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Miltefosine (hexadecylphosphocholine [HePC]) has proved to be a potent oral treatment for human visceral
leishmaniasis due to Leishmania donovani. The molecular mechanisms that contribute to the antileishmanial
activity of HePC are still unknown. We report that in wild-type promastigotes of Leishmania donovani HePC is
able to induce a cell death process with numerous cytoplasmic, nuclear, and membrane features of metazoan
apoptosis, including cell shrinkage, DNA fragmentation into oligonucleosome-sized fragments, and phospha-
tidylserine exposure. None of these changes were detected in an HePC-resistant clone treated with the same
drug concentration. Therefore, HePC does not appear to Kkill L. donovani promastigotes by a direct toxic
mechanism but, rather, kills the promastigotes by an indirect one. Pretreatment of wild-type promastigotes
with two broad caspase inhibitors, z-Val-Ala-pL-Asp(methoxy)-fluoromethylketone and Boc-Asp(methoxy)-
fluoromethylketone, as well as a broad protease inhibitor, calpain inhibitor I, prior to drug exposure interfered
with DNA fragmentation but did not prevent cell shrinkage or phosphatidylserine externalization. These data
suggest that at least part of the apoptotic machinery operating in wild-type promastigotes involves proteases.
Identification of the death-signaling pathways activated in HePC-sensitive parasites appears to be essential for

a better understanding of the molecular mechanisms of action and resistance in these parasites.

The protozoan parasites of the genus Leishmania are the
causative agents of leishmaniasis, a complex of parasitic dis-
eases that affect 12 million people worldwide and that threaten
350 million people worldwide. The pathology is manifested in
visceral, mucocutaneous, or cutancous forms. Visceral leish-
maniasis (VL), the most severe form (which is usually fatal if
patients are untreated), which is due to Leishmania donovani,
is common in less developed countries, with an estimated
500,000 new cases each year (11, 20). Moreover, cases of Leish-
mania and human immunodeficiency virus coinfection are ex-
pected to rise in many countries, especially in sub-Saharan
Africa and Asia, where highly active antiretroviral therapy is
not available (39, 27). In the Indian subcontinent, a major area
of endemicity of L. donovani VL, there is a worrying increment
of resistance to pentavalent antimonial drugs, with more than
50% of infected people being unresponsive (52). In addition,
the drugs recommended for the treatment of VL (pentavalent
antimonials, amphotericin B, lipid formulations of amphoter-
icin B) have limitations, including parenteral administration,
long courses of treatment, toxic side effects, and high costs
(20). Recently, miltefosine (hexadecylphosphocholine [HePC]),
an alkylphosphocholine originally developed as an anticancer
drug and currently used for topical treatment (Miltex) of skin
metastases of breast cancer (59), has been proved to be the first
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effective and safe oral treatment (Impavido) for Indian VL,
with cure rates of about 98% (25, 54). Moreover, HePC has
been successfully used to treat patients with antimony-resistant
VL (53, 55) as well as cutaneous leishmaniasis (51).

Numerous in vitro and in vivo experimental studies have
shown that HePC is cytotoxic for both the promastigote and
the amastigote stages of various species of Leishmania (7, 8, 15,
16, 29, 31, 58) as well as other protozoan parasites, including
Trypanosoma cruzi (8, 32, 46, 47), Trypanosoma brucei (8, 28),
Entamoeba histolytica (48), and Acanthamoeba spp. (64). Al-
though the mechanism of the antiprotozoal activity of HePC is
poorly understood, several hypotheses have been formulated,
such as damage to the flagellar membrane (46), perturbation
of alkyl-lipid metabolism and glycosylphosphatidylinositol an-
chor biosynthesis (33), interference with ether-lipid remodel-
ing through the inhibition of the alkyl-lyso-phosphatidylcholine
specific acyl coenzyme A acyltransferase (34), and inhibition of
the de novo synthesis of phosphatidylcholine (32).

