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Amphotericin B (AmB), a polyene macrolide, is now a first-line treatment of visceral leishmaniasis cases refractory to antimoni-
als in India. AmB relapse cases and the emergence of secondary resistance have now been reported. To understand the mecha-
nism of AmB, differentially expressed genes in AmB resistance strains were identified by a DNA microarray and real-time re-
verse transcriptase PCR (RT-PCR) approach. Of the many genes functionally overexpressed in the presence of AmB, the
ascorbate peroxidase gene from a resistant Leishmania donovani strain (LdAPx gene) was selected because the gene is present
only in Leishmania, not in humans. Apoptosis-like cell death after exposure to AmB was investigated in a wild-type (WT) strain
in which the LdAPx gene was overexpressed and in AmB-sensitive and -resistant strains. A higher percentage of apoptosis-like
cell death after AmB treatment was noticed in the sensitive strain than in both the resistant isolate and the strain sensitive to
LdAPx overexpression. This event is preceded by AmB-induced formation of reactive oxygen species and elevation of the cytoso-
lic calcium level. Enhanced cytosolic calcium was found to be responsible for depolarization of the mitochondrial membrane
potential and the release of cytochrome c (Cyt c) into the cytosol. The redox behavior of Cyt c showed that it has a role in the reg-
ulation of apoptosis-like cell death by activating metacaspase- and caspase-like proteins and causing concomitant nuclear altera-
tions, as determined by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) and DNA frag-
mentation in the resistant strain. The present study suggests that constitutive overexpression of LdAPx in the L. donovani AmB-
resistant strain prevents cells from the deleterious effect of oxidative stress, i.e., mitochondrial dysfunction and cellular death
induced by AmB.

The parasitic protozoa of the genus Leishmania are the causative
agents of leishmaniasis and still constitute a major public

health problem. It is estimated that globally there are 12 million
humans infected with leishmaniasis, with an incidence of 0.5 mil-
lion visceral-form cases (1). Visceral leishmaniasis (VL) is a sys-
temic protozoan disease that is transmitted by phlebotomine
sandflies. Miltefosine, paromomycin, and single-dose liposomal
amphotericin B (AmB) are gradually replacing conventional pen-
tavalent antimonials as the preferred treatments (2). Amphoteri-
cin B deoxycholate (Fungizone) is the second line of treatment,
except in Bihar, India, where it is now the first-line drug because
60% of cases in many areas are resistant to sodium antimony
gluconate (SAG) (3).

It has previously been demonstrated that altered membrane
composition, ABC transporters, and an upregulated thiol meta-
bolic pathway enzyme have a role in conferring amphotericin B
resistance in clinical isolates of Leishmania donovani (4). It was
also reported that in laboratory-derived AmB-resistant parasites,
the major sterol was an ergosterol precursor, cholesta-5,7,24-
trien-3-ol, and not ergosterol, which is the key molecule in the
AmB-sensitive strain (5).

AmB can affect/kill cells by its auto-oxidation and subse-
quent formation of free radicals (6). Kinetoplastids, compris-
ing parasites of the genera Crithidia, Trypanosoma, and Leish-
mania, are devoid of catalase and glutathione (GSH) peroxidase
(7, 8), and the removal of hydroperoxides in these parasites pre-
sumably relies on the tryparedoxin pathway to regulate oxidative
stress (9, 10).

Trypanosoma cruzi expresses an unusual plant-like ascorbate-
dependent hemoperoxidase whose activity has been linked to the

reduction of the parasite-specific thiol trypanothione by ascorbate
in a process that involves nonenzymatic interaction (11). Ascor-
bate peroxidase (APx) is an integral component of the glutathione-
ascorbate cycle. Glutathione, which maintains the reducing milieu
of cells, is undoubtedly involved in the reduction of many cellular
components (12). It has been reported that the single-copy Leish-
mania major ascorbate peroxidase gene may play an important
role in the detoxification of H2O2, which is generated by endoge-
nous processes and as a result of external influences, such as the
oxidative burst of infected host macrophages or drug metabolism
by Leishmania (13). The removal of H2O2 from amastigotes was
markedly inhibited by aminotriazole or sodium azide, an inhibi-
tor of heme-containing enzymes, e.g., catalase and peroxidase
(13). L. major promastigotes overexpressing ascorbate peroxidase
showed enhanced tolerance to apoptosis mediated by oxidative
stress. L. major APx (LmAPx) overexpressed in the mitochondria
of L. major protects cells from the deleterious effects of oxidative
stress, i.e., mitochondrial dysfunction and cellular death (14).

After exposure to low fungicidal doses of acetic acid, hydrogen
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peroxide, and AmB, Candida albicans displayed chromatin mar-
gination and condensation, nuclear envelope separation, nuclear
fragmentation, and DNA damage exposing free 3-OH groups, as
determined by the terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling (TUNEL) assay (15). Cell
death induced by low but toxic concentrations of H2O2 or ampho-
tericin B triggers the development of a protein synthesis-depen-
dent apoptosis-like phenotype also in the opportunistic pathogen
Aspergillus fumigatus (16).

In trypanosomatids, many apoptogenic agents or stresses are
associated with dysfunction of the unique mitochondrion, as in-
dicated by the changes in mitochondrial membrane potential
(��m) (17). A variety of apoptotic stimuli cause cytochrome c
(Cyt c) release from mitochondria, which in turn induces a series
of biochemical reactions that result in caspase activation and sub-
sequent cell death (18). The redox state of Cyt c has been shown to
be an important factor for Cyt c-mediated apoptosis (19). Cyto-
solic Cyt c is oxidized by cytochrome oxidase, and the oxidized Cyt
c helps the cell to undergo apoptosis by some biochemical mech-
anism. Several biologically relevant reducing agents, including su-
peroxide (20), ascorbate (21–24), and glutathione (25, 26), are
known to reduce Cyt c, thus inhibiting Cyt c-mediated apoptosis.
Therefore, in the cellular redox environment that favors the for-
mation of Fe2�-Cyt c, apoptosis can be blocked (27).

AmB chemotherapy has been proven to be very successful in
the treatment of VL in the Indian subcontinent, but due to its
regular use at high frequency, the emergence of drug-resistant
cases is expected. The clinics within Rajendra Memorial Research
Institute of Medical Sciences, Patna, Bihar, India, have recorded
an incidence of AmB relapse of 1 to 2% of cases (2010 to 2013).
Therefore, the major objective of the present paper is to under-
stand the molecular mechanism of AmB resistance in clinical iso-
lates by investigating the involvement of overexpressed Leishma-
nia donovani APx (LdAPx) in resistant Leishmania parasites and
how they are protected against AmB-mediated oxidative stress
regulating mitochondrion-mediated apoptosis.

