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ABSTRACT Drug repurposing affords the implementation of new treatments at a
moderate cost and under a faster time-scale. Most of the clinical drugs against Leish-
mania share this origin. The antidepressant sertraline has been successfully assayed
in @ murine model of visceral leishmaniasis. Nevertheless, sertraline targets in Leish-
mania were poorly defined. In order to get a detailed insight into the leishmanicidal
mechanism of sertraline on Leishmania infantum, unbiased multiplatform metabolo-
mics and transmission electron microscopy were combined with a focused insight
into the sertraline effects on the bioenergetics metabolism of the parasite. Sertraline
induced respiration uncoupling, a significant decrease of intracellular ATP level, and
oxidative stress in L. infantum promastigotes. Metabolomics evidenced an extended
metabolic disarray caused by sertraline. This encompasses a remarkable variation of
the levels of thiol-redox and polyamine biosynthetic intermediates, as well as a
shortage of intracellular amino acids used as metabolic fuel by Leishmania. Sertraline
killed Leishmania through a multitarget mechanism of action, tackling essential met-
abolic pathways of the parasite. As such, sertraline is a valuable candidate for vis-
ceral leishmaniasis treatment under a drug repurposing strategy.

KEYWORDS Leishmania, antidepressant, bioenergetics, drug repurposing,
metabolomics, sertraline

eishmaniasis encompasses the different pathologies caused by infection with the

species of the human protozoan parasite Leishmania. The clinical symptomatology
of this disease depends on the infective species of Leishmania and on the immuno-
logical status of the host, ranging from the usually mild cutaneous forms of the disease
to the visceral syndrome, which is highly lethal if untreated (1). Leishmaniasis accounts
for 10 to 12 million infected people worldwide and nearly 50,000 deaths per year in 98
countries where the disease is endemic (2).

To date, no safe and reliable human vaccine for leishmaniasis is commercially
available (3, 4). This leaves chemotherapy, based on only a small number of drugs, the
sole treatment for this disease. Until some years ago, organic pentavalent antimonials
were the benchmark of visceral leishmaniasis treatment, despite their severe side
effects and rising resistance in areas where leishmaniasis is endemic (5). New alternative
therapies, such as liposomal amphotericin B (6), paromomycin (7), and the oral drug
miltefosine (8), were more recently introduced. However, they are far from satisfactory.
The therapeutic failure of miltefosine in India and Nepal rose from an initial 5% at its
initial implementation in 2002 up to 20% in a few years (9).

Combination therapy (10, 11) and drug repurposing (12, 13) are short- and medium-
term strategies to cope with this threat until the appearance and approval of better
drugs. The synergism of combined drugs tackling different pharmacological targets
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improves the efficacy of the treatment and reduces the length and toxicity associated
with monotherapy, as well as the risk of resistance induction (11). Drug repurposing
profits from using approved clinical drugs for their implementation against new
pathologies, saving most of the time and costs required to develop new drugs (13).
Indeed, many of the current leishmanicidal drugs emerged from drug repurposing;
amphotericin B, miltefosine, and the aminoglycoside paromomycin were formerly
developed as antifungal (14), anticancer (15), or antibacterial (16) drugs, respectively. At
present, drug repurposing strategies strongly contribute to the quest for new and
better leishmaniasis treatments. Nitroheterocyclic compounds such as fexinidazole,
oxaboroles, and delamanide (17), formerly reported as African trypanocidal, antifungal,
and antimycobacterial agents, respectively, or the antitumoral aminopyrazole are or
have been under trial as new clinical leishmanicidal drugs (18, 19).

Along this line, sertraline [SRT; (1S,4S)-N-methyl-4-(3,4-dichlorophenyl)-1,2,3,4-
tetrahydro-1-naphthylamine] is an appealing candidate for drug repurposing. Sertraline
is a selective serotonin reuptake inhibitor (SSRI), heavily prescribed for depression or
anxiety disorders in the United States, with acceptable side-effect and tolerability
profiles (20, 21). As a repurposed drug, SRT showed a broad antimicrobial spectrum
(22-25), such as in animal models against Leishmania infection (26), and even antiviral
activity against the Ebola virus (27).

Sertraline potentiates the serotonin-based neurotransmission by inhibition of the
serotonin/5-HT reuptake transporter (hSERT/5-HTT/SLC6A4), thus increasing the SRT
concentration at the synapsis (28). BLAST analyses reported no counterpart Leishmania
protein either to hSERT/5-HTT/SLC6A4 or to LeuT, a bacterial amine transporter tar-
geted by SSRIs and tricyclic antidepressants (29, 30). The quest to define the Leishmania
target for SRT is even more puzzling, since its wide microbicidal spectrum cannot be
solely based on its inhibition of the variety of efflux pumps reported for a wide diversity
of cells and microorganisms (22, 31).

