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MAPKI1 of Leishmania donovani Modulates Antimony Susceptibility
by Downregulating P-Glycoprotein Efflux Pumps

Mansi Garg, Neena Goyal

Division of Biochemistry, CSIR-Central Drug Research Institute, Lucknow, India

Emergence of resistance to pentavalent antimonials has become a severe obstacle in the treatment of visceral leishmaniasis (VL)
in the Indian subcontinent. Mitogen-activated protein kinases (MAPKs) are well-known mediators of signal transduction of eu-
karyotes, regulating important processes, like proliferation, differentiation, stress response, and apoptosis. In Leishmania,
MAPKT1 has been shown to be consistently downregulated in antimony-resistant field isolates, suggesting that it has a role in
antimony resistance. The present work investigates the molecular mechanism of MAPKI1 in antimony resistance in Leishmania
donovani. The L. donovani MAPK1 (LAMAPK]1) single-allele replacement mutants exhibited increased resistance to Sb(III)
(5.57-fold) compared to wild-type promastigotes, while overexpressing parasites became much more susceptible to antimony.
The LAMAPKI1-mediated drug sensitivity was directly related to antimony-induced apoptotic death of the parasite, as was evi-
denced by a 4- to 5-fold decrease in cell death parameters in deletion mutants and a 2- to 3-fold increase in MAPK1-overexpress-
ing cells. LAMAPKI1-underexpressing parasites also exhibited increased P-glycoprotein (P-gp)-mediated efflux pump activity,
while a significant decrease in pump activity was observed in overexpressing cells. This change in efflux pump activity was di-
rectly related to expression levels of P-gp in all cell lines. However, episomal complementation of the gene restored normal
growth, drug sensitivity, P-gp expression, and efflux pump activity. The data indicate that LAMAPKI1 negatively regulates the
expression of P-glycoprotein-type efflux pumps in the parasite. The decrease in efflux pump activity with an increase in Ld-
MAPK]1 expression may result in increased antimony accumulation in the parasite, making it more vulnerable to the drug.

Leishmania, a protozoan parasite, causes leishmaniasis, a group
of diseases with clinical manifestations that range from self-
healing cutaneous and mucocutaneous skin ulcers to a fatal vis-
ceral form (visceral leishmaniasis [VL]). The disease imposes a
significant burden of mortality and morbidity, affecting 12 mil-
lion people in more than 88 countries in tropical and subtropical
zones of the world (1). Since antileishmanial vaccines are still un-
der development, control of the disease is dependent mostly on
chemotherapy (2). However, the efficacy of Sb(V), the first-line
treatment, is now threatened by the emergence of drug-resistant
Leishmania parasites, as described in several regions of endemicity
(3-5). During the last decade, several novel formulations of con-
ventional antileishmanials, as well as new drugs, including the oral
agent miltefosine, became available or were under investigation.
However, their widespread use in poor countries is hindered by
their high cost and also by concerns about toxicity and the emer-
gence of resistance (6, 7). The present-day requirement in the
treatment of leishmaniasis is to battle escalating lack of respon-
siveness to antimony, and hence, an urgent need exists to define
the mechanisms of resistance in the field.

Several studies have been conducted on resistant field isolates,
mostly from the Indian subcontinent, to understand the molecu-
lar mechanism of clinical antimony resistance. The suggested
mechanisms include decreased uptake, increased efflux/seques-
tration, and modulation of the unique parasite thiol metabolism
(8, 9). These studies also inferred that natural antimonial resis-
tance is multifactorial and hence requires wider exploration. Mi-
croarray technology and proteomic screening have been em-
ployed to elucidate a global picture of the mechanisms leading to
resistance in the field (10-12). One such study, carried out by our
group through transcriptome analysis, identified a gene encoding
mitogen-activated protein kinase 1 (MAPK1) of the kinetoplast
protozoan Leishmania donovani (LAMAPK1) that was consis-
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tently downregulated in antimony-resistant field isolates (13). In-
terestingly, overexpression of the gene in wild-type sensitive or
resistant parasites resulted in increased sensitivity of the transfec-
tants to potassium antimony tartrate, suggesting that MAPK1 has
a role in antimony resistance.

MAP kinases (MAPKs) are serine/threonine-specific protein
kinases that are highly conserved in all eukaryotes. They are the
last kinases in signal transduction cascades relaying signals aug-
mented by environmental stress or stimuli that can ultimately lead
to changes in gene expression profiles. The MAPKs regulate crit-
ical cellular activities, like cell growth, differentiation, cell shape,
mortality, cellular response to stress, and apoptosis (14). The roles
of MAPKSs in chemoresistance in cancer cells have been studied
extensively. It is well established that Sb(III) and the related metal
As(III) induce apoptosis in lymphoid tumor cells, human myeloid
leukemia HL60 cells, other mammalian cells, and Leishmania par-
asites (15-18). Traditionally, upregulation of MAPKs (JNK and
p38) is associated with antimony- and arsenite-stimulated apop-
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TABLE 1 Sequences of primers used in development of knockout constructs and verification of LIMAPK]1 allele replacement

Primer no. Primer name Sequence” Restriction site(s)
P1 5FLK-F 5'-CACTGCGTTTGCTTGAATTGTC-3’ None

P2 5FLK-R 5'-GTCGATGCCATAGGAGGTCAT-3' None

P3 3FLK-F 5'-CACATAACAGACGTGTATTAGCG-3’ None

P4 3FLK-R 5'-CACGCCAGCATCGATACACAT-3’ None

P5 5FLKS-F 5'-GCCCACTAGTCCACGAGCAATAATGC-3’ Spel

P6 5FLKX-R 5'-ATTACCCGGGAGGAGGTCATGATGG-3’ Xmal

P7 3FLKX-F 5'-TACCCGGGATCTATGTCGACCGACAGACTGAAGTT-3’ Xmal and Sall
P8 3FLKE-R 5'-GCACGATATCCACGCCAGCATCGATACACATG-3’ EcoRV

P9 HYGX-F 5'-ATCGCCCGGGATGAAAAAGCCTGAA-3’ Xmal

P10 HYGS-R 5'-TAGCGTCGACCTATTCCTTTGCCCT-3’ Sall

P11 NEOX-F 5"-ATTACCCGGGATGGGATCGGCCATT-3’ Xmal

P12 NEOS-R 5'-GAGCGTCGACTCAGAAGAACTCGTC-3’ Sall

P13 MAPKI-F 5'-ATGGCCTCCTATGGCATCGAC-3’ None

P14 MAPKI-R 5"-AACGTCTGTAATGTGATG-3' None

“ Restriction sites are in boldface.

