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ABSTRACT Leishmaniasis is one of the most challenging neglected tropical diseases
and remains a global threat to public health. Currently available therapies for leish-
maniases present significant drawbacks and are rendered increasingly inefficient due
to parasite resistance, making the need for more effective, safer, and less expensive
drugs an urgent one. In our efforts to identify novel chemical scaffolds for the devel-
opment of antileishmanial agents, we have screened in-house antiplasmodial libraries
against axenic and intracellular forms of Leishmania infantum, Leishmania amazonensis,
and Leishmania major. Several of the screened compounds showed half-maximal in-
hibitory concentrations (ICs,s) against intracellular L. infantum parasites in the submi-
cromolar range (compounds 1h, IC5, = 0.9 uM, and 1n, IC;, = 0.7 uM) and selectivity
indexes of 11 and 9.7, respectively. Compounds also displayed activity against L. ama-
zonensis and L. major parasites, albeit in the low micromolar range. Mechanistic studies
revealed that compound 1n efficiently inhibits oxygen consumption and significantly
decreases the mitochondrial membrane potential in L. infantum axenic amastigotes,
suggesting that this chemotype acts, at least in part, by interfering with mitochondrial
function. Structure-activity analysis suggests that compound 1n is a promising anti-
leishmanial lead and emphasizes the potential of the quinoline-(1H)-imine chemotype
for the future development of new antileishmanial agents.

KEYWORDS Leishmania, antiparasitic agents, mechanisms of action, quinoline-(1H)-
imine chemotype

eishmaniases are a group of neglected diseases caused by trypanosomatid para-

sites of the genus Leishmania that manifest in several clinical forms, including cuta-
neous leishmaniasis, the most common form, mucocutaneous leishmaniasis, a highly
disfiguring and debilitating condition, and visceral leishmaniasis, a life-threatening dis-
order. According to the latest reports, the World Health Organization (WHO) estimates
that approximately 1 billion people, mainly from the poorest communities in tropical
and subtropical countries, live at risk of developing these illnesses (1). In the absence
of a human vaccine or a prophylactic drug, control of leishmaniases is largely based on
chemotherapy of infected individuals. Current available medicines include first-line
agents, such as pentavalent antimonials (sodium stibogluconate and meglumine anti-
moniate), which are administered daily over the course of 20 to 30 days, and second-
line agents (amphotericin B, pentamidine, miltefosine, and paromomycin), which are
often used in unresponsive or resistant cases (2). However, none of these drugs has
even close to optimal performance, and their use in leishmaniasis treatment is compro-
mised by several factors: high costs, prolonged administration over multiple weeks,
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and poor safety indexes, presenting important adverse effects (2). Miltefosine, for
instance, the only available oral drug for treatment of leishmaniasis, is unsuitable for
pregnant patients due to fetotoxic and teratogenic risks (3). A further problem limiting
the efficacy of therapy in areas of endemicity is the gradual emergence of parasite
strains resistant to antileishmanial drugs (4).

The multiple drawbacks associated with current leishmaniasis therapeutics, together
with the worldwide public health impact of these diseases, prompts the scientific commu-
nity to identify new chemotypes for developing effective, safe, and accessible antileishma-
nial drugs (5). Quinolines and structurally related heterocycles are privileged scaffolds
found in several natural products that exhibit a wide range of biological properties, includ-
ing activity against different Leishmania spp. (in both in vitro and in vivo models), as well as
against other protozoa (6). The antiplasmodial 8-aminoquinolines sitamaquine (SQ) and
tafenoquine (TFQ), for example, have been extensively studied as potential treatments for
visceral leishmaniasis. From a mechanistic point of view, TFQ appears to suppress the para-
site’s respiratory chain through cytochrome c¢ reductase (complex lll) inhibition, inducing a
rapid drop in intracellular ATP and depolarization of mitochondrial membrane potential
(7). SQ, on the other hand, was reported to inhibit succinate dehydrogenase (complex II),
an essential enzyme for Leishmania (8). Quinolin-4(1H)-imines, which can be considered
tautomeric analogues of quinolines, were previously reported by some of us as potent
dual-stage antiplasmodials, displaying potential to bind to the Q, ubiquinone oxidation
site of cytochrome bc, from Plasmodium falciparum (9, 10). More recently, quinolin-4(1H)-
imines were also disclosed as efficient antitrypanosomal agents, endowed with excellent
pharmacokinetic profiles (11). Additionally, a high-throughput phenotypic screen of
roughly 600,000 small molecules against Leishmania mexicana promastigotes identified a
quinolin-4(1H)-imine derivative as one of the top hits (12), further highlighting the poten-
tial of this chemotype against parasitic diseases. In this paper, we report the screening of a
set of quinolin-4(1H)-imines from in-house antiplasmodial libraries against promastigotes
and amastigotes of three different Leishmania species. Our results show that several com-
pounds inhibit parasitic growth within mammalian host macrophages and that the mech-
anism of action can be explained, to some extent, by their ability to interfere with
Leishmania parasites’ mitochondrial function.

