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Abstract Miltefosine (MT) (hexadecylphosphocholine) was
implemented to cope with resistance against antimonials, the
classical treatment in Leishmaniasis. Given the scarcity of
anti- Leishmania (L) drugs and the increasing appearance of
resistance, there is an obvious need for understanding the
mechanism of action and development of such resistance.
Metabolomics is an increasingly popular tool in the life sci-
ences due to it being a relatively fast and accurate technique
that can be applied either with a particular focus or in a global
manner to reveal new knowledge about biological systems.
Three analytical platforms, gas chromatography (GC), liquid
chromatography (LC) and capillary electrophoresis (CE) have
been coupled to mass spectrometry (MS) to obtain a broad
picture of metabolic changes in the parasite. Impairment of the
polyamine metabolism from arginine (Arg) to trypanothione
in susceptible parasites treated with MT was in some way
expected, considering the reactive oxygen species (ROS) pro-
duction described forMT. Importantly, in resistant parasites an

increase in the levels of amino acids was the most outstanding
feature, probably related to the adaptation of the resistant
strain for its survival inside the parasitophorous vacuole.
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Introduction

The term leishmaniasis encompasses the different infections
caused by protozoal species belonging to the genus
Leishmania. Under clinical criteria, they are classified into
three major groups: cutaneous leishmaniasis (CL), mucocuta-
neous leishmaniasis (MCL) and visceral leishmaniasis (VL) ,
ranked in order of increasing severity, where the latter can be
fatal if untreated [1]. According to a recent update [2], leish-
maniasis is prevalent in 98 countries, mostly in tropical and
subtropical areas, with an annual incidence of 0.2 to 0.4
million cases for VL and of 0.7 to 1.2 million for CL plus
MCL.

Despite significant recent advances in Leishmania vaccines
[3, 4], current solutions for this disease rely almost exclusively
on chemotherapy, and until recently treatments have been
based on antimonials drugs and still this is the case in coun-
tries with high population and weak economies [5–7]. Fur-
thermore, its efficacy is increasingly eroded by progressive
resistance, significant side-effects and high cost, a heavy
burden for the majority of patients [8], who live under poverty
standards.

Miltefosine (hexadecylphosphocholine), was developed as
an antitumor drug, but also has shown to have activity against
Leishmania. It has the advantage of being administered as an
oral drug, readily dispensed in hospitals and used in North-
west India as an alternative treatment to antimonial resistant
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CL and VL. Antimonial resistance is a rising problem and
exists in almost 60 % of patients in this aforementioned area
[9, 10]. Miltefosine achieved a 97 % cure rate on L. (L.)
donovani infection [6], although more recent reports show a
decrease in its efficacy [11–14].

The molecular basis of MT leishmanicidal activity has not
yet been completely unveiled, in any case leading to the elim-
ination of the parasite through an incidental cell death process
[15]. Its molecular properties [16] along with its high intracel-
lular concentration will favor a multitarget lethal mechanism
[17]: inhibition of choline transport [18], disturbances in the
biosynthesis of ether-lipids [19] and phospholipids with inver-
sion of the phosphatidylcholine (PC)/phosphatidylethanol-
amine (PE) ratio [20–22] and mitochondrial dysfunction with
the release of iron superoxide dismutase A into the cytoplasm
[23] as well as inhibition of cytochrome c oxidase [24].
Concerning the latter, overexpression of the Cox9 subunit of
cytochrome oxidase reverts miltefosine susceptibility and asso-
ciated cell death [25], although its validation in Leishmania is
still missing. Arguably, it is feasible that mitochondrial dys-
function leading to an enhanced production of ROS will play a
leading role in the lethal mechanism of MT, triggered by an
increase in mitochondrial ROS production. This notion has
been supported by transcriptomics analysis of MT responsive
and unresponsive L. donovani strains that have higher expres-
sion of genes involved in anti-oxidant mechanisms [26, 27] and
by the reporting of cross-resistance to miltefosine with other
drugs inducing ROS production, except paromomycin, that
kills Leishmania through a ROS-independent mechanism [12].

Resistance against MT in Leishmania is easily induced
in vitro by growth under increasing drug exposure [12, 28],
with a faulty MT intracellular accumulation as the outcome
[17, 29]. This occurs either by loss-of-function mutations [28,
30] or under expression [31] of any of the two components of
its uptake system, due to an aminophospholipid translocase (a
P-type ATPase) and its regulatory unit Ldros3 [30], or by drug
efflux carried out by ABC transporters [32, 33]. Whole ge-
nome sequencing of L. majorMTresistant strains has detected
mutations in α-adaptin and pyridoxal kinase, the latter being
accompanied by additional mutations of the MT transporter
[34]. In clinical settings, a single polymorphism in the
aminophospholipase translocase gene has been was reported
in a L. infantumMT- resistant French isolate [35], but none of
the mutations in any of the two subunits of the MT uptake
system were detected in L. (L.) donovani isolates from Indian
patients where MT treatment failed [36].

The scarcity of new leads in the pipeline for leishmaniasis
imposes the importance of preservation of the current drugs.
To this end, the use of combined therapy has been recom-
mended by the World Health Organization [6], however,
multidrug resistant parasites against them have been recently
discovered in vitro [37]. The quest for judicious drug combi-
nation to prevent or avert resistance, or to potentiateMTaction

on Leishmania, requires the definition of the overall changes
caused by resistance or by MT treatment on this parasite.