MATERIALS AND METHODS
Collection of clinical isolates. Clinical isolates isolated from splenic aspi-
rates of AmB-responsive and non-AmB-responsive patients were col-
lected from the indoor ward facility of the Rajendra Memorial Research
Institute of Medical Sciences, Patna, India, according to our previously
published sample collection methodology (4). The study was approved by
the Institutional Ethical Committee of the Rajendra Memorial Research
Institute of Medical Sciences.

Differential-expression studies. Genes differentially expressed be-
tween AmB-resistant and AmB-sensitive parasites were identified using a
genomic DNA microarray (GeneTac UC4) technique. Overexpressed
genes were further validated by semiquantitative and real-time PCR using
SYBR green chemistry (Roche). A shotgun genomic DNA library was
constructed from Indian L. donovani promastigotes, and the microarray
chip was hybridized in an automated hybridization machine (HybStation;
Genomic Solutions). Hybridization was performed at 65°C for 3 h, 55°C
for 3 h, and 42°C for 12 h (28). The hybridized microarrays were scanned
in a UC-4 microarray scanner (Genomic Solutions, USA), and data were
quantified and normalized by using QuantArray microarray analysis soft-
ware (Packard Biosciences, USA). Only spots in which more than 70% of
the pixels had a signal above background of at least twice the standard
deviation of the local background were considered in subsequent data
analysis. The Cy5/Cy3 fluorescence ratios and log-transformed ratios
were calculated from the normalized values. Genes whose expression
changed 2-fold or more were selected for further analysis. Individual up-

regulated clones were sequenced using an ABI Prism 3130XL genetic
analyzer DNA sequencer (Applied Biosystems, USA), and homology was
sought with known genes or proteins in the Leishmania data bank. The
targeted LdAPx gene was further validated by real-time PCR and by semi-
quantitative PCR. The �-tubulin gene was used as a control for all reac-
tions.

Cloning and antibody production against LdAPx recombinant pro-
tein. The LdAPx open reading frame (ORF) was cloned into the Pet28a
vector (Calbiochem), and expressed protein was purified by Ni-nitrilotri-
acetic acid agarose ion-exchange column chromatography according to
the manufacturer’s protocol (Qiagen). The homogeneity of recombinant
protein was checked by SDS-PAGE and used to immunize rabbits for
recombinant-LdAPx antibody generation.

In silico studies of APx for inhibition. For homology modeling of L.
donovani ascorbate peroxidase, restrained base modeling was imple-
mented in the MODELER program (29) using the L. major peroxidase
crystal structure as the template (Protein Data Bank [PDB] code, 3RIV).
The stereo-chemical properties of the models were investigated with a
Ramachandran plot using PROCHECK, and the best model was selected.
The target model was further refined by loop modeling and side-chain
refinement to increase the three-dimensional (3D) score and to make the
model reliable. The modeled structure was set for validation by the SAVES
(http://nihserver.mbi.ucla.edu/SAVES/) and PROSSA servers. Molecular
dynamics assays and simulations were conducted for 4,000 ps (4 ns) of
2,000,000 steps under particle mesh Ewald (PME) electrostatistics and
NPT (number of particles, system pressure, and temperature) conditions
using the GROMACS 4.0.3 (the Groningen Machine for Chemical Simu-
lations) package. To understand the interaction between the L. donovani
APx binding site and 1H-1,2 4-triazol-5-amine (inhibitor of APx), dock-
ing studies were carried out with the DSv2.5 and FLexX docking pro-
grams.

Overexpression of LdAPx in sensitive parasites. The LdAPx ORF was
PCR amplified for preparation of overexpression constructs using prim-
ers with corresponding restriction sites (underlined) (forward, 5=-GGGA
AGCTTATGACAGCGTCTCCGAGAGC-3=; reverse, 5=GGGGGATCCT
CACCTCTCATTCGGCGCC-3=) and cloned into the Leishmania
expression vector pLpneo2 (a kind gift provided by Greg Matlashewski).
Cloned pLpneo2 (with the ORF in the right orientation) was transfected
into one sensitive laboratory strain (Ag83) by electroporation using a
Gene Pulser (Bio-Rad) (13). Parasites transfected with the empty vector,
pLpneo2, were taken as controls. Transfectants were selected and main-
tained in the presence of G418 (40 �g/ml). Overexpression of LdAPx in
the sensitive strain was analyzed by Western blotting and reverse trans-
criptase PCR (RT-PCR) SYBR green chemistry.

Detection of an accumulation of ROS. Reactive oxygen species (ROS)
were measured in wild-type AmB-sensitive and -resistant cells as well as in
LdAPx-overexpressed AmB-sensitive cells treated with AmB (0.125 �g/
ml) by using the H2O2-sensitive probe 2=,7=-dichlorohydrofluorescein di-
acetate (H2DCFDA) (excitation and emission wavelengths, 488 and 530
nm, respectively). Treated sensitive and resistant parasites (2 � 106 in
each set) after 24-h time intervals were incubated with 0.4 mM (final
concentration) H2DCFDA for 15 min in the dark. Cells were then washed
twice in phosphate-buffered saline (PBS); subsequently, fluorescence was
measured with a BD Aria II fluorescence-activated cell sorter (FACS), and
results were analyzed with BD FACS Diva software, version 6.2.1 (BD
Bioscience, USA).

Measurement of calcium level. Calcium levels were measured accord-
ing to the protocol of Ruben et al. (30) using fura-2 acetoxymethyl ester
(Fura-2AM) in a PerkinElmer spectrofluorometer at 340-nm excitation
and 510-nm emission wavelengths (30). Briefly, 1 � 107 cells/ml of the
AmB-resistant strain, AmB-sensitive strain, and both strains treated with
aminotriazole were incubated with 0.125 �g/ml AmB and 6.0 �M Fura-
2AM for 30 min at 24°C. After incubation, cells were harvested, washed
twice with fresh serum-free medium, and analyzed with a fluorescence
spectrophotometer.
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Analysis of mitochondrial membrane potential. Mitochondrial
membrane potential was measured using JC-1 dye (5,59,6,69-tetrachloro-
1,19,3,39 tetraethylbenzimid azolylcarbocyanine iodide), a cell-perme-
able dye that exists in a monomeric form that, on entering the cytoplasm,
emits a green fluorescence. Subsequently, upon entering the mitochon-
dria, it forms aggregates and emits a red fluorescence. The ratio between
red and green fluorescence, i.e., 585/530 nm, determines the mitochon-
drial membrane potential (24). After being treated with AmB (0.125 �g/
ml) for 24 h, sensitive and resistant cells that had wild-type levels of LdAPx
expression, sensitive cells in which LdAPx was overexpressed, and cells in
which ascorbate peroxidase expression was inhibited were centrifuged
(825 � g for 10 min). The cells were resuspended in PBS containing JC-1
dye (10 mg; Molecular Probes) and incubated at 24°C for 15 min. Analysis
for mean green and red fluorescence intensities was done using a BD Aria
II FACS and BD FACSDiva software.

