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Intestinal extracts of Triatoma infestans induce cell differentiation
of Trypanosoma cruzi epimastigotes into the infective metacyclic
form. Part of this effect can be explained by the presence of haemo-
globin fragments, which stimulate trypanosomal adenylate
cyclase. In this work we examined the metacyclogenic activity of
lipids present in this intestinal extract. We found that lipid extracts
of the intestinal extract have significant stimulatory effects that
reside with the free-fatty-acid fraction, especially oleic acid.
These compounds stimulate de novo diacylglycerol formation
and protein kinase C activity in the parasite. Moreover, meta-

cyclogenesis is stimulated by phorbol esters and cell-permeant
diacylglycerol, while protein kinase C down-regulation or in-
cubation with inhibitors of this kinase abrogates this effect.
These results indicate that free fatty acids are a novel signal,
inducing metacyclogenesis, acting through a pathway involving
diacylglycerol biosynthesis and protein kinase C activation.

Key words: epimastigote, fatty acid, kinetoplastid, metacyclic
trypomastigote, protein kinase C.

INTRODUCTION

Trypanosoma cruzi, the protozoan parasite that causes Chagas’
disease, undergoes a complex life cycle. It replicates as intracel-
lular amastigotes in the mammalian host and as extracellular epi-
mastigotes in the digestive tract of insect haematophagous vectors.
Epimastigotes in the insect midgut can either replicate as such, to
generate additional epimastigotes, or differentiate into infective
metacyclic trypomastigotes [1]. This is a non-replicative stage.
Trypomastigotes are released with the faeces during the feed-
ing of the insect on the mammalian host, thus enabling the infec-
tion of the latter and the completion of the parasite’s life cycle. The
decision on which course the cell takes depends on the specific set
of signals it encounters in the surrounding medium. It should be
noted that, as trypomastigotes are non-replicative, it is of adaptive
advantage that only a fraction of the epimastigotes differentiate
into the metacyclic forms at any one time. In this way perpetuation
of the infection in the insect vector is ensured.

The concept of differentiation to terminal forms has similarities
among kinetoplastid protozoans. Thus both in African and South
American trypanosomes, the trypomastigote forms that are able
to infect the next host are non-replicative, and in this respect
they resemble terminal differentiation. However, upon reaching an
appropriate environment, trypomastigotes can again differentiate
into replicative forms [1]. The signals involved in triggering these
morphological and physiological changes are likely to implicate
the activation of protein kinase cascades, and a variety of complex
physiological signals [2,3].

The process of metacyclogenesis has been studied by several
authors. A number of in vitro systems have been proposed to
induce metacyclogenesis, including the use of artificial triatomine
urine media [4,5]. Such systems, however, are effective on sele-
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cted T. cruzi strains only. In our laboratory, an in vitro system that
employs Triatoma infestans (kissing bug) intestinal extract has
been established, which proved effective in all tested strains [6].
Therefore it allows the study of the general processes modulating
differentiation in T. cruzi [7,8]. A partial explanation for the
metacyclogenic effects of T. infestans intestinal extracts is that
they contain peptides derived from haemoglobin breakdown,
which stimulate adenylate cyclase and induce metacyclogenesis.
However, the percentages of differentiation obtained with these
peptides are lower than those observed with whole T. infestans
intestinal extract [9], suggesting the occurrence of other meta-
cyclogenic factors.

In this work, we investigate the generation of lipid-soluble
molecules from T. infestans intestinal extract with metacyclogenic
activity, and how they exert their action. We demonstrate that
FFA (free fatty acids), present in this intestinal extract, play a key
role in this process, which can be explained through the de novo
formation of DG (diacylglycerol) and the activation of PKC
(protein kinase C).

EXPERIMENTAL

Materials

[1-14C]Oleate (56 mCi/mmol), [32P]sodium orthophosphate
(10 µCi/µl), [d-glucose-1-14C]lactose (51 mCi/mmol) and
[methyl-3H]thymidine (79 Ci/mmol) were obtained from
Amersham Biosciences (Piscataway, NJ, U.S.A.). OA (oleic acid),
palmitic acid, stearic acid, linoleic acid, linolenic acid, soya bean
PC (phosphatidylcholine) type II-S, BSA (fraction V), lipid stan-
dards, EGTA, Grace medium, carboxyfluorescein diacetate and
DMSO were from Sigma (St. Louis, MO, U.S.A.). Phosphate-free
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RPMI 1640 medium, fetal bovine serum, bisindolylmaleimide,
HA1004{N-(2-guanidioenthyl)-5-isoquinolinesulphonamide]and
H7 [1-(5-isoquinolinesulphonyl)-2-methylpiperazine] were from
Gibco-BRL (Rockville, MD, U.S.A.). Modified Grace medium is
composed of Grace medium, 10 % whole egg ultrafiltrate, 7 %
fetal bovine serum and 1 % albumin [10]. Chicken blood was
drawn under sterile conditions with heparin as an anticoagulant.
TLC plates were from Merck (Darmstadt, Germany).