tosis (15, 19-21). Interestingly, downregulation of a MAP kinase,
ERK2, has also been reported in multidrug-resistant (MDR) hep-
atocellular carcinoma cells, suggesting that downregulation of
ERK2 has a role in the toxicity pathway and resistance (22). Inter-
estingly, MDR in cancer cells may be reversed by modulation of
ERK activation, which induces apoptosis (23). In other studies,
either ERK activation in human breast cancer cells or enhance-
ment of JNK in human gastric and pancreatic carcinoma cells
resulted in downregulation of P-glycoprotein (P-gp) (24, 25). Re-
cently, MAPK2 of Leishmania major (LmjMAPK2) has been
shown to modulate the influx pump aquaglycoporin (AQP1),
which is responsible for drug uptake. Phosphorylation of Lmj-
AQP1 at Thr-197 is required for its pump activity, and Lmj-
MAPK2 activity is responsible for it. Inhibition of AQP1 phos-
phorylation results in reduced influx of Sb(III), slower volume
recovery of cells, and, hence, increased drug resistance (26).

In the present study, for the first time, we have established the
role of LAMAPKI in antimony-mediated apoptosis by modulat-
ing the functionality of P-gp-type efflux pumps.

MATERIALS AND METHODS

Parasites and cell culture. L. donovani promastigotes (WHO designation,
MHOMY/IN/80/Dd8), originally obtained as a gift from the late Prof.
P. C. C. Garnham and routinely maintained at the Central Drug Research
Institute, Lucknow, India, in golden hamsters, were used in the present
study. Promastigotes were grown in medium 199 (M199) (Sigma) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco) (27).
An LdMAPKI1 construct cloned into the PKS-neo shuttle vector was trans-
fected in laboratory strain promastigotes (wild type [Dd8*/*]) as de-
scribed previously (13). Transfectants with LdMAPKI1 construct
(D8 ™/* ™) and vector control (Dd8Vc) were selected and maintained un-
der G418 (40 pg/ml) drug pressure in M199 supplemented with 10% FBS.
Development of LAMAPKI gene replacement mutants. The up-
stream (5'-FLK [5FLK]) and downstream (3'-FLK [3FLK]) flanking-re-
gion sequences (approximately 1 kb in length) of LAMAPK1 were ampli-
fied using L. donovani genomic DNA as the template and primers (P1, P2,
P3, and P4 [Table 1]) designed on the basis of the L. donovani genomic
sequence available at the NCBI site. The amplified products were se-
quenced. Internal primers with the desired restriction sites were designed
from the sequenced region (Table 1). The 5'-FLK and 3’-FLK were further
amplified using primers P5 and P6 (for 5FLK) and P7 and P8 (for 3FLK),
and the amplified products were cloned in the pCR II-TOPO vector (In-
vitrogen). The clones that had 5FLK and 3FLK in right orientation
(namely, the TOPO-5FLK and TOPO-3FLK constructs) were selected.
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Hygromycin phosphotransferase (HYG) and neomycin phosphotran-
ferase (NEO) genes were amplified from the pCDNA3 and pXG-GFP
vectors (gifts from S. M. Beverley). These resistance marker genes were
amplified using primers P9 and P10, and P11 and P12, respectively, and
cloned in the pCR II-TOPO vector. The 3'-FLK fragment was direction-
ally subcloned in the TOPO-5FLK construct using Xmal and EcoRYV sites,
resulting in the TOPO-5/3FLK construct. HYG and NEO gene cassettes
were inserted directionally in the TOPO-5/3 FLK construct using Sall and
Xmal sites, resulting in the final gene deletion constructs, TOPO-5FLK/
HYG/3FLK and TOPO-5FLK/NEO/3FLK. Both the 5FLK/HYG/3FLK
and 5FLK/NEO/3FLK fragments were taken out of the pCR-TOPO vector
by digestion with Spel and EcoRV and purified. First, 5FLK/HYG/3FLK
was transfected in wild-type D8/ cells and selected in the presence of
10 pg/ml hygromycin in M199 supplemented with 20% FBS to obtain the
Dd8"/~ MAPKI single-allele replacement mutant. The single-allele re-
placement mutant was further transfected with a second allele deletion
fragment, 5FLK/NEO/3FLK, and selected and maintained under 10
pg/ml hygromycin and 20 pg/ml neomycin drug pressure in M199 sup-
plemented with 20% (vol/vol) FBS.

Verification of transfection and homologous recombination of the
MAPK1 single allele/double allele with the hygromycin phosphotransfer-
ase or neomycin phosphotransferase gene at the correct position (between
5'-FLK and 3'-FLK) was done by PCR using genomic DNA of Dd§*/*,
Dd8"/~, and Dd8 /" parasites as the templates. HYG was amplified with
primers P9 and P10, NEO with P11 and P12 (Table 1), and MAPK1 with
P13 and P14. The PCR product was checked on a 1% agarose gel and
stained with ethidium bromide.

For episomal complementation, the LAMAPK1 gene cloned in the
pKS-neo shuttle vector was transfected in Dd8™/~ parasites. The gene
add-back mutants (Dd8"/~/") were selected and maintained under 20-
pg/ml G418 drug pressure in M199 supplemented with 10% (vol/vol)
FBS.

SDS-PAGE and Western blotting. The expression levels of LAMAPK1
in different mutants were compared through Western blotting. Proteins
from equivalent numbers of cells (4 X 10°) were analyzed by SDS-PAGE,
transferred onto nitrocellulose membranes, and processed for Western
blot analysis with anti-LAMAPKI1 antibodies raised in rabbit (28, 29).

Macrophage infection. The infectivity of the parasites and the growth
of intracellular amastigotes were evaluated as described previously (27).
Briefly, 0.5 X 10° macrophages were layered in 16-well chamber slides
(Nunc) and allowed to adhere for 24 h in RPMI medium supplemented
with 10% FBS at 37°C in a 5% CO,-95% air mixture. The adhered mac-
rophages were infected with stationary-phase promastigotes at a 1:10 ratio
for 24 h. The noninternalized parasites were washed from the wells, and
infected macrophages were incubated for 48 h in RPMI medium supple-
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mented with 10% FBS at 37°C in a 5% CO,-95% air mixture. The mac-
rophages were fixed with 90% methanol after 24 and 72 h of infection,
stained with Giemsa stain, and observed under a microscope. The number
of infected macrophages per 100 cell nuclei (percent infectivity) was de-
termined at 24 h of infection. The numbers of amastigotes per 100 mac-
rophages at 24 h and 72 h of infection were determined for intracellular
amastigote proliferation.

