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Abstract

Leishmaniasis has become a significant public health issue in several countries in the world. New products have been identified to
treat against the disease; however, toxicity and/or high cost is a limitation. The present work evaluated the antileishmanial activity
of a new naphthoquinone derivate, Flau-A [2-(2,3,4-tri-O-acetyl-6-deoxy-[3-L-galactopyranosyloxy)-1,4-naphthoquinone],
against promastigote and amastigote-like stages of Leishmania amazonensis and L. infantum. In addition, the cytotoxicity in
murine macrophages and human red cells was also investigated. The mechanism of action of Flau-A was assessed in
L. amazonensis as well as its efficacy in treating infected macrophages and inhibiting infection of pretreated parasites. Results
showed that Flau-A was effective against promastigotes and amastigote-like forms of both parasite species, as well as showed low
toxicity in mammalian cells. Results also highlighted the morphological and biochemical alterations induced by Flau-A in
L. amazonensis, including loss of mitochondrial membrane potential, as well as increased reactive oxygen species production,
cell shrinkage, and alteration of the plasma membrane integrity. The present study demonstrates for the first time the
antileishmanial activity of Flau-A against two Leishmania species and suggests that the mitochondria of the parasites may be
the main target organelle. Data shown here encourages the use of this molecule in new studies concerning treatment against
Leishmania infection in mammalian hosts.
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Introduction contracting the infection, with an estimated 12 million people

being clinically affected by the disease (World Health
Leishmaniasis is a major public health problem in the world, Organization 2016). The clinical manifestations of leishman-
where approximately 350 million people are at risk of  iasis have varied from self-healing cutaneous lesions present
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at the site of the phlebotomine vector bite to the visceral form
of the disease, which can be fatal if untreated (Andrade et al.
2016).

Tegumentary leishmaniasis (TL) is usually found in
Afghanistan, Saudi Arabia, Syria, Iran, Algeria, Iraq, Brazil,
and Peru, the disease being mainly caused by Leishmania
braziliensis, L. panamensis, L. guyanensis, and
L. amazonensis species (Ullah et al. 2016). Visceral leishman-
iasis (VL) leads to nearly 50,000 deaths annually and is caused
by L. donovani complex parasites, such as L. donovani and
L. infantum (Aragjo et al. 2017).

The treatment against leishmaniasis is based on penta-
valent antimonials. Other drugs, such as amphotericin B
(AmpB), paramomycin, miltefosine, and pentamidine,
have been used as second-line drugs (Copeland and
Aronson 2015). However, these compounds present limi-
tations, such as toxic side effects leading to hepatic, splen-
ic, and renal toxicity; long duration of treatment; and/or
parasite resistance. Due to few current alternatives avail-
able in the market, the identification of new compounds to
be used to treat against leishmaniasis could be considered
desirable (Chakravarty and Sundar 2010; Sundar and
Chakravarty 2013; Chavez-Fumagalli et al. 2015).

As a consequence, the investigation of synthetic molecules
presenting biological actions other than antileishmanials could
allow applying these products against Leishmania parasites,
being considered as a promising field of research for new
pharmaceuticals (Cheuka et al. 2016). In this context, qui-
nones consist of a variety of aromatic metabolites found in
plants, fungi, algae, and bacteria. These molecules include
anthraquinones, benzoquinones, and naphthoquinones and
can easily be synthesized, allowing to obtain a high yield
and lower cost of production to be tested as therapeutic can-
didates against diseases such as leishmaniasis (Pinto et al.
2014).

In this context, naphthoquinones have been used as promis-
ing anticancer, antiviral, trypanocidal, and/or antimicrobial
compounds (Riffel et al. 2002; Su et al. 2010; Pinto et al.
2014). Among the 1,4-naphthoquinone derivatives, some mol-
ecules present also antimalarial activity (Rezende et al. 2013;
Schuck et al. 2013), while others show activity against
Mpycobacterium tuberculosis (Ferreira et al. 2010),
Plasmodium falciparum (Sharma et al. 2013), and
Biomphalaria glabrata (Camara et al. 2008).