Parasites

Epimastigotes of T. cruzi, RA lethal strain [11], maintained by
weekly passages in biphasic medium, were harvested after 48 h
of culture [12] and comprised less than 1 % of the metacyclic
form.

Preparation of T. infestans intestinal extract

A method described previously [6] was used. Briefly, hindguts
from adult triatomines were removed 48 h after feeding and
homogenized in Grace medium when used as a culture sup-
plement, or in PBS, pH 7.2. After centrifugation for 30 min at
12 000 g and sterile filtration of the supernatants through 0.2 µ,
extracts were stored at − 70 ◦C until used. Protein concentration
was determined by the method of Lowry et al. [13] and, based on
these determinations, the final intestinal extract protein concen-
tration added to the Grace medium was adjusted to 2 mg/ml in
the differentiation assays [8].

T. infestans intestinal contents

These were obtained by gently squeezing the abdomen of adult
triatomines 48 h after feeding. The intestinal content was then
resuspended in PBS, pH 7.2. Protein concentration was deter-
mined by the method of Lowry et al. [13] and the final concen-
tration was adjusted to 2 mg/ml.

Lipids of chicken blood, T. infestans intestinal extract and
T. infestans intestinal contents: extraction, analysis
and quantitation

The method of Bligh and Dyer [14] was used for lipid extraction
in all cases. The solvents were evaporated under nitrogen to a
constant weight. Lipids from T. infestans intestinal extracts were
then resuspended in DMSO for the metacyclogenesis assay.

To analyse the lipid contents of the samples, they were separated
by TLC on silica gel plates using two sequential solvent systems:
first, chloroform/methanol/water (65:35:2.5, by vol.) to separate
polar lipids, allowed to run up to the middle of the plate, and then
hexane/diethylether/acetic acid (70:30:1, by vol.), allowed to run
up to the top of the plate to separate neutral lipids in the upper
half [15,16]. Lipids were identified by comparison with authentic
standards. Plates were then dried, sprayed with 10 % CuSO4 in
8 % H3PO4 and charred by exposure to 150 ◦C for 13 min [17].
The plates were scanned in a Umax-Astra 610S apparatus and
densitometry was measured using SigmaGel software. Each lane
was scanned three times and the average values were determined.
The density of known amounts of different marker lipids was
used as reference to determine the quantity of FFA present in the
sample.

Analysis of FFA present in T. infestans intestinal extract

Lipid extraction and separation was performed as described above.
The portion of silica gel corresponding to FFA was scraped off the
plate and the lipids were eluted with two portions of methanol
(2 ml each). Methylation was conducted after adding 5 % (v/v)

H2SO4 for 2 h under nitrogen, in the dark at 64 ◦C. After adding
2 vol. of water and 2 vol. of hexane, the fatty acid methyl esters
extracted in the upper phase were analysed by GC using Hewlett
Packard 5840A equipment, as described previously [18]. The
identity of each peak was confirmed by GC/MS analysis.

Lipid fraction from T. infestans intestinal extract without FFA

The remaining lipids from the silica gel, after removing the FFA
mentioned above, were scraped off together from the plates and
eluted with two portions of methanol (2 ml each). The solvent was
evaporated under nitrogen and the lipids were finally resuspended
in DMSO to be used in metacyclogenesis assays at the indicated
concentrations.

Metacyclogenesis assays

The differentiation protocol already described by Isola et al. [6]
was employed. Epimastigotes (5 × 106/ml) were incubated in
Grace medium or in the presence of the following compounds
for 15 min at 28 ◦C: (a) 0.5 % DMSO (vehicle), (b) T. infestans
intestinal extract, protein concentration 2 mg/ml, (c) haemolysed
chicken blood, protein concentration 2 mg/ml, (d) lipid fraction
from T. infestans intestinal extract, 300 µg/ml, (e) FFA from T.
infestans intestinal extract, 300 µM, (f) lipid fraction from
T. infestans intestinal extract without FFA, 300 µg/ml, (g) OA,
300 µM, (h) OAG (1-oleoyl 2-acetyl-sn-glycerol), 10 µg/ml, and
(i) PMA, 32 nM. In each case, parasites were then transferred to
modified Grace medium and incubated at 28 ◦C. Growth curves
were obtained by counting the parasites in a Neubauer chamber
and metacyclogenesis was evaluated by parasite motility and shape
in live samples and by shape and relative kinetoplast-nucleus posi-
tion in wet-fixed/stained (May–Grünwald–Giemsa) preparations,
every 48 h. More than 200 cells were examined in each case.
In addition, determination of transialidase activity (a marker of
the trypomastigote stage) in culture supernatants was performed,
using sialyl-lactose as a donor and [14C]lactose as an acceptor
[19]. Each result is representative of five similar experiments.