Drug sensitivity assay. Mid-log-phase promastigotes of the wild type
and different mutants were seeded in 96-well culture plates to a final
concentration of 0.5 X 10° cells/ml in M199 alone or in the presence of
increasing concentrations of trivalent antimony [Sb(III)] in triplicate.
The cells were allowed to grow in the presence or absence of Sb(III) for 72
hat 24 = 1°C. The number of viable cells per well was determined micro-
scopically (30), and the 50% inhibitory concentration (IC,,) was calcu-
lated by probate analysis.

Cell cycle analysis. Cells (1 X 10°), untreated and treated with triva-
lent antimony (350 M), were washed with 1 X phosphate-buffered saline
(PBS) (1,000 X g for 10 min at 4°C) and fixed in 90% chilled methanol at
—20°C overnight. The fixed cells were washed with 1 X PBS and incubated
with RNase for 1 h at 37°C. The pellet was stained with propidium iodide
(PI) (40 pg/ml) for 15 min in the dark. Data were acquired on a FACS-
Calibur (BD Biosciences), and the fluorescence intensity was measured on
FL2-A. Analyses were done using the ModFit program (BD Biosciences).

In situ detection of DNA fragmentation by TUNEL assay. In situ
detection of DNA fragments following treatment of promastigotes was
measured by terminal deoxynucleotidyltransferase (TdT)-mediated
dUTP nick end labeling (TUNEL) using a Cell Death Detection kit
(Roche) according to the manufacturer’s instructions. Cells were washed
and fixed in 2% paraformaldehyde and incubated on ice for 1 h, washed
with PBS, and resuspended in permeabilization solution for 2 min on ice.
Thereafter, the cells were washed twice with PBS and incubated with 50 .l
reaction mixture containing TdT and dUTP-fluorescein isothiocyanate
(FITC) for 1 h at 37°C. The cells were washed twice with PBS and resus-
pended in 500 pl PBS and acquired on the FACSCalibur. Analyses were
done on the FL1 channel using Cellquest Pro software.

Analysis of externalization of phosphatidylserine. Double staining
for annexin V-FITC and PI was performed as described previously (31).
The data were acquired on a FACSCalibur, and the fluorescence intensity
was measured on the FL1-H channel for annexin V and FL2-H for pro-
pidium iodide. Analyses were performed on 10,000 gated events using
Cellquest Pro software.

Measurement of ROS. To measure the change in the level of reactive
oxygen species (ROS), the cell-permeable, nonfluorescent probe 2',7’-
dichlorodihydrofluorescein diacetate (H,DCFDA) (Molecular Probes)
was used. H,DCFDA is a nonpolar compound that, on entering the cell, is
converted into nonfluorescent, nonpermeable dichlorodihyrofluorescein
by cellular esterases. With the availability of oxidant species, it oxidizes to
fluorescent 2,7-dichlorofluorescein. ROS measurement was done accord-
ing to the manufacturer’s instructions.

Analysis of mitochondrial transmembrane potential. To determine
the mitochondrial transmembrane electrochemical gradient (A1), JC-1
(5,5',6,6'-tetrachloro-1,1",3,3"-tetraethyl benzimidazolyl carbocyanine
iodide) was used. JC-1 is a lipophilic, potential-sensitive cation that can be
used to measure mitochondrial membrane potential. At higher potential,
it is incorporated into the mitochondrial membrane, where it forms red-
fluorescent “J aggregates.” Upon loss of mitochondrial potential, as in case
of apoptosis, it is released into the cytosol and converted into a green-
fluorescent monomer. Decrease in the ratio of red to green fluorescence of
JC-1 is an indicator of a loss of mitochondrial transmembrane potential.

Accordingly, to evaluate the effect of Sb(III) on the mitochondrial
membrane potential of the wild type and mutants, the cells were pelleted
and washed with PBS. The cells were stained with 5 .M JC-1 in 500 .l PBS
for 15 min at room temperature. The data were acquired on a
FACSCalibur and analyzed with the Cellquest Pro software on the basis of
a quadrant dot plot to determine monomers and J aggregates.
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Activation of caspase-like proteases. A PhiPhiLux (PPL) G1D2 sub-
strate (Calbiochem) was used to study caspase-3 activation in live para-
sites. The substrate is a peptide with the caspase-3-specific sequence GD
EVDGI and is conjugated to two fluorophores, G1 and D2, which
fluoresce upon cleavage of the peptide by activated caspase-3. The cells
were treated with trivalent antimony (350 wM) and amphotericin B (0.2
uM). Untreated and treated cells (1 X 10°) were incubated for 30 min at
37°C in the presence of 25 pl PPL substrate according to the manufactur-
er’s protocol. The data were acquired on a FACSCalibur and analyzed on
the FL1 channel for fluorescence using CellQuest software.

Accumulation and retention of the dye Rhodaminel23. Accumula-
tion of Rhodaminel23 (Rho123) was studied by incubating the promas-
tigotes (wild-type and mutant strains) with 0.2 ug/ml Rho123 in M199 at
24 + 1°C for 1 hin the presence or absence of efflux pump inhibitors, 100
M verapamil and 20 wM trifluoperazine (TFP), as described previously
(8). Efflux of the dye was studied after washing the Rho123-loaded para-
sites twice with chilled PBS, pH 7.4, and resuspending them in plain M199
in the presence or absence of inhibitor(s). At the 0-h and 1-h time points,
the cells were analyzed on a FACSCalibur to evaluate dye retention or
efflux.

P-glycoprotein expression. Mid-log-phase cells (1 X 10° wild-type
and mutant strains) in 50 pl PBS were immune stained with 20 wl anti-
P-gp antibody conjugated to phycoerythrin or its isotype anti-mouse
antibody (BD Biosciences) at room temperature for 1 h in the dark. There-
after, the cells were washed and suspended in PBS. Flow cytometric anal-
ysis was performed on a FACSCalibur FL2 channel. An isotype control for
each sample was used to measure the background fluorescence.

