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�- and �-defensin-, magainin-, and cathelicidin-type antimi-
crobial peptides (AMPs) can kill the pathogenic protozoan
Leishmania. Comparative studies of a panel of AMPs have
defined two distinct groups: those that induce nonapoptotic
(Class I) and apoptotic (Class II) parasite killing based on their
differential ability to induce phosphatidyl serine exposure, loss
of mitochondrial membrane potential and decreased ATP pro-
duction, induction of caspase-3/7 and -12 activity, and DNA
degradation. Class II AMPs cause rapid influx of the vital stain
SYTOX and an increase in intracellular Ca2�, whereas Class I
AMPs cause a slow accumulation of SYTOX and do not affect
intracellular Ca2� levels. Inhibitors of cysteine or caspase pro-
teases diminished fast influx of SYTOX through the surface
membrane and DNA degradation but do not ablate the annexin
V staining or the induction of apoptosis by Class II AMPs. This
suggests that the changes in surface permeability inAMP-medi-
ated apoptosis are related to the downstream events of intracel-
lular cysteine/caspase activation or the loss of ATP. The activa-
tion of caspase-12-like activity was Ca2�-dependent, and
inhibitors of voltage-gated and nonspecific Ca2� channels
diminished this activity. Flufenamic acid, a nonspecific Ca2�

inhibitor, completely ablated AMP-inducedmitochondrial dys-
function and cell death, indicating the importance of dysregula-
tion of Ca2� in antimicrobial peptide-induced apoptosis.

Leishmania are vector-borne protozoa that parasitize host
macrophage phagolysosomes. Activated macrophages kill
intracellular parasites in part by induction of apoptosis by nitric
oxide in a caspase- and cysteine protease-independent manner
(1, 2). Limited apoptosis of Leishmania within the sandfly vec-
tor, prior to infection of host, may be important to the estab-
lishment of infection (3, 4). In vitro Leishmania can undergo
apoptosis by exposure to many different compounds that lead
to alteration of surface the cell membrane causing enhanced
annexin V staining, activation of caspase-like proteases,

DNA laddering, and mitochondrial membrane depolariza-
tion. Our work has recently shown that antimicrobial pep-
tide exposure of Leishmania can induce apoptosis, which
occurs concomitant with activation of both caspase and cys-
teine protease activities (5).
Antimicrobial peptides (AMPs)2 are structurally diverse

highly cationic proteins between 10 and 50 amino acids and are
components of the innate immune systems of organismswithin
all kingdoms. AMPs have a myriad of functions and are known
to interact with and disruptmicrobial surfacemembranes lead-
ing to cell death. Magainins are �-helical AMPs expressed in
the skin of frogs, whereas cathelicidins are mammalian
�-pleated sheet peptides, both of which can kill Leishmania at
physiological concentrations (5). We have documented that
magainins are quite apt at causing AMP-induced apoptosis of
surfacemetalloprotease null mutants of L. major and that these
exhibited features of apoptotic Leishmania induced by differ-
ent stimuli (5). These two different structurally diverse classes
of AMPs are known to interact with membranes in distinct
ways (6), yet it is unknownwhetherwe they can kill parasites via
disparate mechanisms.
Apoptosis of Leishmania induced by antimony, camptoth-

ecin, and hydrogen peroxide all induce significant increases in
cytosolic calcium, which is toxic to mitochondrial membrane
potential (7–9). Calcium-related cell death and mitochondrial
toxicity are related to the activity of nonspecific calcium chan-
nels (7, 8, 10), whichmay be attributable to their location in the
mitochondrial membrane (11, 12). Apoptosis of Leishmania is
also associated with increases in caspase-like and cysteine pro-
tease activity (5, 7, 9, 13, 14). Caspase-3/7-like activation can be
induced by a number of stimuli despite the absence of genes
encoding caspaseswithin theL.major genome (15). In addition,
the ancestralmetacaspase expressed byLeishmania donovani is
a trypsin-like protease not inhibitible with caspase inhibitors
(16). We and others have found that cysteine protease activity
may be important for certain features of Leishmania apoptosis
such as DNA degradation (5). It is quite clear that Leishmania
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can undergo apoptosis in caspase-dependent and caspase-inde-
pendent pathways (17), yet we do not know what mode of apo-
ptosis occurs upon AMP exposure.
In the work presented here we show that two structurally