Cell viability of parasites in the presence of FFA

To test this aspect two different approaches were used. The first
was thymidine uptake and incorporation during the metacyclo-
genesis assay of epimastigotes stimulated with OA [20]. Parasites
(5 × 106/ml) were stimulated with 300 µM OA or 0.5 %
DMSO (vehicle) for 15 min at 28 ◦C, and then transferred to
modified Grace medium and incubated at 28 ◦C. Aliquots of the
parasite suspensions (1 × 106/ml) were labelled with [methyl-
3H]thymidine 2 µCi/ml and incubated at 28 ◦C for 2 h. After
this period samples were filtered on 0.45-µm filters. The filters
were then washed twice with 0.9 % (v/v) NaCl and once with
10 % and once with 5 % (v/v) trichloroacetic acid. Radioactivity
was measured in a Beckman IS liquid scintillation counter. This
protocol was performed daily during the metacyclogenic assay.

The second approach was carboxyfluorescein diacetate dyeing
[21]. Epimastigotes were stimulated with 300 µM OA or 0.5 %
DMSO (vehicle), for 15 min at 28 ◦C. After this period, 5 % (v/v)
of carboxyfluorescein diacetate was added to the parasites. A UV-
light microscope (Eclipse E600; Nikon) was use to visualize the
cells and images recorded using Spot RT software, version 3.4
(Spot Diagnostic Instruments).

Effect of PKC inhibitors on metacyclogenesis

Epimastigotes (5 × 106/ml) were incubated for 15 min at 28 ◦C
in Grace medium in the presence of T. infestans intestinal extract
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(protein concentration, 2 mg/ml). Simultaneously, the following
PKC inhibitors were added: (a) 15 nM bisindolylmaleimide,
(b) 40 µM HA1004, (c) 6 µM H7 and (d) 6 µM H7 + 40 µM
HA1004 [22–26]. In each case, parasites were then transferred to
modified Grace medium and incubated at 28 ◦C. Growth curves
and metacyclogenesis were evaluated as described above.

Effect of PKC down-regulation on metacyclogenesis

Epimastigotes (5 × 106/ml) were incubated in Grace medium with
100 nM PMA for 24 h [27–29] at 28 ◦C. After this period, the
compound was removed by centrifugation and metacyclogenesis
was assayed after stimulation with Grace medium in the presence
of T. infestans intestinal extract (protein concentration, 2 mg/ml)
or 300 µM OA, for 15 min at 28 ◦C. Parasites were then trans-
ferred to modified Grace medium and incubated at 28 ◦C. Growth
curves and metacyclogenesis were evaluated as described above.

Protein phosphorylation patterns in stimulated parasites

In vivo activation of protein kinases was determined according
to Brattsand et al. [30]. Briefly, epimastigotes (1 × 107/ml,
41 µg of protein) were incubated with 100 µCi/ml [32P]sodium
orthophosphate for 15 h, at 28 ◦C in RPMI 1640 phosphate-
free medium. After this period, the parasites were washed three
times by centrifugation and resuspended in the same volume of
Grace medium. Aliquots of 500 µl of the radiolabelled cells were
incubated for 15 min at 28 ◦C with (a) 0.5 % DMSO (vehicle),
(b) 32 nM PMA, (c) T. infestans intestinal extract (protein
concentration, 2 mg/ml), (d) 300 µM OA and (e) 1 mM dibutyryl-
cAMP (N6,2′-O-dibutyryladenosine 3′,5′-cyclic monophosphate
sodium salt). The pellets obtained after centrifugation were
resuspended in 100 µl of Laemmli’s sample buffer [31], analysed
by SDS/PAGE and transferred to nitrocellulose membranes.
Radioactivity was detected using the Storm Gel and Blot Imaging
System (Amersham Biosciences).

Examination of PKC down-regulation by change in protein
phosphorylation patterns

Epimastigotes (1 × 107/ml, 41 µg of protein) were incubated in
Grace medium with 100 nM PMA or 0.5 % DMSO (vehicle) for
24 h [27–29] at 28 ◦C. After this period, the compounds were
removed by centrifugation and parasites were incubated with
100 µCi/ml [32P]sodium orthophosphate for 15 h in RPMI 1640
phosphate-free medium. The radiolabelled cells were then washed
three times by centrifugation and resuspended in Grace medium
alone or supplemented with T. infestans intestinal extract (pro-
tein concentration, 2 mg/ml) for 15 min at 28 ◦C. To evaluate
protein phosphorylation patterns in these parasites, a similar
protocol to that described above was used.

Radiolabelled lipid patterns of epimastigotes incubated with
[1-14C]oleate

Epimastigotes (1 × 107/ml) were labelled with 1 µCi/ml [1-14C]
oleate in Grace medium for 5 or 30 min at 28 ◦C. The lipids
were then extracted [14] and neutral and polar lipids were
separated by TLC on silica gel plates, as described above. Radio-
active spots were detected using the Storm Gel and Blot Imaging
System.

Effect of T. infestans intestinal extract on DG biosynthesis in
epimastigotes

Parasites (1 × 107/ml) were incubated with 1 µCi/ml [1-14C]
oleate, in Grace medium supplemented with T. infestans in-

testinal extract (protein concentration, 2 mg/ml) or 0.5 % DMSO
(vehicle) as a control, for 30 min at 28 ◦C. The lipids were then
extracted [14] and the neutral lipids separated by TLC on silica gel
plates, using hexane/diethylether/acetic acid (70:30:1, by vol.).
Radioactive spots were detected using the Storm Gel and Blot
Imaging System. The plates were also charred as describe above
and total DG mass quantified by densitometry, using Sigma Gel
software.