The antineoplastic activity of HePC has been linked to its
capacity to induce apoptosis in numerous tumor cell lines (14,
22, 43, 45). HePC accumulates at the plasma membrane, due
to its amphiphilic properties, thus affecting membrane fluidity
(18, 61); but the molecular mechanisms implicated in its initi-
ation of apoptotic signaling remain undefined. Suggested path-
ways include inhibition of phosphatidylcholine biosynthesis by
depression of the translocation of CTP:choline phosphate cyti-
dylyltransferase to membranes (5, 19, 21), a sustained increase
in Ca®" levels via calcium channels (23, 65), inhibition of
sphingomyelin biosynthesis leading to increased levels of pro-
apoptotic ceramide (67), mitogenic MAPK/ERK signaling in-
hibition, and proapoptotic SAPK/JINK pathway activation (44).

Apoptosis, a form of programmed cell death (PCD), is a
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genetically regulated physiological process of cell suicide that
is central to the development, homeostasis, and integrity of
multicellular organisms (2). Initially, it was assumed that PCD
emerged with multicellularity and would have been counter-
selected in unicellular organisms (41). Recently, several studies
have demonstrated that a process of PCD also operates in 10
different single-celled eukaryotic organisms whose phyloge-
netic origins arose 1 billion to 2 billion years ago (1, 6, 10, 42,
62, 66), including various species of Leishmania (4, 24, 35, 50,
69), among which is L. donovani (9, 30, 37). These studies have
also shown that this type of cell death in kinetoplastids, slime
mold, ciliates, and dinoflagellates induces some of the struc-
tural alterations characteristic of apoptosis in multicellular or-
ganisms.

The aim of the present work was to assess more precisely the
cell death process induced by HePC in L. donovani promas-
tigotes. We report that dying parasites share numerous cyto-
plasmic, nuclear, and membrane features with apoptotic meta-
zoan cells, including cell shrinkage, DNA fragmentation into
oligonucleosome-sized fragments, and phosphatidylserine ex-
posure. Our findings also suggest that proteases are involved,
at least in part, in the death machinery operating in L. dono-
vani promastigotes in response to HePC.

MATERIALS AND METHODS

Materials. HePC (miltefosine) was obtained from Zentaris (Frankfurt, Ger-
many). Adenosine, chloroform-isoamyl alcohol (24:1), dimethyl sulfoxide
(DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
ethanol, hemin, medium 199, phenol, propidium iodide (PI), proteinase K, and
trans-epoxysuccinyl-L-leucylamido-(4-guanido)butane (E64) were purchased
from Sigma (St. Quentin Fallavier, France). Fetal bovine serum and HEPES
buffer were purchased from Invitrogen (Eragny, France). The Annexin-V-
FLUOS staining kit was obtained from Roche (Meylan, France). RNase A was
from Amersham Biosciences (Orsay, France). z-Val-Ala-pL-Asp(methoxy)-flu-
oromethylketone (z-VAD-fmk) was from Bachem (Voisins le Bretonneux,
France). Boc-Asp(methoxy)-fluoromethylketone (Boc-D-fmk; caspase inhibitor
IIT) was from VWR International (Fontenay sous Bois, France). Calpain inhib-
itor I and lactacystin were from SA Coger (Paris, France).

In vitro culture of parasites. Promastigote forms of wild-type (WT) L. dono-
vani (strain MHOM/ET/67/HU3/L82) and a derivative line, which is resistant to
40 pM HePC (designated HePC-R40) (49), were kindly provided by Simon L.
Croft (Department of Infectious and Tropical Diseases, London School of Hy-
giene and Tropical Medicine, London, United Kingdom) and were grown in
medium 199 supplemented with 40 mM HEPES, 100 pM adenosine, 0.5 mg of
hemin per liter, 10% heat-inactivated fetal bovine serum, and 50 pg of genta-
micin per ml at 26°C in a dark environment; and HePC-R40 promastigotes were
continuously maintained in the presence of 40 .M HePC. All experiments were
performed with parasite cultures in the logarithmic phase of growth.