RESULTS

Effect of chemical libraries on L. infantum proliferation: structure-activity
relationships (SARs). The leishmanicidal potential of 38 compounds was initially assessed
at a single concentration against L. infantum promastigotes (10 or 20 M) and axenic amasti-
gotes (10 uM). With the purpose of increasing the chemical diversity of our initial screening,
besides the main family of quinolin-4(1H)-imines (compounds 1a to -n and 2a to -m), we
also evaluated the structurally related pyridon-4(1H)-imines (compounds 3a to -c), as well as
flavones (compounds 4a to -h), bioisosteres of the quinolonimine core scaffold (13, 14).

Inspection of the activity data presented in Table 1 reveals that pyridon-4(1H)-
imines and flavones are not effective against L. infantum promastigotes and are poorly
active against axenic amastigotes (inhibition of <30% at 10 uM). In contrast, the vast
majority of quinolin-4(1H)-imines tested were found to be active against the promasti-
gote stage of the parasite (inhibition of =90% at 10 or 20 M), with several compounds
also exhibiting good activity against axenic amastigotes (inhibition of =30% at 10 wM).
Among the quinolin-4(1H)-imine family, preliminary structure-activity relationships
indicate that the size and nature of the N-linked side chain is important for activity in
both stages of the parasite. With the exception of compound 2c, quinolin-4(1H)-imines
belonging to class 1 (X = methyl or ethyl) are more potent against axenic amastigotes
than compounds containing a basic alkylamino side chain at the N-1 nitrogen atom of
the quinolonimine scaffold (class 2). Therefore, quinolin-4(1H)-imines 1e to -n, present-
ing good inhibition profiles (promastigotes, =90%, and axenic amastigotes, =30%)
were selected for IC;, determination for the same parasite forms, as well as for intrama-
crophagic amastigotes. Quinolin-4(1H)-imines 1d and 2c were also included for com-
parative purposes. The cytotoxicities of the different molecules to BMDM were
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TABLE 1 Anti-Leishmania activities of chemical libraries against L. infantum promastigotes and axenic amastigotes?
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9Parasites were incubated for 24 h with different compounds. NA, not active.
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TABLE 2 Leishmanicidal activities for different forms of L. infantum and cytotoxicities of
quinolin-4(1H)-imine derivatives

Mean value * SD for“:

1C5, (M) against:

Intramacrophagic  CC,, (#M) in

Compound Promastigotes Axenic amastigotes amastigotes BMDM SIb
1d 28 *0.6 194+14 13+05 10.1 =34 7.8
le ND 113 *1.1 22*06 144+19 6.5
1f 45+03 122+1.9 1.7 £04 10.8 = 0.9 6.4
19 23*0.2 11.4+0.8 1406 9.6 =09 6.9
1h 1.5%+03 109 £ 0.5 0.9 = 0.1 100+ 1.8 1.1
1i 14 £0.1 58+ 28 1.1£03 9.1+14 83
1j 1.9+0.1 141 £ 4.2 14+03 9.5+ 1.0 6.8
1k 2.50 = 0.01 11.0+1.7 1.9+05 109+ 15 5.7
11 242 *+0.02 158 +23 1.9+0.2 108 = 1.0 5.7
m 1.7 %02 134 3.0 13+0.2 84+ 2.1 6.5
n 19+0.2 6.5+ 28 0.7 £0.2 6.8 =038 9.7
2c ND ND >0.5 <0.5

AMB*© 0.17 = 0.09 0.39 = 0.24 0.06 = 0.01 3.1£0.6 52

aL. infantum promastigotes, axenic amastigotes, and intramacrophagic amastigotes, as well as BALB/c mouse
BMDM, were incubated for 24 h with different concentrations of the different compounds. IC,,, half-maximal
inhibitory concentration; CC,,, 50% cytotoxic concentration; ND, not determined.

b, selectivity index (ratio between CC,, and IC,, values for intramacrophagic amastigotes).

