
[6-3H]GlcNAc but not after labeling with GDP-[2-3H]mannose
(11). Furthermore, Pfj was not sensitive to GPI-specific phos-
pholipase D and PI-phospholipase C, indicating that it is not a
GPI (11). In the present study we aimed at understanding the
biological effect of Pfj isolated from P. falciparum and charac-
terizing it. Here we show that Pfj is able to inhibit TNF-�
production induced by the GPI of P. falciparum. Also, we
demonstrate that Pfj is not a single compound but a mixture of
several molecules and that fatty acids are responsible for the
inhibitory effect.

MATERIALS AND METHODS

Materials. [3H]glucosamine hydrochloride (25 Ci/mmol) was purchased
from Hartmann Analytic (Braunschweig, Germany). Myristic, pentadecanoic,
palmitic, palmitoleic, stearic, and oleic acids were obtained from Sigma
(Deisenhofen, Germany). All solvents used were analytical or high-perfor-
mance liquid chromatography grade and were obtained from Riedel-de Haen
(Seelze, Germany).

Parasites. P. falciparum strain FCBR was obtained from B. Enders, Behring
Co. (Marburg, Germany). It was maintained as previously described (29). De-
velopment and multiplication of plasmodial cultures were monitored by micro-
scopic evaluation of Giemsa-stained smears. Parasite cultures were routinely
checked for Mycoplasma contamination. Parasite multiplication was assessed as
described previously (6). Trophozoites were isolated from rings and noninfected
erythrocytes by magnetic separation using SuperMACS and D columns (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany).

Metabolic labeling of P. falciparum GPIs. Metabolic labeling of P. falciparum
was performed in a glucose-free medium (Sigma) supplemented with 20 mM
fructose (10). Cultures of 32- to 40-h-old parasites (trophozoites) were labeled
with 0.5 mCi [3H]glucosamine for 4 h at 37°C. After labeling, parasites were
released from erythrocytes by saponin lysis as described previously (10).

Extraction and purification of GPIs. P. falciparum labeled and unlabeled GPIs
were extracted three times with chloroform-methanol-water (10:10:3, by vol-
ume), dried under a nitrogen stream, subjected to “Folch” washing (9), and
recovered in the n-butyl alcohol phase after partitioning between water and
water-saturated n-butyl alcohol (1:1, by volume). Unlabeled GPIs were separated
by thin-layer chromatography (TLC) on Merck Silica Gel 60 plates using a
chloroform-methanol-water (4:4:1, by volume) solvent system. GPIs from met-
abolically labeled parasites were used as tracers. Chromatograms were scanned
for radioactivity using a Berthold LB 2842 linear analyzer. The area correspond-
ing to the GPI Pf� was scraped off, reextracted with chloroform-methanol-water
(10:10:3, by volume) by sonication (Branson 3200; 47 MHz), and recovered in the
n-butyl alcohol phase after water-saturated n-butyl alcohol–water partitioning.
The area corresponding to the non-GPI molecule Pfj was scraped off the TLC
plate, extracted from the silica with chloroform-methanol-water (10:10:3, by
volume) by sonication, dried, and subjected to saponification using methanol–0.1
M KOH at 50°C for 4 h. After drying, partitioning between water and water-
saturated n-butyl alcohol permitted recovery of the alkali-stable molecules in the
n-butyl alcohol phase. Glycolipids were extracted from noninfected erythrocytes
using the same procedure.