Detection of Cyt c released by mitochondria. Release of cytochrome
c from mitochondria into the cytoplasm after AmB treatment in both the
resistant and the sensitive strain was evaluated by Western immunoblot-
ting using a BD ApoAlert cell fractionation kit by following the manufac-
turer’s instructions (Clontech, Palo Alto, CA, USA) (31). Briefly, resistant
cells incubated with AmB, with and without the inhibitor (aminotri-
azole), were harvested, washed twice with PBS, suspended in cell fraction-
ation buffer, and homogenized. Cytosolic and mitochondrial fractions
were fractionated by differential centrifugation. Proteins samples (50 �g)
from cytosolic fractions were separated by 12% SDS-PAGE and Western
immunoblotted with rabbit polyclonal anti-cytochrome c antibody. Re-
active bands were detected by using 5-bromo-4-chloro-3-indolylphos-
phate (BCIP) and 4-nitroblue tetrazolium chloride (NBT).

Reduction of Cyt c. Cytochrome c (Cyt c) is well known for its role in
mitochondrial electron transport. The redox state of Cyt c has recently
been linked to apoptosis. Various biological reductants, including super-
oxide, ascorbate, glutathione (GSH), and cysteine, and some reducing
enzymes (e.g., nitric oxide synthase) have been demonstrated to reduce
Cyt c, thus inhibiting Cyt c-mediated apoptosis. The reaction was studied
by mixing the proper quantities of solutions of cytochrome c with
thiol-ascorbate at physiologically relevant concentrations. The final
concentrations of Cyt c, thiols, and ascorbate in the reaction mixture
were 5 �M, 100 �M, and 50 �M, respectively. All kinetic measure-
ments were taken by monitoring the changes in absorbance at 550 nm
for 5 min at 25°C with a spectrophotometer. All solutions were buff-
ered at pH 7.4 with 50 mM Tris HCl.

Effect of redox behavior of Cyt c on caspase-like protease activity.
For evaluation of Cyt c-induced caspase-like protein activation in vitro,
cell homogenates were supplemented with 100 nM Cyt c plus 1 mM ATP
and incubated for 20 min with 100 �M Asp-Glu-Val-Asp–7-amino-4-
trifluoromethyl coumarin [DEVD-AFC]). Redox-active agents (10 mM
ascorbate, 120 mM cytochrome c oxidase) were used; cytochrome c was
preincubated with them for 5 min and then added to the cytosols. The
level of free AFC was determined fluorimetrically at a maximum wave-
length of 521 nm by spectrofluorimetry (PerkinElmer). The developed
fluorochrome was proportional to the concentration of caspase-like acti-
vated protein.

Detection of caspase 3 and metacaspase-like protease activity. To
check whether released cytochrome c activates caspase-like protease in L.
donovani, we measured caspase 3- and metacaspase-like protease activities
after treatment with AmB for 24 h. Cell lysates were incubated with cor-
responding caspase buffers to detect the CED3/CPP32 group of protease
activities. Fluorogenic peptide substrates, namely, DEVD-AFC at 100 �M
(Optimum) and 1� reaction buffer containing 100 mM dithiothreitol
(DTT), were added to corresponding cell lysates to measure the activities
of the CED3/CPP32 group of proteases. In a parallel set of reactions, 1 �l
of the CED3/CPP32 group of protease inhibitors (N-benzyloxycarbonyl-
Val-Ala-Asp [OMe]-fluoromethyl ketone [Z-VAD-FMK]) was added to
the reaction mixture before the addition of cell lysates. AFC release was

measured with the help of a PerkinElmer LS-55 spectrometer (PerkinEl-
mer) at excitations of 390 to 400 nm and emissions of 510 to 550 nm.

Metacaspase-like protease activity was measured fluorimetrically us-
ing the butyloxycarbonyl (Boc)-GRR-amino methyl coumarin (AMC)
substrate as described by Lee et al. (32), with minor modifications. Briefly,
promastigote cultures were pelleted by centrifugation and resuspended in
fresh culture medium containing 0.12 �g/ml AmB, and sample was incu-
bated for 24 h at 26°C. Antipain (a metacaspase inhibitor) at 1.0 �M was
added to control reaction mixtures for 30 min before the addition of AmB.
Treated or untreated parasites were lysed (108 cells/ml) in lysis buffer (50
mM Tris-HCl, pH 7.5, 1% [vol/vol] Triton X-100, 10% [wt/vol] sucrose,
150 mM NaCl) for 30 min on ice, and the insoluble material was elimi-
nated by centrifugation at 15,000 � g for 20 min at 4°C. One hundred fifty
microliters of the supernatant was incubated with a fluorogenic substrate
(Boc-GRR-AMC; 75 �M), 5 mM DTT, and 10 mM CaCl2 for 2 h at 37°C
under gentle agitation and transferred to a microwell plate. The sample
was analyzed immediately with a fluorescence spectrophotometer at an
excitation of 355 nm and an emission of 460 nm. Protease activity was
expressed in relative fluorescence units.

Apoptosis assessment by the TUNEL assay and flow cytometry. Flow
cytometry forward and side scattering was used for gating the Leishmania
population; 104 events were counted per sample. Data were acquired from
individual gated populations in a FACS, and results were analyzed with
BD FACS Diva software, version 6.2.1 (BD Bioscience, USA). FL1 log data
(x axis) versus the FL2 log data (y axis) were acquired. The irrelevant
isotype control was used to define nonspecific staining, which was ad-
justed to less than 1% of apoptotic cells. The mean fluorescence intensity
(MFI) was estimated from the obtained data. TUNEL staining was per-
formed with an in situ cell death detection fluorescein kit (Roche, Ger-
many) to detect in situ DNA fragmentation according to the manufactur-
er’s manual. Briefly, AmB-treated sensitive and resistant cells and
sensitive cells in which LdAPx was overexpressed (1 � 106 cells) were
harvested and washed twice with 1� PBS. Fixation solution (100 �l) was
added, and the cells were resuspended and incubated at 15°C to 25°C in a
shaker for 1 h. Cells were centrifuged, PBS was removed, and cells were
resuspended in permeabilizing solution for 2 min on ice. Cells were
washed again in PBS, and the pellet was resuspended in the TUNEL reac-
tion mixture (50 �l/ml). The plate was incubated for 1 h at 23°C under
humidified conditions in the dark. Cells were washed and resuspended to
a final volume of 250 �l in 1� PBS and directly analyzed in the FACS.