Effect of OA on DG metabolic labelling in epimastigotes

Parasites (1 × 107/ml) were stimulated with 10, 30, 100 or
300 µM OA or 0.5 % DMSO (vehicle) for 15 min at 28 ◦C
and then exposed to a 30-min pulse of 1 µCi/ml [1-14C]oleate.
Lipids were extracted [14] and two solvent systems were used
to investigate labelling patterns. In the first, separation of polar
and neutral lipids system described previously was used [15].
Briefly polar lipids were first separated on the lower half of
the TLC plates with chloroform/methanol/water (65:35:2.5, by
vol.), and then neutral lipids were separated by developing the
chromatograms to the top of the plates with the solvent system
used for the neutral lipid separation described above. The second
solvent mixture was the one described by Takuwa et al. [32], which
allows complete separation of DG from cholesterol, and employs
benzene/chloroform/methanol (80:15:5, by vol.). Quantification
of lipid spots was conducted with the Storm Gel and Blot Imaging
System.

Fatty acid uptake assay

Epimastigotes (1 × 107 or 1 × 108/ml) were incubated in a mixture
of 1 µCi/ml [1-14C]oleate plus 300 µM unlabelled OA, in Grace
medium, for 30 min at 28 ◦C. For a control, vehicle without
parasites was used. Incubation was terminated by centrifugation
and the radioactivity remaining in the supernatants was measured.
The loss of radioactivity in the parasite containing samples, was
used to evaluate the amounts of OA taken up by the cells [33].

Statistical analysis

The statistical significance of the results was analysed using the
Student’s t test.

RESULTS

In this study the metacyclogenic lipid factors present in T.
infestans intestinal extract were examined. Most of the intestinal
contents arise from the blood meal ingested by the insect.
Therefore, we first investigated the effects of whole chicken
blood on T. cruzi cell differentiation and found that it is devoid
of metacyclogenic activity. By contrast, T. infestans intestinal
extracts obtained after 48 h of feeding acquired significant activity
(Table 1). Whole-lipid fractions from this extract were tested
in the in vitro assay showing significant metacyclogenic effect,
amounting to about half of that observed with the complete
intestinal extract (Table 1).

We studied the lipid composition of intact chicken blood
and that of T. infestans intestinal extract using TLC. Striking
differences were observed: in particular, the amount of FFA
was 4-fold higher in the intestinal extract than in chicken
blood (300 versus 75 µM, respectively; Figure 1A). In addition,
phospholipids were strikingly reduced. By contrast, no differences
were detected in the amounts of other lipids like sterols,
triacylglycerol and steryl esters. If, instead of whole intestinal
extract, only the insect gut contents were analysed, almost no
phospholipids were found (Figure 1A, lane 3).
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Table 1 FFA have significant effects on T. cruzi metacylogenesis

Total lipid extracts from metacyclogenic intestinal preparations induced significant differentiation
on epimastigotes into infective metacyclic trypomastigotes. When the lipid extracts were analysed
by TLC and tested separately in the in vitro metacyclogenesis assay described in the Experimental
section, only FFA displayed metacyclogenic activity. Epimastigote suspensions (5 × 106/ml)
having less than 1 % metacyclic forms, were incubated in Grace medium in the presence of the
following compounds for 15 min at 28 ◦C, after which they were transferred to modified Grace
medium and incubated at 28 ◦C. Control, 0.5 % DMSO; IE, T. infestans intestinal extract (protein
concentration, 2 mg/ml); CB, haemolysed chicken blood (protein concentration, 2 mg/ml); LF,
lipidic fraction from T. infestans intestinal extract (300 µg/ml); FFA, FFA present in T. infestans
intestinal extract (300 µg/ml); LFr, lipidic fraction from T. infestans intestinal extract without FFA
(300 µg/ml); LFr + FFA, 300 µg/ml; OA, 300 µM OA. Values recorded correspond to day 8
of the growth/differentiation curves in each case and are the means +− S.D. from five samples.

Stimulus Total parasites (× 106/ml) Metacyclics (× 106/ml) Metacyclogenesis (%)

Control 81.0 +− 3.2 2.8 +− 0.6 3.5 +− 0.7
IE 80.5 +− 3.0 53.1 +− 4.4 66.0 +− 5.5*
CB 80.7 +− 2.9 4.8 +− 1.2 5.9 +− 1.5
LF 80.5 +− 2.7 24.2 +− 3.7 30.1 +− 4.7*
FFA 80.6 +− 2.1 24.6 +− 1.9 30.5 +− 2.3*
LFr 80.4 +− 2.2 5.6 +− 1.8 6.9 +− 2.2
LFr + FFA 80.9 +− 2.5 25.2 +− 2.9 31.1 +− 3.6*
OA 79.9 +− 2.1 22.0 +− 3.3 27.5 +− 4.1*

* P < 0.01; agents that induced statistically significant increases in metacyclic trypomasti-
gotes with respect to their corresponding control values.