diverse AMPs kill Leishmania differentially inducing either
nonapoptotic or apoptotic cell death. We have characterized
AMP-induced apoptotic cell death and found that although it is
associated with the activation of caspase-3/7- and -12-like
activities, these activities are not essential to apoptosis. Con-
versely we find that a dramatic increase in cytosolic Ca2� cor-
relates with the mitochondrial membrane dysfunction and the
decline in ATP production and cell death and that this is com-
pletely inhibited by blockade of nonspecific calcium channels.
Blockade of caspase and cysteine proteases affect surfacemem-
brane permeability changes and DNA degradation but do not
prevent cell death, suggesting that AMP-induced apoptosis
may be a caspase-independent process. These data provide a
framework to understand the critical events in AMP-medi-
ated apoptosis and may be helpful in the rational design of
chemotherapeutic strategies for manipulation of cell death
pathways in Leishmania.

EXPERIMENTAL PROCEDURES

Parasites and Peptides—The cell line used in this study is the
leishmanolysin knock-out derivative (termedKO, in this paper)
of Leishmania major (NHOM/SN/74/Seidman) (18) and was
routinely cultivated as insect forms in M199 containing 10%
heat-inactivated fetal bovine serum. The magainin-type pep-
tide pexiganan (19) and porcine cathelicidin protegrin-1 (20)
were synthesized on an Applied Biosystems model 433A syn-
thesizer as described previously (21).
Parasite Survival Assay—A standard parasite survival assay

was used as described previously for Leishmania (5). Rou-
tinely 107 parasites were incubated in 100 �g of MTT rea-
gent followed by treatment with 10% SDS for 6–8 h followed
by reading in spectrophotometer at 570 nm. Treated para-
sites were compared with parasites incubated in the same
conditions in buffer alone. All of the AMP-treated cells were
incubated for 2 h with 12.5 �M peptide prior to analysis with
the MTT assay.
SYTOX Green Assay for Cell Membrane Permeability—107

parasites were washed thrice in PBS then incubated in the dark
with 1 �M SYTOX Green (Promega) in PBS for 15 min essen-
tially as described (22). Fluorescence wasmeasured every 5min
after peptide addition for up to 2 h. Control for maximum flu-
orescence was shown by the addition of 0.5% Triton X-100.
Fluorescence was measured in a microplate reader with excita-
tion and emission wavelengths of 485 and 520 nm, respectively.
Caspase Assays—Caspase-3/7 protease activity was meas-

ured using the Apo-1 homogenous caspase-3/7 activity assay
kit (Promega, Madison, WI). The assay was done according to
themanufacturer’s instructions with the followingminormod-
ifications. 107 parasites were incubated in 100 �l of PBS with or
without pexiganan for 2 h followed by the addition of kit
reagents. At the completion of the reactions, the increase in
fluorescence, indicative of the cleavage of the Z-DEVD-R110
substrate, was read fluorometrically for 2 h at excitation and
emissionwavelengths of 485 and 530 nm, respectively. Cysteine

protease inhibitors E-64 (Sigma) and 1–3-Boc-aspartyl-flu-
oromethyl ketone (BAF) (Calbiochem, San Diego, CA) were
added in control reactions at 100 �M for 30 min prior to addi-
tion of 6.25–12.5 �M pexiganan. Caspase-12 activity was meas-
ured fluorometrically using caspase-12 assay kit (Biovision
Research Products). The assay is based on detection of cleavage
of substrate ATAD-AFC (7-amino-4-trifluoromethyl couma-
rin) to free AFC, which was measured by a micro plate reader
(emission, 400 nm; excitation, 505 nm). Comparison of fluores-
cence from AMP-treated parasites with untreated parasites
slows determination of increase in caspase-12 activity. 10 �l of
caspase-12 inhibitor Z-ATAD-FMKwas added in control reac-
tions before AMP addition and incubated for 30 min.
TUNEL Assay—In situ detection of DNA fragmentation