In this sense, metabolomics provides the ultimate result of
the biological target challenged by the drug or condition under
study, through the identification and quantification of metab-
olites (< 1000 Da) present in biofluids, cells and tissues under
a given condition [38]. Implementation of this technique has
been fuelled in the last few years by the rapid advances in
analytical methods of high-resolution nuclear magnetic reso-
nance (NMR) spectroscopy [39, 40] and mass spectrometry
(MS) [41] coupled to separation techniques such as capillary
electrophoresis (CE) [42], liquid chromatography- (LC) [43],
gas chromatography- (GC) [44] or hydrophilic interaction
chromatography (HILIC) [45]. Obtaining a metabolomic fin-
gerprint as complete as possible requires the combination of
several separation techniques, inherent to the highly diverse
chemical structure of metabolites.

For Leishmania, metabolomics is of the highest relevance
among the “omics” strategies; the capacity of transcriptomics
to provide an accurate snapshot of the physiology of the
organism perturbed by a drug or specific situation, is partially
blurred due to the extremely high post-transcriptional regula-
tion of gene expression in trypanosomatids [46]. Proteomics
partially overcomes this hurdle: it has been extensively
employed to decipher mechanisms of drug resistance
[47–49], but this still overlooks some metabolic subtleties that
are inherent to the complexity of the intracellular environ-
ment. A metabolome database for Leishmania has been de-
veloped [50], and a number comprehensive reviews have been
published [51–53].Metabolomic studies have been carried out
previously on Leishmania [51, 54, 55] including the study of
drug activity and resistance [56, 57].

We have evaluated metabolic changes involved in the
mechanism of action and resistance of MT in Leishmania
(L.) donovani, using complementary analytical platforms
coupled to MS, to obtain a comprehensive overview of the
changes in the metabolic landscape underlying this drug. Our
data provide insights into the alteration of polyamine pathway
biosynthesis as well as changes in the amino acid pool and
reinforces the suspected mechanism of action via incidental
death process previously reported.

Materials and methods

Reagents

Methanol (LC-MS grade), heptane (GC-MS grade), chloro-
form (MS grade), acetonitrile (LC-MS grade), isopropanol
(LC-MS grade), formic acid (MS grade), pyridine (silylation
grade), C18:0 methyl ester and O-methoxyamine hydrochlo-
ride were purchased from Sigma-Aldrich (Taufkirchen, Ger-
many); N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA)
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plus 1 % trimethylchlorosilane (TMCS) was purchased from
Pierce Chemical Co (Rockford, IL, USA) and references
masses purine and HP-0921 (hexakis-(1H,1H,3H-
tetrafluoropentoxy)-phosphazene) were from Agilent (atmo-
spheric pressure inlet – time of flight (API-TOF) reference
mass solution kit). Milli-Qplus 185 was provided byMillipore
(Billerica, MA, USA),

Leishmania parasites culture

Promastigotes of the Leishmania (L.) donovani strain
MHOM/ET/67/L82 and their MT resistant homologues were
kindly provided by Prof. S. L. Croft (London School of
Hygiene and Tropical Medicine). Miltefosine resistance in
this strain was induced by growth of the parasites under
step-wise increasing drug exposure, doubling the concentra-
tion once the growth rate of the resistant parasites matched
that of the wild type [58]. Parasites were grown in Roswell
Park Memorial Institute medium (RPMI-1640) supplemented
with 10 % heat inactivated fetal calf serum at 26ºC. Large
scale culture was carried out in a roller Apparatus (Gibco, Cell
Culture) with an inoculum of 4×105 promastigotes/mL. Once
they reached mid-exponential phase (8×106 promastigotes/
mL) they were transferred into the same volume of fresh
medium, and incubated with 10 μmol.L−1 MT (a concentra-
tion causing 90 % mortality, measured after 12 h), named as
susceptible treated (ST), or without the drug (named
as susceptible non-treated (SNT)). L. (L.) donovani
promastigotes resistant toMT (named as resistant (R40)) were
grown as described above butwith the addition of 40μmol.L−1

MT in the growth medium. Once harvested, parasites were
washed twice with Hanks buffer chilled previously at 4ºC,
immediately frozen in liquid N2, and kept at – 80ºC until
analysis. Six replicates of each group of samples (ST, SNT
and R40) were in themetabolomics studies by the three ana-
lytical techniques, except in the case of GC-MS where 5
replicates were analyzed from the R40 group.

GC-MS fingerprinting

For GC-MS analysis, pellets corresponding to 4×107L. (L.)
donovani promastigotes were re-suspended and lysed by ad-
dition of 350 μL methanol:water:chloroform 3:1:1 (v:v:v) at
4ºC followed by shaking in a Tissuelyser LT (Qiagen, Ger-
many) (2 glass balls, 2 mm, 20 min, 50 Hz). Subsequently,
samples were centrifuged (15,700×g, 15 min, 4ºC) in a 5415
R Eppendorf centrifuge. The supernatant was removed, and
200 μL from each sample were used for derivatization. Addi-
tionally, 100 μL aliquots of the supernatants from each sample
were pooled and used to prepare the QCs (Quality Controls –
obtained from the pool of the whole set of samples) by an
identical procedure. A blank was also prepared following the

same extraction and derivatization procedures, and analyzed
at the beginning and at the end of the sequence.

For analysis, 200 μL of sample supernatant and QCs
were evaporated to dryness in a SpeedVac operated at
30ºC. Following this, 10 μL of O-methoxyamine hydrochlo-
ride (15 mg.mL−1) in pyridine were added to each GC vial
and mixed vigorously with a vortex FB 15024 (Fisher
Scientific, Spain). Samples were subsequently incubated
in the dark at room temperature for 16 h to allow
methoximation. For silylation, 10 μL of BSTFA with 1 %
TMCS (v/v) were added and vortexed for 5 min; before vials
were placed into an oven for 1 h at 70ºC. Finally, 100 μL of
10 mg.mL−1 of C18:0 methyl ester in heptane (internal
standard) were added and samples were vortexed and ana-
lyzed by GC-MS.