Purification of sphingolipid classes. The lipids of P. falciparum trophozoites or
of noninfected erythrocytes were extracted with chloroform-methanol-pyridine
(90:60:1, by volume). After drying under a nitrogen stream, GPIs were elimi-
nated by saponification using methanol–0.1 M KOH at 50°C for 4 h. Extracted
lipids were partitioned between water and water-saturated n-butyl alcohol. Then
the alkali-stable lipids recovered in the butanol phase were separated by using
aminopropyl-bonded silica gel (LC-NH2) and weak cation-exchange (LC-WCX)
cartridges and different solvents (3). The LC-NH2 column was preconditioned
with 2 ml hexane. Then the parasite lipids diluted in 200 �l of chloroform were
loaded onto the column. The first fraction (cholesterol [85%], cholesteryl esters,
triglycerides, diglycerides, fatty alcohols, fatty acid methyl esters) was eluted with
1.4 ml of hexane-ethyl acetate (17:3, by volume). Then the LC-NH2 column was
positioned on a LC-WCX column preconditioned with 1 ml of hexane, 2 ml of
methanol–0.5 N acetic acid, 4 ml of methanol, and 4 ml of hexane. The second
fraction (cholesterol [15%], monoglycerides, free ceramides, N-methyl deriva-
tives of sphingoid bases) was eluted through both cartridges with 1.6 ml of
chloroform-methanol (23:1, by volume), and the third fraction (normal and
�-hydroxy free fatty acids) was eluted by passing 1.8 ml of di-isopropyl ether–
acetic acid (98:5, by volume) through the two columns. The fourth fraction
(ceramide mono-, di-, and trihexosides, globoside) was eluted with 2 ml of
acetone-methanol (9:1.35, by volume) through the two columns. Next, the two
cartridges were taken apart and processed further separately. The LC-WCX
cartridge was eluted with 2 ml of chloroform-methanol (9:3, by volume) to
recover the rest of the fourth fraction and with 2 ml of 1 N acetic acid in
methanol to elute the fifth fraction (sphingosine, dihydrosphingosine, phyto-
sphingosine). The LC-NH2 column was eluted with 2 ml of chloroform-methanol
(2:1, by volume) to obtain the sixth fraction (sphingomyelin, phosphatidylcho-
line, lysolecithin, lysophosphatidylcholine, lecithin, phosphatidylethanolamine).
All solvents were dried under a stream of nitrogen, and the molecules in the six
fractions were tested using macrophages with or without GPI Pf�.

Thin-layer chromatography. The third fraction containing fatty acids was
separated by thin-layer chromatography using a chloroform-methanol (50:2, by
volume) solvent system. Unsaturated fatty acids were visualized by staining with
iodine vapor, and silica was scraped off in eight parts according to the positions
of the yellow spots. Lipids obtained from each scraping were extracted with
chloroform-methanol-water (10:10:3, by volume) by sonication, dried, and indi-
vidually tested with macrophages in the presence of the Pf�. The fraction that
had a biological effect was subjected to thin-layer chromatography again using a
chloroform–methanol–2 M aqueous ammonia (65:25:4, by volume) solvent sys-
tem. Unsaturated fatty acids were detected with iodine, and silica was scraped off
in eight parts. Lipids were extracted from the silica with chloroform-methanol-
water (10:10:3, by volume) by sonication, and each part was individually tested
with macrophages.

Electrospray-mass spectrometry (ES-MS) analysis. Glycosphingolipid frac-
tions and standards were dissolved in 66% acetonitrile, 0.3% formic acid, loaded
in Micromass type-F nanotips, and analyzed in positive-ion mode with a Micro-
mass QTof2 mass spectrometer using a capillary voltage of 950V and a cone
voltage of 40 V. Mass spectra were collected and processed with the MassLynx
software. Fatty acid fractions and standards were dissolved in chloroform-meth-
anol (1:1, by volume), loaded in Micromass type-F nanotips, and analyzed in
negative-ion mode with an ABI QStarXL mass spectrometer using a capillary
potential of 900 V and a declustering potential of 60 V. Mass spectra were
collected and processed with the ABI Analyst software.
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TNF-� production by macrophages. RAW 264.7 macrophages were diluted to
obtain a concentration of 106 cells/ml with the serum-free medium Panserin 401
(Pan Biotech GmbH, Aidenbach, Germany), and 0.2-ml aliquots were dispensed
into the wells of a 96-well plate. The cells were allowed to adhere for 3 h, washed
with medium, and incubated at 37°C in a 5% CO2 atmosphere for 24 h with
medium containing the molecules tested. The GPI and its precursors were stored
in n-butyl alcohol, and the different sphingolipid classes were stored in chloro-
form-methanol-water (40:30:4). The amount needed for one experiment was
dried under a nitrogen stream to remove the solvent. The culture medium was
added, and molecules were resuspended in this medium by sonication. For the
negative control, macrophages were incubated with medium alone. The absence
of endotoxin in all molecules was checked with a Limulus amebocyte lysate kit
(QCL-100; Bio-Whittaker, Walkersville, MD). Measurement of TNF-� and
IL-12 levels in the macrophage culture supernatants was performed using a
specific sandwich enzyme-linked immunosorbent assay (ELISA) (BD Bio-
sciences, San Jose, CA). Nitric oxide levels were measured using the Griess assay.
Briefly, 1 volume of 0.1% naphthylethylenediamine (in water) and 1 volume of
1% sulfanilamide (in 5% phosphoric acid) were added to 2 volumes of culture
supernatant. Absorbance was compared with the absorbance of NaNO2 stan-
dards.