Detection of DNA fragmentation. Total genomic DNA was isolated
using an apoptotic DNA laddering kit (Roche) from both sensitive and
resistant strains before AmB treatment; afterwards, sensitive and resistant
cells and sensitive cells in which LdAPx was overexpressed were treated
with AmB for 24 h, and the sensitive strains were preincubated with the
broad-spectrum caspase inhibitor Z-VAD-FMK. Cells were pipetted out
from the wells in 1.5-ml Eppendorf tubes, and the DNA laddering assay
was performed according to the manufacturer’s protocol. Precisely, 2 �
106 cells were pelleted down by centrifugation at 2,000 � g for 10 min, and
finally a 200-�l sample with 1� PBS was prepared. Binding buffer/lysis
buffer (200 �l) was added, and samples were incubated for 10 min at 15 to
25°C. One hundred microliters of isopropanol was added, and then the
sample was shaken and pipetted out to the upper reservoir of a filtration
apparatus. Finally, after three washes, 200 �l of prewarmed (70°C) elution
buffer was added. Electrophoresis of the isolated DNA was performed in
1% agarose gel.

Inhibitor assay. Aminotriazole, an ascorbate peroxidase inhibitor,
was added at a 5 �M final (optimal) concentration to sensitive and resis-
tant cells and sensitive cells in which LdAPx was overexpressed and incu-
bated for 2 h at 23°C in a biochemical oxygen demand (BOD) incubator
prior to AmB treatment to study aminotriazole’s effect on the change
from AmB resistance to AmB sensitivity. The parasites were subsequently
washed with PBS (pH 7.2) and treated with AmB (0.125 �g/ml).

Statistical analysis. The data were statistically analyzed by the Student
t test and are presented as means and standard deviations of three deter-
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minations from at least two independent experiments. A P value of �0.05
was considered significant.

Nucleotide sequence accession number. The complete sequence of
the LdAPx gene was submitted to the NCBI GenBank database under
accession no. JN802370.

RESULTS
Characterization of clinical isolates. In our previous study (4),
we characterized in greater detail the AmB-resistant and -sensitive
nature of clinical isolates by both in vitro and ex vivo drug sensi-
tivity assays, and the 50% lethal dose (LD50) for the resistant strain
was found to be 8-fold higher than that for the sensitive strain.
These strains were maintained in our laboratory, and the same
were used in the present study.

Overexpression of LdAPx in the resistant strain. Microarray
analysis revealed that many genes were found to be differentially
expressed (	3-fold upregulation) (P � 0.005) in the resistant
strain (Fig. 1A) compared to sensitive ones. On the basis of their
predicted functionality, analysis shows that 31% of the genes are
hypothetical genes, 22% are metabolic genes, 19% are genes that
help in survival and pathogenesis, 16% are transporter genes, and
12% help in stress regulation (Fig. 1B). The upregulated LdAPx
gene was selected due to its overexpression, which suggested that it
may have some role in resistance and because it is present only in
parasites, not in humans. Microarray data for LdAPx were further
analyzed by semiquantitative (Fig. 2A) and real-time (Fig. 2B)
PCR. At the mRNA level, the LdAPx gene was found to be 	2.9-
and 	3.2-fold upregulated in the resistant strain compared to the
sensitive strain.

Immunoblot analysis. Using the Leishmania infantum ge-
nome project (NCBI, GenBank), the sequence corresponding to
the open reading frame (ORF) of ascorbate peroxidase was re-
trieved (XM_001468357.1). The coding sequence for the protein
was amplified from genomic DNA of L. donovani by PCR, pro-
ducing a single amplicon of 912 bp (data not shown). After the
cloning, expression, and purification, the LdAPx fusion protein
exhibited a 35-kDa size (Fig. 2C). The purified protein was blotted
against monoclonal anti-His antibody and showed a single band
(Fig. 2D). The activity of the LdAPx recombinant protein was
checked by time dependence inactivation of APx by H2O2 and

aminothiazole inhibition assays. These inhibition profile data
strongly suggest the authenticity of the APx protein (Fig. 1 and 2;
see also the supplemental material). Antibody generated against
that purified protein showed a high titer.

Structure of LdAPx. The template search was based on se-
quence identity and was carried out using BLASTP against se-
quences in the PDB. The crystal structure of Leishmania major
peroxidase (PDB code 3RIV_A) at a 1.76-Å resolution was ob-
served as the best template, with 96% sequence identity and 97%
positive hits. Ten different models of LdAPx were built using
MODELLER 9v2 (33). Based on the Ramachandran plot and on
the discrete optimized protein energy (DOPE) score, a model was
designed and used for the rest of the study (Fig. 3A). The final
structure with lowest energy was checked by Profile-3D (DS 2.5);
the self-compatibility score for this protein is 112.7, which is much
higher than the lowest score (62.04) and close to the top score
(137.88). The target model was further refined by loop refinement
tools of DS2.5, and the self-compatibility score increased to
123.71, which is very close to a high-verification score (137.88).
ProSA-web analysis showed local model quality by plotting ener-
gies as a function of amino acid sequence position. The plot shows
that the energy remains negative for almost all amino acid resi-
dues, indicating the acceptability of the predicted model (Fig. 3B).
The overall geometric environment profile calculation of the
model determined by the ERRAT program was 87.11%. Molecu-
lar dynamics (MD) simulations were conducted for modeled sys-
tems in explicit solvent using the GROMACS 4.0.3 (The Gro-
ningen Machine for Chemical Simulations) package (Fig. 3C).
Aminotriazole, an inhibitor of APx (DS2.5 and FLexX software),
showed that the Glu133, Val127, and Ser301 amino acids may play
a key role in the inhibition of L. donovani APx (Fig. 3D).

Overexpression of LdAPx in sensitive Leishmania parasites.
To see whether overexpression of LdAPx would modulate the
AmB sensitivity of parasites, the gene was overexpressed in the
sensitive L. donovani strain Ag83. The presence of the LdAPx gene
in transfectants was confirmed by Western blotting and RT-PCR.
The upregulation of LdAPx in the sensitive strain was verified at
the protein level by Western blotting with anti-LdAPx antibodies.
LdAPx was upregulated (	1.5-fold) in sensitive pLpNeo2-LdAPx

FIG 1 Differential gene expression between AmB-sensitive and -resistant parasites. (A) Scatter plot showing the distribution of signal intensities generated by
DNA microarray. (B) Distribution of differentially expressed genes on the basis of their functional characterizations.
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parasites compared to its level in sensitive wild-type parasites (Fig.
4A). The overexpression of LdAPx in the sensitive strain was also
verified by semiquantitative RT-PCR. Figure 4B depicts a very
intense band in the sensitive-strain parasites transfected with the
pLpNeo2-LdAPx construct compared to the band intensity of the
sensitive wild-type strain, suggesting that the LdAPx transcript
was present in the transfectants at high copy numbers. The band
intensities of the LdAPx amplicon were 1.8- and 2.96-fold higher
(calculated by densitometric analysis using Gel-Doc software) in
the sensitive wild type and the sensitive pLpNeo-APx transfectant
strain, respectively, than in the resistant strain. The overexpres-
sion of LdAPx in the wrong orientation and transfection with the
empty vector did not have any effect on parasite sensitivity to AmB
(data not shown). Overexpressed LdAPx-sensitive transfectants
were maintained at 40 �g/ml G418.