Analysis of drug sensitivity by colorimetric MTT assay. Promastigotes, har-
vested in the exponential growth phase, were resuspended in fresh medium to
achieve 10° parasites/ml and were seeded in 96-well culture plates. HePC, which
was freshly prepared as a 10 mM stock solution before each experiment, was
added in triplicate at final dilutions ranging from 1 to 100 wM. The plates were
incubated at 26°C for 72 h in a 5% CO, atmosphere, and promastigote viability
was evaluated by using the quantitative colorimetric MTT assay. The conversion
of MTT to the formazan product by the mitochondrial electron transport chain
is an indicator of cell viability, and a decrease in the amount of MTT converted
indicates toxicity to the cell. Briefly, the MTT labeling reagent (final concentra-
tion, 0.25 mg/ml) was added to each well; and after a 4-h incubation at 26°C,
DMSO was added to dissolve the formazan crystals and obtain a homogeneous
blue solution suitable for measurement of the absorbance with an enzyme-linked
immunosorbent assay plate reader (wavelength, 540 nm). The percentage of
surviving promastigotes versus the number of surviving control promastigotes
was assessed by the formula 100 X (absorbance of treated cells/absorbance of
control cells). The 50% inhibitory concentration (ICs), i.e., the drug concentra-
tion that decreases the rate of cell growth by 50%, was calculated by regression
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analysis; and the results are expressed as the means and standard deviations of
five independent experiments.

DNA fragmentation assay by agarose gel electrophoresis. Qualitative analysis
of DNA fragmentation was performed by agarose gel electrophoresis of total
genomic DNA extracted from untreated and HePC-treated promastigotes. Cell
pellets consisting of 10°® promastigotes were lysed in Sarkosyl buffer (50 mM Tris,
10 mM EDTA, 0.5% [wt/vol] sodium-N-lauryl sarcosine [pH 7.5]) with protein-
ase K (100 pg/ml), vortexed, and allowed to be digested overnight at 50°C.
RNase A (248 U/ml) was then added (1 h, 37°C), and the lysates were extracted
with phenol-chloroform-isoamyl alcohol (25:24:1) and centrifuged at 16,000 X g
for 5 min. The supernatants were treated with 0.1 volume of 3 M sodium acetate
and 2 volumes of ethanol overnight at —20°C, spun at 16,000 X g for 10 min, and
washed in 95% ethanol. The DNA was air dried, dissolved in 10 mM Tris—1 mM
EDTA buffer, and quantified spectrophotometrically at 260/280 nm. The
genomic DNA (10 pg) was run on a 2% agarose gel containing ethidium bromide
for 1 h at 100 V and visualized under UV light.

Detection of phosphatidylserine exposure. Double staining for annexin V-
fluorescein isothiocyanate (FITC)-PI was performed with the Annexin-V-
FLUOS staining kit. In brief, untreated or HePC-treated promastigotes were
washed twice in cold phosphate-buffered saline (PBS; 1.5 mM KH,PO,, 8.1 mM
Na,HPO,, 136.9 mM NaCl, 2.6 mM KClI [pH 7.2]) and centrifuged at 14,000 X
g for 10 min. The pellets were resuspended in 100 wl of annexin V-FITC in the
presence of PI according to the instructions of the manufacturer. After 15 min of
incubation in the dark at 26°C, samples were observed under a fluorescence
microscope (magnification, X400; Ariston; Leitz, Wetzlar, Germany). Alterna-
tively, the intensity of annexin V-FITC labeling was recorded on a FACSCalibur
flow cytometer (Becton Dickinson) and analyzed with CellQuest software, and
the percentage of positive cells was assessed for each histogram.