¢AMB, amphotericin B, used as a positive control.

evaluated in parallel (Table 2). We found that the IC;,s were dependent on the parasite
stage. Axenic amastigotes were the less susceptible forms (ICs,s varying between 5.9
and 19.4 uM), promastigotes ranked second (ICsos ranging from 1.4 to 4.5 uM), and in-
tracellular amastigotes were the most susceptible forms (IC;,s between 0.7 and
2.2 uM). The 12 quinolin-4(1H)-imines analyzed exhibited selectivity indexes (Sls) rang-
ing between 5.7 and 11.1 (Table 2).

In a second step of the analysis, we tested compounds 1d, 1g, 1h, and 1n against
L. major and L. amazonensis, two species causing cutaneous leishmaniasis. As shown in
Table 3, intracellular amastigotes of L. major and L. amazonensis showed ICs,s between
2.3 and 3.9 uM, indicating that, although these species are less sensitive to the tested
quinolin-4(1H)-imines than L. infantum, the chemotype has therapeutic potential for
both types of leishmaniases. Curiously, when the screening was carried out on promas-
tigotes, a different result was found, as in this case, L. major was more susceptible than
the other two species.

Effect of quinolin-4(1H)-imines on mitochondrial functions. Quinolin-4(1H)-
imines were originally designed to inhibit Plasmodium mitochondrial respiration, more
particularly the cytochrome bc;, complex, also known as complex lll. To investigate
whether the mitochondrial activity of Leishmania was altered by these compounds, we
analyzed the effects of the compounds with better selectivity indexes on basal oxygen

TABLE 3 Effects of selected quinolin-4(1H)-imines against promastigotes and
intramacrophagic amastigotes of L. major and L. amazonensis

Mean IC;, = SD (uM) (SI) against®:

Promastigotes Intramacrophagic amastigotes
Compound L. major L. amazonensis L. major L. amazonensis
1d 0.5 0.1 87+ 1.6 39*1.1(2.6) 2.8+ 1.1(3.6)
19 0.8 = 0.1 34+0.8 34 +0.9(2.8) 35+13(.7)
1h 0.6 =0.2 49+ 14 2.6 £0.9(3.8) 2.7 £093.7)
n 0.75 = 0.01 24+ 0.6 23 *£1.1(2.9) 23*+04(29)

aL. major and L. amazonensis promastigotes and intramacrophagic amastigotes were incubated for 24 h with
serial dilutions of selected quinolin-4(1H)-imines. IC.,, half-maximal inhibitory concentration; SI, selectivity index
(ratio between CC,, and IC,, values).
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FIG 1 Effects of selected quinolin-4(1H)-imines on oxygen consumption of Leishmania parasites. L. infantum axenic amastigote (A) and
L. infantum (B), L. amazonensis (C), and L. major (D) promastigotes were treated with 2-fold the 1C,,s of each selected quinolin-4(1H)-imine.
Percentages of inhibition are relative to the oxygen consumption values obtained at basal levels. The graphs show the mean values and
standard deviations (error bars) from 3 independent experiments. KCN was used as the positive control. Statistical significance was

determined using a paired t test. *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P<<0.0001.

consumption, mitochondrial membrane potential, and reactive oxygen species (ROS)

production.
Quinolin-4(1H)-imines inhibit oxygen consumption in Leishmania. The basal ox-

ygen consumption of intact promastigotes and of axenic amastigotes was evaluated
upon incubation of parasites with twice the IC,, of selected quinolin-4(1H)-imines. We
found that all compounds inhibit oxygen consumption in both promastigote and axenic
amastigote forms, with higher efficiency in the latter (Fig. 1). Compound 1n was the
most effective, decreasing oxygen consumption by around 65% in L. amazonensis pro-
mastigotes and by 85% in L. infantum axenic amastigotes. In contrast, compound 1h
showed milder effects on all species analyzed. In this case, oxygen consumption inhibi-
tion varied from 18% in L. amazonensis promastigotes to 39% in L. infantum axenic
amastigotes. These results are consistent with the hypothesis that quinolin-4(1H)-imines

may affect Leishmania respiratory complexes.