Immunofluorescence microscopy. Log-phase promastigotes (1 X
10°) were harvested, washed thrice with ice-cold PBS, and suspended in
200 wl PBS. The cells were allowed to adhere to a poly-L-lysine-coated
coverslip for 15 min at 25°C. The adhered cells were fixed with 4% (wt/
vol) paraformaldehyde for 30 min at room temperature and washed thrice
with 0.5% (wt/vol) glycine-containing PBS. The cells were permeabilized
with 0.5% (vol/vol) Triton X-100 for 5 min and blocked with 0.5% (wt/
vol) bovine serum albumin (BSA) in PBS-glycine buffer. Then, the cells
were incubated with anti-P-gp antibody (1:200) conjugated to phyco-
erythrin or its isotype anti-mouse antibody (BD Biosciences) at 4°C over-
night. The coverslips were washed five times with blocking buffer and
mounted on glass slides with Prolong Gold antifade reagent (Molecular
Probes) to stain double-stranded DNA in the kinetoplast and nucleus.
The images were acquired using a Leica TCS-SP8 confocal microscope.
The images, at 532- and 488-nm excitation, were acquired separately and
merged for presentation using Image J software.

Flow cytometric analysis. All flow cytometric analyses were done ona
BD FACSCalibur equipped with an argon laser tuned to 488 nm. All the
samples were analyzed at <300 cells/s, and a typical analysis was done on
10,000 cells. Fluorescence was measured on a photomultiplier tube (FL1
with a 530/30-nm band pass filter or FL2 with a 585/40-nm band pass filter
as indicated for each experiment).

Statistical analysis. Data are expressed as means = standard devia-
tions (SD) unless otherwise indicated. Comparisons were made using
two-way analysis of variance (ANOVA), and differences were considered
significant at a 0.001 (***) or 0.01 (**) level of confidence; a P value of
>0.05 was considered nonsignificant (ns).

Nucleotide sequence accession numbers. The complete sequences
of the cloned 5" and 3’ flanking regions of LAMAPK1 are available in
GenBank under accession no. KP126514 and KP126515, respectively.

RESULTS

MAPK1 is essential for growth and survival of L. donovani pro-
mastigotes. For functional characterization of MAPK1 of L. don-
ovani, the gene was replaced in the parasite genome with a resis-
tance marker gene(s). Since the gene is present in a single copy in
the haploid genome (13), two replacements were required to
knock off the gene completely from the diploid genome of the
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FIG 1 Modulation of LAMAPKI expression in Leishmania parasites. (a) Agarose gel stained with ethidium bromide showing PCR products of MAPK1, NEO,
and HYG genes with Dd8 /" (wild-type parasites), Dd8 "/~ (parasites with MAPK1 single-allele replacement), and Dd8 '~ (parasites with MAPK1 double-allele
replacement). (From left) Lanes 1 and 8, 1 kb plus DNA ladders; lanes 2 to 4, MAPK1 PCR products from Dd8*/*, Dd8™/~, and Dd8 '~ parasites; lanes 5 to 7, NEO PCR
products from Dd8™ /", Dd8"/~,and Dd8 /"~ parasites; lanes 9 to 11, HYG PCR products from Dd8*/*,Dd8"/~,and Dd8 /™ parasites. (b) Effect of modulation
of LAMAPKI1 expression on promastigote growth. (c) Changes in expression of LAMAPKI1 in wild-type (Dd8/™) parasites, vector control (Dd8Vc) parasites,
overexpressing transfectants (D8 "/ "), single-allele replacement mutants (Dd8*' "), and add-back mutants (Dd8"/~/") by Western blot analysis using
anti-LAMAPK]1 antibodies. a-Tubulin was used as a control. (d) Quantitative estimation of expression of LAMAPKI1 in cells by measuring the relative density of
each band. The data are representative of the results of 3 independent experiments. The error bars represent SD. ***, P < 0.001; ns, not significant.

parasite. The two alleles were replaced by resistance gene markers
conferring resistance to hygromycin or neomycin. Gene replace-
ment constructs were prepared by cloning approximately 1-kb
upstream (5'-FLK) and downstream (3’-FLK) flanking regions of
the MAPK1 open reading frame (ORF) with a resistance marker
gene (HYG or NEO). Transfection of HYG-containing constructs
in wild-type parasites and selection under 10-pg/ml hygromycin
pressure resulted in parasites with single-allele replacement of the
MAPKI1 gene (Dd8"/7). The replacement of the MAPKI allele
with HYG was confirmed by PCR of the respective genomic DNA
using primers for MAPK1 and HYG (Fig. 1a). The parasites with a
single allele replaced were further transfected with a deletion con-
struct containing a NEO marker gene and selected under 10-
pg/ml hygromycin and 20-pg/ml neomycin pressure. The multi-
plication rate of parasites with two alleles replaced was greatly
reduced, and these parasites failed to survive after 30 days under
the culture conditions. Even after single-allele replacement, multi-
plication of mutant parasites was also greatly retarded compared to
that of wild-type Dd8 """ cells (Fig. 1b). On episomal complementa-
tion of the LAMAPKI1 gene in Dd8*/~ mutants, the Dd8™/ ™" cells
regained normal growth (Fig. 1b). However, overexpression of
MAPKI1 did not modulate the growth pattern of the parasite (13).
Since Dd8 /™ parasites could not be maintained even after several
attempts at transfection, further experiments were carried out with a
single-allele replacement mutant, Dd8™/ ™.

Figure 1c and d depicts the expression of LAMAPKI in all
cell types: wild-type (Dd8"'") cells, expressing endogenous
levels of MAPK1; LAMAPKI1 transfectant (Dd8" /") cells,
overexpressing the MAPK1 gene; mutant (Dd8™/™) cells with sin-
gle-allele replacement, down-expressing the MAPK1 gene; and
the gene add-back mutant (Dd8™*/~/"), regaining the expression
of LAMAPKI. As expected, MAPK1-overexpressing transfectants
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(Dd8* /") exhibited 2.15-fold-higher expression than wild-
type (Dd8™'") cells (Fig. 1c and d). Similarly, MAPK1 expression
was decreased 4.54-fold in single-replacement (Dd8*'7) mutants.
DA8™/~/" mutants displayed expression of LAMAPK1 compara-
ble to that of the wild-type (Dd8™"/™) parasite, thus confirming the
regaining of LAMAPKI1 expression. Dd8Vc cells, taken as the vec-
tor control, showed no significant change in LAMAPKI expres-
sion compared to Dd8 "' * wild-type cells.