In the present study, aiming to identify new 1,4-
naphthoquinone derivates with antileishmanial activity as well
as with low toxicity to mammalian cells, the 2-(2,3,4-tri-O-
acetyl-6-deoxy-p-L-galactopyranosyloxy)-1,4-
naphthoquinone, namely Flau-A, was evaluated as an antipar-
asitic agent against L. infantum and L. amazonensis species.
Also, aiming to investigate the action in Leishmania, the
mechanism of action of Flau-A was evaluated in
L. amazonensis.
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Materials and methods
Synthesis of Flau-A

Lawsone 0.30 g (1.72 mmol) was dissolved in 5 mL of dichlo-
romethane, and transferred to a 100-mL round bottom flask. A
solution containing potassium carbonate (10% w/v, 5 mL) was
added and the mixture was stirred at room temperature during
30 min. Next, 2,3,4-tri-O-acetyl-6-deoxy-3-L-galactopyranosyl
bromide (2.0 g, 3.44 mmol) and n-BuyNBr (0.12 g, 22% mol)
were added, and the mixture was stirred at room temperature for
18 h. Then, hydrochloric acid 6 mol/L was added to obtain pH
3.0, and the mixture was transferred to a separatory funnel,
aiming to separate the organic phase and extracting the aqueous
phase with dichloromethane (3 x 50 mL). The organic phase
was washed using distilled water (100 mL), dried over anhy-
drous sodium sulfate, and concentrated. The crude product was
used in a column chromatography (hexane/ethyl acetate, 7:3) to
obtain 0.26 g (34% yield) of the purified molecule.

Parasites and mice

L. infantum (MHOM/BR/1970/BH46) and L. amazonensis
(IFLA/BR/1967/PH-8) were used. Parasites were grown at
24 °C in complete Schneider’s medium (Sigma-Aldrich, St.
Louis, MO, USA), consisting of Schneider’s medium plus
20% heat-inactivated fetal bovine serum (FBS, Sigma-
Aldrich, USA) and 20 mM L-glutamine, pH 7.4. Stationary-
phase promastigotes were cultured as described elsewhere
(Coelho et al. 2003). To obtain the amastigote-like forms, a
technical protocol was developed according to a previously
described method, with a few modifications (Duarte et al.
2015). Briefly, 1 x 10° stationary-phase promastigotes were
washed 3 times in sterile phosphate buffer saline (PBS) 1x
and incubated for 48 or 72 h for L. amazonensis or
L. infantum, respectively, in 3 mL FBS, at 37 °C. Then, par-
asites were washed 3 times in cold PBS 1x, and their mor-
phology was evaluated after staining by the Giemsa method in
an optical microscope. Murine peritoneal macrophages were
collected from BALB/c mice (female, 8 weeks old), which
were purchased from the Institute of Biological Sciences of
the Federal University of Minas Gerais (UFMG). The study
was developed in compliance with the National Guidelines of
the Institutional Animal Care and approved by the Use
Committee for the Ethical Handling of Research Animals
(protocol number 085/2017). Also, this work was approved
by the Human Research Ethics Committee of UFMG (proto-
col number CAAE-32343114.9.0000.5149).

Viability assay in Leishmania species

A previous titration curve was performed to determine the best
time of inhibition of parasite growth. The inhibition of
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Leishmania growth was then evaluated by cultivating
L. infantum or L. amazonensis stationary promastigotes or
amastigote-like forms (1 x 10° parasites) in the presence of
Flau-A (0.1 to 20.0 ug/mL) and in 96-well culture plates
(Nunc, Nunclon, Roskilde, Denmark) for 48 h at 24 °C.
AmpB (0.1 to 2.0 ug/mL, Sigma-Aldrich, USA) was used
as a control. Cell viability was assessed by measuring the
cleavage of 5 mg/mL of 3-(4.5-dimethylthiazol-2-yl)-2.5-
diphenyl tetrazolium bromide (MTT, Sigma-Aldrich, USA).
The optical density (OD) values were read in an ELISA mi-
croplate spectrophotometer (Molecular Devices, Spectra Max
Plus, Canada) at 570 nm. The product concentration needed to
inhibit 50% of the Leishmania viability (ICsy) was determined
by applying a sigmoidal regression of the dose-response
curves. Data shown are representative of three independent
experiments, performed in triplicate, which presented similar
results.