was measured for parasites treated with an AMP pexiganan
by the terminal deoxyribonucleotide transferase-mediated
deoxynucleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) assay according to the manufacturer’s instructions
(TiterTACSkit fromR & DSystem). This spectrophotometeri-
cally based kit provides direct quantification of apoptosis in
treated cells without actual counting of labeled cells. Untreated
parasites and cells treated with nuclease provided in kit and
known apoptotic drug staurosporine were used as negative and
positive controls, respectively.
Flow Cytometric Analysis—Flow cytometry analysis was per-

formed using a FACSCalibur flow cytometer and CellQuestPro
software (Becton Dickinson). The cells were prepared as indi-
cated above and stainedwith annexinV-fluorescein isothiocya-
nate and propidium iodide using an apoptosis detection kit (BD
Pharmingen) according to themanufacturer’s instructions. For
measurement of mitochondrial membrane potential changes,
the cells were treated as indicated above and loaded with for 5
min at 25 °C with 0.3 �g/ml of rhodamine 123 as described
previously (23). The cells were washed thrice in PBS prior to
flow cytometric analysis using 488- and 525-nm excitation and
emission wavelengths, respectively. The cells incubated under
the same conditions with 7.5 mM with the mitochondrial poi-
son, carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP), were used as a positive control.
Ca2� Analysis—Intracellular Ca2� concentration measure-

ments were done using with the fluorescent probe Fura 2AMas
described previously (8). Parasites treated with AMP and
untreated were harvested and washed twice with wash buffer
(116 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 5.5 mM glucose, 1
mM CaCl2, and 50 mMMOPS, pH 7.4). The parasites were then
suspended in the same buffer containing 15% sucrose and were
incubated with Fura 2AM (6�M) for 1 hwithmild shaking. The
cells were suspended in the same wash buffer after two washes,
and fluorescence measurements were performed for 8 h with
plate reader (excitation, 340 nm; emission, 510 nm). Parasites
incubated with 10 mM CaCl2 were used as positive control for
maximum fluorescence. The measurement of intracellular
Ca2� was carried out in the presence of Ca2� channel inhibi-
tors. The parasites were incubated with 10 �M verapamil, spe-
cific voltage-gated channel blocker and 100 �M flufenamic acid
(FFA); the nonspecific calcium channel blocker for 1 h before
addition of AMP to the cells.
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Microscopic Analysis—The labeling of pexiganan and PG1
with fluorescein isothiocyanate was done using the protein
labeling kit (Pierce) according to the protocol from the manu-
facturer. For fluorescent microscopic analysis, stationary phase
leishmanolysin KOpromastigotes were incubatedwith fluores-
cein isothiocyanate-labeled pexiganan and PG1 for different
time points. At every time point the parasites were washed
thrice with PBS and fixed with 0.5% glutaradehyde.

RESULTS

Differential Induction of Nonapoptotic and Apoptotic Cell
Death by Different Antimicrobial Peptides—In our previous
work we showed that the surface metalloprotease (leishmano-
lysin) degradation of AMP prevents AMP-induced apoptosis.
Mutants devoid of leishmanolysin undergo killing by a variety
of AMPs including cathelicidins and magainins. Because the
type of cell death parasites undergo has implications with
regard to the outcome of mammalian infection, we sought to
determine whether there was a difference in the mode of cell
death induced by these two AMP subtypes. Parasites incubated
with either cathelicidin (protegrin-I, PG-1) andmagainin (pexi-
ganan) AMPs were assessed for markers of apoptosis (Fig. 1).
PG-1-treated cells stainedwith propidium iodide (PI), although
they had minimal staining with annexin V, were indicative of
nonapoptotic-cell death. Pexiganan-treated cells, however, had
marked dual staining with both PI and annexin V indicative of

apoptosis. TUNEL analysis for DNA degradation of AMP-
treated cells showed that only pexiganan induced TUNEL
activity equivalent to that of staurosporine, an agent known to
induce apoptosis in Leishmania (14). PG-1 treatment of cells
did not lead to DNA degradation. We also measured the acti-
vation of caspase-3/7-like activity inAMP-treated cells. Pexiga-
nan treatment led to the activation of significant caspase-3/7
activity to the level of that in cells treated with staurosporine,
whereas PG-1 treatment did not cause enzyme activation. The
induction of TUNEL activity, caspase-3/7-like enzyme activa-
tion, and PI-annexin V is selective of apoptotic cell death
induced by Class II (C-II). We term AMPs, such as pexiganan,
which induce apoptosis as C-II peptides and those that kill by
nonapoptotic cell death, as Class I (C-I).
Class II AMP Induces Mitochondrial Membrane Depolariza-