GC-MS instrumentation: 2.0 μL of the derivatized samples
were analyzed in an Agilent 7890A Gas Chromatograph
coupled with a Quadrupole analyzer Mass Spectrometer
(5975 inert MSD, Agilent) and an autosampler (7693,
Agilent), controlled by ChemStation software (G1701EA
E.02.00.493, Agilent). Helium was used as the carrier gas at
a constant flow rate of 1.0 mL.min−1 through the column
(30 m length, 0.25 mm i.d. (internal diameter)) with a chem-
ically bonded DB5-MS film 95 % dimethyl/ 5 % diphenyl
polysiloxane stationary phase (J&W Scientific, Folsom, CA).
The injector temperature was 250ºC and the split ratio was
1:10. The initial oven temperature of the column was 60ºC;
1 min after injection the temperature was raised to 325ºC
through a 10 ºC.min−1 gradient and held for 10 min before
cooling-down (37.5 min run time). The mass spectrometer
was operated in full-scan mode from mass to charge ratio
(m/z) 50 to 600 at a rate 2.0 spectra/s. The transfer line,
filament source and quadrupole temperatures were 290, 230
and 150ºC, respectively.

LC-MS fingerprinting

For LC-MS and CE-MS analysis: pellets corresponding to 4×
resuspended and lysed by addition of 350 μL methanol/water
1/1 (v/v) at 4ºC and further shaking in Tissuelyser LT (Qiagen,
Germany) (2 glass balls 2 mm diameter, 20 min, 50 Hz).
Subsequently, samples were centrifuged (centrifuge 5415 R,
Eppendorf) at 15,700×g for 15 min (4ºC). The supernatant
was split into two aliquots: 200 μL to be used for direct
injection in LC-MS and 100 μL to be treated for further
analysis in CE-MS.

The LC-MS instrumentation consisted of an Agilent 1200
Series HPLC with a degasser, two binary pumps and an
autosampler, coupled to a QTOF (quadrupole time-of-flight)
(6520, Agilent), controlled by Mass Hunter Workstation Data
Acquisition (B.04.00, Agilent). The coupling was equipped
with an electrospray ionization (ESI) source. 15 μL of sample
were injected onto a reverse-phase column at 40ºC (Supelco
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Discovery HS, C18, 150×2.1 mm i.d., 3.0 μm, Bellefonte,
PA, USA) with a pre-column (Supelco Discovery HS, C18,
2.0 cm×2.1 mm i.d., 3.0 μm, Bellefonte, PA, USA). The
system was operated a flow rate of 0.6 mL.min−1 using a
mobile phase composed of: A – MilliQ water with 0.1 %
(v/v) formic acid and B – acetonitrile with 0.1 % (v/v) formic
acid. The gradient was 25 to 95%B in 40min, and returned to
starting conditions after 1 min afterwards, the column was re-
equilibrated under these conditions until 50 min. The QTOF
system was operated in positive Dual Electrospray Ionization
mode in full scan from m/z 100 to 1000 at a rate 1.02 scan/s.
Electrospray conditions were: capillary voltage 3000 V; dry-
ing gas at 330ºC and flow rate of 10.5 L.min−1; nebulizer
pressure 52 psi; fragmentor 175 V; octopole 750 V; skimmer
65 V. During the analysis two reference masses were used:
121.0509 – purine (C5H4N4) and 922.0098 – HP-0921
(C18H18O6N3P3F24), to allow constant mass correction.

CE-MS

Parasite extraction is carried out as for LC-MS. 100 μL of
supernatant was transferred into a new tube and evaporated to
dryness using a SpeedVac at 35ºC. The metabolite extracts
were resuspended in 100 μL MilliQ water, centrifuged at
15,700 x g for 15 min (4ºC) and supernatants analyzed by
CE-MS.

The system used was a Capillary Electrophoresis (7100
Agilent) coupled to a TOFMass Spectrometer (6224 Agilent).
The CE mode was controlled by ChemStation software
(B.04.03, Agilent) and MSmode byMassHunter Workstation
Data Analysis (B.02.01, Agilent). The separation occurred in
a fused-silica capillary (Agilent) (total length, 100 cm; 50 μm
internal diameter). Separations were carried out in normal
polarity with a background electrolyte containing 0.8 mol.L−1

formic acid in 10 % methanol (v/v) at 20ºC. New capillaries
were pre-treated with a flush of: NaOH 1.0 mol.L−1 for
30 min, followed by MilliQ water for 30 min and background
electrolyte for 30 min. Before each analysis the capillary was
conditioned by flushing the background electrolyte for 5 min
(950 mbars pressure). The sheath liquid (4 μL.min−1) was
methanol/water (1/1, v/v) containing 1.0 mmol.L−1 formic
acid with two reference masses: 121.0509 – purine
(C5H4N4) and 922.0098 – HP-0921 (C18H18O6N3P3F24), to
allow correction and high accurate mass in the MS. Samples
were hydrodynamically injected at 50 mbar for 50 s. Stacking
was carried out by applying the background electrolyte at
100 mbar for 10 s. The separation voltage was 30 kV with
25 mbar of internal pressure and the analyses were carried out
in 30 min. The optimized MS parameters were: fragmentor
100 V, Skimmer 65 V, octopole 750 V, nebulizer pressure
20 psi, drying gas temperature at 200ºC and flow rate
12.0 L.min−1. The capillary voltage was 3500 V. Data were

acquired in positive Dual-ESI mode with a full scan from m/z
80 to 1000 at a rate 1.02 scan/s.