The mitochondrion was identified as one of the SRT targets against Leishmania (26).
In the present study, a detailed insight into the leishmanicidal mechanism of SRT was
pursued. To this end, an unbiased approach using a metabolomics multi-analytical
platform, associated with the determination of bioenergetic parameters, was applied.
Our results not only confirmed the mitochondrion as a prominent SRT target in
Leishmania but also unveiled the considerable extent and severity of the metabolic
disarray caused by this drug. As a consequence, sertraline is endorsed as an appealing
candidate for future development as a leishmanicidal drug.

RESULTS

Leishmanicidal activity of sertraline. The detrimental effects of SRT on L. infantum
promastigotes were assessed under different assay conditions using the inhibition of
MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] reduction as a
readout. Sertraline inhibited the proliferation of L. infantum promastigotes in rich
growth medium with a 50% inhibitory concentration (IC,,) and an ICy, of 2.0 = 0.7 uM
and 8.4 = 1.8 uM respectively, whereas for intracellular amastigotes, the respective I1C,
and 1Cy, values were 3.9+ 0.3 uM and 7.9 = 0.1 uM. SRT was not toxic for murine
peritoneal macrophages at the highest concentration tested (80 uM); thus, its selective
index is >20. To evaluate the short-term effects of SRT on promastigotes, promasti-
gotes were incubated with the drug for 4h in Hanks medium supplemented with
10 mM bp-glucose (HBSS-Glc). Under these conditions, I1C5, and ICy, values for MTT
reduction were 20.8 = 4.5 uM and 85.9 + 3.9 uM, respectively. The induction of SRT
resistance was quite scarce; the initial 1C5, (2.0 wM) barely increased to 5.0 uM after
promastigote growth under sertraline pressure for 8 months (data not shown).

Real-time monitoring of ATP levels in living 3-Luc L. infantum promastigotes.
The intracellular level of ATP provides a reliable insight into the metabolic status of the
parasite. To this end, real-time variations of the cytoplasmic level of ATP after SRT
addition were monitored in L. infantum promastigotes from the 3-luc line. These
parasites express a firefly luciferase with a mutated C-terminal tripeptide that prevents
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FIG 1 Inhibition of luminescence in living 3-Luc L. infantum promastigotes by sertraline. (A) Time-course of
luminescence decay in 3-Luc promastigotes after sertraline addition. 3-Luc parasites under standard conditions of
assay were incubated with 25 uM DMNPE-luciferin, sertraline was added at t = 0 (100% luminescence), and the
variation in luminescence was monitored. Control, untreated parasites are indicated by open triangles. Concen-
trations: 10 uM SRT (inverted solid triangles), 20 wM SRT (open circles), 50 wM SRT (solid circles), 0.1% Triton X-100
(solid squares). (B) Inhibition of luminescence of promastigotes after 4 h of incubation with different concentrations
of sertraline. Parasites were incubated with sertraline; afterward, DMNPE-luciferin was added, and the highest value
of luminescence reached is represented. Luminescence is referred to as a percentage with respect to untreated
parasites (means * the SD). The results shown are representative of two experiments carried out independently
(*, P<0.05).

its import into the glycosome. In the presence of the free- membrane permeable
DMNPE-p-luciferin [p-luciferin 1-(4, 5-dimethoxy-2-nitrophenyl) ethyl ester], a caged
substrate for luciferase, ATP is the limiting substrate for the luminescence output of
these living parasites (32). SRT inhibited the luminescence of 3-Luc promastigotes in a
concentration-dependent manner (Fig. 1). At the IC,, value of SRT in HBSS-Glc (20 uM),
the luminescence decreased more than 70% after 1 h of incubation (Fig. 1A) and
reached full inhibition at 4h (Fig. 1B). Therefore, SRT induced a fast and severe
bioenergetic collapse in Leishmania promastigotes.