Figure 1 Phospholipids are rapidly deacylated in the gut of the insect vector
and the FFA rapidly incorporated into T. cruzi lipids

(A) FFA accumulate in the gut of the insect vector upon digestion. TLC of total lipids from
(lane 1) intact chicken blood, (lane 2) T. infestans intestinal extract, 48 h after a chicken-blood
meal, and (lane 3) T. infestans intestinal contents at the same time point. Plates were charred
for visualization. Note the breakdown of polar lipids in the intestinal tract, with accumulation of
FFA (arrow). (B) T. cruzi epimastigotes rapidly incorporate FFA into cellular lipids. Autoradio-
gram of a TLC separation of total epimastigote lipids after labelling the parasites with [14C]oleate
(1 µCi/ml) for 5 min (lane 1) and 30 min (lane 2). LysoPC, lysophosphatidylcholine; PE, phos-
phatidylethanolamine; PI, phosphatidylinositol; PS, phosphoserine; MG, monoacylglycerol;
ST/DG, free sterols + DG; TG, triacylglycerol; SE, steryl esters; SM, sphingomyelin.

As shown in Table 1, the lipid fraction had metacyclogenic
effects. This was not accompanied by any toxic action, since total
cell numbers showed a similar increase to control cultures. The
remarkable accumulation of FFA in this preparation suggested
that these lipids could account for the metacyclogenic effect
induced by the lipid fraction. This hypothesis was tested by
comparing the metacyclogenic effects of FFA isolated by TLC
with those of the remainder lipids eluted together (Table 1).
Only the FFA fraction displayed metacyclogenic activity. Re-
addition of FFA to the rest of the lipids of the intestinal extract
fully restored the biological activity. GC analysis of the fraction
corresponding to FFA obtained after methylation indicated that
OA was the most abundant component (35.9%), followed by
stearic acid (34.3%). Other components of that fraction were
palmitate (19.3%), linoleate (9.6%) and linolenate (0.9%). If
authentic OA, the most abundant of the FFA observed, was added
to the cultures at comparable concentrations to the FFA found
in T. infestans intestinal extract, a similar level of differentiation
was observed (Table 1). A metacyclogenic role for FFA is clearly
demonstrated by these experiments.

Parasites, in the presence of 300 µM OA, remain functionally
and morphologically viable. As shown in Figure 2(A), thymidine
incorporation in epimastigotes, in the presence of OA, is similar
to that of the control samples. Moreover, carboxyfluorescein
diacetate staining clearly demonstrates the integrity of the cell
membrane (Figure 2B). Viability is also indicated by parasite
motility. Thus OA lacks toxic effect at the levels used in our
experiments.

We examined T. cruzi fatty acid uptake from the medium at the
biologically relevant concentration observed here, i.e. 300 µM
OA. We found that parasite suspensions of 1 × 107 cells/ml were
able to capture 18.0 +− 1.9% of OA in 30 min from the medium.
Increasing the cell density 10-fold, to 1 × 108 cells/ml, only
resulted in a doubling of the fatty acid removal from the medium
(38.6 +− 2.4%).

We examined the possible mechanism through which FFA
could induce metacyclogenesis. To address this matter we investi-
gated the metabolic fate of OA in epimastigotes. Radiolabelled
[14C]oleate rapidly incorporates into cellular lipids (Figure 1B).
When the cells were stimulated with T. infestans intestinal extract,
DG labelling was particularly enhanced (Figure 3A). Thus an ef-
fect of this extract is to stimulate de novo DG biosynthesis. If,
instead of T. infestans intestinal extract, epimastigotes were stimu-
lated with an equivalent amount of OA, a similar increase in DG
biosynthesis, of about 3-fold, was observed (Figure 3B, lane 5).
Accompanying DG biosynthesis a significant rise in the level of
PC was found. Therefore, the increase of DG formation by the
intestinal extract (Figure 3A) can be explained on the basis of its
FFA contents.

In addition to the radiotracer experiments we investigated
whether the DG mass was also enhanced by stimulation with
OA. We used the solvent system of Takuwa et al. [32] to separate
DG from sterols using TLC. The results are shown in Figure 4. It is
evident that DG mass was increased concomitantly with labelling
upon stimulation with OA (about 3-fold).

The possibility that the observed rise in cellular DG, due to
de novo biosynthesis, could result in the activation of PKC, was
tested using a number of different approaches. First, we evaluated
the effect of different PKC activators on metacyclogenesis. We
used PMA and the cell-permeant DG, OAG, which stimulate
this kinase in vivo and in vitro [34–36]. Table 2 shows that
both compounds induce significant metacyclogenesis. Second,
we tested whether PKC inhibitors could block the metacyclogenic
effects of T. infestans intestinal extract. Table 2 shows that strong
inhibition was obtained with bisindolylmaleimide, as well as the
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Figure 2 OA does not affect cell viability of parasites at the concentrations
used