Statistics. The unpaired Student t test was used for statistical evaluation, and
a P value of �0.05 was considered significant.

RESULTS

Pfj inhibits GPI-induced TNF-� production. Pfj is a peak
detected on TLC after labeling of parasites with [3H]glu-
cosamine (Fig. 1A) and has been described as a non-GPI
molecule (11). Since the malarial GPI Pf� induces TNF-�
production in macrophages (33), we sought to determine
whether Pfj could also stimulate the cells to produce TNF-�.
To that end, macrophages were incubated with different
amounts of Pfj, and TNF-� secretion in supernatants was mea-
sured using a sandwich ELISA. Pfj failed to induce TNF-�
production by macrophages at any amount tested (Fig. 1B).
We have previously shown that a crude extract of T. gondii
glycolipids was unable to induce TNF-� production by macro-
phages (4). Purification of individual GPIs by TLC was necessary
to obtain a response, suggesting that one or more inhibitory mol-
ecules were present in the crude extract. Such inhibitory mole-
cules could also exist in Plasmodium. As Pfj did not have a stim-
ulatory effect, it could have an inhibitory effect. To investigate
this, Pfj was added to the malarial toxin GPI Pf�, which was
isolated from the parasites and had the following structure (12):
ethanolamine-phosphate-6(mannose [Man]�1-2)Man�1-
2Man�1-6Man�1-4-glucosamine-phosphate-diacylglycerol
(4GlcN-P-DAG). As described previously (35), TNF-� was found
in supernatants of macrophages stimulated with Pf� (Fig. 1C).
When Pfj was added 30 min prior to addition of Pf�, the produc-
tion of TNF-� was inhibited in a dose-dependent manner (Fig.
1C). In the same way, Pfj reduced Pf�-induced NO production
(Fig. 1D).

To be sure that this inhibitory effect was not due to a non-
parasitic molecule, glycolipids from noninfected erythrocytes
were subjected to the same isolation procedure. Erythrocyte
glycolipids separated on a silica plate and located at the same

FIG. 1. Pfj inhibits GPI-induced TNF-� production. (A) TLC scan of
[3H]glucosamine-labeled glycolipids of P. falciparum using a Berthold LB
2842 linear analyzer. (B) Macrophages were incubated for 24 h in the
presence of Pfj extracted from 106, 107, or 108 P. falciparum trophozoites.
LPS (200 ng/ml) was used as a positive control. Medium alone was used
as a negative control (lane M). (C) Macrophages were incubated for 24 h
in the presence of the P. falciparum GPI Pf� (�) alone or with Pfj
extracted from 106 to 5 � 108 trophozoites or with glycolipids extracted

from noninfected erythrocytes and corresponding to the Pfj area after
TLC (Ej). Pfj and Ej were added 30 min before Pf� was added. Super-
natants were assayed for TNF-� production using a sandwich ELISA or
for NO production using the Griess assay (D). The values are means �
standard deviations of triplicate samples in a representative experiment.
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position as Pfj were tested in the presence of Pf�. No diminu-
tion of TNF-� secretion was observed (Fig. 1C), confirming
that the TNF-� inhibition obtained with Pfj had a parasitic
origin. The inhibitory effect of Pfj was not due to cell death as
the viability of macrophages was confirmed microscopically by
trypan blue exclusion (data not shown).