Cytotoxicity in murine cells and selectivity index

To evaluate the toxicity against mammalian cells, Flau-A was
incubated with murine macrophages. For this, a previous ti-
tration curve was performed to determine the best time of
inhibition of macrophage viability. The inhibition of 50% of
the macrophage viability (CCs,) was calculated by cultivating
them (5 x 10° cells, per well) with Flau-A (0.1 to 20.0 p1g/mL)
or AmpB (0.1 to 2.0 pg/mL), in 96-well plates (Nunc) for 48 h
at 37 °C. Then, cell viability was evaluated by MTT.
Selectivity index (SI) values were calculated by the ratio be-
tween the CCsq and ICsq results. Data shown are representa-
tive of three independent experiments, performed in triplicate,
which presented similar results.

Cytotoxicity against human cells

To evaluate the toxicity against human cells, the hemolytic
activity was investigated by incubating Flau-A (1.0 to
100.0 png/mL) with a 5% red blood cell (human O type) sus-
pension, which was obtained from three healthy donors, during
1 h at 37 °C. The suspension was centrifuged at 1000xg and
10 min, when the cell lysis percentage was determined spec-
trophotometrically at 570 nm. The absence (blank) or 100% of
hemolysis was determined by replacing Flau-A for an equal
volume of PBS 1x or distilled water, respectively. Results were
calculated by the hemolysis percentage as compared to the
negative (PBS 1x) and positive (distilled water) controls.
Data shown are representative of three independent experi-
ments, performed in triplicate, which presented similar results.

Treatment of infected macrophages

To evaluate the efficacy of Flau-A in treating infected macro-
phages, cells (5 x 10° per well) were seeded on round glass

coverslips within 24-well plates in RPMI 1640 medium,
which was supplemented with 20% FBS and 20 mM L-gluta-
mine, pH 7.4, and incubated during 24 h at 37 °C in 5% CO,.
Stationary-phase promastigotes (5 x 10°) were added to the
wells, and cultures were incubated for 48 h at 37 °C in 5%
CO,. Free parasites were removed by extensive washing with
RPMI 1640 medium, while infected macrophages were treat-
ed with Flau-A (0, 2.5, 5.0, and 10.0 nug/mL) or AmpB (0, 0.1,
0.5, and 1.0 pg/mL) for 48 h at 24 °C in 5% CO,. After
fixation with 4% paraformaldehyde, macrophages were
stained by the Giemsa method and the percentage of infected
cells as well as the number of intramacrophage amastigotes
was determined by counting 200 cells in an optical micro-
scope. Data shown are representative of three independent
experiments, performed in triplicate, which presented similar
results.

Inhibition of macrophage infection

The inhibitory effect of Flau-A in Leishmania was evaluated
by treating parasites with this molecule, and then used them to
infect murine macrophages. For this, parasites (5 x 10) were
incubated with Flau-A (0, 2.5, 5.0, and 10.0 ug/mL) or AmpB
(0, 0.1, 0.5, and 1.0 pg/mL) for 1 h at 24 °C. Cells were
washed 3 times in RPMI 1640 medium, quantified, and incu-
bated with macrophages (5 x 10° cells) for 24 h at 37 °C in 5%
CO,. Then, they were washed and stained by the Giemsa
method to evaluate the percentage of infected macrophages
as well as the number of intramacrophage amastigotes by
counting 200 cells in triplicate and in an optical microscope.
Data shown are representative of three independent experi-
ments, performed in triplicate, which presented similar results.

Mechanism of action in L. amazonensis
Morphological studies in Flau-A-treated parasites

L. amazonensis promastigotes (1 x 107 cells) were untreated
or treated with Flau-A (0.73 and 1.46 pg/mL, corresponding
to 1 and 2 times the ICsy value obtained after 48 h of the
in vitro cultures, respectively) for 2 h at 24 °C. Next, parasites
were fixed with 4% paraformaldehyde for 20 min, washed
with PBS 1x, and placed on glass slides. After staining with
Giemsa, slides were examined in an optical microscope and
photographed. The volume of treated parasites was evaluated
by a FACSCanto II flow cytometer (Becton Dickinson,
Rutherford, NJ, USA), equipped with DIVA software
(Joseph Trotter, Scripps Research Institute, La Jolla, CA,
USA). The forward scatter (FSC) parameter was analyzed as
presenting a correlation with the cell volume, and a total of
10,000 events were acquired, according to a method previous-
ly described (Ribeiro et al. 2013).
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Measurement of the mitochondrial membrane
potential (AWKX)