Quality Controls (QCs)

QCs samples were prepared by pooling equal volumes of each
sample (all groups) and analyzed throughout the run. The
same procedure was followed for the three techniques, how-
ever for GC-MS the QCs were prepared before the derivati-
zation step. Six QCs were used in data treatment in each
technique.

Data Treatment and Statistical Analysis

The treatment of the data obtained by GC-MS analysis
consisted of compound identification, using the Fiehn RTL
Library (FiehnLib) and the National Institute of Standards and
Technology mass spectra library (NIST MS, 2.0 g), in the
ChemStation software PBM algorithm (G1701EA
E.02.00.493, Agilent), with a correct assignment based on
the coincidence of the retention time and the spectrum profile.
The GC-MS data were normalized with respect to the internal
standard (C18:0 methyl ester). Subsequently, deconvolution
was performed using Automated Mass spect ra l
Deconvolution and Identification System (AMDIS 2.69) soft-
ware to identify co-eluting compounds followed by statistical
analysis.

Background noise and unrelated ions were eliminated from
LC-MS and CE-MS data by the Molecular Feature Extraction
(MFE) tool in the Mass Hunter Qualitative Analysis Software
B.04.00 (Agilent). The filtering and alignment of the data
were performed with Mass Profiler Professional B.02.01
(Agilent) software by selection of features into the range 5.0
to 40.0 min (to LC-MS) and 6.0 to 22.0 min (CE-MS). Some
significant compounds were confirmed by LC-MS/MS using
a QTOF (model 6520, Agilent). Experiments were repeated
with identical chromatographic conditions for samples and
patterns, as described above. Ions were targeted for
collision-induced dissociation (CID) fragmentation on the
flight based on the previously determined accurate mass and
retention time.

From the three analytical platforms selected, compounds
with statistically significant differences were obtained by the
comparisons: ST vs. SNT (treatment effect) and R40 vs. SNT
(resistance effect). Features and compounds from GC-MS
were filtered by selection of masses present in at least 75 %
of the samples in one of two groups (ST vs. SNT or R40 vs.
SNT). Differences among samples were evaluated by using
Student’s t test p-value<0.05 (Microsoft excel) and multivar-
iate analysis (Jack Knife from orthogonal projections to latent
structures discriminant analysis models (OPLS-DA)) was per-
formed by SIMCA-P+software (12.0.1 versions, Umetrics).
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For LC-MS and CE-MS accurate masses of features with
significant differences were searched against METLIN (http://
metlin.scripps.edu) public database and MassTrix (http://
metabolomics.helmholtz-muenchen.de/masstrix2/) [59].

Results and discussion

As mentioned in the introduction, the mechanism of action of
MT is not yet fully unveiled, but its small size, amphipathic
nature and its high intracellular concentration [24], will favor a
multi-targeted mechanism. MT is supposed to interact with
cell membranes [60], and kill parasites via oxidative stress
[24, 61]. As such, resistance relies on either avoidance of
intracellular accumulation of the drug [30], or to prevention
of induction of incidental cell death [12] as the final lethal
process where the different detrimental effects of the drug
converge. Lipidomics was, as expected, the first choice among
the “omics” [21, 22, 62, 63], mainly because MT is an
alkyllysophospholipid mimetic, that can easily integrate
into membranes resulting in changes in membrane ar-
chitecture [20]. Indeed, changes in phospholipid and
sterol composition have been described for tumorous
cells treated with MT [64].

MT resistance of the Leishmania strain used in this work
was due to dysfunction of the transport system of MT [28];
because this aminophospholipid translocase also plays a phys-
iological role to keep aminophospholipid asymmetry between

both sides of the membrane, resistance also affects the normal
physiology of the parasite. However because resistant para-
sites maintain an adequate growth rate in vitro and virulence
in vivo [65], retooling of the metabolism will be required to
establish a check and balance homeostasis of the parasite. In
this regard the new metabolomic techniques will be extremely
useful.

Metabolites of L. (L.) donovani extracts were analyzed by
GC-MS, LC-MS and CE-MS, in order to obtain a metabolic
phenotype as extensive as possible as well as to assess the
complementarity of these techniques.

The performance of these separation techniques was eval-
uated by building principal component analysis PCA models
(Fig 1), using the SIMCAP+software (12.0.1.0 versions,
Umetrics), consisting of a multivariate analysis where the
model is constructed by grouping different entities to optimize
group clustering. For the current work the following groups
were established: susceptible non-treated (SNT), susceptible
treated (ST) and resistant (R40), while quality controls (QCs),
obtained from the pool of the whole set of samples, were
predicted. PCA models were constructed with the data matrix
obtained with all detected features after only eliminating the
background noise and performing alignment of all samples,
including QCs. The location of the QCs in a well-defined area
of the plot demonstrated first, that separation into these three
groups is based on a real variability, and secondly that tech-
niques and methods possess stability and reproducibility, as
observed in Fig 1.