Change in expression of LAMAPK1 modulates infectivity
and amastigote multiplication. Approximately 20% increase in
the infectivity of promastigotes to macrophages was observed with
increase in expression of LAMAPKI1 (Fig. 2a). While single-allele
replacement mutants exhibited significantly decreased infectivity
(33.5% * 2.5%) compared to wild-type DA$™*/* (71.5% =+ 3.2%)
cells. On complementing the LAMAPK1 gene in Dd8*'~'", the
parasite infectivity became comparable (76.5% * 6.5%) to that of
wild-type DA8™"/™ parasites.

Further, loss of the LAMAPKI allele(s) not only reduced pro-
mastigote growth (Fig. 1b), but also significantly affected intracel-
lular amastigote multiplication. Amastigote proliferation of Dd8 "/~
mutants was reduced to 1.33-fold compared to 3.12-fold prolifer-
ation of wild-type Dd8"/* amastigotes (Fig. 2b). On episomal
complementation of the LIMAPKI gene, amastigote multiplica-
tion was recovered to 2.86-fold. This regaining of amastigote pro-
liferation confirmed that the observed decrease in the growth rate
of single-replacement mutant amastigotes was due to a decrease in
LdMAPK1 expression. However, only a marginal increase in
amastigote multiplication of Dd8* /"™ parasites was observed
compared to wild-type amastigotes.

Effect of differential expression of LAMAPKI1 on parasite
susceptibility to trivalent antimony. The overexpressing pro-
mastigotes exhibited a 1.92-fold lower IC, for Sb(III) than wild-
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FIG 2 Effect of modulation of expression of LAMAPK1 on percent infectivity (number of infected macrophages X 100 cell nuclei) (a), number of intracellular
amastigotes per cell nucleus after 24 and 72 h of infection (b), and antimony [Sb(III)] susceptibility of the parasite (c). The data represent means = SD of the
results of 3 independent experiments. **, P < 0.01; ***, P < 0.001; ns, not significant.

type cells (Fig. 2c). The IC;, of deletion mutants was increased by
5.57-fold (306.6 nM) compared with wild-type cells (55.07 uM).
Moreover, Dd8"/~/* add-back mutants regained drug suscepti-
bility (ICs, 66.6 M), suggesting that development of antimony
resistance in Dd8"/~ mutants was due to underexpression of
LdMAPKI.

For evaluation of apoptotic parameters (DNA fragmentation,
phosphatidylserine exposure, mitochondrial transmembrane de-
polarization, and ROS generation), the cells were exposed to
Sb(III) for 6 h at 350 M concentration. Viability of the parasite
was assessed by propidium iodide labeling of the cells; cells unla-
beled by propidium iodide were considered viable. All cell types
were more than 90% viable after this treatment (see Table S1 in the
supplemental material).

Modulation of LIMAPKI1 expression affected neither the cell
cycle nor apoptosis in the cell. Cell cycle analysis of Dd8"'™,
Dd8Vc, DA8* "/, and Dd8 ™/ cells did not exhibit any signifi-
cant change among all the cell types (Fig. 3a).

Further, the overexpression or underexpression of the
LdMAPKI gene did not affect apoptosis in the parasite, as no
significant change was observed in key apoptotic parameters:
DNA fragmentation, plasma membrane permeabilization, mito-
chondrial depolarization, and ROS generation (Fig. 3b to e).

Change in LAMAPKI1 expression changes antimony-stimu-
lated DNA fragmentation. DNA fragmentation is the hallmark of
metazoan apoptosis and has been reported in free-swimming par-
asites, as well as intracellular amastigotes, upon exposure to apop-
totic stimuli. During apoptosis, activated nucleases degrade the
chromatin structure of DNA into small DNA pieces of about 200
bp and its multiples in length. DNA fragmentation was studied by
cell cycle analysis through PI labeling and TUNEL assay. A signif-
icant hypodiploid population was observed on PI staining of
Sb(III)-treated wild-type Dd8 */* cells. Interestingly, this antimo-
ny-induced hypodiploid population was increased in MAPK1-
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overexpressing parasites from 7.2% to 13.5% but was reduced to
1.25% in deletion mutants (Fig. 3a).

In accordance with this, parasites overexpressing LAMAPK1
(Dd8* /") exhibited 46.9% * 5.09% TUNEL-positive cells
compared to 24.4% = 3.9% and 23.9% = 2.3% TUNEL-positive
cells in wild-type Dd$*'* and vector control Dd8Vc (Fig. 3b)
cells. Thus, overexpression of LAMAPKI results in a 1.9-fold in-
crease in TUNEL-positive cells compared to wild-type parasites.
On the other hand, LAMAPK1 deletion mutants (Dd8"/ ™) exhib-
ited only a 5.44% * 1.1% TUNEL-positive population, indicating
that MAPK1 may have a role in antimony-induced apoptotic
death of the parasite.

LdMAPKI1 expression modulates phosphatidylserine exter-
nalization in L. donovani promastigotes on Sb(III) treatment.
The phospholipid composition of the plasma membrane is not
identical on both sides. The outer leaflet is predominantly com-
posed of choline phospholipids, while the inner leaflet is popu-
lated with aminophospholipids. However, in cells undergoing
apoptosis, this asymmetry is lost, and phosphatidylserine is ex-
posed on the outer surface. This is identified as an early step in
apoptosis, which is usually followed by permeabilization of the
membrane. However, in the case of necrosis, there is direct per-
meabilization of the membrane, which results in the cell bursting.
On externalization, phosphatidylserine becomes bound to an-
nexin V conjugated to FITC. Apoptotic cell death can be differen-
tiated from necrotic cell death by counterstaining with PI, a non-
permeable stain with high affinity for nucleic acids. PI selectively
enters necrotic cells. Therefore, costaining with annexin V and PI
can differentiate between cells undergoing early apoptosis (an-
nexin V-positive and PI-negative) and late-apoptotic (annexin
V-positive and PI-positive), necrotic (PI-positive and annexin V-
negative), and live (PI- and annexin V-negative) cells. On treat-
ment with Sb(III), the wild type (Dd8"'") and LAMAPK1 tran-
fectants (Dd8"*/*") exhibited both annexin V-positive cells
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and a few PI-positive cells. However, in transfectants, the percent-
ages of annexin V-positive and PI-negative cells were 2.3 * 0.4
times greater than in wild-type parasites. The deletion mutants
(Dd8*'7) showed 3.4- = 0.7-fold decreases in annexin V-positive
cells (Fig. 3¢). No significant change was observed in a transfectant
control.