Flow cytometry analysis of cell cycle. Untreated or HePC-treated promasti-
gotes were washed twice in PBS (pH 7.2). Pelleted cells were fixed in 70% cold
ethanol and incubated overnight at —20°C. After two washes in PBS, the pro-
mastigotes were resuspended in 0.5 ml of PI (100 pg/ml in PBS) containing
RNase A (248 U/ml), and the mixture was incubated for 20 min in the dark at
room temperature. The fluorescence intensity of PI was analyzed with a
FACSCalibur flow cytometer and CellQuest software.

Protease inhibitors. Stock solutions of Boc-D-fmk (20 mM), z-VAD-fmk (20
mM), and lactacystin (1 mM) were prepared in DMSO; a stock solution of
calpain inhibitor I (20 mM) was prepared in 100% ethanol; and a stock solution
of E64 (20 mM) was prepared in water. The promastigotes were incubated for
2 h in the presence of various final concentrations of inhibitors or solvent alone
prior to the addition of HePC.

RESULTS

Cytotoxic effect of HePC on L. donovani WT and HePC-R40
promastigotes. The effect of HePC (the chemical structure is
shown in the top panel of Fig. 1) on L. donovani promastigote
viability was assessed by the quantitative colorimetric MTT
assay after 3 days of incubation. Treatment with HePC resulted
in a concentration-dependent inhibition of WT promastigote
viability (Fig. 1, bottom), with an ICs, of 13.6 = 2.0 uM. In
contrast, HePC at concentrations up to 40 wM had no cytotoxic
effect on clone HePC-R40. This resistance, however, was not
absolute, since doses of HePC higher than the 40 wM in which
this clone is regularly maintained were found to be cytotoxic
(Fig. 1, bottom), with an ICs, of 69.1 = 1.1 uM.

HePC induces cell shrinkage in L. donovani WT promasti-
gotes. A visual inspection by light microscopy revealed that
HePC induces morphological changes in WT promastigotes
compared to the morphology of the untreated control group.
WT promastigotes cultured for 24 h in fresh complete medium
had elongated forms (Fig. 2A1). Cells exposed to 10 uM (Fig.
2A2), 20 uM (Fig. 2A3), or 40 pM (Fig. 2A4) HePC for 24 h
showed rounded forms and cell shrinkage, particularly at the
higher dose. Moreover, flow cytometry analysis of cell size
confirmed that HePC causes cell shrinkage in WT promasti-
gotes, measured by the decrease in forward scatter (compare
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FIG. 1. (Top) Chemical structure of HePC; (bottom) cytotoxic ac-
tivity of HePC on L. donovani promastigotes. The viability of WT
(open circles) and HePC-R40 (closed circles) parasites after a 3-day
incubation in the presence of graded concentrations of HePC was
assessed by the colorimetric MTT assay and is expressed as the per-
centage of surviving promastigotes compared to the number of surviv-
ing untreated cells. Data are the means of five independent experi-
ments performed in triplicate, and standard deviations are represented
by error bars.

Fig. 2B2, B3, and B4 to Fig. 2B1), which was more pronounced
with higher doses of HePC. No rounding or shrinkage was
observed in the resistant clone exposed to similar doses of
HePC (data not shown).

FIG. 2. Morphology and cell size of L. donovani WT promastigotes
cultured for 24 h in fresh complete medium at 26°C in the absence or
presence of different concentrations of HePC. The results of light
microscopy (magnification, X1,000) (A) and flow cytometry analysis
(B) of the cell sizes of WT promastigotes either untreated (Al and B1)
or exposed to 10 uM (A2 and B2), 20 uM (A3 and B3), or 40 pM
HePC (A4 and B4) are shown.
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FIG. 3. DNA fragmentation analysis by agarose gel electrophore-
sis. The DNA profiles for untreated or HePC-treated L. donovani
promastigotes after 24 h of incubation at 26°C are shown. Lane M,
molecular size marker (pb, base pairs). WT promastigotes were un-
treated (lane 1) or were exposed to 10 uM (lane 2), 20 uM (lane 3), or
40 uM HePC (lane 4); HePC-R40 promastigotes were untreated (lane
5) or were exposed to 20 uM (lane 6), 40 wM (lane 7), or 80 uM HePC
(lane 8). The results are representative of those from three indepen-
dent experiments.