Fig. 1 Scores plot for PCA models built with raw data set obtained with
quality controls (QC) – gray triangle, susceptible non-treated (SNT) – red
box, susceptible treated (ST) – black circle andmiltefosine resistant (R40)
– blue diamond, for L. (L.) donovani. a) Scores plot of GC-MS data
(explained variance R2=0.729 and predicted variance Q2=0.468), b)

Scores plot LC-MS data (explained variance R2=0.494 and predicted
variance Q2=0.220), and c) Scores plot CE-MS data (explained variance
R2=0.421 and predicted variance Q2=0.167). Six replicates of each
group of samples were analyzed, except in the case R40 by GC-MS
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Once the methodology was considered appropriate, sam-
ples, without QCs, were realigned and filtered by a selection
of masses present in at least 75 % of the samples in one of two
groups (ST vs. SNTor R40 vs. SNT), using the software Mass
Profiler Professional B.02.01 (Agilent). Score plots of partial
least squares discriminant analysis (PLS-DA) were construct-
ed and the prediction ability of the models was represented by
Q2 values above 0.85. Clustering of the three groups of
parasites is shown in Fig 2, by the use of the scores plot of
two components. Statistical differences was obtained for 2
comparisons (ST vs. SNT and R40 vs. SNT) by multivariate
analysis (OPLS-DA models and Jack Knife evaluation), Fig 3
shows OPLS-DA scores plot for study treatment effects and
resistance effects, in the three analytical techniques. Obtained
models were validated by cross-validation tools, using the
leave 1/3 out approach. The data set was divided into three
parts and 1/3 of the samples were excluded to build a model
with the remaining 2/3 of samples. Excluded samples were
then predicted by this new model and the procedure was
repeated until all samples had been predicted at least once.
Each time the percentage of correctly classified samples was
calculated. Samples excluded were always perfectly predicted
by the model (100 % samples classified correctly) in all cases.
The models were validated by generating receiver operating
characteristic (ROC) curves. Herein the Y-predicted for each
sample in each model was plotted as a function of the true

positive (TPR) and false positive rates (FPR) with the real
class. For all 6 models in the three analytical platforms, the
sensitivity (TPR) and the specificity given by the area under
the curve (AUC) was 100%. Therefore the class prediction for
the samples was 100 % classified correctly in all cases. After
treatment of the data obtained from the three techniques
employed (alignment, filtering and statistical analysis), final
results are compiled in Table 1.

The number of compounds identified within metabolic
pathways of the parasites with statistical significance was 16
for GC-MS (Table 2), while for LC-MS and CE-MS were of
24 and 48 masses respectively. Altogether, those compounds
with a p-value<0.05 for the respective changes in the treat-
ment effect (ST vs. SNT) and resistance effect (R40 vs. SNT),
are presented in Table 2. Some significant compounds identi-
fied by LC-MS were confirmed by MS/MS analysis and their
fragmentation patterns appear in Table 2. After the identifica-
tion step, several resulting significant masses were submitted
to MassTrix (http://metabolomics.helmholtz-muenchen.de/
masstrix2/) [59].

Different metabolic analyses in Leishmania have been
previously reported using LC-MS or HILIC-MS [21, 57,
66]. In our case we used a combined analysis of GC-MS,
LC-MS/MS and CE-MS. Since their respective separations
rely on different physicochemical properties, the final out-
come is complementary, providing a wider metabolic

Fig. 2 Scores plot for PLS-DA model built for three groups of samples,
susceptible non-treated (SNT) – red box, susceptible treated (ST) – black
circle and miltefosine resistant (R40) – blue diamond, of L. (L.) donovani
(after alignment and filtering – presents in 75 % at least 1 of 2
comparisons). a) Scores plot of GC-MS normalized data (with internal
standard C18:0 methyl ester), quality parameters of the model: R2=0.947

and Q2=0.853, b) Scores plot of LC-MS analyzed data, quality parame-
ters of the model: R2=0.994 and Q2=0.929, and c) Scores plot of CE-MS
analyzed data, quality parameters of the model: R2=0.997 and Q2=0.893.
Six replicates of each group of samples were analyzed, except in the case
R40 by GC-MS
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landscape, especially for those metabolites belonging to the
same metabolic pathway but with vast differences in their
respective chemical structure, requiring different separation
techniques as assessed in Fig 4.

In this respect, CE, based on the differential separation of
charged species inside an electric field, is orthogonal to the
other separation techniques [42]; the first metabolic finger-
printing in Leishmania using CE-MS has been recently

published by us [56]. Complementary information was ob-
tained by GC-MS, where compound identification is based on
database mass spectra, due the high reproducibility of the
fragmentation patterns [44], and if required, was confirmed
with standards.

Non-polar Leishmania metabolites detected by reverse
phase (LC-MS) demonstrated the suitability of lipidomics for
this study, although because an excellent lipidomic on this

Fig. 3 Scores plot for OPLS-DA model built for two comparisons
(treatment – ST vs. SNT and resistance – R40 vs. SNT), susceptible
non-treated (SNT) – red box, susceptible treated (ST) – black circle and
miltefosine resistant (R40) – blue diamond, of L. (L.) donovani by the
three analytical techniques. a) and b) are scores plot of GC-MS normal-
ized data (with internal standard C18:0 methyl ester), treatment (R2=
0.908 and Q2=0.828) and resistance (R2=0.960 and Q2=0.930),

respectively. c) and d) are scores plot of LC-MS analyzed data, treatment
(R2=1.000 and Q2=0.778) and resistance (R2=0.997 and Q2=0.927),
respectively. e) and f) are scores plot of CE-MS analyzed data, treatment
(R2=1.000 and Q2=0.828) and resistance (R2=0.999 and Q2=0.841),
respectively. Six replicates of each group of samples were analyzed,
except in the case R40 by GC-MS

Metabolomics of miltefosine action and resistance in Leishmania 3465



matter was recently reported for MT in L. (L.) donovani [21],
this work focused on the identification of polar compounds.