tion and Decline in ATP Production—AMP-mediated apopto-
sis leads to a breakdown in mitochondrial membrane potential
(5). We compared the mitochondrial membrane potential
changes induced by C-I and C-II AMPs (Fig. 2). Flow cytomet-
ric analysis of parasites treated with C-II led to a decrease in
fluorescence of rhodamine 123-loaded cells, whereas treatment
of cells with C-I did not cause a decrease in fluorescence. Treat-
ment of cells with the mitochondrial poison FCCP led to a
breakdown in mitochondrial membrane potential similar to
that if the cells were treated with C-II. We measured the ATP
content of parasites treatedwithC-I and -II AMPs to determine
whether the breakdown in mitochondrial function correlated
with the decline in the production of ATP. Total cellular ATP
was�2.5-fold lower in parasites treated with C-II than in those
treated with C-I (Fig. 2B). Because AMPs are known to disrupt
the outer membrane of cells, we determined the relative distri-
bution of ATP in the supernatant and in the cells (Fig. 2C). The
relative distribution of ATP did not differ significantly between
cells treated with different AMPs.
Caspase and Cysteine Protease Dependence of Certain Fea-

tures of AMP-induced Apoptosis—In our previous work we
showed that DNA degradation in C-II-treated parasites could
be inhibited by pretreatment of cells by E-64 but not by the
pancaspase inhibitor BAF (5). We wanted to determine
whether other features of AMP-induced apoptosis were
affected by these inhibitors.Wepretreated cellswith E-64, BAF,
or both together followed by the addition of C-II and analyzed
cells for changes in cell surface permeability and annexin PI
staining as well as TUNEL activity (Fig. 3). Pretreatment of cells
with either BAF or E-64 caused dramatic decreases in the per-
meability of SYTOX. The decrease in surface permeability to
SYTOXwas greater in cells incubated with E-64 than BAF (Fig.
3A). The addition of BAF to E-64 has a marginal effect, further
diminishing SYTOX permeability. Neither inhibitor fully
reduced the surface permeability to the level of the untreated
control evenwhen the concentrationwas increased up to 5-fold
(not shown).We also compared the change in cell permeability
by the C-I AMP protegrin in the presence of these inhibitors.
C-I caused a slowly progressive increase in SYTOX permeabil-
ity, which contrasted dramatically with the rapid influx of
SYTOX caused by C-II. Pretreatment of cells with E-64�BAF
had aminimal (�20%) effect by reducing cell permeability, and
the individual agents alone have even less effect (Fig. 3A, lower

FIGURE 1. AMP induction of two distinct modes of leishmanial killing:
nonapoptotic (Class I) and apoptotic (Class II) cell death. L. major mutants
lacking leishmanolysin were treated with either protegrin-1 (Class I AMP, C-I)
or pexiganan (Class II AMP, C-II) and then analyzed using propidium iodide/
annexin V staining by flow cytometry (A), TUNEL analysis for DNA degradation
(B), or caspase-3/7 activation (C). Cells treated with staurosporine (STS) were
used as a control for apoptotic cells. Cell lysates treated with DNase (indicated
by � in B) were used for a positive control in the TUNEL assay.
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panel). To determine whether the changes in annexin V stain-
ing at the surfacemembrane caused byAMPswas related to the
activity of cysteine and/or caspase activity, we analyzed cells
for annexin V-PI co-staining after preincubation with E-64 or
BAF and then with C-II (Fig. 3B). C-II treatment alone caused
almost all cells to co-stain with annexin V-PI as seen previously
(5). Pretreatment with inhibitors, either alone or in combina-
tion, did not appreciably change the profile of annexin V-PI
staining caused by C-II. C-II-induced DNA degradation, as
demonstrated by increased TUNEL activity (Fig. 3C) was sub-
stantially diminished by E-64, but not BAF, as we have demon-
strated previously using agarose gel electrophoresis (5).
Class IIAMP-mediatedApoptosis IsAssociatedwith Increases in