(A) [methyl-3H]Thymidine uptake and incorporation during the metacyclogenesis assay.
Parasites were stimulated with 300 µM OA or 0.5 % DMSO (vehicle) for 15 min at 28 ◦C
and transferred to modified Grace medium at 28 ◦C. Aliquots of parasites were labelled with
2 µCi/ml [methyl-3H]thymidine and incubated at 28 ◦C for 2 h. After this period, radioactivity
was measured. This protocol was performed daily for 10 days. The points represent the means
from three parallel experiments, with differences between samples being less than 15 %.
�, Parasites stimulated with 300 µM OA; �, 0.5 % DMSO. (B) Carboxyfluorescein diacetate
dyeing. Epimastigotes were stimulated with 300 µM OA or 0.5 % DMSO (vehicle) for 15 min
at 28 ◦C. After this period, 5 % (v/v) carboxyfluorescein diacetate was added to the parasites.
UV light was used to visualize the cells and images were recorded. Panel 1, epimastigotes
stimulated with 300 µM OA; panel 2, 0.5 % DMSO.

combination of H7 and HA1004. It should be noted that separately
the inhibitory activity of the two latter compounds was relatively
low. Higher concentrations had toxic effects, precluding their
use in the assay on live cells. However, H7 and HA1004 act
on different sites of PKC [25,26]. Thus their combination could
block the enzyme through additive mechanisms, explaining the
considerably greater effect of their joint addition.

Direct evidence of stimulation of PKC by the intestinal extract
and FFA on live cells was obtained by comparing protein phos-
phorylation patterns. We used parasites stimulated with PMA, T.
infestans intestinal extracts or OA. Figure 5(A) shows that OA and

Figure 3 T. infestans intestinal extract and OA have marked effects on lipid
biosynthesis, particularly PC and DG, in T. cruzi epimastigotes

Autoradiograms of total lipids from [14C]oleate-labelled epimastigotes after incubation with
(A) T. infestans intestinal extract (lane 2) or (B) 10 µM (lane 2), 30 µM (lane 3), 100 µM
(lane 4) and 300 µM (lane 5) OA. Lanes 1 correspond to control (epimastigotes without
stimulation, 0.5 % DMSO). PL, polar lipids; other abbreviations are as in Figure 1.

PMA induced similar phosphorylation patterns, which were also
found in the cells stimulated by T. infestans intestinal extracts. In
particular, bands of approximate molecular masses of 180, 120
and 26 kDa were conspicuously phosphorylated in all these cases.
In the 50-kDa region, different profiles between PMA, T. infestans
intestinal extracts and OA were observed. We also analysed
the phosphorylation profile obtained after the incubation of the
cells with dibutyryl-cAMP, a permeant analogue of cAMP, which
activates PKA (protein kinase A; Figure 5A, lane 5). In this case,
we observed a different protein-phosphorylation pattern, with a
major band of approx. 38 kDa. Thus T. infestans intestinal extracts
and OA act mainly through the in vivo stimulation of PKC. Finally,
the importance of the role of PKC was shown by experiments in
which this kinase was down-regulated by prolonged exposure to
PMA (24 h) [27–29]. In these cells, metacyclogenesis induced
by either T. infestans intestinal extracts or OA was abrogated
(Table 2). PKC down-regulation was documented by the lack
of the characteristic enhanced protein-phosphorylation pattern
found in control cells (Figure 5B). Collectively, these results
strongly support a key role for PKC activation by the physiological
metacyclogenic stimuli found in T. infestans intestinal extracts.

DISCUSSION

In the present study, we found that lipids from the digested blood
meal have a metacyclogenic effect. Our experiments show that this
action is due to the FFA present among these lipids. Such effects
are not the result of a non-specific membrane-perturbing action
or specific toxicity on epimastigotes. This is supported by the fact

c© 2003 Biochemical Society
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Figure 4 Parasites stimulated with OA increase their DG levels

Parasites (1 × 107/ml) were stimulated with 300 µM OA or 0.5 % DMSO (vehicle) for 15 min
at 28 ◦C and then exposed to a 30-min pulse of 1 µCi/ml [1-14C]oleate. Lipids were extracted
and separated by TLC using the solvent system benzene/chloroform/methanol (80:15:5, by
vol.). This TLC plate was revealed in two different ways: (A) autoradiography and (B) charring.
Lanes 1, 0.5 % DMSO; lanes 2, parasites stimulated with 300 µM OA.

that the total cell numbers and viability are similar in control
and stimulated parasites. The results documenting this point
include unaltered thymidine incorporation, carboxyfluorescein
diacetate staining and parasite motilities. Thus differentiation, and
not selective destruction of epimastigotes, underlies the relative
decrease of this cellular stage, as well as the corresponding
increase in trypomastigote forms. It is likely that the fatty acids in
our experimental conditions are bound to either serum proteins or
BSA present in the differentiation medium, preventing membrane
disruption. We conclude that the effects of the FFA in the intestinal
medium is accurately reproduced in the in vitro experimental
system used here, i.e. FFA effects appear as a physiological
stimulus for cell differentiation in T. cruzi.

It is noteworthy that intact chicken blood lacks metacyclogenic
activity. This appears only after a period of digestion in the insect
gut. We found that the accumulation of FFA is accompanied by
a virtually complete disappearance of phospholipids suggesting
high phospholipase levels in the intestinal medium. In this way,
this digestive process appears to link the physiology of the insect
vector to the completion of the cell cycle in T. cruzi.