Antimony-induced ROS generation changes with expression
levels of LAMAPK]I. Fig. 3d depicts ROS generation in various
MAPK1-expressing cell types on exposure to trivalent antimony.
Reactive oxygen species are primary messengers of apoptosis. In-
side the cell, H,CDCFDA is converted into nonpermeable probe,
which, on reacting with reactive oxygen species, is converted into
fluorescent probe. High fluorescence represents ROS accumulation
in the cell. On antimony treatment, the mean fluorescence intensity
in wild-type (Dd8*/™) cells was twofold less (128.77 + 12.89 relative
fluorescence units [RFU]) than in overexpressing Dd8™ */** para-
sites (274.76 = 23.4 RFU). Thus, 2.1-times-higher ROS generation in
DA8* /" parasites was observed. As expected, Dd8™/" parasites
generated a minimal level of ROS (55.25 = 11.23 RFU).

A change in LAMAPKI1 expression levels changes the depo-
larization of the mitochondrial transmembrane potential of the
parasite on antimony treatment. Maintenance of the mitochon-
drial transmembrane potential is essential for survival of Leishma-
nia parasites, as the parasite possesses single mitochondria. Loss of
mitochondrial transmembrane potential is analyzed using JC-1
lipophilic dye. In normal cells, JC-1 forms red-fluorescent aggre-
gates, which on depolarization diffuse in the cytosol as green-
fluorescent monomers.

In dot plot analysis, JC-1 fluorescence is observed in both red
(FL2) and green (FL1) channels. The green-fluorescent population
was gated as R1 and represents the apoptotic population. In untreated
culture, the parasites were predominantly outside the R1 gate. Only
3.8% = 0.6% of cells fluoresced green. On treatment with 350 uM
Sb(III) for 6 h, the R1 population increased to 17.5% = 1.9% for the
wild type and 17.67% = 1.7% for the transfection control compared
to 32.43% * 2.69% in LAMAPK1 transfectants (Fig. 3e). The red/
green ratio dropped from 25.59 to 4.63 in Dd8™/™, while it dropped
from 25.31 to 2.35 in LAMAPK1 transfectants (Dd8" /% ). On the
other hand, in MAPKIsingle-deletion mutants, the ratio dropped
only from 24.58 to 17.15 (Fig. 3e), suggesting a role of LAIMAPK1 in
antimony-induced apoptosis.

Caspase-like activation. In metazoans, apoptosis involves the
activation of a class of cysteine proteases known as caspases. These
caspases have not yet been reported in Leishmania parasites. How-
ever, caspase-like activity has been observed in stationary-phase
promastigotes and amphotericin-treated axenic amastigotes (32),
while antimony-induced apoptosis has been reported to be a
caspase-independent process. On treatment with Sb(III), even up
to 48 h, no caspase-like activity was observed in all cell types (see
Fig. Sla in the supplemental material), while amphotericin B
treatment for 6 h led to approximately 45% PPL activity-positive

LdMAPK1 Regulates P-gp Efflux Pumps and Sb(lll) Resistance

cells in both wild-type and transfectant parasites. This suggests
that antimony induced apoptosis is a caspase-independent path-
way and that LAMAPK]1 is not associated with caspase activation.

LdMAPKI1 regulates antimony-induced apoptosis. The
above-mentioned results showed that a decrease in LAMAPK1
expression results in a decrease in antimony-induced apoptosis.
To confirm this, the parasites with LAMAPK1 single-allele re-
placement were complemented with the LAIMAPK1 gene through
episomal expression (Dd8"/~/*). When Dd8™*/~'* parasites were
treated with 350 pM Sb(III), the percentage of TUNEL-positive
cells was 21.8% = 1.2%, comparable to that of wild-type Dd8™/™"
parasites (25.6% * 1.8%) (see Fig. S1b in the supplemental ma-
terial). Thus, restoration of LAMAPKI expression in gene add-
back mutants results in their increased antimony-induced apop-
tosis. The data further support the role of LAMAPK]1 in regulating
the antimony sensitivity of the parasite.

Rhodaminel23 accumulation and retention. Rhodamine123
is a fluorescent cationic dye that accumulates in mitochondria and
can be examined by flow cytometric analysis. It is used as an es-
tablished substrate of P-gp-type efflux pumps. The fluorescence
after 1 h of dye loading represents the accumulation of Rho123 in
the parasites. In the absence of any efflux pump inhibitor, MAPK1
transfectants exhibited significantly greater accumulation of
Rho123 (1.3-fold) than wild-type cells. On the other hand, single-
allele replacement mutants exhibited significantly decreased (1.6-
fold; P < 0.001) accumulation of dye (Fig. 4a). On adding back the
LAMAPKI1 gene in Dd8"/~/" parasites, the dye accumulation
again became comparable to that of wild-type Dd8*'* parasites.
In the presence of verapamil (a strong inhibitor of P-gp-type ef-
flux pumps), the accumulation levels of Rho123 were almost com-
parable in all the cell types. However, in the presence of TFP (a
partial inhibitor of P-gp-type pumps), the difference in accumu-
lation of dye in all cell types was reduced, but not to comparable
extents (Fig. 4a).

For efflux studies, noninternalized dye was washed off, cells
were suspended in fresh medium, and the accumulated dye was
allowed to efflux for 1 h. Dd8™** cells retained 49.5% * 1.38% of
the dye, and the rest (50.4% * 2.9%) was effluxed. On the other
hand, in DA8" */** cells, only 29.2% * 0.9% of the accumulated
dye was effluxed, while in replacement mutants (Dd8*'7),
80.6% = 2.09% of the accumulated dye was effluxed (Fig. 4b). As
expected, the Rhol123 efflux in Dd8*'~/* add-back mutants
(53.7% = 1.2%) became comparable to that in Dd8™"* wild-type
cells. In the presence of verapamil, the efflux of dye was almost 90%
blocked in all cell types. In the presence of TEP, the efflux was reduced
t0 13.08% = 0.58% for DA8™*'™ cells. In LAMAPK]1 transfectants, the
efflux decreased t0 9.21% = 0.87%, and in LAMAPKI1 deletion mu-
tants, efflux was changed to 18.6% * 1.05%, thus reducing the dif-
ference but still significantly retained (P < 0.05) (Fig. 4b). These data
suggest that the change in expression of LIMAPK1 modulates the
functionality of P-gp-type efflux pumps in Leishmania parasites.