Plasma membrane damage induced by sertraline on L. infantum promasti-
gotes. Plasma membrane permeabilization is a feasible cause for the bioenergetic
collapse of Leishmania by SRT. To test this hypothesis, entry of the vital dye SYTOX
Green (molecular weight, 600) into the promastigotes was measured. To this end, the
increase in fluorescence of the probe caused by its binding to intracellular nucleic acids
was monitored (Fig. 2A), a process precluded in cells with unscathed plasma mem-
brane. SYTOX Green fluorescence only increased beyond 20 uM SRT and after 4 h of
incubation; in contrast, the decrease in intracellular ATP was noticeable just 15 min
after SRT addition. To rule out a subtler membrane permeabilization, plasma membrane
depolarization was also measured, since depolarization is exclusively dependent on the
permeability of the membrane to monovalent ions (33). Depolarization was assessed by
the increase in the fluorescence of the potential-sensitive anionic dye bisoxonol after its
insertion into the membrane, which is prevented in polarized cells (34). Near its ICs,
value (20 uM), SRT only caused a modest depolarization, although it reached comple-
tion at 50 wM SRT, similar to that produced by 10 uM indolicidin, a membrane-active
leishmanicidal peptide (Fig. 2B).

Assessment of changes in mitochondrion functionality by SRT in L. infantum
promastigotes. Once plasma membrane permeabilization was ruled out as the main
mechanism for the decrease in ATP, its production, mostly due to oxidative phosphor-
ylation in Leishmania, was assessed. The electrochemical potential of the mitochon-
drion (Ay,,,) is the driving force both for ATP synthesis and for the almost exclusive
intracellular accumulation of rhodamine-123 (Rh123) into the mitochondrion. Sertraline
decreased Rh123 accumulation in L. infantum promastigotes in a concentration-
dependent manner, as measured by flow cytometry (Fig. 3). The normalized mean
percentages of Rh123 accumulation = the standard deviations (SD) referred to un-
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FIG 2 Permeabilization of the plasma membrane of L. infantum promastigotes by sertraline. (A) SYTOX Green
fluorescence entrance into L. infantum promastigotes induced by sertraline. Parasites were treated under standard
assay conditions with the specified sertraline concentrations for 1 h (black columns) or 4 h (gray columns).
Afterward, SYTOX Green (1 uM, final concentration) was added, and fluorescence was assessed (Agyc = 485nm;
Agm = 520 nm). Fully permeabilized parasites (100% fluorescence) were obtained by the addition of 0.1% Triton X-100.
(B) Depolarization of the plasma membrane of L. infantum promastigotes. Promastigotes were assayed under standard
conditions in the presence of bisoxonol (0.2 uM). Sertraline at the specified concentration was added (t = 0), and
changes in fluorescence (Agyc = 544 nm; Ay = 584 nm) were recorded. Fully depolarized parasites were obtained by
treatment with 10 uM indolicidin. Concentrations: 0 wM SRT (open triangles), 10 uM SRT (solid triangles), 20 uM SRT
(open circles), 50 wM SRT (solid circles), 10 uM indolicidin (solid squares). The results shown are representative of

two experiments carried out independently (*, P < 0.05).

treated parasites were 49.4 = 16.3%, 0.4 = 0.2%, and 0.0 = 0.1% for promastigotes
treated with 10, 20, or 50 wM SRT, respectively, and 24.8 = 0.1% for parasites incubated
with 10 mM KCN (Fig. 3). Severely damaged parasites were identified by abnormal
scattering values and excluded from the study by gating the right population.

The decrease in Ais,, induced by SRT was also tested on amastigotes due to the
severe metabolic retooling undergone through their transformation from promasti-
gotes, as well as by the higher contribution of the mitochondrion to the amastigote
metabolism (35). Since the induction of L. infantum axenic amastigotes from promas-
tigotes by temperature and pH stress gave poorly reproducible results, we used an
Leishmania pifanoi axenic amastigote line with a well-established similarity to amasti-
gotes obtained from lesions, including metabolism (reviewed in reference 36). The
percentages of Rh123 accumulation by L. pifanoi axenic amastigotes with respect to
untreated amastigotes were 47.6 = 5.6%, 18.9 = 2.1%, and 5.0 = 0.1% after 4 h of
incubation with 10, 20, or 50 uM SRT, respectively. The percentage for those was
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FIG 3 Variation of rhodamine-123 accumulation in L. infantum promastigotes caused by sertraline.
Promastigotes were treated with sertraline at different concentrations for 4 h and loaded with Rh123
(0.3 uM, 5 min); propidium iodide (PI; 0.5 ug/ml) was added to the samples immediately before their
analysis by flow cytometry. Fluorescence settings: Rh123 fluorescence (y axis; Agxc, 488 nm; Agy,, 520 nm)
and PI fluorescence (x axis, Agyc = 488 nm; Ag,, = 620 nm). Parasites with a depolarized mitochondrion
were obtained by treatment with 10 mM KCN. Control (untreated) parasites were also included.
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FIG 4 Sertraline effects on the respiratory chain of L. infantum promastigotes. Parasites were resus-
pended in respiration buffer at 102 cells/ml in a Clark oxygen electrode. Succinate was used as the sole
substrate. Oxygen consumption rates of L. infantum promastigotes were calculated from the correspond-
ing slope and are expressed as nmol O,/min. (A) Uncoupling activity of sertraline on digitonized
parasites. (B) Respiration controls in untreated parasites. Traces are representative of one of three
independent experiments. Reagent concentrations: 60 uM digitonin, 100 uM ADP, 12.6 uM oligomycin,
3.3 uM FCCP, and 50 uM SRT. Arrows represent the addition of the respective reagents.