Intracellular Calcium—Because apoptosis of Leishmania
induced by other stimuli can lead to release of calcium from
intracellular stores, we wanted to determine whether AMP-
mediated apoptosis was associated with significant delocaliza-
tion of intracellular calcium. Fura 2AM-loaded cells were incu-
bated with either C-I or -II AMP under our standard
conditions, and increasing fluorescence was measured over 8 h
(Fig. 4A). Class II AMP treatment caused a rapid rise in the
amount of intracellular calcium nearly equivalent to that of the
control of cells incubated in buffer alone.We detected elevated
calciumeven at time 0 in theAMP-treated cells. The processing
time of this sample is �20 s, so AMP induced calcium flux is
detectable within this time frame. Class I AMP-treated cells did
not have a demonstrable increase in intracellular calcium. To

investigate whether voltage-gated
or nonspecific calcium channels are
involved in AMP-meditated apop-
totic calcium changes, we preincu-
bated cells in FFA and verapamil,
nonspecific, and voltage-gated cal-
cium channel inhibitors, respec-
tively. FFA treatment followed by
incubationwith C-II caused a�25%
reduction in calcium flow at 8 h (Fig.
4B). Verapamil treatment of cells
further reduced calcium delocaliza-
tion to�40%of that caused byAMP
alone.
Caspase-12-like Activation Occurs

during AMP-mediated Apoptosis—
Mammalian caspase-12 undergoes
activation in a calcium-dependent
manner and is thought to be related
to endoplasmic reticulum-related
stress (24, 25). Because AMP-medi-
ated apoptosis is associated with the
large increases in the cytosolic cal-
cium, we investigated whether cells
exposed to C-II AMP led to an
increase in caspase-12-like activity.
Parasites were exposed toAMP, and
lysateswere then incubatedwith the
caspase-12-specific substrate. The
cells exposed to AMP had �4-fold
higher levels of activity compared

with the background level in untreated cells (Fig. 5A). Preincu-
bation of cells with caspase-12-specific inhibitor prior to anal-
ysis had only background levels of activity. We also tested cells
exposed to C-II for activation of caspase-8- and 10-like activity
in the same manner and have not detected these activities (not
shown). We tested whether induction of caspase-12-like activ-
ity was dependent on the either nonspecific or voltage-gated
Ca2� channels using FFA and verapamil (Fig. 5B). Preincuba-
tion of cells with either inhibitor followed by AMP exposure
and analysis of caspase-12-like activity decreased activity nearly
to the base-line level. FFA�verapamil preincubation of cells
followed by C-II did not appreciably reduce caspase-12-like
activity, suggesting that the FFA and verapamil may be
antagonistic.
Blockade of Nonspecific Ca2� Channels Abolishes AMP-me-

diated Apoptosis of Leishmania—Increased levels of free intra-
cellular calcium can be toxic to mitochondria and cause apo-
ptosis of Leishmania by other agents (7, 8, 10). FFA can
diminish Ca2�-mediated mitochondrial toxicity induced by
camptothecin and antimony. We tested whether the Ca2� tox-
icity mediated through FFA-sensitive channels plays a role in
AMP-mediated cell death. Parasites were preincubated in
either FFA or verapamil and then exposed to C-II followed by
analysis of cell death using metabolism of MTT (Fig. 6). The
cells preincubated in FFA were completely protected from
AMP killing, surviving just as well as controls cells. The cells
preincubated in verapamil were killed by AMP as readily as