ES-MS analysis of Pfj. In contrast to P. falciparum GPIs, Pfj
was not sensitive to alkaline treatment and deamination with
nitrous acid (11), raising the possibility it may be a glycosphin-
golipid. ES-MS analysis of the ganglioside GM1 used as a
glycosphingolipid control revealed doubly charged positive
ions (Fig. 2A). The same analysis showed that Pfj contained a
variety of different molecules, but none belonged to the sphin-
golipid family as only singly charged positive ions were present
(Fig. 2B). Furthermore, the intensity of ions in the Pfj area was
very low, although the sample was isolated from 5 � 109 par-
asites.

TNF-� production in response to sphingolipid classes pu-
rified from P. falciparum. In order to identify the molecule
responsible for the GPI inhibition, an alternative method was
used to separate the molecules of P. falciparum. Lipids of the
parasites were extracted with chloroform-methanol-pyridine
and subjected to saponification to eliminate GPIs as described
in Materials and Methods. Sphingolipid classes from 2 � 109

trophozoites were separated by using aminopropyl-bonded
silica gel (LC-NH2) and weak cation-exchange (LC-WCX) car-
tridges and different organic solvents. Six fractions, one con-
taining neutral lipids, one containing free ceramides, one con-
taining fatty acids, one containing neutral glycosphingolipids,
one containing free sphingoid bases, and one containing sphin-
gomyelin, were obtained and individually tested. None of the

six fractions induced TNF-� production by macrophages (Fig.
3A). When the six fractions were tested in the presence of the
GPI Pf�, only fraction 3 containing fatty acids inhibited TNF-�
secretion induced by the malarial toxin (Fig. 3B). The viability
of macrophages was confirmed by trypan blue exclusion (data
not shown). To check if this inhibitory effect was due to a
nonparasitic molecule, glycolipids from noninfected erythro-
cytes were subjected to the same separation procedure. None
of the six fractions obtained from erythrocytes reduced the
GPI-induced TNF-� production (Fig. 3C). Since fatty acids
cannot be labeled with [3H]glucosamine, we sought to deter-
mine how the inhibitory molecules present in Pfj could be fatty
acids. To this end, we scraped off the Pfj radioactive peak from
a TLC plate and separated it with both cartridges. While the
inhibitory molecules were recovered in fraction 3 containing
fatty acids, the radioactivity was recovered in the first fraction,
in which neutral lipids eluted (data not shown). This fraction
did not have an inhibitory effect on GPI-induced TNF-� pro-
duction. Since neutral lipids cannot be labeled by [3H]glu-
cosamine, the peak observed in the Pfj area might be another
type of molecule coeluting with these lipids.

ES-MS analysis of fraction P3. The method described above
provided evidence indicating that fraction P3 should contain
fatty acids. As shown by ES-MS analysis, fraction P3 contained
several unsaturated fatty acids, mainly C18:0, C18:1, C20:4,
and C22:5 (Fig. 4A). Fraction E3 from noninfected erythro-
cytes also contained singly charged ions, but the two spectra
were not identical and E3 contained less fatty acids, mostly
C14:0, C16:0, and C18:0 (Fig. 4B). With this in mind, the area
corresponding to Pfj on the TLC plate was analyzed again, and
it also contained fatty acids, mainly C14:0, C15:0, C16:0, C18:1,

FIG. 2. Pfj fraction does not contain glycosphingolipids: positive-ion electrospray mass spectra of ganglioside GM1 (A), used as an authentic
glycosphingolipid standard to validate the analytical method, and of the Pfj fraction (B). The data were normalized to the intensity of the most
abundant [M � 2H]2� doubly charged GM1 ganglioside ion (m/z 809.9, 100%) in panel A. Only low-intensity, singly charged (nonglycosphingo-
lipid) ions were observed in the Pfj sample.
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and C18:1-OH (Fig. 4C). The spectra of Pfj and P3 were not
identical, but some fatty acids were common to both of these
spectra.