HePC induces DNA fragmentation in L. donovani WT pro-
mastigotes. In mammalian cells, internucleosomal DNA frag-
mentation is one of the typical nuclear features of apoptosis
(68). DNA analysis by agarose gel electrophoresis revealed
DNA fragmentation into oligonucleosome-sized fragments (in
multiples of 200 bp) in WT promastigotes treated with 40 pM
HePC for 24 h (Fig. 3, lane 4), whereas untreated cells did not
show any DNA fragmentation (Fig. 3, lane 1). No DNA frag-
mentation was visible in WT promastigotes treated with lower
doses of HePC (10 or 20 uM) for 24 h (Fig. 3, lanes 2 and 3,
respectively). Finally, no DNA fragmentation was detected in
clone HePC-R40), either untreated or treated with 20, 40, or 80
wM HePC (Fig. 3, lanes 5, 6, 7, and 8, respectively).

Flow cytometry analysis after cell permeabilization and la-
beling with PI was used to quantify the percentage of
pseudohypodiploid cells. The amount of bound dye correlates
with the DNA content in a given cell, and DNA fragmentation
in apoptotic cells translates into a fluorescence intensity lower
than that of G, cells (sub-G, peak) (38). After 24 h of incu-
bation of WT promastigotes with 40 pM HePC, 54% of the
cells were found in the sub-G, peak region (Fig. 4B2) but only
6% of the control cells were found in the sub-G,; peak region
(Fig. 4B1), thus confirming that HePC had induced DNA deg-
radation in these cells. In contrast, no DNA degradation (Fig.
4B4) or cell shrinkage (Fig. 4A4) was observed in HePC-R40
promastigotes treated with the same dose of HePC for 24 h.
HePC-induced DNA fragmentation, as quantified by flow cy-
tometry in WT promastigotes, was concentration and time
dependent (Fig. 5, top). Whereas HePC concentrations up to
40 pM did not induce alterations in the DNA of the resistant
clone, a higher dose (80 wM) was able to cause DNA fragmen-
tation in a moderate number of these cells (29% of pseudohy-
podiploid cells at 24 h and 39% of pseudohypodiploid cells at
48 h) (Fig. 5, bottom).

HePC induces phosphatidylserine externalization in L. do-
novani WT promastigotes. During the early stages of mamma-
lian cell apoptosis, an ubiquitous alteration is the translocation
of phosphatidylserine from the inner side to the outer layer of
the plasma membrane. Annexin V, a Ca®*-dependent phos-
pholipid-binding protein with a high affinity for phosphatidyl-
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FIG. 4. Cell size and analysis of DNA content by flow cytometry of
untreated or HePC-treated L. donovani promastigotes after 24 h of
incubation at 26°C. The light-scattering properties (A) and the DNA
fragmentation (B) of WT promastigotes untreated (Al and B1) or
exposed to 40 uM HePC (A2 and B2) and of HePC-R40 promastigotes
untreated (A3 and B3) or exposed to 40 uM HePC (A4 and B4) are
shown. Cells containing amounts of DNA found in the sub-G, peak
region (pseudohypodiploid cells) are in region M, and their percent-
ages were calculated for each histogram. The data are representative
of those from at least six independent experiments. SSC-H, side scat-
ter; FSC-H, forward scatter; FL3-H, fluorescence intensity.