FIGURE 2. Differential induction of mitochondrial membrane potential disruption and ATP production.
L. major mutants were treated with either protegrin-1 (Class I AMP, C-I) or pexiganan (Class II AMP, C-II) and
analyzed for fluorescence in flow cytometry after staining with rhodamine 123 (A). Cells treated with the
mitochondrial poison FCCP were used as a positive control. AMP-treated cells were also analyzed for total ATP
content (B), showing that C-II-treated cells have an �4-fold lower amount of ATP. The distribution of ATP in the
cell and buffer fractions of the reactions was also determined (C) and found to be similar in both cases.
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controls incubated in AMP alone. We analyzed the effect of
FFA on various aspects of AMP-induced apoptosis by C-II. FFA
preincubation of cells prior to exposure to C-II led to the ability
of cells to produce ATP similar to that of untreated cells (Fig.
7A), whereas cells treated with C-II alone lost their ability to
produce ATP. Interestingly, FFA-treated cells produced only
minimal caspase-3/7-like activity when exposed to C-II,
whereas cells treated with C-II alone exhibited substantial
amounts of this activity (Fig. 7B), consistent with that we have
observed before (Fig. 1C) (5). Similarly, FFA pretreatment of
cells substantially diminished AMP-induced TUNEL activity
(Fig. 7C). Lastly we tested whether FFA pretreatment could
protect mitochondria from Ca2�-dependent effects on mito-
chondrial membrane potential, contributing to the overall
mitochondrial toxicity and diminished ATP production.
Indeed, pretreatment of cells with FFA protected cells from
C-II-induced effects on mitochondrial membrane depolariza-
tion (Fig. 7D).
Differential Cellular Localization of Class 1 and II AMPs—

BecauseC-I and -II AMPs appear to kill Leishmania in different

ways, we hypothesized that they
may associate with cells differently.
To test this we used fluorescently
tagged PG-1 and pexiganan to treat
stationary phase parasites and then
analyzed them using direct fluores-
cent microscopy (Fig. 8). Class 1
AMP predominantly decorated
the surface membrane of the cell,
permitting visualization of the
entire cell body and flagellum,
whereas C-II AMP treatment
showed a punctate intracellular
distribution localized only to the
cell body.

DISCUSSION

There is a wide range of structural
and functional diversity among anti-
microbial peptides. Our work here
documents that AMPs of different
structure can kill Leishmania by
distinct mechanisms. The magainin-
type AMPs induce apoptosis (here
termed Class II AMPs), and those of
the cathelicidin-type kill by nonapo-
ptosis (termed Class I). Class II
AMP causes a number of notable
features consistent with apoptosis
including changes in the surface
membrane permitting annexin V
staining, DNA degradation, depo-
larization of mitochondrial mem-
brane potential, and caspase-3/7-
like activation. None of these occur
in cell death caused by C-I AMPs.
Both peptides caused cell mem-
brane permeability changes but

with vastly different kinetics. Class II AMP exposure led to a
rapid increase in SYTOX permeability to a maximal level at 1
min post-exposure (fast influx), whereas C-I AMP lead to a
gradual increase of SYTOX permeability (slow influx). The
nature of these differences on SYTOX influx is not entirely
clear but probably relate to differences in size, density, and
kinetics of pore formation on the membrane. Magainin- and
protegrin-type AMPs are known create vastly different pat-
terns of membrane disruption. Magainins adopt �-helical
structures, whereas protegrins adopt a �-sheet structure,
and these differences translate into differences in interac-
tions with microbial membranes (6). The downstream
effects of peptide action at the membrane may influence
their differential modes of cell death. This may involve intra-
cellular signaling and/or changes in ion flux. We have ana-
lyzed fluorescently labeled AMPs and their penetration into
cells and found that C-II but not C-I AMPs appear to enter
cells (Fig. 8). Thus C-II may directly interact with intracel-
lular organelles or proteins, whereas C-I interacts predomi-
nantly with surface membranes, disrupting them and killing

FIGURE 3. Caspase and cysteine protease dependence of certain features of AMP-induced apoptosis.
L. major mutants were pretreated with E-64 and/or BAF for 30 min prior to treatment with pexiganan (Class II
AMP, C-II) and then analyzed for changes surface membrane permeability by the vital dye SYTOX (A), in pro-
pidium iodide/annexin V staining (B), and in DNA degradation by TUNEL assay (C).
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cells by osmotic lysis as we have seen in the African trypano-
somes treated with C-I AMPs (21).
Caspase-3/7-like activation occurs in AMP-mediated apo-