Isolation of inhibitory fatty acids by thin-layer chromatog-
raphy. To determine which fatty acid in the panel was respon-
sible for the inhibitory effect, TLC performed with the chloro-
form-methanol (50:2, by volume) solvent system was used to
subfractionate fraction P3. Iodine vapors allowed staining of
the unsaturated fatty acids, which were scraped off. The sur-
faces situated between the yellow spots, containing saturated

fatty acids, were also scraped off in order to recover all mole-
cules. Only the second area containing unsaturated fatty acids
inhibited GPI-induced TNF-� production by macrophages
(Fig. 5A). The yellow spot was large, suggesting that several
molecules were present. A second TLC was done to further
separate the fatty acids present in this inhibitory fraction. The
chloroform–methanol–2 M aqueous ammonia (65:25:4, by vol-
ume) solvent system was used, and the unsaturated fatty acids
were stained by using iodine vapors. Once again, areas were
scraped off and tested with macrophages. The last fraction
(migrating in the last 2 cm before the front [P3/2/8]) had an
inhibitory effect (Fig. 5B). Analysis of this fraction by ES-MS
revealed major ions at m/z 227, 241, 253, 255, 281, and 283,

FIG. 3. Fraction P3 containing fatty acids inhibits GPI-induced
TNF-� production. (A) Macrophages were incubated for 24 h in the
presence of the six different fractions (P1 to P6) isolated from 2 � 108

trophozoites. (B and C) Macrophages were incubated for 24 h in the
presence of Pf� (�) alone or with fractions P1 to P6 (added 30 min
before Pf� was added) (B) or with the six fractions extracted from
noninfected erythrocytes (E1 to E6 added 30 min before Pf� was
added) (C). Medium alone was used as a negative control (lanes M).
The values are means � standard deviations of triplicate samples in a
representative experiment.

FIG. 4. Fatty acid analysis of Plasmodium and noninfected red cell
fractions. Negative-ion electrospray-mass spectrometry was used to
identify the carboxylate ([M-H]�) ions of free fatty acids present in the
P3 fraction from P. falciparum (A), the E3 fraction from noninfected
erythrocytes (RBC) (B), and the Pfj fraction from P. falciparum (C).
The data in panel B were normalized to the intensity of the most
intense fatty acid ion (m/z 281) in panel C to illustrate the paucity of
fatty acids in the noninfected-erythrocyte-derived fraction.
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which were identified as myristic acid (C14:0), pentadecanoic
acid (C15:0), palmitoleic acid (C16:1), palmitic acid (C16:0),
oleic acid (C18:1), and stearic acid (C18:0), respectively (Fig.
5C). They were present at nanomolar concentrations in the

sample. To discriminate between these six molecules, commer-
cially available fatty acids were individually tested with macro-
phages stimulated by the P. falciparum GPI Pf�. Four of the six
molecules, myristic, pentadecanoic, palmitic, and palmitoleic
acids, were able to mimic the inhibitory effect of the natural
compounds, but the inhibition was weaker (Fig. 6). This sug-
gests that a specific proportional composition of fatty acids is
required to obtain maximal down-regulation of TNF-� output.
When the six fatty acids were added together in the same
proportion as in the natural extract (1 part of C14:0, 0.7 part of
C15:0, 1.5 parts of C16:0, 1 part of C16:1, 0.75 part of C18:0,
and 0.7 part of C18:1), the TNF-� inhibition was stronger (Fig.
1G).