36.0 = 4.3%, as illustrated in Fig. S1. Under these experimental conditions, the IC;, for
SRT for L. pifanoi axenic amastigotes was 13.5 = 3.7 uM.

In all experiments, the mitochondrial depolarization induced by SRT was preserved
on amastigotes.

Sertraline also induced morphological changes in the promastigote mitochondrion.
SRT-treated promastigotes showed a more fragmented MitoTracker Red fluorescence
pattern with respect to untreated parasites (Fig. S2).

Effects of sertraline on the respiration of L. infantum promastigotes. The
oxygen consumption rate of living parasites increased from an initial value of 15.9 nmol
O,/(min X 108 cells) to 18.4 nmol O,/(min X 108 cells) 2.5 min after 50 uM SRT addition
(data not shown). This result was further confirmed in digitonin-permeabilized para-
sites, using succinate as the substrate for complex Il (Fig. 4). Maintenance of inner
mitochondrial membrane permeability was evidenced by the increase in the respiration
rate after ADP addition (state Ill). Once the respiratory chain was inhibited by oligo-
mycin at the level of complex V (ATP synthase), the addition of SRT increased the
respiration rate by 11.0% (11.6 = 0.9%, average of the three experiments performed)
(Fig. 4A), behaving as a mitochondrial uncoupler, but milder than FCCP [carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazine], a typical uncoupling agent (Fig. 4B).

The uncoupling of the respiratory chain at 20 uM SRT led to an increased ROS
(reactive oxygen species) production. This was assessed by the increase in MitoSOX
fluorescence, measured 30 min after drug addition (Fig. 5). For longer incubations (4 h),
ROS production equaled that obtained for the positive control (0.3 wg/ml antimycin A).
The decrease in fluorescence observed at the highest SRT concentration (50 uM) likely
resulted from the death of the parasites.

Electron microscopy of L. infantum promastigotes treated with sertraline. The
most relevant morphological features of promastigotes treated with SRT (20 uM, 4 h)
are shown in Fig. 6. Sertraline-treated promastigotes displayed a strong cytoplasmic
vacuolization with vesicles inside the vacuoles, acidocalcisomes with poor membrane
definition, and DNA condensation inside the nucleus. The mitochondrion morphology
appeared altered, forming a round vesicular pattern compared to untreated parasites.
Finally, the plasma membranes of promastigotes showed no significant alterations after
4 h of incubation, a finding in agreement with the entry of SYTOX green vital dye at this
SRT concentration.
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FIG 5 Mitochondrial ROS generation in L. infantum promastigotes induced by sertraline. Parasites were
preloaded with 5 uM MitoSOX Red and incubated for 0.5 h (black column) or 4 h (gray column) with
different concentrations of sertraline. Increment of MitoSOX Red fluorescence was assessed by flow
cytometry (Agyc = 488 nm; Agy, = 520 nm). Antimycin A (0.3 wg/ml) was used as a positive control for ROS
generation and is taken as 100% fluorescence. The results shown are representative of two experiments
carried out independently (*, P < 0.05).

Metabolomic validation of the leishmanicidal mechanism of sertraline. In order
to confirm the overall dysfunction created by SRT on Leishmania metabolism, an
unbiased metabolomic study was carried out. For this purpose, promastigotes were
treated in growth medium for 12 h with 35 uM sertraline (~1C,, under these experi-
mental conditions) to ensure a significant metabolic effect while partially preserving
parasite viability. The procedures are detailed in the supplemental material. First, data
were evaluated by multivariate analysis. The tight cluster of the quality controls in a
well-defined area of principal-component-analysis (PCA) plot evidenced the stability
and reproducibility of the results obtained for both analytical platform capillary
electrophoresis-mass spectrometry (CE-MS) and liquid chromatography-mass spec-
trometry (LC-MS) (Fig. S3). Afterward, a supervised partial square analysis-discriminant
analysis (PLS-DA) model was built for the different techniques (Fig. S4), showing in all
cases a high value for R? (explained variation) and Q? (predictability power). The
identity of the samples within a specific group was validated using the “leave 1/3 out”
approach (cross-validation). Excluded samples were correctly predicted in 100% of