ptosis. The trigger for this activation is unclear in our system
but may involve the leakage of cytochrome c from mitochon-
dria and activation of a caspase-9-like enzyme, which activates
caspase-3/7.Alternatively caspase-8-like enzyme activation, via
a death signal equivalent to that which occurs by activation of
the Fas/FADD system (26, 27), could trigger caspase-3/7 acti-
vation. We have not detected caspase-8-like activity in our sys-
tem. Activated caspase-12 can, in turn, activate caspase-3/7, so
we analyzed AMP -treated parasites for this activity. Indeed we
found that AMP treatment leads to an increase in caspase-12-
like activity. This was specific because pretreatment of cells
with caspase-12 inhibitor ablated the activity in AMP-treated
cells. Interestingly preincubation with this inhibitor did not
ablate AMP-induced apoptotic death. This suggests that
although AMP induced caspase-12-like activity that this, by
itself, is not an initiating event in apoptosis in our system. Pre-
incubation of cells with the pancaspase inhibitor BAF followed

by AMP also did not stop cell death, suggesting that caspase-
like activity alone is not responsible for apoptosis. Inhibition of
cysteine proteases (CP) using E-64 stops DNA degradation
associated with apoptosis (Fig. 3) (5), yet it does not stop cell
death, suggesting that CP-drivenDNAdegradation is a byprod-
uct of but does not directly contribute to cell death. Inhibition
of both the caspase andCP enzyme systems together using BAF

FIGURE 4. Class II AMP-induced apoptosis leads to dramatic increases in
intracellular Ca2� that are in part due to both nonspecific and voltage-
gated Ca2� channels. Parasites were preloaded with the calcium-depend-
ent fluor Fura 2AM, then treated with PG-1 (C-I) and pexiganan (C-II), and
analyzed for increasing fluorescence (A). Controls include cells left untreated
(�) and those treated incubated in buffer containing 25 �M CaCl2. The arrow
indicates the starting baseline elevated intracellular calcium in the sample
just after the addition of and mixing of AMP and placement into the detector.
The effects of inhibition of nonspecific and voltage-gated calcium channels
(using flufenamic acid (FFA) and verapamil (Vpl), respectively) on calcium
delocalization were tested as described in A except that cells were preincu-
bated with the designated inhibitors for 30 min prior to incubation with AMP
(B). The Ca2�-ATPase thapsigargin (TG) was also included as a positive control
for release of cytosolic calcium.

FIGURE 5. Class II AMP induced increases in Ca2�-dependent caspase-12-
like activity. A, parasites were treated for 2 h with pexiganan (C-II) under
standard conditions and then assessed for caspase-12-like activity using the
fluorescent caspase-12 substrate. The specificity of the activity was tested by
preincubation of cells with a caspase-12 specific inhibitor prior to analysis of
caspase-12 activity. B, the effects of nonspecific (FFA) and voltage-gated
(verapamil, Vpl) calcium channel inhibitors on caspase-12-like activity were
tested as described for A, except the cells were preincubated with the desig-
nated inhibitors for 30 min prior to incubation with AMP. The Ca2� ATPase
thapsigargin (TG) was also included as a positive control for release of cyto-
solic calcium.

FIGURE 6. Selective inhibition of nonspecific Ca2�-channels abolishes
Class II AMP-mediated apoptosis. The parasites were preincubated with
either FFA or verapamil (Vpl) as indicated and then exposed to C-II AMP under
standard conditions. Parasite survival was assessed using the MTT survival
assay (30). The percentage of survival was determined relative to untreated
control cells (�).
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and E-64 does not ablate AMP-mediated apoptosis. Thus AMP
treatment of Leishmania may trigger both caspase-dependent
and caspase-independent events within the apoptotic pathway,
and ablation of CP-induced DNA degradation is not sufficient
to rescue cells from apoptosis. In the results presented here and
in our previous studies, E-64 treatment did not lead to complete
inhibition of DNA degradation in AMP-treated cells, so it is
possible that other caspase-independent processes, triggering
the DNA “degradosome” endonucleases as seen in baicalein-
treated L. donovani, may be operative in our system (17).
Caspase-12 activation is a calcium-dependent process.