All precursors of the GPI Pf� activate TNF-�. Pfj was lo-
cated between the GPI precursors Pf� [Man3-GlcN-inositol
(Ino)(acyl)-P-DAG] and Pfε [Man2-GlcN-Ino(acyl)-P-DAG]
(Fig. 1A). A previous study showed that Pf� is able to induce
production of TNF-� in macrophages, whereas Pfε and the
precursors migrating farther on the plate, including Pf	 (GlcN-
Ino-P-DAG), Pf
 [Man1-GlcN-Ino(acyl)-P-DAG], and Pf�
[GlcN-Ino(acyl)-P-DAG], do not stimulate the cells (40). Our
conclusion was that the minimal structure required to trigger a
response in the cells should have three mannose residues
(Man�1-2Man�1-6Man�1-4GlcN-inositol). The discovery of in-
hibitory fatty acids migrating after Pf� raises the possibility that
the TNF-� production could have been inhibited in previous
experiments by other molecules comigrating with the smaller pre-
cursors (Pfε, Pf	, Pf
, Pf�). The GPI extraction procedure using
chloroform-methanol-water followed by phase partitioning be-
tween water and water-saturated n-butanol simultaneously ex-
tracted phospholipids or other hydrophobic contaminants. To
eliminate these unwanted molecules from the GPI prepara-
tion, the butanol phase was slowly dried under a nitrogen
stream until the GPIs precipitated. This simple method effi-
ciently separates the GPIs contained in the pellet from the
contaminants present in the supernatant (2). The GPIs were
dissolved in butanol and applied to a TLC plate. GPI Pf� and
all its precursors were scraped off the TLC plate, extracted, and
tested with macrophages. As shown in Fig. 7A, not only Pf�, Pf�
[EtN-P-Man3-GlcN-Ino(acyl)-P-DAG], Pf [Man4-GlcN-Ino
(acyl)-P-DAG], and Pf� but also the smaller precursors Pfε,
Pf	, Pf
, and Pf� (containing less than three mannose resi-
dues) induced the production of TNF-�. This confirms that
comigrating non-GPI molecules might down-regulate GPI ac-
tivity. To further substantiate the presence of inhibitors in the
supernatant obtained after GPI precipitation, the supernatant
was added 30 min before Pf� was added. The TNF-� produc-
tion induced by Pf� was then completely inhibited (Fig. 7A). The
supernatant was separated by TLC with the same solvent sys-
tem that was used for GPI separation (chloroform-methanol-
water [4:4:1, by volume]), and a trace of radioactive GPIs was
used to compare the migration results. The molecules present
in the supernatant were visualized after the plate was sprayed
with a 14% cupper sulfate–8% phosphoric acid solution and
heated to 150°C for 20 min. Figure 7B shows that molecules in
the supernatant migrated from Pf to the front of the plate. To
determine whether these molecules had an inhibitory effect,
they were scraped off and tested with macrophages. The silica
areas εS, 	S, 
S, and �S comigrating with Pfε, Pf	, Pf
, and Pf�,
respectively, inhibited the production of TNF-� (Fig. 7C) and