Quinolin-4(1H)-imines alter the mitochondrial membrane potential. Impairment
of the electron transfer chain following inhibition of respiratory complexes (such as com-
plex Ill) is often associated with the collapse of the mitochondrial membrane potential
(AW, (9). We used TMRE to investigate changes in AW, upon treatment of parasites
with selected quinolin-4(1H)-imines. When incubated with cells, TMRE accumulates
inside the negative environment of mitochondria, but after AW, collapse, the probe
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FIG 2 Effect of selected quinolin-4(1H)-imines on mitochondrial membrane potential (AWm) of Leishmania parasites. L. infantum
axenic amastigotes (A) and L. infantum (B), L. amazonensis (C), and L. major (D) promastigotes were treated for 45 min with different
concentrations of selected quinolin-4(1H)-imines. CCCP, carbonyl cyanide m-chlorophenyl hydrazine, uncoupler of the A¥m, was used
as the positive control. Graphs represent the mean fold change in treated parasites relative to control cells (treated with DMSO) and
standard deviations (error bars) from 3 independent experiments. Statistical significance was determined using 2-way analysis of
variance (ANOVA) with Sidak’s multiple-comparison test. *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.0001.

diffuses out of the organelle, resulting in dissipation of the signal. We found that the
AW, of L. amazonensis (promastigotes) and L. infantum (promastigotes and axenic amas-
tigotes) parasites was significantly decreased after incubation with quinolin-4(1H)-imines,
similarly to incubation with CCCP, a potent uncoupler of the mitochondrial oxidative
phosphorylation, used as a positive control (Fig. 2). In contrast, L. major (promastigotes)
AVY,, was not altered during the time frame of the analysis.

Quinolin-4(1H)-imines do not induce ROS production. We next evaluated ROS
levels in parasites treated with selected quinolin-4(1H)-imines, finding that none of the
compounds triggered ROS generation (Fig. 3). This result is not inconsistent with activ-
ity of the compounds on one of the respiratory complexes, as the production of ROS
depends on the exact site of the enzymatic complex that is targeted. In the case of
complex Ill, for instance, inhibition of its Q, site (e.g., with antimycin A) generates reac-
tive oxygen species, while interference with electron flow through the Q, site is not
generally associated with the production of these species (15-17).

DISCUSSION

Current treatments for leishmaniases are based on chemotherapeutics that show
important limitations in terms of efficacy, specificity, and administration regimens, ren-
dering the development of new drugs a compelling necessity (4). Unfortunately, this
faces significant challenges. First, Leishmania parasites in the disease-causing stage
inhabit specific compartments within their mammalian host cells, which implies that,
to reach the parasites, drugs must overcome two membrane barriers (18). Second,
Leishmania parasites display an enormous capacity to adapt to the presence of exoge-
nous compounds (4). Third, there is insufficient and unsustained investment by phar-
maceutical companies in the development of drugs to treat leishmaniases, with much
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FIG 3 Analysis of ROS production in Leishmania parasites after the addition of selected quinolin-4(1H)-imines. L. infantum axenic
amastigotes (A) and L. infantum (B), L. amazonensis (C), and L. major (D) promastigotes were treated with different concentrations of
the selected quinolin-4(1H)-imines for 45 min. AA, antimycin A, was used as the positive control for ROS production. Graphs show the
mean values and standard deviations (error bars) from 3 independent experiments. Statistical significance was determined using 2-
way ANOVA with Sidak’s multiple-comparison test. *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.0001.

of the effort toward this objective remaining academia driven (19). The present work,
which represents an example of the latter studies, is aimed at assessing the antileish-
manial value of a series of quinolin-4(1H)-imine derivatives previously developed for in-
hibition of malaria parasites (8, 9).