serine, is routinely used in a fluorescein-conjugated form to
label externalized phosphatidylserine. Since annexin V-FITC
can also label necrotic cells following the loss of membrane
integrity, simultaneous addition of PI, which does not perme-
ate cells with an intact plasma membrane, allows the discrim-
ination between apoptotic cells (annexin V positive, PI nega-
tive), necrotic cells (annexin positive, PI positive), and
surviving cells (annexin V negative, PI negative) (63). Obser-
vation by fluorescence microscopy of WT promastigotes
treated with 40 uM HePC for 24 or 48 h indicated that
rounded, condensed cells were labeled with annexin V-FITC,
whereas untreated cells were negative (data not shown). Im-
portantly, HePC exposure did not induce necrotic features,
even after a prolonged incubation, as all the cells remained
negative for PI. In contrast, no apoptotic or necrotic cells were
detected in clone HePC-R40, either untreated or treated with
the same dose of HePC for 24 or 48 h (data not shown).
Flow cytometry analysis after labeling with annexin V-FITC
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FIG. 5. DNA fragmentation analysis by flow cytometry. The per-
centages of pseudohypodiploid cells of either WT promastigotes (top)
or HePC-R40 promastigotes (bottom) were determined after 24 h
(open bars) or 48 h (closed bars) of incubation at 26°C in the absence
or presence of different concentrations of HePC. The data are the
means of five independent experiments, and standard deviations are
represented by errors bars.

was used to quantify the percentage of cells presenting this
apoptotic feature (Fig. 6). Given the lack of PI labeling ob-
served by fluorescence microscopy, PI was not used in these
experiments. After 24 h of incubation of WT promastigotes
with 40 pM HePC, 68% of the treated cells but only 4% of the
control cells were annexin V-FITC positive (Fig. 6, top); and
after 48 h the proportion of annexin V-FITC-positive cells
increased to 79%, whereas no change was detected in the
control group (3%). In contrast, no induction of phosphatidyl-
serine exposure was observed in HePC-R40 promastigotes
treated with the same dose of HePC for 24 or 48 h (Fig. 6,
bottom).

Effect of protease inhibitors on HePC-induced DNA frag-
mentation in L. donovani WT promastigotes. The family of
cysteine proteases known as caspases, which specifically cleave
their substrates after an aspartate residue, are the major ef-
fectors of apoptosis in metazoans (57), although other pro-
teases have been also reported to be involved: cysteine pro-
teases such as calpains and cathepsins, serine proteases, and
the proteasome (26). As a first attempt to determine whether
proteases could be involved in the induction of apoptosis-like
death by HePC, two cell-permeant, irreversible, and specific
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FIG. 6. Phosphatidylserine exposure analysis by flow cytometry.
The percentages of annexin V-FITC-positive WT promastigotes (top)
or HePC-R40 promastigotes (bottom) were determined after 24 h
(open bars) or 48 h (closed bars) of incubation at 26°C in the absence
or presence of 40 puM HePC. The data are the means of three inde-
pendent experiments, and standard deviations are represented by er-
rors bars.

caspase inhibitors (z-VAD-fmk [17] and Boc-D-fmk [12]), a
specific calpain inhibitor (E64), a broad protease inhibitor
(calpain inhibitor I), and an irreversible proteasome inhibitor
(lactacystin) were used. Incubation with any of these inhibitors
at the concentration used did not cause any cell alteration
(data not shown). Microscopy and flow cytometry analysis
showed that none of the inhibitors protected WT promasti-
gotes against cell shrinkage or phosphatidylserine exposure
induced by HePC (data not shown). However, quantitative
analysis of pseudohypodiploid cells indicated that whereas E64
and lactacystin had a negligible effect, the presence of caspase
inhibitors reduced the percentage of cells present in the sub-G,
peak region (Fig. 7). This effect was even more pronounced
with calpain inhibitor I (Fig. 7).