FIG. 5. Isolation by TLC of the inhibitory fatty acids. (A) Macro-
phages were incubated for 24 h in the presence of Pf� (�) alone or with
the eight different fractions (P3/1 to P3/8) obtained after separation of
fraction P3 (from 2 � 108 trophozoites) by TLC. (B) Macrophages
were incubated for 24 h in the presence of Pf� alone or with the eight
fractions (P3/2/1 to P3/2/8 added 30 min before Pf� was added) ob-
tained after separation of fraction 3/2 by TLC. Medium alone was used
as a negative control (lanes M). The values are means � standard
deviations of triplicate samples in a representative experiment.
(C) Negative-ion mass spectrum of P. falciparum inhibitory fraction
P3/2/8. The annotated ions correspond to [M-H]� fatty acid carboxy-
late ions with the numbers of carbon atoms and numbers of CAC
double bonds indicated. The y axis shows the relative ion intensities.
Nominal mass values are indicated on the spectrum, but the accurate
mass values were all within 3 ppm of the theoretical masses for the
corresponding fatty acid carboxylate ions.
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FIG. 6. Myristic, pentadecanoic, palmitic, and palmitoleic acids inhibit GPI-induced TNF-� production. Macrophages were incubated for 24 h
with medium alone (open bars), with Pf� alone (black bars), or with myristic acid (A), pentadecanoic acid (B), palmitic acid (C), palmitoleic acid
(D), stearic acid (E), or oleic acid (F) at a concentration of 1 �M (light gray bars) or 10 �M (dark gray bars) or the six fatty acids together
(G) added 30 min before Pf� was added. The values are means � standard deviations of triplicate samples in a representative experiment.
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FIG. 7. All precursors of the GPI Pf� activate production of TNF-�. Macrophages were incubated for 24 h with GPI Pf� (�) or with its
precursors Pf� (�), Pf (), Pf� (�), Pfε (ε), Pf	 (	), Pf
 (
), and Pf� (�). The supernatant obtained after GPI precipitation containing non-GPI
species was added to macrophages 30 min before Pf� was added (��S). The values are means � standard deviations of triplicate samples in a
representative experiment. (B) TLC scans of P. falciparum GPI precursors and of P. falciparum contaminating molecules (supernatant), showing
their comigration with Pf to Pf�. (C and D) The contaminant molecules migrating with Pfε, Pf	, Pf
, and Pf�, but not with Pf, inhibited
production of TNF-� and IL-12 in macrophages (S,εS, 	S, 
S, and �S were added 30 min before Pf, Pfε, Pf	, Pf
, and Pf� were added). Fraction
3, separated from the supernatant using LC-NH2 and LC-WCX cartridges, inhibited production of TNF-� and IL-12 in macrophages (S3 was
added 30 min before Pf� was added). Medium alone was used as a negative control (lanes M). (E) TLC of S3. Free fatty acids are rose-violet.
Myristic acid (My) was used as a positive control.
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IL-12 (Fig. 7D) induced by the GPI precursors. In contrast,
molecules in area S, which comigrated with Pf, did not have
an inhibitory effect on the Pf-induced cytokine production
(Fig. 7C). This confirms that inhibitory molecules migrating
from Pfε to Pf� were previously coextracted, masking the ac-
tivity of these GPI precursors. In parallel, the contaminants in
the supernatant were separated on both LC-NH2 and LC-
WCX cartridges, and fraction 3 (S3) containing fatty acids was
also able to inhibit Pf�-induced TNF-� and IL-12 production
(Fig. 7C and D). To check the presence of free fatty acids in
fraction S3, it was subjected to TLC (with hexane-chloroform-
diethyl ether-acetic acid [80:10:10:1.5, by volume]), and free
fatty acids were visualized after the plate was sprayed with
0.1% 2�,7�-dichlorofluorescein in ethanol, 1% aluminum
chloride in ethanol, and 1% aqueous ferric chloride and
warmed to 100°C after each spraying. Free fatty acids gave
a rose-violet color (Fig. 7E).

Altogether, our results show that malaria parasites produce
different molecules (GPIs, fatty acids) with opposing activities
affecting the cellular response of the host.

DISCUSSION

In this report, we show that fatty acids from P. falciparum are
able to inhibit TNF-� production induced by the malarial toxin
GPI Pf� in macrophages. An inhibitory activity was previously
detected in lysates from erythrocytes infected with malarial
parasites (38). When parasite extracts which did not induce the
production of TNF-� were mixed with samples of malaria toxin
before incubation with macrophages, no TNF-� was detectable
in the culture supernatants, indicating that the nonstimulatory
extracts contained an inhibitor. Furthermore, this inhibitor was
able to abolish the tumoricidal activity of TNF-� with L929
cells (38). However, the nature of the inhibitor has not been
identified, and it might be a fatty acid. Intraerythrocytic para-
sites have the capacity to synthesize triacylglycerol from the
mature trophozoite stage to the schizont stage. Triacylglycerol
is degraded into free fatty acids at the later stages (28). The
resulting products, free fatty acids, are released into the me-
dium during schizont rupture and/or merozoite release (28).
This explains how the malarial fatty acids can act on host cells.