Antimicrobial Agents and Chemotherapy

FIG 6 Transmission electron microscopy of L. infantum promastigotes treated with sertraline. (A) Control parasites. (B) Promastigotes treated with 20 uM
sertraline (IC5,) for 4 h. Legend: mitochondrion, m; nucleus, n; kinetoplast, k. Arrows indicate multivesicular vacuoles. Magnification, 1 um.
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FIG 7 Heatmap of metabolites with significant variation after sertraline treatment of L. infantum
promastigotes. Data obtained from LC-MS and CE-MS from parasites, treated or not treated with 35 uM
SRT, were normalized to enable comparison between techniques. For this, the mean metabolite
abundance was divided by the SD for each metabolite. Lines represent normalized abundances of
metabolites. Columns correspond to the analysis of the different samples for each group. To assess the
levels of metabolite variation, a color intensity scale accounting for the relative abundance is included
at the right side, as well as the numbers for the specific metabolite (#) according to Table S2. The
biochemical classes are indicated at the beginning of each block. The number at the right side of each
line identifies the metabolite with respect to Table S2. AAs, amino acids and peptides; Carbs, carbohy-
drates; FAs, fatty acids; GL, glycerolipids; PLs, glycerophospholipids; SL, sphingolipids and sphingoid
bases; NTs, purine and pyrimidine basis and their conjugates.

cases validating the models and statistically supporting metabolite differences pro-
moted by sertraline treatment. Together, the PCA and PLS-DA results permit foreseen
strong markers classifying the groups.

Table S1 summarizes the number of features obtained for each step and the
corresponding technique used. Those used in the assay were highly complementary
respect to the chemical nature of the metabolites identified. The metabolites identified
by CE-MS were preferentially of a polar nature. The groups with a higher percentage
respect of total identified features were amino acids and peptides (68%), purines/
pyrimidines (8%), and amines (8%). In LC-MS, phospholipids (48%), fatty acids (16%),
sphingolipids and sphingoid bases (7%), and carbohydrates (7%) were the largest
groups.

In short, 88 metabolites encompassing different biochemical classes changed after
SRT treatment (IC,, of ~35 uM). Table S2 compiles all metabolites with their statistical
variation, represented in Fig. 7 as heatmap and as a percentage breakdown according
to their different biochemical classes in Fig. 8.

The metabolism of lipids underwent the higher qualitative variation, accounting for
62.3% of all the identified changes, with decreases in lysophospholipids and an increase
in sphingolipids and sphingoid bases. Variations in the nature of fatty acids did not
follow a common trend and varied according to the lipid species identified.

After metabolic allocation of the identified features, a three-pronged actuation of
SRT on Leishmania was disclosed: (i) polyamine and trypanothione biosynthesis (Fig.
S5A). (ii) tricarboxylic acid cycle (TCA cycle) and its intermediate precursors (Fig. S5B),
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FIG 8 Biochemical classification of metabolites with statistical variation obtained after sertraline treatment of
L. infantum promastigotes. Percentages refer to the total numbers of features identified in Table S2.

and (iii) phospholipid and sphingolipid metabolism (Fig. S5C). A comprehensive view is
included in Fig. Sé.

DISCUSSION

Drug repurposing is an appealing alternative to tackle the increasing need for new
treatments against Leishmania at moderate cost and with a relatively quick clinical
implementation (13). For this goal, studies with antidepressants have yielded an
extremely successful set of drugs such as ketanserin (37), mianserin (38), cycloben-
zaprine (39), clomipramine, nitroimipramine, and imipramine (40).

From this standpoint, sertraline, a well-known oral antidepressant, differed from
those mentioned above due to its tetrahydronaphthalene core as a chemical scaffold.
SRT is an off-patent drug with high tolerability and has been tested successfully in
animal models of visceral leishmaniasis (26). The concentration of SRT reported in
human liver is 3.9 mg/kg (20), which is far higher than its leishmanicidal concentration.
As such, it is an appealing leishmanicidal candidate. Furthermore, SRT is an amphiphilic
weak base, acting as a lysosomotropic agent that accumulates inside acidic compart-
ments as the parasitophorus vacuole of Leishmania by an ion-trapping effect (41). This
property underlies the selectivity of SRT on intracellular Mycobacterium tuberculosis (42),
even when the Mycobacterium vacuole is one pH unit less acidic than the parasitopho-
rus vacuole for Leishmania, surmising a higher accumulation of SRT in the Leishmania
vacuole. Although the leishmanicidal mechanism of SRT has been already partially
unveiled (26), a deeper knowledge will be helpful in order to optimize combination
therapies or to evaluate the risk of resistance induction.