When compared to untreated parasites, MT causes a de-
crease in the levels of Arg, ornithine (Orn) and citrulline, all
belonging to the arginine-polyamine pathway, as well as of
glutamate and proline (Pro) (Fig 5, plotted with our data on
MassTrix, a web tool for mass identification and pathway
highlighting of metabolites on KEGG pathway maps) [59].
The opposite pattern appears in resistant parasites, where these
metabolites, together with spermidine were increased. In the
biosynthesis of trypanothione, the main responsible for thiol
redox metabolism in Leishmania, glutathionyl-spermidine
and trypanothione disulfide (TS2) increased on resistant par-
asites, while TS2 decreased on treated parasites (Table 2).

Polyamine biosynthetic pathway provides spermidine for
trypanothione biosynthesis, via conjugation with glutathione
to produce glutathionyl-spermidine and trypanothione, the
main anti-oxidant of the parasites against host cell oxidative
burst [67], although recently, the importance of glutathione as
a substantial player in the overall redox power of the parasite
has been proposed [68]. Interestingly, variation in total level
and the reduced: oxidized ratio of trypanothione is a typical
response in antimonial treatment [69], also detected in a CE
metabolomic study [56], which is in tune with partial cross-
resistance between these two drugs [61].

The intracellular content of arginine underwent a drop
close to 85 % in treated parasites (Table 2, Fig 5). L-arginine
accomplishes twomajor roles in Leishmania, as a biosynthetic
precursor for polyamines and building block for protein bio-
synthesis [70]; as such, L-arginine uptake is carried out by
dedicated transporters that sense its intra- and extracellular
concentration [70, 71]. Under this role, MT-treated parasites
either loose the capacity to sense intracellular pools of Arg,
otherwise transport capacity is unable to reach an adequate
intracellular level of Arg. The latter may be caused by the
decrease in adenosine triphosphate (ATP) observed in treated
parasites [24] or impairment of the transporter activity due to
the new phospholipid composition of the plasmamembrane in
ST. In contrast, trypanothione, the ultimate metabolite of the

pathway underwent decay, while spermidine and glutathione
maintained their levels in ST, which may suggest a feasible
inhibition of the final biosynthetic steps of trypanothione or
drainage of its intracellular pool. In any case, shortage of
trypanothione will increase the vulnerability of the parasite
to oxidative stress, caused by increased levels of ROS induced
by MT [12], aggravated due to the inhibition of electron flow
across the respiratory chain at the level of cytochrome oxidase
[24] and impairment of mitochondrial ROS detoxification by
the release of superoxide dismutase [23].

Ornithine decreased by a half, which could be due to
Leishmania lacks a complete urea cycle [53], including the
lack of ornithine carbamoyl transferase. Therefore we may
surmise that the decrease in citrulline does not obey to the
decrease of Orn, but it is directly linked to the decrease of
arginine through NO production by nitric oxide synthase, as
constitutive activity described in Leishmania [72, 73], al-
though identification of the encoding gene resulted elusive
to date.

S-adenosylmethionine (SAM), but not methionine (Met),
decreased in ST (Table 2). The drop of ATP, the other substrate
of the reaction catalyzed by methionine adenosyltransferase
may account for this effect.Treatment of parasites withMT led
to a variation in the levels of intracellular pools for many
amino acids.

These are versatile metabolites in Leishmania: biosynthetic
blocks for protein synthesis, precursors for other metabolites,
organic osmolytes involved in cellular volume regulation and
metabolic fuel for the bioenergetics of the parasite, with
crucial importance under a deficient supply of monosaccha-
rides [74]. Interestingly, 18 of the 20 proteinogenic amino
acids were increased in R40 parasites (with the exception of
glycine (Gly) and cysteine (Cys)). In ST parasites, aside from
the dramatic drop in Arg, the levels of many free amino acids
were modified; only L-tyrosine underwent a small increase,
whereas others amino acids experienced moderate (alanine
(Ala), valine (Val), Pro, phenylalanine (Phe), tryptophan
(Trp), glutamic acid (Glu)) to important decrease (glutamine
(Gln)). In other words, a scenario resembling amino acid

Table 1 Number of features and compounds found after pre-treatment and statistical analysis of L. (L.) donovani data, analyzed byGC-MS, LC-MS and
CE-MS

After Filtering Statistically Significant Putative/Identified

Analytical Technique After Alignment ST vs. SNT R40 vs. SNT ST vs. SNT R40 vs. SNT ST vs. SNT R40 vs. SNT

GC-MS* 34 18 25 7 13 7 12

LC-MS** 9613 1622 1714 467 925 12 20

CE-MS** 2959 349 441 145 224 29 47

SNT –susceptible non-treated, ST – susceptible treated and R40 – resistant

*the number means identified metabolites

**the number means features (masses)

3466 G.A.B. Canuto et al.
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starvation was created by MT; despite the strong capability of
amino acid inter conversion in Leishmania afforded by the
tricarboxylic acid cycle (TCA) and aminotransferases, this
amino acid shortage may impair the rate of protein synthesis,
however if so, it is puzzling that other essential amino acids
such as lysine [75] or the aforementioned methionine [76], did
not undergo variation. Importantly, none of the Ser (serine)/
Gly/Cys triad, also connected to methionine biosynthesis
through homocysteine underwent significant variation. These
three amino acids are metabolically related by pathways out-
side the anaplerotic TCA, evidencing the high interconversion
plasticity of this set of amino acids.