Overexpression of LdAPx confers an increase in tolerance to
AmB-mediated ROS. To evaluate the consumption of ROS in
AmB-sensitive and -resistant isolates and in the sensitive isolate in
which LdAPx is overexpressed, inhibition of the ascorbate peroxi-
dase gene in all strains was measured to determine intracellular

levels of ROS by using the fluorescent probe DCFDA. In our pre-
vious study (4), we have shown that the ROS level in the sensitive
strain was 	4-fold higher than that of the resistant strain at 24 h of
incubation with the drug. Treatment with the ascorbate peroxi-
dase inhibitor significantly increased the level of ROS in the resis-
tant strain compared to that in the resistant wild type (P � 0.001);
however, the ROS level was not significantly different in sensitive
parasites (P � 0.08). The LdAPx-overexpressing cell line showed
an approximately 1.5-fold decrease in ROS compared with the
ROS level in the sensitive wild-type strain (P � 0.0001), indicating
that LdAPx might have a role in the detoxification of endogenous
ROS (Fig. 5).

LdAPx overexpression prevents AmB-mediated-oxidative-
stress-induced elevation of cytosolic calcium in the resistant
strain. Mitochondrial dysfunction may result in a change in cat-
ion homeostasis brought about by high ROS levels. Mukherjee et
al. (34) have shown that oxidative stress causes mitochondrial
depolarization in L. donovani by increasing cytosolic Ca2� levels.
Sen et al. (35, 36) showed that calcium flux is necessary not only
for the activation of different proteases but also for the appearance

FIG 2 (A and B) Overexpression of LdAPx in a microarray was validated by semiquantitative RT-PCR and real-time PCR. a-tub, �-tubulin. (C) Expression of
the recombinant protein. Lane M, molecular mass markers; lane 1, total cellular protein after isopropyl-
-D-thiogalactopyranoside (IPTG) induction; lane 2,
cells carrying the vector with the insert before IPTG induction; lane 3, cells carrying the vector without the insert. (D) Western blot analysis using anti-His
monoclonal antibody. Lane M, molecular mass markers; PP, gel-eluted purified recombinant protein; SP (supernatant protein), total cellular protein after IPTG
induction. (E) Release of cytosolic calcium ions after treatment with AmB in sensitive and resistant strains and strains preincubated with an LdAPx inhibitor
(aminotriazole).**, significant difference (P � 0.005); ***, significant difference (P � 0.002).
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of phosphatidylserine on the outer leaflet of the plasma mem-
brane during apoptosis. Considering the importance of cytosolic
Ca2� in the induction of apoptosis, we measured the Ca2� con-
centration in the sensitive and resistant strains after AmB treat-
ment and observed that the cytosolic Ca2� level was 2.04-fold
higher in the sensitive strain than in the resistant strain (P �
0.005) (Fig. 2 E). After inhibition of the ascorbate peroxidase gene
by aminotriazole in the AmB-treated sensitive and resistant
strains, we observed that the released cytosolic Ca2� was 	1.8-
fold lower in the inhibited resistant strain than in the resistant
wild-type strain, while there was no significant change observed
with the sensitive strain.

LdAPx overexpression prevents amphotericin B-mediated
changes in mitochondrial potential. The loss of mitochondrial
membrane potential is a characteristic feature of metazoan apop-

tosis and has been observed to play a key role in drug-induced
death in protozoans such as Leishmania (26, 27). Flow cytometric
analysis showed that after exposure for 24 h to 0.125 �g/ml AmB,
the loss in mitochondrial membrane potential, demonstrated by
the intense green fluorescence in the cytoplasm, was greater in the
sensitive than in the resistant strain. The strain in which LdAPx
was overexpressed had reduced apoptosis-like cell death com-
pared to that of the sensitive wild-type strain (P � 0.001). The cells
in the AmB-treated sensitive and resistant strains were 68.4% (Fig.
6A) and 13.7% (Fig. 6B) apoptotic, respectively, while aminotria-
zole-treated cells showed 65.3% (Fig. 5A) and 41.3% (Fig. 6B)
apoptosis-like death. The mean fluorescence intensity was 5.44-
fold higher in the sensitive strain than in the resistant strain (P �
0.005), but after use of the peroxide inhibitor (aminotriazole) in
both strains, the percentage of cells exhibiting apoptotic death in

FIG 3 (A) Based on the DOPE score and Ramachandran plot analysis, a reliable model was predicted. The model is based on the published crystal structure for
the L. major ascorbate complex. (B) The final structure with the lowest energy was checked by Profile-3D (DS 2.5). The plot shows the energy level of the
predicated model, which remains negative for almost all amino acids. (C) An MD simulation was conducted for the modeled system in explicit solvent using
GROMACS 4.0.3. The root mean square difference (RMSD) in C-� backbone atom in LdAPx for up to 4 ns after the 12-ps model attains its maximum stability
is shown. lsq, least-squares. (D) Docking study of aminotriazole (inhibitor of peroxidase enzymes) with the ascorbate peroxidase protein. The result obtained
from DS2.5 and FLexX suggest that the Glu133, Val 127, and Ser 301 amino acids may play a key role in the inhibition of L. donovani APx.
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the resistant strain was 3.25-fold higher than in the cells treated
only with AmB (P � 0.002), while there was no significant differ-
ence found in the sensitive strain (Fig. 6A and B).

Release of cytochrome c after AmB treatment. Cytochrome c
is released into the cytoplasm after disruption of the outer mito-
chondrial membrane by apoptotic stimuli and is an important
feature of metazoan apoptosis. Release of Cyt c was measured in
cytoplasmic protein fractions (50 �g each) of sensitive and resis-
tant strains after treatment with AmB and AmB plus aminotriazol
for 24 h through Western blot using anti-cytochrome c antibody.