What is the mechanism by which FFA induce metacyclo-
genesis? These lipids have been shown previously to be efficiently
incorporated into T. cruzi epimastigotes [18,37]. Here we have
found evidence that only a fraction of the OA present in the
medium is taken up by the cells, and a 10-fold increase in cell
density only doubles OA uptake. These results suggest that most of
the FFA are tightly bound to the proteins from the medium and not
readily available to the cells. This could explain the relatively high

Table 2 PKC agonists and antagonists have marked effects on Trypanosoma
cruzi metacyclogenesis

Epimastigote suspensions (5 × 106/ml) were incubated in Grace medium in the presence of
the following compounds. Control, 0.5 % DMSO; IE, T. infestans intestinal extract (protein
concentration, 2 mg/ml); OAG, 10 µg/ml OAG; PMA, 32 nM PMA for 15 min at 28 ◦C, after
which they were transferred to modified Grace medium and incubated at 28 ◦C. To evaluate
the effect of PKC inhibitors on metacyclogenesis, epimastigotes (5 × 106/ml) were incubated
for 15 min at 28 ◦C in Grace medium in the presence of T. infestans intestinal extract (protein
concentration, 2 mg/ml) with the following compounds. IE + Bm, 15 nM bisindolylmaleimide;
IE + H7, 6 µM H7; IE + HA1004, 40 µM HA1004; IE + H7 + HA1004, 6 µM H7 + 40 µM
HA1004. All the inhibitors were assayed at non-toxic concentrations. To evaluate the effect of
down-regulation, epimastigotes (5 × 106/ml) were incubated with 100 nM PMA for 24 h at
28 ◦C. PMA was then removed by centrifugation and parasites were stimulated with Grace
medium supplemented with T. infestans intestinal extract [protein concentration, 2 mg/ml; PMA
(24 h) + IE] or 300 µM oleic acid [PMA (24 h) + OA], for 15 min at 28 ◦C, transferred to
modified Grace medium and incubated at 28 ◦C. Values recorded correspond to day 8 of the
growth/differentiation curves in each case and are the means +− S.D. from five samples.

Total parasites Metacyclics Metacyclogenesis
Stimulus (× 106/ml) (× 106/ml) (%)

Control 80.2 +− 0.8 6.3 +− 0.6 7.8 +− 0.7
IE 80.7 +− 2.1 51.2 +− 3.9 63.5 +− 4.8*
OAG 81.0 +− 1.9 43.2 +− 4.2 53.3 +− 5.2*
PMA 80.5 +− 2.0 36.2 +− 4.7 45.0 +− 5.8*
IE + Bm 80.9 +− 3.1 31.9 +− 2.8 39.4 +− 3.5†
IE + H7 78.6 +− 2.2 43.8 +− 3.1 55.7 +− 3.9
IE + HA1004 79.9 +− 3.0 39.0 +− 3.8 48.8 +− 4.7†
IE + H7 + HA1004 80.7 +− 2.8 14.8 +− 5.9 18.4 +− 7.3†
PMA (24 h) + IE 81.0 +− 0.9 14.7 +− 2.8 18.1 +− 3.4†
PMA (24 h) + OA 78.9 +− 1.5 14.1 +− 1.5 17.3 +− 1.9

* Agents that induced statistically significant increases in metacyclic trypomastigotes with
respect to their corresponding control values (P < 0.01).

† Agents that induced statistically significant inhibition of metacyclogenesis (P < 0.01).

concentrations of OA required for the metacyclogenic effects. It
is however noteworthy that comparison of OA uptake in T. cruzi
with that of several mammalian cultured cell lines indicates that
this parasite has a remarkably higher ability to take up OA. For
instance, it has been reported that macrophages, a cell type with
a high rate of fatty acid uptake, exposed to unbound 50 µM OA,
take up around 86.0 +− 7.2 nmol/mg of protein in 30 min [33]. By
contrast, T. cruzi epimastigotes take up around 15 times more
OA in the same period (1350.0 +− 37.0 nmol/mg of protein in
30 min). Precise conclusions from this comparison are difficult
because of the fact that the exact amount of unbound fatty acid in
our differentiation medium (T. infestans intestinal extract) is not
known. However, our uptake experiments suggest that the order
of magnitude of unbound extracellular FFA appear comparable
with those present in the experiments of Augé et al. [33].