Amino acids, especially Asp in Leishmania, play an im-
portant role in metabolism; transaminases convert Glu and
Asp (asparagines) to Ala with α-ketoglutarate, oxaloacetate
and pyruvate, all of which are substrates for TCA once inside
the mitochondria facilitated by a specific mitochondrial trans-
porter or, for oxoglutarate, after their conversion into malate
[74]. Glu and Gln underwent a moderate decreases in ST. A
specific transporter for glutamate has been described in

Fig. 4 Venn diagram comparing the significant and identified com-
pounds by the three analytical platforms

Fig. 5 Arginine and proline metabolic pathway showing compound that
significantly changed in miltefosine treatment of L. (L.) donovani. Dot
color represent our treatment response: red – decreased both STand R40,
yellow – decreased on STand increased on R40, pink – increased only on

ST and black – increased only on R40. Green boxes represent enzymes
already annotated in the parasite. (ST –susceptible non-treated and R40 –
resistant). Font: MassTrix - http://metabolomics.helmholtz-muenchen.de/
masstrix2/ [59]
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Leishmania dependent on K+ gradients across the membrane
[77]; hence if this gradient is collapsed by membrane leakage
and/or shortage of bioenergetic fuel for ionic pumps [24],
the Glu level will decrease. Pro, the other precursor for
Glu also decreased which could also explain the increased
metabolism of Glu. In fact it has been reported that only
30 % of the overall Glu uptake is incorporated in proteins
[77], so here it could be involved with α-ketoglutarate to
replenish the mitochondrial TCA directly by glutamate
dehydrogenase, or by transamination with pyruvate to
produce Ala.

Interestingly, variation in the levels of different sugars were
scarcely present; ST parasites showed an increase of a metab-
olite whose mass matches that of ribitol, and its isomers
arabitol or xylitol (Table 2). In any case all of them arise as
degradation products for D-ribulose 5-phosphate by pentose
interconversion, connected to the activity of the pentose phos-
phate pathway, located in the glycosome in Leishmania [78].
This is a route that not only supplies pentose nucleosides, but
also provides redox equivalents which help to cope with
oxidative stress, enhanced by MT.

From lipidomic results, obtained by other groups, the
strong restructuration of membrane architecture was
highl ighted. In th is regard , the decrease in S-
adenosylmethionine, may not only jeopardize spermidine bio-
synthesis, commented previously, but also, since it works as a
methyl group donor through SAM-dependent methylases,
including phosphatidylethanolamine N-methyltransferase,
this deficiency may contribute partially to the formation of
phosphatidylcholine. Accordingly, the decrease in S-
adenosylmethionine, together with the decrease in choline
transport mediated by MT [18], as precursor for cytidine
diphosphate-choline (CDP-choline), may underline the inver-
sion of PE:PC ratio in MT-treated parasites.

Interestingly, inMT treated parasites, the ergosterol content
is known to be halved with respect to control parasites, as
described previously [22]. In our experiment however, none
of the ergosterol precursors were detected, including
leucine(Leu)/isoleucine(Ile), that provides the carbon skeleton
for the synthesis of ergosterol [79]. Farnesol has not been
described in Leishmania, so it may proceed from the hydro-
lysis of its diphosphate form.

Fatty acids may be involved in the biosynthesis of
sphingolipids as well as in phospho-, glycerol- and ether-
lipids, and also important bioenergetic fuel for Leishmania
through their β-oxidation.

Among trypanosomatids, Leishmania possesses the
highest capacity for synthesis and modification of unsaturated
fatty acids, with an extensive repertoire of elongases and of
front-end and methyl- fatty acid desaturases [80]. The MT-
treated parasites showed an increase in the fatty acids amines
(FAA) pathway: stearic→oleic→ linoleic→ linolenic acid.
Only octadecatetraenoic acid decreased. In contrast,

docosatetraenoic acid, derived from linoleic acid, was
increased.

From these results, we may infer two conclusions: first, the
ratio between n-6:n-3 unsaturated fatty acid was rather pre-
served as both linoleic- and linolenic-derived FAA increased
in the same direction [80]. Secondly, the decrease in
octadecatetraenoic acid would suggest Δ-6-desaturase as a
feasible target for MT, as the concentration of linolenic acid,
its immediate upstream precursor, increases.

The identification of 12-oXoEte a leukotriene that
underwent a decrease in ST parasites is interesting with re-
spect to the fact that biosynthesis of prostaglandins in
Leishmania has been reported by functional assays or inferred
from proteomic identification of their biosynthetic enzymes,
but to the best of our knowledge none leukotriene has been
described. Their precursor metabolite, arachidonic acid, will
be available by phospholipase A2 activity, although, one close
ortholog for lipooxygenase, the first enzyme in leukotriene
synthesis has been reported in Leishmania genome. Confir-
mation by radioactive or mass isotopic labeling of arachidonic
acid will be carried out, in order to assess whether new
biosignalling lipids are produced by Leishmania, and if part
of the chemotherapeutic activity of miltefosine may rely on
the modification of their levels.

Themost appealing fact in the resistant strain is the increase
of the intracellular concentration of many amino acids, in
some cases accompanied by downstream products in their
respective metabolic pathways. The protein content will be
under strict control for parasites. So protein degradation will
be ruled out as the origin for this increase. Other amino acid
degradation metabolites, such as indolpyruvate (from Trp),
imidazol lactate (from histidine (His)), oxoproline (from
Pro), or 2-phenylacetamide (from Phe) also showed modified
levels.

The outstanding increase of Asp levels provided evidence
for its role as key metabolite for Leishmania both as a sub-
strate for aminotransferases or as a precursor for malic acid
and pyruvate. Its role as an anaplerotic metabolite for TCA
cycle was assessed even under glucose-depleted conditions in
L. mexicana [74].