The evaluation of AW was performed by using two fluores-
cent dyes: MitoTracker® Red CM-H2XROS (Life
Technologies, USA) and Rh123 (Sigma-Aldrich, USA). For
this, L. amazonensis promastigotes (1 x 107 cells) were un-
treated or treated with Flau-A (0.73 and 1.46 pg/mL, corre-
sponding to 1 and 2 times the ICs, value obtained after 48 h of
the in vitro cultures, respectively) for 2 h at 24 °C. The reduc-
tion of parasite viability was 29.42% when a concentration of
0.73 ng/mL was used and 37.53% when the concentration of
1.46 ug/mL was employed in the experiments, in comparison
to untreated cells. Then, parasites were washed with PBS 1x
and incubated with 50 nM MitoTracker® for 40 min at 24 °C
(Coimbra et al. 2016). The fluorescence intensity was
spectrofluorometrically measured (FLx800, BioTek
Instruments, Inc., Winooski, VT, USA), at an excitation wave-
length of 540 nm and an emission wavelength of 600 nm.
Additional assays were performed using Rh123 as described
elsewhere (Antinarelli et al. 2015). The data acquisition and
interpretation were performed in a FACSCanto II flow
cytometer, in a total of 10,000 events acquired using FITC
channel. The variation index (VI), which allows quantifying
changes in the fluorescence intensity of Rh123, was deter-
mined by the (MT — MC)/MC equation, with MT representing
the median fluorescence of the treated parasites and the MC
the median fluorescence of negative controls. Miltefosine
(18.0 pg/mL, Sigma-Aldrich, USA) and carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP, 2.5 and
5.0 pg/mL) were used as controls.

Detection of the reactive oxygen species (ROS)

The ROS production was determined by using the fluorescent
2,7-dichlorodihydrofluorescein diacetate (H,DCFDA) probe,
as described elsewhere (Coimbra et al. 2016). For this,
L. amazonensis promastigotes (1 x 107 cells) were treated or
untreated with Flau-A (0.73 and 1.46 pg/mL, corresponding
to 1 and 2 times the ICs, value obtained after 48 h of the in vitro
cultures, respectively) for 2 h at 24 °C. Cells were washed with
PBS 1x and incubated with H,DCFDA. The fluorescence in-
tensity was measured in a spectrofluorometer (FLx800, BioTek
Instruments, Inc., Winooski, VT, USA), with excitation and
emission wavelengths of 485 and 528 nm, respectively.
Miltefosine (18.0 pg/mL) was used as a control, and the exper-
iments were performed in triplicate, presenting similar results.

Evaluation of the cell membrane integrity
L. amazonensis promastigotes (1 x 107 cells) were untreated

or treated with Flau-A (0.73 and 1.46 pg/mL, corresponding
to 1 and 2 times the ICso value obtained after 48 h of the
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in vitro cultures, respectively) for 2 h at 24 °C. Cells were
washed with PBS 1% and incubated with propidium iodide
(1.0 pg/mL) during 15 min in the dark at room temperature
(Stroppa et al. 2017). The fluorescence intensity was mea-
sured using a spectrofluorometer (FLx800, BioTek
Instruments, Inc., Winooski, VT, USA), with excitation and
emission wavelengths of 540 and 600 nm, respectively. As a
control, cells were heated at 65 °C for 10 min. Results were
obtained from three independent experiments performed in
triplicate, which presented similar results.

Evaluation of phosphatidylserine exposition
on the cell membrane

The exposure of phosphatidylserine on the cell surface was
evaluated by using Annexin V-FITC (Invitrogen, USA) and
propidium iodide, as described elsewhere (Stroppa et al.
2017). For this, L. amazonensis promastigotes (1 x 107 cells)
were untreated or treated with Flau-A (0.73 and 1.46 pg/mL,
corresponding to 1 and 2 times the ICs, value obtained after
48 h of the in vitro cultures, respectively) for 2 h at 24 °C.
Then, parasites were washed with PBS 1% and resuspended in
Annexin V binding buffer. For labeling, 10 uL propidium
iodide (1.0 pg/mL) and 5 pL of Annexin-FITC were added
for 15 min at room temperature and in the dark. Data acquisi-
tion and interpretation were performed in a FACSCanto 11
flow cytometer, and a total of 10,000 events were acquired.
Miltefosine (18.0 pg/mL) used as a control.