DISCUSSION

In this work we show that addition of HePC to L. donovani
WT promastigotes induces a type of death that shares most of
the features associated with metazoan apoptosis, i.e., cell
shrinkage, DNA oligonucleosomal digestion, and phosphati-
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FIG. 7. Effects of protease inhibitors on HePC-induced DNA frag-
mentation in WT promastigotes. Parasites were incubated for 2 h in
the presence or absence of the protease inhibitors z-VAD-fmk, Boc-
D-fmk, or E64 (100 wM), calpain inhibitor I (20 wM), or lactacystin (50
wM) prior to the addition of HePC (40 pM). Promastigotes were
incubated for an additional 24 h at 26°C. The percentage of pseudohy-
podiploid cells was determined by flow cytometry analysis. The data
are the means of three independent experiments, and standard devi-
ations are represented by errors bars.

dylserine exposure with preservation of plasma membrane in-
tegrity. Interestingly, a clone derived from the same strain by
selective pressure and resistant to HePC, clone HePC-R40, did
not display any apoptosis-like changes when it was exposed to
HePC concentrations sufficient to kill the WT strain (up to the
40 wM used for selection). From these data, we can conclude
that HePC does not kill L. donovani by a direct mechanism,
which would lead to necrotic cell death, but, rather, kills L.
donovani by an indirect one, akin to apoptotic cell death. The
existence of a form of PCD with apoptotic features has already
been reported in various unicellular organisms, including
Leishmania. Several agents or nutrient deficiencies known to
induce apoptosis in higher eukaryotes were found to cause
apoptosis-like changes in L. donovani promastigotes (hydrogen
peroxide [9, 37], nutrient deprivation [30]) and Leishmania
major promastigotes (staurosporine [4], serum removal [69]).
Similar observations were made for another antileishmanial
drug, amphotericin B, in L. donovani promastigotes (30). In
most of these studies, as well as other published work on
apoptosis in kinetoplastids, all the criteria defined in mamma-
lian systems are not present. In this respect, HePC seems to
induce a rather typical apoptotic phenotype in L. donovani.
L. donovani WT promastigotes exposed to HePC acquired
rounded forms and displayed cell shrinkage, reminiscent of the
cytoplasmic condensation detected in apoptotic cells of multi-
cellular organisms. Digestion of DNA into oligonucleosomal
fragments, a hallmark of classical apoptosis, was also found to
occur in a concentration- and a time-dependent manner during
drug exposure in WT promastigotes; and the percentage of
cells undergoing this chromatin alteration, pseudohypodiploid
cells, was assessed by flow cytometry. While staurosporine has
been shown to cause some form of DNA degradation in L.
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major promastigotes, oligonucleosomal fragmentation was not
detected (4). This typical nuclear feature, however, has been
reported to occur in amphotericin B-treated L. donovani pro-
mastigotes and was associated with a decrease in the mitochon-
drial membrane potential (30). In the latter study, an early
increase in plasma membrane permeability was observed,
whereas membrane integrity is conserved during classical
metazoan apoptosis. HePC-induced apoptotic cells do not un-
dergo any major change in membrane permeability, even after
prolonged incubation. In addition, during HePC treatment,
translocation of phosphatidylserine residues to the outer layer
of the plasma membrane, one of the most characteristic fea-
tures of apoptotic cell death, was observed in dying promas-
tigotes. Therefore, HePC appears to be remarkable in its abil-
ity to trigger in L. donovani promastigotes most of the changes
associated with classical apoptosis. Taken together with the
results of the studies mentioned above, our results imply that
the components of the apoptotic machinery activated in Leish-
mania could vary according to the strain or the inducer used.