Leishmania senses intracellular pools at least for Arg [71]
and Pro [81] with crossed-influence between these metabo-
lites. In this sense, Inbard et al. [81] proposed recently an
appealing hypothesis consisting of the cross-talk among the
different amino acid transporters through their large hydro-
philic N-terminal extension, typical in Leishmania, which will
be modulated allosterically by these amino acids. A sugges-
tive hypothesis is whether the interaction of this tail with the
membrane will explore different membrane architectures in
the parasite created by dysfunction of the MT transporter
[82].Some trends can be detected for free fatty acids anions
(FFAA) in R40 parasites. For example, the presence of medi-
um length saturated FFAAwas decreased, whereas stearic acid
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and its polyunsaturated fatty acids (PUFA) derived surrogates
increased. Also PUFA families of higher chain length as
icosanoic and docosanoic acid were decreased.

A straightforward extrapolation of our data into the intracel-
lular stage is a risky process, firstly because of the significant
metabolic differences between amastigotes and promastigotes,
for instance, where for promastigotes there is a higher impor-
tance for amino acid and fatty acid oxidation as well as of
hexosamine metabolism for energy requirements; and second-
ly, because nutrient levels available to the intracellular parasite
inside the parasitophorus vacuole are to a great extent un-
known. In most cases these are inferred from the survival and
virulence for parasites crippled in a gene encoding an enzyme
essential for a given pathway (reviewed in [51, 52, 83]).

In essence, the most important finding on our work is the
lower capacity of ST parasites to hold a sustained defense to
oxidative stress. For intracellular parasites, this scenario will
be worsened; first because oxidative stress is high inside the
phagosome [84], and secondly because a higher intrinsic ROS
production is expected in the amastigote, due to the higher
mitochondrial activity, increased by the blockage of the cyto-
chrome oxidase of the respiratory chain by miltefosine [24].
Additional dysfunction of mitochondria can be expected by
the severe reduction of ergosterol observed for ST, in some
way mimicking the effect of inhibitors of ergosterol biosyn-
thesis to which amastigotes are remarkably susceptible [85].

At the other side of the scale stand the metabolic defenses of
the parasite against oxidative stress. Amastigotes are well
adapted to thrive under this hostile environment since they have
a robust superoxide dismutase system, capacity to reduce ascor-
bic acid, and a redox system based on trypanothione, that are
essential for this task. ST promastigotes showed a drastic de-
crease over SNT in their arginine and polyamine content, as
precursors for spermidine biosynthesis, needed for
trypanothione biosynthesis. Unexpectedly, despite the abun-
dance of amino acids as end-products of proteolytic degradation
inside the phagosome, arginine is a limiting nutrient as evi-
denced by the impaired infectivity of knock–out parasites for
arginase in animal models [86], Even though components of the
triad Ser/Gly/Cys remained at similar levels between SNT and
ST promastigotes, Cys and Gly are two metabolites requiring
salvage from external supply for intracellular amastigotes [52],
so shortage for trypanothion precursor will be even worse than
on promastigotes. It is worth mentioning that the lower rate of
proliferation for amastigotes, may alleviate these requirements.

Furthermore, if the general decrease in amino acid levels
observed in promastigotes is maintained in amastigotes, it will
suppose a decreased supply of substrates throughout the TCA.
As glycolysis is diminished in this stage, a feasible decrease of
the capacity to generate ATP will ensue. A constant supply of
ATP is needed in order to maintain the H+ gradient across the
plasma membrane of the parasite, required for maximal func-
tionality of many amastigote transporters [87].

Conclusions

We have demonstrated the robustness of metabolomics as a
powerful tool to open new avenues in the understanding of
mechanism of drug action and resistance in Leishmania.
Using three different separation techniques, with CE as an
orthogonal technique to the other two chromatographic strat-
egies, we unraveled unexpected changes in metabolic adapta-
tion to a priori minimalistic mechanism of resistance to MT,
such as the denial of drug uptake by the parasite.

Impairment of the pathway Arginine → polyamine
trypanothione in susceptible parasites treated with MT was
in some way expected, considering the ROS production de-
scribed for MT. Importantly, in resistant parasites an increase
in the levels of amino acids was the most outstanding feature.
Although the physiological meaning underlying these chang-
es remains unclear, the high versatility of amino acids in
Leishmania provided by their flow through TCA and amino-
transferases must be kept in mind [88]. This also poses the
question of metabolic adaptation of the resistant strain, which
apparently preserves its fitness inside the parasitophorous
vacuole, where it is envisaged a limiting supply of amino
acids.

Our results confirm the feasibility of partial cross-
resistance for antimonials and MT, as both mechanisms share
a decrease in trypanothione-dependent redox capacity of the
parasite [56]. In this sense, new inhibitors of the polyamine
pathway or of redox metabolism of trypanothione will be
good candidates for drug combination with miltefosine, or
even to work as revertants of resistance. We may also surmise
that the deterioration of TCA cycle will likely lead to a
synergic effect of MT with other drugs targeting enzymes of
the TCA cycle, such as licochalcones that act as inhibitors of
fumarate reductase [89], or in other complexes of the respira-
tory chain, aside from the cytochrome c oxidase as the target
for MT. In this sense sitamaquine, acting on succinate dehy-
drogenase [90] will be a feasible candidate, opening new
alternatives to the alarming reduction of drugs against
Leishmania.

Several caveats underlined the previous comments; firstly
this study is based on a static snapshot of Leishmania metab-
olism. Many of the hypotheses mentioned before prompt
studies with metabolic precursors containing stable carbon
isotopes, in order to carry out kinetic metabolomic studies to
assess the buildup or decrease of metabolite pools, as demon-
strated recently by Saunders et al. [74], 2011.
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