Toxicology studies

A toxicological evaluation was performed in BALB/c mice, as
previously described (Duarte et al. 2016; Mendonga et al. 2016).
For this, mice (n = 8 per group) were inoculated subcutaneously
once a day in their left hind footpad with saline, AmpB (1 mg/kg
body weight), or Flau-A (5 mg/kg of body weight), during
15 days. Once a day, variations in the body weight and clinical
signals were monitored. One day after the end of treatment,
blood samples were collected for biochemical analysis, with
the cardiac function being analyzed by the dosage of creatine
kinase-MB and the hepatic function analyzed by the dosage of
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT). Nephrotoxicity was evaluated by examining the blood
urea nitrogen (BUN) and serum creatinine (CRTN) levels.
Experiments were performed using commercial kits (Labtest
Diagnostica®, Minas Gerais, Brazil), in an autoanalyzer appa-
ratus (Thermo Plate TP analyzer, Sdo Paulo, Brazil).

Statistical analysis
Results were evaluated in Microsoft Excel (version 10.0) and

analyzed by the GraphPad Prism'™ (version 6.0 for
Windows). The ICsy and CCs, values were calculated from
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the mean percentage reduction of the promastigotes and
amastigote-like forms (ICsg) or murine macrophages (CCs),
respectively, when compared to the untreated controls. The
curves were determined by applying sigmoidal regression to
logarithm concentration/response data. The one-way analysis
of variance (ANOVA), followed by Dunnett’s test, was used
for multiple comparisons between the groups. Results were
expressed as mean + standard deviation, and differences in
relation to the untreated controls were considered significant
when P <0.05 (*), P<0.01 (**), and P <0.001 (¥*%*).

Results
Antileishmanial activity of Flau-A

The antileishmanial activity of Flau-A was evaluated against
promastigotes and amastigote-like forms of L. infantum and
L. amazonensis species. Results using L. infantum showed
ICsq values of 0.73 and 0.07 pug/mL for Flau-A and AmpB
against promastigotes, respectively, while against the
amastigote-like forms, the values were 1.03 and 0.23 pg/
mL, respectively. Results using L. amazonensis showed 1Cs,
values of 0.73 and 0.10 pg/mL for Flau-A and AmpB against
promastigotes, respectively, while against amastigote-like
forms, the values were 1.57 and 0.38 pg/mL, respectively.

Cytotoxicity in mammalian cells

Regarding CCs, values, the results in murine macrophages
presented values of 18.48 and 1.0 pug/mL for Flau-A and
AmpB, respectively. With these data, SI values (CCs0/ICs
ratio) were calculated and were 25.3 and 14.3 when Flau-A
and AmpB were tested against L. infantum promastigotes, re-
spectively, while against the amastigote-like forms, the values
were 17.9 and 4.3, respectively. Results against L. amazonensis
promastigotes presented values of 25.3 and 10.0, respectively,
while against the amastigote-like forms, the values were 11.8
and 2.6, respectively. The hemolytic activity in human type O-
type red cells was also investigated; however, no hemolysis
was found when Flau-A was tested (data not shown).

Flau-A reduces parasite load in Leishmania-infected
macrophages

The effect of Flau-A in treating infected macrophages was in-
vestigated by counting 200 cells in triplicate. In the results using
L. amazonensis, infection reduction in treated and infected mac-
rophages was 81.0 and 91.0%, respectively, when 2.5 and
10.0 pg/mL of this molecule was tested, with a reduction in
the number of recovered amastigotes in the order of 92.0 and
98%, respectively (Table 1). Using AmpB (1.0 pg/mL), reduc-
tions in the infection degree and in the number of recovered
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Table 1 Treatment of infected macrophages using Flau-A
Compounds Concentration  Infectiveness Percentage of
(ng/mL) reduction in reduction of the
infected and treated recovered
macrophages amastigotes
(%)
Leishmania amazonensis
Flau-A 10.0 91.0+1.2 98.0+3.2
5.0 88.0+2.3 95.0+2.8
2.5 81.0+2.4 92.0+4.3
0 _ _
Amphotericin B 1.0 89.0+1.1 88.0+3.3
0.5 78.0+1.9 80.0+4.1
0.1 69.0+2.5 58.0+4.2
0 — —
Leishmania infantum
Flau-A 10.0 85.0+5.5 97.0+6.6
5.0 75.0+4.6 89.0+3.2
25 55.0+3.6 78.0+4.3
0 _ _
Amphotericin 1.0 79.0+£3.8 89.0+£29
B 0.5 63.0+4.4 81.0+43
0.1 56.0+3.3 59.0+5.5
0 _ _