No evident counterpart protein to the mammalian sertraline target was identified in
Leishmania. The mitochondrial dysfunction in SRT-treated L. donovani parasites was
formerly described by Palit and Ali (26). In the present work, the uncoupling activity of
sertraline on the respiratory chain, associated with a fast energetic collapse of the
parasite, followed by a general metabolic disarray were pinpointed as important
components to the leishmanicidal mechanisms of SRT. Despite SRT being a cationic
amphiphile, neither massive structural damage of the plasma membrane nor entry of
the vital dye SYTOX Green at the concentrations of SRT assayed were observed. Hence,
a nonspecific and severe plasma membrane damage as the primary source for the
metabolic disarray SRT due to its cationic amphiphilic character was ruled out.

Figure S6 summarizes the hypothetical scenario proposed for the leishmanicidal
activity of sertraline. In an initial step, sertraline acts as a mild uncoupling agent of the
respiratory chain, impairing the mitochondrial production of ATP, the main bioener-
getic source for Leishmania and increasing ROS production, caused by the electron
leakage throughout the respiratory chain. The shortage of ATP leads to plasma mem-
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brane depolarization, jeopardizing the nutrient transport driven by membrane poten-
tial. Finally, the ensuing oxidative stress prompted a general metabolic disarray, ac-
counting for the morphological damage observed at later stages of its lethal
mechanism.

This bioenergetic disarray is additionally supported by the metabolic profiling of
SRT-treated parasites. SRT decreased the levels of aspartate and proline, two important
metabolic fuels for the Krebs cycle in Leishmania (43), as well as of glutamate, a hub for
many metabolic pathways (43). Changes in the lysophospholipid pattern of promasti-
gotes were induced by SRT. A feasible interpretation is the generation of fatty acids
from the resulting phospholipid degradation as an alternative metabolic source to feed
the Krebs cycle, as described in amastigotes (35). In any case, it would be only partially
successful. SRT induced a decrease in the levels of succinate, the main substrate for the
respiratory chain, since complex | scarcely contributes to the respiration of Leishmania
(44).

A faulty mitochondrial production of ATP in Leishmania may be partially offset by an
increase in the glycolytic activity, as described in parasites resistant to tafenoquine, a
drug inhibitor of the respiratory chain of the parasite (45). In SRT-treated promastigotes
the levels of hexose-phosphates, likely involving glucose-6-phosphate as one of the
most abundant, decreased. If so, even partial relief by glycolysis of the energetic
collapse of the parasite by SRT would be unlikely.

The impact of an oxidative stress will be worsened under a deficient detoxification
of the ROS produced. The decrease in the levels of sedoheptulose-6-phosphate sug-
gests a lower metabolic flow across the pentose phosphate pathway (PPP), since
hexose-6-phosphate, a metabolite shared with glycolysis, is also the first metabolite of
PPP. In Leishmania under oxidative stress, the use of glucose by glycolysis is partially
diverted into the PPP in order to ensure an adequate supply of NADPH (46), the sole
coenzyme used by trypanothione reductase to maintain reduced trypanothione (bis-
glutathionyl spermidine), the ultimate supplier of reducing equivalents to ROS detox-
ifying enzymes (47, 48). Interestingly, SRT treatment decreased trypanothione levels in
promastigotes, whereas the glutathione pool rose up severalfold. The same metabolic
trend was described for Leishmania under oxidative stress due to either cis-diamine-
dichloroplatinum (Il) (49) or to hypericin (50), as well as under blockade of spermidine
biosynthesis at the level of ornithine decarboxylase (50, 51). Similar to SRT-treated
parasites, ornithine decarboxylase knockout parasites maintained spermidine levels,
while arginine and putrescine, its two immediate biosynthetic precursors, decreased. A
reversal degradation of trypanothione into glutathione plus spermidine was proposed
to ensure an adequate level of spermidine, involved in the biosynthesis of hypusine, a
modified essential amino acid for Leishmania (51, 52).

Interestingly, indatraline, another monoamine neurotransmitter reuptake inhibitor,
with partial structural resemblance to SRT, inhibited the trypanothione reductase of
Trypanosoma brucei (53). If the same effect occurs in Leishmania, the oxidative stress
caused by SRT will be further enhanced, not only by avoidance of glucose retooling into
PPP with a decreased NADPH supply, but also by a feasible inhibition of trypanothione
reductase.