Because we detected increased caspase-12-like activity in
AMP-treated parasites, we investigated whether this was
related to increases in intracellular calcium. Indeed, we
detected increases in intracellular Ca2� specifically in cells

treated with C-II, but not C-I AMPs. These assays were per-
formed in the absence of extracellular calcium in the buffer
system, indicating that the increase in cytosolic Ca2� was
derived from intracellular stores within the endoplasmic retic-
ulum, glycosomes, acidocalcisomes, and/or the mitochondria
(28). Increases in intracellular Ca2� were only partially inhib-
ited with FFA or verapamil, suggesting that AMP treatment
causes minimal dysfunction to nonspecific or voltage-gated
channels. Increases in cytosolic Ca2� have been found in Leish-
mania undergoing apoptosis caused by other agents (7, 8, 10).
Both antimony and camptothecin-treated L. donovani undergo
apoptosis associated with increased cytosolic Ca2�. Camptoth-
ecin-induced increase in Ca2� led to breakdown of mitochon-
drial membrane depolarization, whichmay lead to cytochrome
c leakage and caspase activation (10). Flufenamic acid can block

FIGURE 7. Effect of nonspecific Ca2� channel inhibition on aspects of Class II AMP-mediated apoptosis. Total ATP (A), caspase-3/7-like activity (B), TUNEL
activity (C), and flow cytometry after staining with rhodamine 123 (D) were measured in cells with and without pretreatment with FFA. C-II AMP and FFA
treatment was done according to conditions described above. BAF, FCCP, and nuclease treatment were done as described previously (5).
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the rise in antimony-related increases in intracellular Ca2�, and
this inhibitor can prevent Ca2� flux across isolated mitochon-
dria.We hypothesize that increases in cytosolic Ca2� caused by
AMP are directly toxic to mitochondria, causing a breakdown
in membrane potential and a loss of ATP production. Because
FFA pretreatment can block nonspecific Ca2� channels of
mitochondria (11), we testedwhether this inhibitor could affect
AMP-mediated apoptotic death of Leishmania. To our sur-
prise, pretreatment of parasites with FFA followed by AMP
exposure completely ablated cell death. The mitochondrial
membrane potential of these cells was totally preserved, yet the
SYTOX permeability was similar to cells treated with AMP
alone (data not shown). The ability of these cells to stain with
annexin V was similar to that of untreated controls. These data
suggest that FFA blocks Ca2�-related mitochondrial toxicity
and that some changes at the surface membrane are unrelated
tomitochondrial function and availability ofATP.Alternatively
FFA may block calcium release from other compartments in
the cell indirectly, preventing its toxic effects on mitochondrial
function. FFA pretreatment of cells also blocked caspase-3/7-
like enzyme activation and increased TUNEL activity. Clearly,
C-II AMPs kill parasites through intracellular calcium delocal-
ization, which leads to mitochondrial toxicity and cell death.
We hypothesize that C-II causes a release of calcium for intra-
cellular stores. Whether this release is from the endoplasmic
reticulum, glycosomes, or acidocalcisomes and by what mech-
anism (nonspecific organellar disruption or a more discrete
process) awaits further investigation. The effects of AMP on
caspase-3/7- and -12-like activity probably do not contribute to
cell death because preincubation of cells with the correspond-
ing inhibitors prior to exposure to C-II does not prevent apo-
ptosis. Because FFA prevents activation of both of these
caspases during death, it appears that their activation is
dependent on either maintenance of intracellular calcium reg-
ulation and/or ATP levels. FFA alone had no toxic effects on
parasites, which is in contrast to what has been reported in
isolated mammalian mitochondria where it uncouples mito-
chondrial oxidative phosphorylation and diminishes ATP pro-

duction (29). We hypothesize that FFA blocks calcium uptake
through nonspecific channels similar to that seen in mamma-
lian mitochondria (11). This may protect mitochondria from
changes in membrane depolarization induced by calcium pre-
serving mitochondrial respiration.
Clearly AMPs of different subclasses can kill Leishmania in

two distinct ways. Our work here provides some clues as to the
pathway in which Leishmania undergo AMP-induced apopto-
sis and the pivotal role of calcium to this process. Apoptosis in
Leishmania may influence the outcome of mammalian infec-
tion, so it is important to further understand the pathways lead-
ing to cell death. This information may be important for the
design of chemotherapeutics against leishmaniasis.
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