The screening performed indicated that the quinolin-4(1H)-imine scaffold is an
interesting and novel chemotype for leishmaniasis drug development. Several of the
compounds tested showed ICy,s toward intracellular L. infantum parasites in the low
micromolar range, with two of them exhibiting I1Cs,s in the submicromolar range (com-
pound 1h, IC;, = 0.9 uM, and compound 1n, IC;, = 0.7 uM) and selectivity indexes of
11.1 and 9.7, respectively. Structure-activity relationships revealed that enhanced activ-
ity and selectivity are obtained with an ethyl group linked at the N-1 nitrogen of the
quinolonimine scaffold and that basic alkylamino side chains at this position are detri-
mental for activity (Table 1). Regarding the substituents at the imine moiety, groups
with alkyl linkers between the two phenyl rings are, in general, beneficial for activity,
although oxygen linkers are also tolerated. Inspection of the activity data against intra-
macrophagic amastigotes presented in Table 2 also reveals that compounds contain-
ing a chloro as an R1 group are more potent than their trifluoromethyl derivatives
(e.g., compound 1k versus 1e and 1n versus 1f). These findings suggest that the elec-
tronic nature of the group at the 7 position of the quinolonimine scaffold can be
further explored in order to generate analogues with improved selectivity and physico-
chemical properties. Therefore, the future generation of quinolin-4(1H)-imine libraries
will explore the introduction of electron-donating groups and water-solubilizing
groups at this position. Future work will also test the possibility of using specific sys-
tems to deliver those compounds in experimental settings.

While screening the different L. infantum forms, we observed that intramacrophagic
amastigotes were more susceptible than axenic amastigotes to the quinolin-4(1H)-imines
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tested. Several explanations can account for this finding: (i) the compounds might dis-
play an inherent capacity to directly activate macrophages, (ii) drug metabolism within
macrophages might induce the formation of a derivative more potent against intrama-
crophagic Leishmania than against axenic amastigotes, and (iii) there might be metabolic
differences between the two parasite forms that render intramacrophagic amastigotes
particularly prone to inhibition. Although we did not identify the mechanism responsible
for the higher drug sensitivity of intracellular L. infantum parasites, our data, showing im-
portant differences in activity between different parasite forms, support studies advising
for drug testing to be preferentially carried out on intramacrophagic amastigotes, a
more physiological form of the parasite (20, 21).

Originally, the quinolin-4(1H)-imines tested were designed to favor hydrophobic
interactions at the Q, binding pocket of the Plasmodium cytochrome bc, complex (9).
However, it has been reported that the structurally related 4(1H)-pyridone (22) and
quinolone (23) antimalarials bind to the Q; site, suggesting that this binding site can
accommodate a broader range of chemotypes than initially anticipated. As a means to
approach the physiological target of the compounds under study in Leishmania para-
sites, we investigated their effect on parasite mitochondrial function. The robust inhibi-
tion of oxygen consumption observed suggests that in Leishmania parasites, the mech-
anism of action also involves inhibition of the mitochondrial electron transport chain.
This is consistent with the alterations in AW, observed in L. infantum and L. amazonen-
sis parasites (albeit these were not detected in L. major parasites). Future investigations
are required to confirm whether respiratory complexes, and specifically the complex Il
Q, site, are the primary targets of quinolin-4(1H)-imines in Leishmania parasites. In this
respect, it is interesting to notice that the compounds did not trigger ROS production,
which is in line with what would be expected for a Q, inhibitor. Indeed, it is well estab-
lished that, while drugs targeting the complex Ill Q; site (e.g., antimycin A) enhance
superoxide production (15-17), Q, inhibitors (stigmatellin and myxothiazol) abolish or
reduce ROS generation (15).

In conclusion, we have disclosed a new chemotype that expands the current tool-
box of antileishmanial compounds with activity against intramacrophagic amastigotes.
Despite the structural similarity between quinolin-(1H)-imines and their quinoline
counterparts, our previous research revealed that this particular chemotype displays
low metabolic susceptibility. This contrasts with 8-aminoquinolines, such as prima-
quine and sitamaquine, which are metabolized by cytochrome P450 2D6 (24, 25) and
generate hydroxyquinoline metabolites that have been associated with toxicity issues
and glucose-6-phosphate dehydrogenase (G6PD) liability. Importantly, quinolin-4(1H)-
imines exert their effect, at least partially, by inhibiting mitochondrial respiration, a
mechanism that remains underexplored in the context of antileishmanial therapy.