Densitometry analysis of the Western immunoblot showed that at
24 h, cytoplasmic Cyt c was 2.8-fold higher in the sensitive strain
than in the resistant strain in AmB-treated cells (Fig. 7, top left,
lanes a). Moreover, the aminotriazole-preincubated cells in AmB-
treated/untreated sensitive and resistant strains showed a higher
release of cytochrome c in the resistant strain than in the untreated
resistant strain (Fig. 7, top left, lane b). From the above data, it may
be concluded that (i) in the resistant strain, overexpressed LdAPx
reduces the ROS-induced loss in mitochondrial membrane po-
tential that leads to a release of cytochrome c from the mitochon-

FIG 4 (A) Verification of the LdAPx expression patterns of the AmB-sensitive isolate (S) and of the sensitive isolate in which LdAPx is overexpressed (OE S) by
Western blot analysis using anti LdAPx antibody. (B) Densitometric analysis of blotted protein using gel-Doc software. (C) RT-PCR analysis shows the
overexpression of LdAPx in the sensitive strain compared to its level in the sensitive wild-type strain. (D) Relative band intensities of the expression level of APx
in the sensitive strain in which LdAPx is overexpressed and in the sensitive wild-type strain.

FIG 5 Comparative study of ROS with the fluorescent probe DCFDA after AmB incubation of the sensitive strain, the resistant strain, the sensitive strain in which
LdAPx is overexpressed, and both the sensitive wild-type and resistant strains preincubated with ascorbate peroxidase (� I). FITC-A, fluorescein isothiocyanate
area.
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dria into the cytoplasm but that (ii) after inhibition of ascorbate
peroxidase by aminotriazole, the amount of cytoplasmic cyto-
chrome c released increases. The results prove that mitochondrial
ROS is responsible for the release of cytochrome c from mitochon-
dria to the cytosol.

Overexpressed LdAPx-mediated reduction of Cyt c. Cyt c is a
positively charged protein at neutral pH, with theoretical net
charges of �9 and �8 for oxidized and reduced Cyt c, respectively
(24). The reduction of Cyt c is a process in which the redox center,
heme iron (Fe3�), receives an electron from an electron donor. In
the present study, we investigated and compared the kinetics of
Cyt c reduction by various overexpressed thiol antioxidants as well
as ascorbate. The measurement of the cytosolic extract at 550 nm
for 5 min demonstrates an increase in the reduced activity of Cyt c
by ascorbate and glutathione in AmB-treated cells; in untreated
cells, Cyt c initially increases and then maintains a constant level
(Fig. 7, top right).

The redox behavior of cytochrome c regulates caspase activ-
ity. After the addition of preoxidized cytochrome c, caspase-like
protease activity was found to be higher (0.96) in the sensitive
strain than in the resistant strain (0.55). Likewise, with reduced
(with ascorbate) cytochrome c, caspase-like protease activity was
reduced to a much lower level in the resistant strain (0.27) than in
the sensitive strain (0.64), whereas in the presence of Cyt c¸ the
control strain was not significantly different from both the resis-
tant and sensitive strains. These observations indicate that the
redox behavior of cytochrome c regulates caspase-like protease
activity (37) (Fig. 7, bottom right).

AmB causes the activation of caspase- and metacaspase-like
protease activity in the cytosol. The release of cytochrome c from
the mitochondria into the cytosol leads to an activation of the
caspase-like protein (38), and this is a critical step in the activation
of caspase-like protein, which triggers the downstream events
leading to apoptosis (39). To further substantiate the existence of
these proteases in AmB-sensitive and -resistant clinical isolates of

L. donovani, we carried out a fluorometric assay of CED3/CPP32
family proteases using their specific substrates, DEVD and AFC.
The activities were measured in terms of liberation of AFC from
their substrates. AmB-treated sensitive strains showed 	3-fold
higher caspase 3-like activity than the resistant strain. This in-
creased activity was inhibited by the caspase inhibitor Z-VAD-
FMK (Fig. 7, bottom left).

In order to compare the levels of L. donovani metacaspase ac-
tivity in the AmB-treated sensitive and resistant parasites, enzyme
assays were done with lysates of both strains and cells were har-
vested at mid-log growth and reacted with Boc-GKR-AMC as the
substrate. Results showed that the sensitive-strain cell lysates con-
tained approximately 3-fold-higher GKRase enzyme activity than
lysates of the resistant strain (data not shown). When the meta-
caspase activities of these strains were compared with those of
sensitive LdAPx overexpression and sensitive wild-type strains, we
observed that the metacaspase activity was reduced to 	2-fold in
the sensitive LdAPx-overexpressed strain. These data confirmed a
role for metacaspase in AmB-induced programmed cell death in
Leishmania.

TUNEL assay. Terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling (TUNEL) is a method for
detecting DNA fragmentation by labeling the terminal ends of
nucleic acids that result from apoptotic signaling cascades. FACS
analysis showed that after 24 h of incubation with AmB in the
sensitive strain, 81.40% of cells were labeled with terminal deoxy-
nucleotidyltransferase (Fig. 8) but that only 48.01% of the resis-
tant parasites were labeled (P � 0.005) (Fig. 8). These observa-
tions suggested that cells undergoing apoptosis were preferentially
labeled by the TUNEL reaction, and it is 6.89-fold higher in sen-
sitive parasites than in resistant parasites. Overexpressed LdAPx in
the sensitive strain reduces the nicking of DNA from that in the
sensitive wild-type strain (P � 0.02).

AmB induces DNA fragmentation in promastigotes. In
mammalian cells, internucleosomal DNA fragmentation is one of

FIG 6 (A and B) Determination of mitochondrial potential in sensitive and resistant parasites through flow cytometric analysis. Cells of the sensitive wild-type
strain, sensitive LdAPx overexpression strain (OE), resistant strain, and sensitive and resistant strains preincubated with both aminotriazole and AmB were
treated with AmB. The cells in the bottom right quadrant indicate apoptosis. SSC-A, side scatter area.
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the typical nuclear features of apoptosis (40). DNA analysis by
agarose gel electrophoresis revealed a clear DNA fragmentation
into oligonucleosome-sized fragments (in multiples of 180 to 200
bp) in sensitive promastigotes treated with 0.12 �g/ml AmB for 24
h (Fig. 8, lane 4), whereas resistant AmB-treated and untreated
cells did not show any DNA fragmentation (Fig. 8, lanes 7 and 8).
In the presence of a caspase inhibitor (Z-VAD-FMK), DNA frag-
mentation was prevented in the sensitive strain, while no signifi-
cant change was observed in the resistant strain (Fig. 8, lanes 2 and
3). The sensitive LdAPx overexpression strain reduces DNA frag-
mentation compared to that of the sensitive wild-type strain (Fig.
8, lane 5). Positive-control, apoptotic (U937) cells show clear 180-
to 200-bp nucleosomal fragments (Fig. 8, lane 6).