FIG 3 Effect of modulation of LAMAPK1 expression on antimony-induced apoptosis. (a) Cell cycle analysis by flow cytometry. The dark-gray peaks represent
the G,/G, and G,/M phases, and the shaded region represents S phase, while the light-gray peaks represent the sub-G,/G, (apoptotic) phase. (b) Histogram
depicting DNA fragmentation by TUNEL assay. M1 is marked according to unstained cells, while M2 represents fluorescence of dUTP-FITC bound to nicked
DNA ends. (c) Dot plot of annexin V and PI staining. The lower left quadrant represents unstained (healthy) cells, the upper left represents PI-positive (necrotic)
cells, the lower right represents annexin V-positive (early apoptotic) cells, and the upper right represents annexin- and PI-positive (late apoptotic) cells. (d) ROS
generation by H,CDCF-DA staining. (e) Dot plot representing loss of mitochondrial transmembrane potential upon antimony treatment. The regions were
marked on the basis of untreated cells. The dots outside region R1 represent red-fluorescent J aggregates (for healthy cells), and the dots within region R1
represent green-fluorescent monomers (for cells with depolarizing mitochondria). The data are representative of the results of three independent experiments.
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FIG 4 Graphical representation of a rhodamine assay. (a) Mean fluorescence intensities of accumulated Rhodamine123 after 1 h of loading in the absence or
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of verapamil or trifluoperazine. The data represent means * SD of the results of 3 independent experiments. ***, P < 0.001; **, P < 0.05; ns, not significant.

P-glycoprotein expression and localization. Wild-type
parasites exhibited higher P-glycoprotein expression than
MAPK1-overexpressing transfectants (Fig. 5a). The expression in
DA8" /" cells was reduced to half of that in wild-type cells (Fig.
5b). Moreover, on downexpression of LAMAPK1 in Dd8 ™"/~ cells,
the P-gp expression was increased by 2.7-fold, showing negative
regulation of the expression and activity of P-gp-type pumps by
LAMAPKI. On reviving the LAMAPKI expression in Dd8*/~/*
cells, the P-gp expression levels became comparable (1.1-fold; P >
0.05) to that in Dd8 '™ cells, confirming that the change in P-gp
expression was due to the change in LIMAPKI expression.

In addition, immunofluorescence microscopy confirmed that

the analyzed pump proteins are localized on the plasma mem-
brane of the parasite, not on the membrane of the vacuole present
inside the cell (Fig. 5¢).

DISCUSSION

Antimony resistance is one of the major obstacles in successful
management of visceral leishmaniasis in the Indian subcontinent
(3) and is associated with decreased influx and increased efflux or
sequestration of the drug (8, 9). However, the regulation of ex-
pression of these pathway-related genes is almost unknown in
Leishmania. Recently, MAPK2 of L. major has been shown to
modulate the influx pump, AQP1, responsible for antimony up-
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FIG 5 P-glycoprotein expression and localization. (a) Histogram depicting cells stained with anti-P-glycoprotein antibody conjugated to phycoerythrin or its
isotype antibody. (b) Ratio of mean fluorescence intensity of P-gp versus the isotype control. The data represent means * SD of the results of 3 independent
experiments. (c) Subcellular localization of P-gp on the plasma membrane of the cell by immunofluorescence microscopy, using anti-P-gp antibody conjugated
to phycoerythrin. ***, P < 0.001; ns, not significant. DIC, differential interference contrast.
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take and osmoregulation. LmjMAPK2 phosphorylates LmjAQP1
at Thr-197, which is required for its pump activity. Inhibition of
AQP1 phosphorylation results in reduced influx of Sb(III), slower
volume recovery of cells, and, hence, increased drug resistance
(26). In another study from our laboratory, MAPK1 of L. don-
ovani was demonstrated to be downregulated in antimony-resis-
tant clinical isolates, and its overexpression led to an increase in
parasite susceptibility to antimony by 2-fold (13). The present
study was carried out to understand the molecular mechanism of
MAPKI1-mediated antimony resistance in L. donovani in order to
improve the chemotherapeutic efficacy of this first-line treatment.
The expression of LAMAPK1 was modulated in L. donovani pro-
mastigotes by either overexpressing the gene by episomal expres-
sion or decreasing expression by replacing a single allele (Fig. 1)
with a hygromycin gene.

Mammalian MAP kinases are categorized into ERKs, JNKs,
and p38 MAPKs. Interestingly, Leishmania mexicana MAPK1
(LmxMAPK1) exhibits significant homology to ERK2 in three-
dimensional (3D) structure (33). Previously, ERKs were thought
to be antiapoptotic in function (34-36), but some recent reports
have suggested their proapoptotic nature (37, 38). Stress-activated
JNKs and p38 MAPKSs have also been shown to play anti- and
proapoptotic roles (39-42). In Leishmania, a change in expression
of LAMAPK1 did not correlate with the change in apoptotic death
of parasites in the absence of antimony treatment. No significant
changes were observed in cell cycle and apoptotic signals (DNA
fragmentation, externalization of phosphatidylserine, loss of mi-
tochondrial transmembrane potential, and ROS generation) in
overexpressing transfectants or single-replacement mutants com-
pared to wild-type cells (Fig. 3). Further, the residual MAPK1
expressed in single-allele replacement mutants may be sufficient
to regulate the process; hence, the cell cycle was not disturbed.
Therefore, it is hard to suggest the role of leishmanial MAPK1 in
regulation of the cell cycle and apoptosis of the parasite.