MATERIALS AND METHODS

Cells and parasites. Leishmania infantum promastigotes (MHOM/MA/67/ITMAP-263) were cultured
at 25°C in RPMI 1640 GlutaMax supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum
(iFBS), 50 U - mI~" penicillin, 50 ug - ml~" streptomycin (from Gibco), and 20 mM HEPES sodium salt, pH
7.4 (Sigma). Leishmania major and Leishmania amazonensis promastigotes (MHOM/SA/85/JISH 118 and
MHOMY/BR/LTB0016, respectively) were maintained at 25°C in Schneider’s insect medium (Sigma) supple-
mented with 10% (vol/vol) iFBS, 100 U - ml~" penicillin, 100 ug - ml~" streptomycin, 5 mM HEPES sodium
salt, pH 7.4, and 5 g - ml~" phenol red (Sigma). L. infantum axenic amastigotes were maintained at 37°
Cand 5% CO, in MAA20 medium, as described previously (26). Briefly, MAA consisted of media 199 with
Hanks' salts (Gibco) supplemented with 15 mM pb-glucose, 4 mM NaHCO,, 0.5 % trypto-casein-soy
(Biorad) and 25 mM HEPES at a final pH of 6.5. Afterward, MAA20 was obtained by supplementing MAA
medium with 20% (vol/vol) iFBS, 2 mM GlutaMax (Gibco), and 0.023 mM hemin.

Compound synthesis. The synthesis and characterization of all compounds screened has been pre-
viously reported (9, 10, 13, 14). Stock solutions with concentrations between 10 and 20 mM were pre-
pared by dissolving the compounds in dimethyl sulfoxide (DMSO) at room temperature and were stored
at —20°C.

Evaluation of compound activity against promastigotes of different Leishmania species and
axenic amastigotes of L. infantum. Promastigotes in the late exponential phase (3 x 10° cells/ml) were
seeded in 96-well plates in a final volume of 100 ul of either RPMI (L. infantum) or Schneider’s medium
(L. major and L. amazonensis); L. infantum axenic amastigotes were seeded (1.5 x 10° cells/ml) in 100 !
of MAA20, also in 96-well plates. Stock solutions of test compounds were prepared in 100% DMSO.
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Parasites were then incubated with different concentrations (between 0.2 and 30 uM) of the compounds
dissolved in medium (DMSO concentrations in wells never exceeded 0.5%). DMSO (0.5%) and amphoter-
icin B were used as the negative and positive control, respectively. Parasite viability was evaluated upon
24 h of exposure to each compound and was assessed using resazurin (Sigma) to a final concentration
of 0.1 mM as described in Vale-Costa et al. (27). Fluorescence intensity (excitation at 530 nm and emis-
sion at 590 nm) was measured in a Synergy Mx microplate reader (BioTek Instruments). The half-maximal
inhibitory concentrations (IC,,s) were determined with GraphPad Prism 7 software (GraphPad Software,
Inc., La Jolla, CA).

Generation of BMDM. Bone marrow-derived macrophages (BMDM) were obtained following a pre-
viously described protocol (28). Briefly, bone-marrow (BM) cells were isolated by flushing femurs and
tibias of BALB/c mice with Dulbecco’s modified Eagle’s medium (DMEM; Gibco). Cells were collected,
centrifuged, and suspended in DMEM supplemented with 10% iFBS, 1% minimum essential medium-
nonessential amino acids solution (MEM; Gibco), 50 U - ml~" penicillin, 50 »g - ml~" streptomycin (com-
plete DMEM medium [cDMEM]), and 10% L929 cell-conditioned medium (LCCM) as a source of macro-
phage-colony stimulating factor (M-CSF). BM cells were placed in petri dishes for 24 h at 37°C with 5%
CO,. Nonadherent cells were then collected, counted, plated in 96-well plates (2.5 to 3 x 10* cells per
well), and incubated at 37°C with 5% CO, for 10 days, with cDMEM plus 10% LCCM renewal on the fourth
and seventh days.

Determination of IC,,s against intramacrophagic L. infantum, L. major, and L. amazonensis. The
activities of the compounds against intracellular amastigotes were determined in in vitro cultures of
BMDM, in 96-well plates. Differentiated BMDM were infected with L. infantum axenic amastigotes or
with L. major and L. amazonensis stationary-phase promastigotes at a multiplicity of infection (MOI) of
10. After 3 h of contact with macrophages, noninternalized parasites were removed by washing twice
with DMEM and internalized parasites allowed to differentiate into amastigotes for 24 h prior to the
addition of the compounds (at concentrations of 0.3 to 5uM). Twenty-four hours later, cells were fixed
with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained with HCS CellMask deep
red (Invitrogen) and DAPI (4',6-diamidino-2-phenylindole) (Sigma) for 30 min at room temperature.
Cultures were imaged using the IN Cell Analyzer 2000 microscope (GE Healthcare) and analyzed with
the IN Cell Investigator Developer Toolbox version 1.9.2 (GE Healthcare) for determination of the per-
centage of infection as previously described (28). Half-maximal inhibitory concentrations (ICy,s) were cal-
culated using GraphPad Prism 7 software.