Sertraline was a poor inducer of resistance in Leishmania; after 8 months of in vitro
growth of the parasites under constant a SRT pressure, the IC5, only increased slightly.
Moreover, SRT worked as a sensitizer in bacteria (22) and in tumoral cell lines (31). If this
effect in Leishmania also occurs, not only would SRT be a very weak resistance inducer,
but it would also be as an excellent candidate for combination therapies with drugs
whose resistance is in whole or in part based on drug efflux by ABC transporters, e.g.,
organic antimonials or miltefosine (5). In addition, the increase in the level of glutathi-
one due to SRT may presumably favor the conversion of the prodrug Sb(V) into Sb(lll)
(54), since Sb(V)-glutathione adducts are the substrate of the thiol-dependent reduc-
tase 1.

The complexity of the changes in the metabolome and the morphological damage
induced by SRT in Leishmania makes unlikely the uncoupling of Leishmania mitochon-
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drion as the sole target for this drug, accounting for the scarce induction of resistance.
Similar to the microbicidal activity of other uncouplers (55), the lethal activity of SRT will
presumably involved additional targets not yet unveiled. Although the present study
was carried out on promastigotes, SRT was active both on intracellular amastigotes of
L. infantum, in agreement with the data obtained previously on L. donovani amastigotes
(26). Despite the severe metabolic retooling between promastigote and amastigote, the
differential changes among them mostly affect to the sources of the metabolic fuel,
rather than to the mitochondrial machinery in charge of ATP synthesis. In fact, a higher
relevance for mitochondrial metabolism on L. mexicana amastigotes was reported (35).
We have confirmed that the mitochondrial depolarization observed on L. infantum
promastigotes, also occurred on L. pifanoi axenic amastigotes, a well-established axenic
line with very high resemblance to amastigotes of the same species isolated from
animal lesions (36), and selected for its higher homogeneity and reproducibility over
the L. infantum axenic amastigotes obtained by us. This is an initial support to endorse
a general leishmanicidal mechanism for SRT encompassing at least the cutaneous L.
pifanoi, as well as the visceral L. donovani (26) and L. infantum species.

In all, sertraline appears as an appealing candidate for drug repurposing in leish-
maniasis, with good prospects for its future implementation, such as low cost, scarce
and mild side effects, and well-known pharmacology, as well as for its inclusion in
combination therapies.

MATERIALS AND METHODS

Chemicals and reagents. Unless otherwise stated, chemicals and reagents were purchased from
Sigma-Aldrich-Spain (Madrid, Spain). Fluorescent probes SYTOX Green, rhodamine-123 [2-(6-amino-3-
imino-3H-xanthen-9-yl) benzoic acid methyl ester, chloride], DMNPE-luciferin [p-luciferin 1-(4, 5-dimeth-
oxy-2-nitrophenyl) ethyl ester], bisoxonol [bis-(1,3-diethylthiobarbituric) trimethine oxonol], and MitoSOX
[3,8-phenanthridinediamine, 5-(6'-triphenylphosphoniumhexyl)-5,6 dihydro-6-phenyl] were purchased
from Invitrogen (Barcelona, Spain).

Leishmania parasites and mammalian cells. L. infantum promastigotes (JPC strain; National Center
for Microbiology, Majadahonda, Spain) were grown in RPMI 1640 medium (Gibco, Paisley, UK) supple-
mented with 10% heat-inactivated fetal calf serum (HIFCS) at 26°C as described previously (34). L.
infantum promastigotes transfected with a cytoplasmic form Photinus pyralis luciferase (3-Luc line) were
obtained by electroporation with the expression vector pLEXSYHyg-Luc, kindly supplied by F. Gamarro
(Instituto de Parasitologia y Biomedicina Lépez-Neyra CSIC, Granada) (56). To this end, 108 promastigotes
in the logarithmic phase of growth plus 7 ug of the Swal-linearized plasmid pLEXSYHyg-Luc plasmid,
both resuspended in CytoMyx buffer (57), were mixed in a 0.4-cm Bio-Rad electroporation cuvette and
electroporated in a GenePulser electroporation device (Bio-Rad; 1,500V, 25 uF, 3.75kV/cm, 200 ().
Afterward, the parasites were washed twice in fresh growth medium and, after 24 h, transfected parasites
were selected by growth under increasing pressure with up to 100 uwg/ml hygromycin B (56). L. infantum
amastigotes were obtained from the spleens of previously infected golden hamsters (60 to 70 days
postinfection) by differential centrifugation (58). L. pifanoi axenic amastigotes (strain MHOM/VE/60/Ltrod)
were grown in 199 medium (Gibco-BRL) plus 20% HIFCS at 32°C (34).