Antimony has been reported to induce apoptosis in Leishma-
nia parasites (18, 32, 43, 44). Other antileishmanial drugs are also
known to cause apoptosis in a similar fashion (32, 45, 46). On
exposure to trivalent antimony, significant changes in apoptotic
parameters were observed in LAMAPK1-overexpressing or -un-
derexpressing (D8 ™/ * and Dd8"' ™) cell types. All apoptotic
parameters were 2- to 3-fold elevated in overexpressing transfec-
tants (Dd8" */* ") compared to wild-type (Dd8 ") cells (Fig. 3)
and 4- to 5-fold reduced in single-deletion (Dd8*'~) mutants.
Interestingly, on add back of the LIMAPKI1 gene by episomal
complementation in Dd8"/ /" cells, the decreased apoptosis in
DA8™/™ cells reverted to levels exhibited by wild-type Dd8*'*
cells. Interestingly, treatment with either 0.2 WM amphotericin B
or 10 M miltefosine did not cause any significant change in
apoptotic parameters among all three cell types (data not shown).
The data clearly suggest that changes in expression of LAMAPK1
are directly correlated with the antimony-induced apoptosis of
the Leishmania promastigotes without affecting amphotericin B-
or miltefosine-mediated apoptosis (Fig. 3). Hence, an increase/
decrease in expression of LAMAPK1 renders the cells more sensi-
tive/resistant only to antimony without changing their sensitivity
to other standard antileishmanial drugs. Traditionally, in cancer-
ous cells, upregulation of MAPKs (JNK and p38) is associated with
antimony- and arsenite-stimulated apoptosis (15, 19-21). In
metazoans, most of the apoptosis involves activation of a class of
cysteine proteases known as caspases. No caspase activation was
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observed on exposure to antimony (see Fig. Slain the supplemen-
tal material) in any cell type, i.e., wild-type (Dd8*/*), Ddg™* */* ™,
and Dd8™/" cells, which is in agreement with a previous report
(32). Even in LAMAPK1-overexpressing cells, increase in apopto-
sis on antimony treatment is not accompanied by caspase activa-
tion.

To understand whether LAMAPKI has any role in efflux
pump-mediated antimony resistance, the functionality of P-gp-
type efflux pumps was compared in all the cell types of the parasite
using Rhodaminel23, a substrate for P-gp-type efflux pumps.
Interestingly, we observed that the change in expression of
LdMAPKI1 is inversely related to the functionality of efflux pumps
in parasites (Fig. 4). In the absence of any efflux pump inhibitor
(verapamil or TFP), increased accumulation of Rho123 in over-
expressing mutants (DA8**/* ™) and decreased accumulation in
single-deletion mutants compared to wild-type cells (Dd8™/™")
was observed (Fig. 4a). Add-on mutants exhibited accumulation
of Rho123 comparable to that in wild-type cells. Verapamil is a
known inhibitor of P-gp-type efflux pumps; it binds to the P-gp
channels and blocks the binding of cytotoxic drugs and their efflux
(47, 48) outside the cell. When we used this P-gp pump inhibitor
at the time of influx, the difference in the accumulated dye con-
centrations in all four cell types was nullified (Fig. 4a), suggesting
that the observed change in dye accumulation was due to changed
efflux pump activity rather than influx pump activity.

Two types of efflux pumps have been identified in Leishmania:
MRPA (also called PGPA; ABCC subfamily) (49) and P-gp-type
efflux pumps (ABCB subfamily) (50). MRPA pumps are reported
to be present on the membranes of vesicles/vacuoles present inside
the cells near the flagellar pocket. These pumps sequester the
antimonials in conjugation with thiols inside the vacuole and then
outside the cell through exocytosis (51). Thus, MRPA is an intra-
cellular pump involved in sequestration of the metal-thiol com-
plex and protects the parasite from metal toxicity (51), while P-
gp-type efflux pumps are present on the plasma membranes of the
cells and are responsible for MDR (52). A 170-kDa transmem-
brane protein has been reported in Leishmania and was found to
be overexpressed in antimony-resistant (53) and arsenite-resis-
tant laboratory mutants, and their activity, like mammalian
pumps, is regulated by a calcium channel blocker, verapamil (54).
These P-gp-type pumps have been shown to be responsible for
antimony resistance (55). Recently, altered functionality of the
P-gp-type plasma membrane efflux transporter(s) has also been
shown to be responsible for antimony resistance in L. donovani
field isolates (8). TFP is a partial inhibitor of both P-gp- and
MRPA-like pumps. Since TFP was unable to mirror the effect of
verapamil, this further suggests that MAPK1 modulates the func-
tionality of only P-gp-type, and not MRPA-type, pumps.

These findings were further confirmed by dye retention assays.
All four cell types were able to efflux Rho123. However, the efflux
activity was significantly decreased in overexpressing cells but in-
creased in a single-deletion mutant compared to wild-type cells
(Fig. 4b). Concentration of retained dye after 1 h of efflux was
greatest in overexpressing transfectants and least in the single-
allele replacement mutant. On episomal complementation of the
LAMAPKI gene in Dd8"/~'* cells, the pump activity became
comparable to that of the wild-type parasite. Addition of vera-
pamil at the time of efflux inhibited the pumps completely, and
the cells maintained the accumulated dye concentration after 1 h
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of efflux. The pumps were not blocked completely by TFP, and
some efflux was observed in all cell types.

The altered functionality of efflux pumps with changes in
expression of LAMAPKI1 can be due to either modulation of
the pump activity by LAMAPK1 or LAMAPK]1 regulation of the
expression of P-gp. Interestingly, modulation of LdAMAPK1
expression results in altered P-gp expression (Fig. 5). The marked
decrease in P-gp expression in LAMAPK]1-overexpressing trans-
fectants and increased levels in single-allele replacement mutants
clearly suggests that MAPK1 negatively regulates P-gp expression.
Reversal of P-gp expression in add-back mutants further con-
firmed this observation. Further, the differentially expressed pro-
tein was found to be localized on the plasma membrane, further
confirming it to be P-gp type in nature (Fig. 5¢). These observa-
tions are in agreement with earlier reports on multidrug-resistant
hepatocellular carcinoma cells (22). In these cells, the drug resis-
tance is mainly attributed to overexpression of P-gp, accompanied
by downregulation of ERK1 and ERK2. Further, P-glycoprotein-
overexpressing MDR gastric and pancreatic carcinoma cell lines,
EPG85-257RDB and EPP85-181RDB, respectively, had lower
JNK levels and activities than their parental counterparts. It has
also been reported that downregulation of the MDR-1 gene at the
mRNA level is itself controlled by the catalytic activity of JNK
through its substrate, c-Jun, and thus downregulating P-glycopro-
tein expression and increasing susceptibility to drugs (25). Mam-
malian MAP kinases work by phosphorylating the transcription
factors at their active sites. Since Leishmania lacks the transcrip-
tion factors, the pathway by which LAMAPK1 regulates the ex-
pression of other genes, including the P-gp gene, remains to be
elucidated.

Altogether, the present study revealed for the first time a novel
role of MAPK1 of L. donovani in negative regulation of the expres-
sion of P-glycoprotein-type efflux pumps. The decreased activity
of the P-gp pump with increased expression of MAPK1 may be
responsible for increased accumulation of antimonials inside the
parasite. This results in increased antimony-induced apoptosis in
the parasite and, hence, in increased sensitivity of the parasite to
the drug.
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