Cytotoxicity on BMDM. The cytotoxicity of the compounds against mammalian cells was evaluated
in BMDM isolated as described above. Macrophages were incubated with serial dilutions of the com-
pounds (between 0.6 and 20 uM) for 24 h at 37°C with 5% CO,. Cell viability was determined with the
resazurin assay as described above. The percentages of viable BMDM were calculated in relation to con-
trol cultures to which only vehicle (0.5% DMSO) was added. Data were analyzed with GraphPad Prism 7
software, and the 50% cytotoxic concentration (CC,,) for each compound determined.

Determination of oxygen consumption in parasites. Oxygen consumption in stationary-phase
promastigotes of L. infantum, L. major, and L. amazonensis, as well as in axenic amastigotes of L. infan-
tum, was measured in a Clark-type oxygen electrode (Hansatech) at 25°C in respiration buffer (300 mM
sucrose, 10 mM potassium phosphate, pH 7.2, 5mM MgCl,, 10 mM KCI, 0.02% [wt/vol] bovine serum al-
bumin [BSA], 1 mM EGTA and 4 uM carbonyl cyanide m-chlorophenyl hydrazine [CCCP]). For each reac-
tion mixture, 100 x| of a suspension of 3 x 108 parasites/ml in PBS was used. Oxygen consumption was
monitored continuously for 5min as follows: basal oxygen consumption was read during 2 min, com-
pounds were added (at twice the IC,,), and measurements were taken for 3 more minutes. One millimo-
lar KCN, a complex IV inhibitor, was used as a control (complete inhibition of oxygen consumption).
Results were evaluated with O2view software (Hansatech) (29).

Evaluation of mitochondrial membrane potential. Variation of the mitochondrial membrane
potential (AW,,) in treated parasites was evaluated using the potential-sensitive probe tetramethylrhod-
amine ethyl ester (TMRE; Sigma). For this, 1 x 107 L. infantum, L. major, or L. amazonensis stationary-
phase promastigotes or L. infantum axenic amastigotes were treated with the different compounds at
concentrations of 2 to 5 times their IC;,s for 45 min and then incubated with 500 nM TMRE for a further
30 min. Treatments were carried out in the media (without iFBS) and temperature conditions described
above. Upon two washes in medium (without iFBS), the AW, was determined by monitoring fluores-
cence in a BioTek Synergy Mx microplate reader with excitation and emission wavelengths of 540 nm
and 590 nm, respectively. The mitochondrial oxidative phosphorylation uncoupler CCCP was used as a
positive control.

Analysis of ROS production. Reactive oxygen species (ROS) production was determined using
MitoTracker red CM-H,XRos (Molecular Probes) according to the manufacturer’s instructions. Briefly,
1 x 107 stationary-phase promastigotes of L. infantum, L. major, or L. amazonensis or 1 x 107 axenic
amastigotes of L. infantum were treated with selected compounds (at concentrations of 2 to 5 times the
1C;,5) for 45 min and then incubated with 200 nM MitoTracker red CM-H,XRos for 30 min. Subsequently,
parasites were washed twice in their respective culture medium (without iFBS) and fluorescence quanti-
fied in a BioTek Synergy Mx microplate reader with excitation and emission wavelengths of 579 nm and
599 nm, respectively. Antimycin A (AA) (10 M) was used as the positive control.

Ethical statement. The use of BALB/c mice was approved by the Local Animal Ethics Committee of
i3S, licensed by DGAV (Direcao Geral de Alimentacdo e Veterinaria, Government of Portugal). Animals
were handled in accordance with good animal practice as defined by national authorities (DGAV; Decree
113/2013 from 7th August) (30) and European legislation (Directive 2010/63/EU, revising Directive 86/
609/EEC) (31).
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