Peritoneal macrophages (M) were obtained from BALB/c mice by peritoneal washing with Hanks
medium. Cells were seeded at 105/well in 16-well slides (Nunc-Thermo Fisher Scientific) and allowed to
adhere (24 h, 37°C, 5% CO,). The infection was proceeded in a 1:10 ratio of M¢ to amastigotes in RPMI
1640-10% HIFCS during 24 h at 37°C in a 5% CO,-humidified incubator. Noninternalized amastigotes
were removed by washing and infected M¢ treated with sertraline during 72 h under the same
conditions. Animal procedures were performed with the approval of the Research Ethics Commission
(CEUA-IAL-Pasteur 05/2011), in agreement with the Guide for the Care and Use of Laboratory Animals
from the National Academy of Sciences.

Assessment of the leishmanicidal activity of sertraline. Parasites were harvested at late expo-
nential growth phase. Promastigotes were allowed to proliferate in the presence of SRT in a 96 microwell
plate (2 X 106 cells/ml, 200 ul/well), and growth was assessed colorimetrically by MTT reduction (34).

To address the leishmanicidal mechanism of SRT, promastigotes were resuspended in HBSS-Glc at
2 X 107 cells/ml, which was defined as the standard condition. Sertraline cytotoxicity on Leishmania was
evaluated by inhibition of MTT reduction, measured either immediately after 4 h of incubation. Samples
were made by triplicate and experiments repeated at least twice. Inhibitory concentration x (ICx) was
defined as the concentration of drug required to inhibit MTT reduction in an x percentage respect to
untreated parasites. This was determined using the GraphPad Prism software statistical package.

Sertraline cytotoxicity against BALB/c murine peritoneal macrophages. Cells were seeded into
a 96-well culture microplate (10° cells/well). Once attached, they were incubated with SRT in growth
medium (37°C, 24 h), and inhibition of MTT reduction was assessed as described above (34).

Variation of ATP levels in 3-Luc L. infantum promastigotes. Real-time variation of the intracellular
levels of free cytoplasmic ATP by sertraline was assessed in living promastigotes of the L. infantum 3-Luc
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strain that express a cytoplasmic form of firefly luciferase, in the presence of 25 uM DMNPE-luciferin,
under the standard conditions (32).
Permeation of the plasma membrane of promastigotes by sertraline. Plasma membrane depo-
larization and entrance of the vital dye were assayed fluorometrically in a microplate assay using
bisoxonol and SYTOX Green as fluorescent probes, respectively, as described earlier (34).

Determination of mitochondrial functional parameters in sertraline-treated parasites. Variation
of Ays,, was monitored by cytofluorimetry, measuring Rh123 accumulation into the parasites, as reported
(34). Oxygen consumption rates for promastigotes were measured polarographycally using a Clark’s
oxygen electrode (Hansatech, King's Lynn, UK) at 108 X cells/ml. If required, parasites were treated with
60 uM digitonin to allow free access of inhibitors and substrates to the mitochondrion. The mitochon-
drial production of superoxide (O,~) was assessed with the fluorogenic mitochondrial probe MitoSOX
Red (59). Morphological changes induced by SRT on promastigotes were visualized by confocal micros-
copy using the mitochondrial marker MitoTracker Red (33).

Transmission electron microscopy. Promastigotes were incubated with SRT at its IC,, (20 uM) in

HBSS-Glc under the standard conditions. Parasites were processed by glutaraldehyde and OsO, fixation,
progressively dehydrated with ethanol, included in Epon812 resin, and observed in a JEOL JEM-1230
microscope (34).
Metabolomics. A detailed description of the methodology used in this work was included in in the
supplemental material. Promastigotes were incubated with 35 uM SRT (IC,,) for 12h in full growth
medium as reported elsewhere (60, 61). Metabolites were extracted with MeOH/H,0 at 4:1 (vol/vol) and
analyzed by LC-MS (ESI+ and ESI-) and CE-MS. Experimental details are included in in the supplemental
material. Compounds were identified after processing as described earlier (60, 61). Allocation of metab-
olites into the respective metabolic pathways was carried out using KEGG (http://www.genome.jp/kegg/
genome.html) and LeishCyc (https://biocyc.org/organism-summary?object=LEISH).

Statistical analysis. Unless otherwise stated, samples were tested in triplicates, and at least two

independent experiments were carried out. Statistical significance was determined by Student t test
(P < 0.05) using the statistical package of SigmaPlot versus 11.0. Specific statistical procedures for
analysis of metabolomics data are included in the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01928-18.

SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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