Cell shape is an important consideration when analysing
plasma-membrane surface amounts per cell. Indeed, an important
difference between cultured mammalian cells and epimastigotes
is that the latter have a thread-like slender shape with a long
flagellum. Therefore, epimastigotes offer a higher surface of
plasma membrane/mg of protein exposed to the medium than
mammalian cells do. This difference probably enhances the
chances of FFA diffusion by a spontaneous flip-flop process in
T. cruzi. However, the striking rates of OA acquisition by this
parasite strongly suggests the presence of specific fatty acid
transporters, like those described in other cell types, such as fatty
acid translocase/CD36 and others [38,39]. Fatty acid transporters
in T. cruzi emerge clearly as an important area now open to
research.
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Figure 5 Protein-phosphorylation analysis reveals that PKC is involved in
T. cruzi metacyclogenesis

(A) Effect of metacyclogenesis agonists. [32P]Sodium orthophosphate-labelled epimastigotes
were incubated with (lane 1) 0.5 % DMSO (vehicle), (lane 2) 32 nM PMA, (lane 3) T.
infestans intestinal extract (protein concentration, 2 mg/ml), (lane 4) 300 µM OA or (lane 5)
1 mM dibutyryl-cAMP, for 15 min, after which protein-phosphorylation patterns were analysed
by SDS/PAGE and autoradiography. Black arrows indicate PKC-phosphorylated proteins,
the grey arrow shows differences in the 50-kDa region and the white arrow indicates
PKA-phosphorylated proteins. (B) Effect of PKC down-regulation in T. cruzi epimastigotes.
[32P]Sodium orthophosphate-labelled epimastigotes were subjected to the following treatments
(all at 28 ◦C): (lane 1) 0.5 % DMSO (vehicle) for 15 min, (lane 2) T. infestans intestinal
extract (protein concentration, 2 mg/ml) for 15 min, (lane 3) PKC down-regulation by exposure
to 100 nM PMA for 24 h, (lane 4) PKC down-regulation (100 nM PMA, 24 h) followed by
exposure to T. infestans intestinal extract for 15 min. Protein-phosphorylation patterns were
analysed as above. Note the lack of phosphorylation enhancement upon incubation with T.
infestans intestinal extract in PKC down-regulated parasites. Molecular masses of protein
standards are indicated on the left.

We have found that, associated with the addition of FFA or
T. infestans intestinal extract, strong stimulation of de novo DG
biosynthesis is observed. This is also reflected in an increase in
DG mass (Figures 3 and 4), demonstrating that cellular DG levels
are significantly elevated. Concomitantly PC formation is strongly
enhanced. Previous work from other authors has shown that
de novo DG biosynthesis can stimulate PKC [40–42]. This seems
to be the mechanism of action of FFA in T. cruzi. Therefore,
de novo DG formation appears to have arisen early in the evolution
of eukaryotic cells as a mechanism for DG second-messenger
generation.

The activity of a compound as a cell signal requires the existence
of an efficient termination mechanism. In our experiments we
found that OA has strong stimulatory effects on PC formation.

This is consistent with a pathway that generates DG ending in the
biosynthesis of PC. The latter thus appears to be a key DG-signal-
elimination mechanism. DG signal termination by conversion to
PC has been demonstrated in mammalian cells [15,16]. This also
seems to be the case in T. cruzi, therefore suggesting an ancient
appearance of this mechanism as well.

Cell differentiation is known to be modulated by PKC in
different cell types. For instance, stimulation by phorbol esters
induces terminal differentiation in HL-60 leukaemia cells [43]
and in keratinocytes [44].

The rise in cellular DG observed in this work suggested a
possible role of PKC in the regulation of metacyclogenesis in
T. cruzi. This hypothesis was investigated in different ways.
These include the direct demonstration of metacyclogenic activity
of known PKC agonists, the blockade of the process by
inhibitors of the kinase as well as down-regulation of PKC on
prolonged exposure to phorbol esters. Moreover, comparison
of the phosphorylation patterns induced by OAG, OA and
T. infestans intestinal extract, show striking similarities, especially
at the level of the bands corresponding to 180, 120 and 26 kDa.
Some differences are observed in the bands of the region of
about 50 kDa. These differences may reflect activation of different
isoforms of the kinase, or the occurrence of a variety of stimulating
factors present in the T. infestans intestinal extract, which could
account for the multiplicity of bands observed in this case. Our
results, however, allow us to conclude that stimulation of PKC is
indeed a key step in the metacyclogenic process.

We also analysed the phosphorylation profile obtained after the
incubation of the cells with dibutyryl-cAMP, a permeant analogue
of cAMP, which activates PKA (Figure 5A, lane 5). In this case,
no PKA activation is observed on exposure to the T. infestans
intestinal extract. After addition of dibutyryl-cAMP, we observed
a different protein-phosphorylation pattern, with a major band of
approx. 38 kDa. These results indicate that T. infestans intestinal
extract and OA mainly act through the in vivo stimulation of PKC
and that the PKA pathway does not appear to be activated in these
cells. It is possible that activation of the PKA pathway, observed
on exposure to isolated haemoglobin fragments [9], is blocked
in the presence of the PKC-activating stimuli. Thus activation of
one signalling pathway may result in the blocking of an alternative
one, leading to the same differentiating effects.

In conclusion, our results strongly point to FFA, and particularly
OA, as a novel metacyclogenic signal. These lipids appear to arise
as a result of the digestion of blood meal lipids, and exert their
action by the generation of DG, to activate trypanosomal PKC.
Thus differentiation of T. cruzi is here shown to critically involve
PKC, providing the first evidence for a biological role of this
kinase in a kinetoplastid protozoan.
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