Reversion of the AmB resistance property by inhibitors.
Aminotriazole, an inhibitor of APx, had no toxic effect on the
untreated sensitive and resistant parasites. Preincubation with
aminotriazole demonstrated partial reversion of the resistant
property, as the LD50 of AmB for the resistant strain decreased
	1.9-fold (Table 1). However, the LD50 of the sensitive strain was

not altered by preincubation with aminotriazole (the LD50 de-
creased 	1.01-fold). It has also been demonstrated that after pre-
incubation of the sensitive LdAPx overexpression strain with ami-
notriazole, the LD50 of AmB decreased to 	1.7-fold compared to
that without treatment. These result clearly suggested that LdAPx
has an important role in the ROS-scavenging mechanism.

DISCUSSION

Ascorbate peroxidase has been demonstrated in Leishmania to be
required for detoxifying peroxidase activity (14). It is an extremely
rare sugar, which is known only in polysaccharides of plants, not
in polysaccharides of humans (13). In parasites, it plays a vital role
in protecting against oxidative damage. The absence of this redox
pathway in the human host may be exploited for therapeutic rea-
sons. We report for the first time the presence of APx in L. don-
ovani and an attempt to clone its sequence and understand the
function of overexpressed LdAPx in AmB-resistant clinical iso-
lates. It was observed that the AmB-resistant strain protects
against AmB-induced apoptosis-like cell death by overexpressing

FIG 7 (Top left) Western blot analysis to detect the release of cytochrome c into the cytoplasm of differentially treated cells of AmB-sensitive and -resistant
strains. Lanes a, cells treated with AmB (0.125 �g/ml) for 24 h; lanes b, cells preincubated with aminotriazole and then AmB for 24 h. (Top right) Kinetic profiles
of Cyt c reduction by various thiols and ascorbate. �A(At-A0), change in absorbance times the absorbance at the indicated time minus the absorbance at time
zero. (Bottom left) Comparative study of AmB-induced activation of caspase 3-like protease in sensitive and resistant promastigotes and its downstream effects
in the presence of the caspase 3 inhibitor. (Bottom center) Metacaspase activities in the sensitive wild type and in the sensitive strain in which LdAPx was
overexpressed. (Bottom right) Oxidized cytochrome c (COX) rapidly activated caspase 3 in a cytosolic fraction of the sensitive strain, unlike in the resistant strain,
whereas cytochrome c reduced by ascorbate or cysteine or glutathione was completely ineffective at activating the caspases in the case of the resistant strain. **,
significant difference (P � 0.05); ***, significant difference (P � 0.005).
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LdAPx. The protective function of LdAPx is mediated by detoxi-
fication of an excess ROS burden, which prevents the loss of mi-
tochondrial potential from a low level of cytosolic calcium. This
results in a smaller release of reduced Cyt c (by upregulation of
ascorbate as well as the trypanothione cascade) from mitochon-

dria into the cytosol, which does not activate the caspase-like pro-
tease activity; therefore, AmB-resistant cells survive.

The in silico and in vitro ascorbate peroxidase inhibitory anal-
ysis shows that aminotriazole or sodium azide may be a good
inhibitor. The interaction between the L. donovani APx binding
site and 1H-1,2,4-triazol-5-amine (aminotriazole) suggests that
the Glu133, Val 127, and Ser301 amino acids may play a key role in
the inhibition of L. donovani APx (Fig. 3). The results of Adak and
Datta (13), where they show that the removal of H2O2 by amasti-
gotes was markedly inhibited by aminotriazole or sodium azide
(an inhibitor of heme-containing enzymes), also support our data
(13).

Lamy-Freund et al. reported that AmB may affect cells by gen-
erating free radicals after auto-oxidation (6). Reactive oxygen spe-
cies (ROS) have been shown to be toxic but also function as sig-
naling molecules. The pathways that regulate ROS homeostasis
are crucial for mitigating the toxicity of ROS and provide strong
evidence about specificity in ROS signaling. In the present study,
we investigated the intracellular ROS level for both resistant and
sensitive promastigotes after AmB treatment to predict whether or
not ROS are the key molecules for AmB-mediated cell death. Sev-
eral signal circuitries regulate protective responses to ROS-induc-

FIG 8 (A) Detection of protease activity in DNA. Shown is an overlay of the fluorescence histograms obtained for sensitive cells (green), sensitive cells in which
LdAPx is overexpressed (black), and sensitive wild-type cells (red). (B) Comparison of TUNEL results for detecting apoptosis in sensitive and resistant
promastigotes after AmB treatment. No positive cells were found in the control. (C) DNA fragmentation analysis by agarose gel electrophoresis. The DNA
profiles for untreated or AmB-treated promastigotes and sensitive and resistant promastigotes preincubated with Z-VD-FMK after 24 h of incubation at 26°C are
shown. Positive control, apoptotic U937 cells supplied by the manufacturer (Roche). Lane 1, markers; lane 2, DNA of the resistant strain preinhibited with
aminotriazole; lane 3, DNA of sensitive overexpression strain after being preincubated with aminotriazole; lane 4, DNA from the sensitive AmB-treated strain;
lane 5, DNA from the sensitive AmB-treated overexpression strain; lane 6, positive control; lanes 7 and 8, controls for sensitive and resistant strains, respectively.

TABLE 1 Analysis of the partial reversion of the phenotype of the AmB-
resistant strain using an ascorbate peroxidase inhibitor

Exptl set
LD50

(�g/ml)a

Fold decrease from value
for strain without
aminotriazole

Resistant strain � AmB 0.837
Sensitive strain � AmB 0.125
Sensitive overexpression strain �

AmB
0.631

Resistant strain � AmB �
aminotriazole

0.43 	1.9

Sensitive strain � AmB �
aminotriazole

0.124 	1.02

Sensitive overexpression strain �
AmB � aminotriazole

0.37 	1.70

a The LD50s of AmB in the presence and absence of different inhibitors were calculated
from in vitro drug sensitivity assays as described in Materials and Methods.
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ible oxidative stress or trigger apoptosis as a clearance mechanism
for oxidatively damaged cells. Moreover, in our study, we ob-
served that pretreatment of the resistant strain with aminotriazole
(33) resulted in higher ROS production than in the sensitive wild-
type strain but that the sensitive strain in which LdAPx was over-

expressed had lower ROS production (Fig. 5), which suggests that
resistant parasites use this enzyme to overcome oxidative stress.