The biochemical pathways that mediate apoptosis-like death
in kinetoplastids are still unknown. Caspases, a specific family
of cysteine proteases, are the major components of the pro-
teolytic machinery that mediate apoptosis in mammalian cells
(57). The involvement of other cysteine proteases such as cal-
pains and cathepsins, as well as serine proteases or the pro-
teasome, has also been suggested (26). We used several inhib-
itors to investigate whether proteases could be involved in the
apoptosis-like death observed in HePC-treated WT promas-
tigotes. Treatment of L. donovani promastigotes with two cell-
permeant and irreversible broad-spectrum caspase inhibitors,
z-VAD-fmk and Boc-D-fmk, prevented DNA digestion but
had no effect on the cytoplasmic (cell shrinkage) or membrane
(phosphatidylserine exposure) features of apoptosis. Similar
observations were made in L. major promastigotes exposed to
staurosporine (4). These results suggest that nuclear events are
under the control of proteases sensitive to caspase inhibitors.
Indeed, caspases are directly implicated in the activation of the
endonuclease that mediates oligonucleosomal DNA fragmen-
tation in mammalian cells (13). However, to date no caspase
homolog has been found in any unicellular eukaryote (3, 60).
Recently, genes encoding for metacaspases, which belong to an
ancestral metacaspase, paracaspase, and caspase superfamily,
have been identified in numerous nonmetazoan eukaryotes (3,
60). Little is known about the function of these metacaspases,
and their potential sensitivity to classical caspase inhibitors has
not been tested. Five metacaspases have been cloned in 7.
brucei (56), and sequence alignment has revealed the existence
of a comparable gene in L. major (36). Most interestingly,
heterologous expression of a T. brucei metacaspase in yeast
resulted in growth inhibition, mitochondrial dysfunction, and
clonal cell death (56). The possibility that a metacaspase in L.
donovani might be the target of caspase inhibitors deserves
further investigation.

HePC-induced DNA digestion was not reduced in the pres-
ence of the broad-spectrum calpain and cysteine protease in-
hibitor E64. This result is at variance with the E64-mediated
protection found in staurosporine-treated L. major promasti-
gotes (4). Likewise, a proteasome inhibitor, lactacystin, was
found to be ineffective in abrogating HePC-induced oligonu-
cleosomal DNA fragmentation. However, lactacystin has been
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reported to be poorly permeant in Leishmania mexicana pro-
mastigotes compared to its ability to permeate amastigotes
(40). If the same holds true for L. donovani, the use of an
alternative proteasome inhibitor is clearly required before any
final conclusion concerning a lack of involvement of this pro-
tease complex can be made. Calpain inhibitor I, which inhibits
calpains, cathepsins, neutral cysteine proteases, as well as the
proteasome, was the most efficient compound among all those
tested and was capable of interfering with DNA fragmentation.
These data further imply that proteases are most likely in-
volved in the molecular signaling leading to nuclear changes,
but the broad spectrum of activity of these inhibitors precludes
any clear identification of their nature. Identification of the
endonucleases(s) that mediates DNA oligonucleosomal frag-
mentation in L. donovani promastigotes could be helpful in
defining the identities of the proteases responsible for their
activation. A recent study (69) reported on the detection of 45-
to 59-kDa nucleases with internucleosomal activities in L. ma-
jor. Finally, as was the case for z-VAD-fmk, calpain inhibitor I
had no preventive effect on cell shrinkage, indicating that in-
hibition of DNA fragmentation might not be sufficient for
efficient cell protection. Thus, we are trying to determine
whether a protease inhibitor capable of interfering with cell
condensation and/or phosphatidylserine exposure can be
found.

In conclusion, our findings indicate that HePC induces an
apoptosis-like death in L. donovani WT promastigotes and that
proteases are part of the cell death machinery. Better knowl-
edge of the mechanism of action of HePC in L. donovani WT
promastigotes, in addition to the identification of the major
pathways involved in Leishmania apoptosis-like death, should
be useful for elucidation of the molecular events underlying
the resistance of the HePC-R40 clone. Moreover, given the
impressive efficacy of HePC (Impavido) in clinical trials, HePC
has become the major treatment option for VL. Promastigotes,
which develop in the midgut of the insect vector, are not the
clinical target of HePC, and extension of these studies to the
amastigote form of L. donovani will allow us to better assess
the relevance of our results.
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