A remaining issue concerns the mechanisms by which the P.
falciparum fatty acids trigger the intracellular signaling in the
host cells. It is known that the malarial GPI induces the phos-
phorylation of several tyrosine kinases, leading to NF-�B ac-
tivation (35, 40). A recent study showed that P. falciparum
GPIs stimulate the production of TNF-� in macrophages
through mainly Toll-like receptor 2 (TLR2) activation and to a
lesser extent through TLR4 activation (16, 27). All unsaturated
fatty acids tested by Lee et al., including docosahexaenoic acid
(C22:6), eicosapentaenoic acid (EPA) (C20:5), arachidonic
acid (C20:4), linoleic acid (C18:2), and oleic acid (C18:1),
inhibited lipopolysaccharide (LPS)-induced NF-�B activation
(19). Docosahexaenoic acid inhibited CD4-TLR4-induced
NF-�B activation in 293T cells transfected with a constitutively
active form of TLR4 (19). The fatty acid molecular target of
GPI inhibition could be TLR2 or TLR4. An alternative hy-
pothesis is that the fatty acids signal via the peroxisome pro-
liferator-activated receptors (PPARs) that control a variety of
genes in several pathways of lipid metabolism. Unsaturated

and saturated fatty acids were identified as PPAR ligands
participating in the PPAR-dependent transcriptional activity.
Conjugated linoleic acid, a mixture of C18:2 derivatives, is a
ligand and activator of PPAR� and has an inhibitory effect on
LPS-induced TNF-� production by RAW 264.7 macrophages
compared with a linoleic acid control (25, 43). Oxidized EPA
but not unoxidized EPA potently inhibited cytokine-induced
activation of endothelial NF-�B (23). The inhibitory effect of
oxidized EPA requires PPAR� and acts possibly through
direct interactions of PPAR� with the p50/p65 subunits of
NF-�B. Furthermore, PPAR agonists reduce P. falciparum-
induced TNF-� from human monocytes (37). All these data
raise the possibility that myristic, palmitic, and palmitoleic
acids from P. falciparum inhibit the GPI-induced TNF-� pro-
duction via inhibition of NF-�B activation through PPAR.
CD36 is the major receptor mediating the uptake of nonopso-
nized parasitized erythrocytes (22). Treatment of monocytes
with PPAR agonists (15d-PGJ2 or ciglitazone) resulted in an
increase in surface CD36 and increased uptake of nonopso-
nized parasitized erythrocytes (37). Thus, it is conceivable that
the malaria fatty acids participate in parasite uptake as PPAR
agonists.

Our finding raises the possibility that there is a balance
between the different lipid classes (GPIs and fatty acids) of P.
falciparum in the inflammatory response of the host. If re-
leased when parasitized erythrocytes rupture in vivo, fatty acids
could down-regulate the production of TNF-� and thus reduce
its damaging effects on both parasite and host. Only about 1%
of infected patients die of severe malaria complications. Lower
production or release of fatty acids by the parasite might con-
tribute to overproduction of TNF-� induced by the GPIs.
However, GPI toxin activity is not restricted solely to the
TNF-� pathway, and GPI toxicity in vivo may be partially
cytokine independent (33, 35). GPI-induced TLR signaling is
likely to induce complex gene expression profiles with many
bioactivities, similar to other TLR agonists (30), of which
TNF-� is simply one marker. Whether fatty acids down-regu-
late other relevant toxin-induced gene expression remains to
be determined. Free fatty acids decreased parasitemia and
improved the survival of mice infected by Plasmodium yoelii
(20). It is possible that nonmalarial fatty acids also participate
in the down-regulation of GPI bioactivity.
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