The assessment of early mitochondrial alterations allows for
the identification of cells that are committed to die but have not
yet displayed the apoptosis-like phenotype. In our study, we ob-

FIG 9 Hypothetical model showing intracellular events in conferring amphotericin B resistance. The model diagram illustrates that AmB inside the cells after
auto-oxidation generates free radicals, which changes the mitochondrial membrane potential. Due to depolarization of the mitochondrial membrane, there is a
release of Cyt c into the cytosol. The released cytochrome c is oxidized and moves toward apoptosis by means of caspase-like activity in the case of the sensitive
strain but by means of the upregulation of ascorbate peroxidase in the case of the resistant strain, which is scavenged by the ascorbate-glutathione cascade, as is
the by-product. ASC, ascorbate; DHA, dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione. Ascorbate and glutathione also reduced the
cytochrome c and bypassed the pathway of apoptosis.
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served that the resistant strain had lower depolarization in its mi-
tochondrial membrane than the sensitive strain, probably due to
upregulation of LdAPx and the thiol metabolic-pathway genes (4)
in the resistant strain, which may detoxify ROS activity (Fig. 6A
and B). When we inhibited LdAPx with aminotriazole, the rever-
sion of the resistant strain’s property was observed (Fig. 6). We
also observed that the sensitive LdAPx overexpression strain had
reduced mitochondrial membrane potential compared to that of
the sensitive wild-type strain. It shows that AmB-induced ROS has
a probable role in the depolarization of mitochondrial mem-
branes and that overexpressed LdAPx plays an important role in
regulating the ROS-mediated mitochondrial membrane depolar-
ization in the resistant strain (Fig. 6). In addition, the alteration in
the Ca2� level in the cytosol in response to ROS generation was
also found to induce mitochondrial dysfunction. Inhibitors of
ascorbate peroxidase prevented a substantial loss of mitochon-
drial potential and also significantly lowered the percentage of
TUNEL-positive cells (Fig. 9).

It is well established that disruption of the outer mitochondrial
membrane by apoptotic stimuli results in the release of cyto-
chrome c into the cytoplasm, which activates a cascade of caspase-
like proteases involved in apoptosis. In our study, we observed the
release of cytochrome c directly proportional to ROS inside the
cells (Fig. 7A). Furthermore, our study illustrates for the first time
a relationship between the rate of Cyt c reduction by thiols and the
activation of caspase-like protein. The present kinetics study offers
insights into the potential role of thiols and ascorbate in regulating the
cellular redox equilibrium of Cyt c, which may be implicated in the
apoptosis process mediated by Cyt c. The activation of caspase-like
protease is mediated, at least partly, by the release of cytochrome c
from mitochondria into the cytosol. This process is sensitive to oxi-
dative stress and endogenous reducing factors, including ascorbate,
that are required for caspase activity to induce apoptosis.

The biochemical pathways that mediate apoptosis-like death in
kinetoplastids are still unknown. In metazoans, release of cyto-
chrome c into the cytosol leads to consequent activation of
caspases, the principal effector molecules of apoptosis (41, 42). In
Leishmania, the presence and role of caspases in apoptosis remain
controversial, as Zangger et al. reported that stress-promoted
death is caspase independent (43), whereas several other groups
have also demonstrated caspase-dependent death (19, 41, 44).
There is evidence that the caspase-like proteases play important
roles in the apoptotic cascade of unicellular kinetoplastid parasites
after induction of different stimuli (11, 44). The activation of the
CED3/CPP32 group of proteases is well established in leishmanial
cells (35, 36). Therefore, the possibility of the presence of caspase-
like proteases in leishmanial cells cannot be ruled out. In the pres-
ent study, we observed caspase-like proteases as well as meta-
caspase activity in leishmanial cells, both of which were found to
be higher in the sensitive strain than in the resistant strain (Fig.
7D). Our data support the result of Zalila et al. (45), who showed
that metacaspase overexpression enhanced L. major sensitivity to
oxidative stress, as measured by the rapid loss of mitochondrial
membrane potential, and suggest a role in Leishmania apoptosis.
In the presence of the caspase 3 group of protease inhibitors (Z-
VAD-FMK) or a metacaspase inhibitor (antipain), downstream
events of caspase 3-like protease activation and metacaspase acti-
vation, such as DNA fragmentation, were prevented in the sensi-
tive strains, which suggests that the proteases are involved in
AmB-induced programmed cell death of leishmanial cells

(Fig. 8C). In our study, the release of cytochrome c was accompa-
nied by the activation of CED3/CPP32 DEVDase activity, and its
specificity was further substantiated by its reduction after treat-
ment with DEVD-FMK, a CED3/CPP32-specific inhibitor. These
results suggest that nuclear events are under the control of pro-
teases sensitive to caspase inhibitors.

To investigate whether overexpression of LdAPx in the resis-
tant strain shielded cells against oxidative-stress-mediated apop-
tosis, nuclear DNA fragmentation as a marker of apoptosis was
measured. The sensitive AmB-treated strain led to a gradual con-
version of viable cells into apoptotic cells that was greater than in
the LdAPx-overexpressing resistant strain (Fig. 8A and B). Over-
expression of LdAPx causes a decrease in the ROS burden, which
is an early and critical event in preventing the release of Ca2� ions,
the loss of mitochondrial potential, and cytochrome c release from
mitochondria to the cytosol, which suggests an increase in toler-
ance to H2O2 and protection against AmB-induced oxidative
stress. The DNA fragmentation assay was assessed by the TUNEL
assay, the results of which also support the above data (Fig. 8C).

The removal of H2O2 by amastigotes was markedly inhibited
by aminotriazole or sodium azide, which is an inhibitor of heme-
containing enzymes, e.g., catalase or peroxide (9). We also dem-
onstrated the effect of an LdAPx pathway inhibitor on the resistant
strain to find out whether both the glutathione-ascorbate pathway
and the ABC transporter (overexpressed in the microarray) inhib-
itor have an effect on the partial reversion of the resistant strain.
We also found that coinhibition has a more potent effect than
inhibition by either the ABC transporter inhibitor or ascorbate
peroxidase in reversing the resistant property of the resistant
strain, as demonstrated by 	2.1-fold and 	1.9-fold changes with
the ascorbate peroxidase pathway and ABC transporter inhibitors,
respectively (Table 1). This probably indicates a synergistic in-
volvement of both drug efflux and ROS-scavenging machinery in
conferring AmB resistance.

Taken together, the data presented in this study identify pro-
tease activity (possibly caspase-like) as an important instigator
and regulatory molecule in the cell death cascade in L. donovani
when challenged by amphotericin B (Fig. 9). Amphotericin B-in-
duced alteration in membrane permeability, including in mito-
chondria, leads to the release of cytochrome c from the mitochon-
dria to the cytosol, thus activating proteases (metacaspase- and
caspase-like proteins). As a result, it activates DNase, which causes
nuclear DNA fragmentation, resulting in apoptosis-like cell death.
Although the current study was conducted with drug-resistant
promastigotes, the leads obtained will certainly be valuable in un-
derstanding the modes of actions of drugs.
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