Murine macrophages were infected with L. amazonensis or L. infantum
stationary promastigotes (10 parasites per one macrophage) and later
treated with Flau-A (2.5, 5.0, and 10.0 pg/mL) or amphotericin B (0.1,
0.5, and 1.0 pg/mL) for 48 h at 37 °C in 5% CO,. The infection reduction
in the treated cells was calculated by applying a sigmoidal regression of
concentration-inhibition curves by counting 200 cells, in triplicate.
Results were expressed as mean + standard deviation

amastigotes were 89.0 and 88.0%, respectively. When
L. infantum was used, infection reduction in Flau-A-treated
and infected macrophages (2.5 and 10.0 pg/mL) was 55.0 and
85.0%, respectively, while the reduction in the number of recov-
ered amastigotes was 78.0 and 97.0%, respectively. Using
AmpB (1.0 pg/mL), reductions in the infection degree and in
the number of recovered amastigotes were 79.0 and 89.0%,
respectively (Table 1).

Pretreatment with Flau-A inhibits macrophage
infection

The infectivity of parasites that were first treated with Flau-A
and later used to infect macrophages was also evaluated. In the
results using L. amazonensis, infection reduction in treated
and infected macrophages was 46.0 and 68.0%, respectively,
when 2.5 and 10.0 ng/mL of Flau-A was used. In addition, the
reduction in the number of recovered amastigotes was 90.0
and 97%, respectively (Table 2). Using AmpB (1.0 pg/mL),
reductions in the infection degree and in the number of recov-
ered amastigotes were 81.0 and 98.0%, respectively. When
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Table 2 Inhibition of infection of
murine macrophages using
pretreated parasites

Compounds

Concentration (pg/mL)

Infectiveness reduction
using pretreated parasites

Percentage of reduction
of the recovered amastigotes

Leishmania amazonensis
Flau-A 10.0
5.0
2.5
0
Amphotericin B 1.0
0.5
0.1
0
Leishmania infantum
Flau-A 10.0
5.0
2.5
0
Amphotericin B 1.0
0.5
0.1
0

68.0+2.7 97.0+2.8
49.0+£39 93.0+2.6
46.0+4.4 90.0+3.4
81.0£4.5 98.0+4.3
59.0+£6.5 78.0+3.2
520+54 65.0+2.4
83.0+54 96.0+2.1
75.0+4.8 91.0+£32
70.0+3.7 86.0+£2.8
89.0£5.5 89.0+4.2
65.0+4.8 80.0+3.3
51.0+5.4 52.0+2.2

The inhibition of infection in Flau-A-treated Leishmania parasites was evaluated by incubating these cells (5 x
10° cells) with Flau-A (2.5, 5.0, and 10.0 pg/mL) or amphotericin B (0.1, 0.5, and 1.0 pg/mL) for 1 h at 24 °C.
Then, parasites were washed, quantified, and incubated with murine macrophages (in a ratio of 10 parasites per
one cell) for 24 h at 37 °C in 5% CO,. The infection reduction in the treated cells was calculated by applying a
sigmoidal regression of concentration-inhibition curves by counting 200 cells, in triplicate. Results were
expressed as mean + standard deviation

L. infantum was employed in the tests, infection reduction in
Flau-A-treated and infected macrophages (2.5 and 10.0 pug/
mL) was 70.0 and 83.0%, respectively, whereas the reduction
in the number of recovered amastigotes was 86.0 and 96.0%,
respectively. Using AmpB (1.0 pg/mL), reductions in the in-
fection degree and in the number of recovered amastigotes
were 89.0% in both cases (Table 2).

Morphological alterations induced by Flau-A
in L. amazonensis

Aiming to evaluate the influence of Flau-A in the morphology
of the parasites, we noticed the occurrence of morphological
changes in L. amazonensis promastigotes that were treated
with Flau-A. In the results, changes in the shape of the para-
sites were observed, with a rounded body and loss of cell
volume, when compared to untreated controls, which showed
an elongated cell body (Fig. 1). To confirm these results, the
FSC parameter, which correlates with the cell volume, was
also analyzed, and results showed changes in the cell popula-
tion profile in relation to the parasite size, in a dose-dependent
way. In addition, a gradual increase in this cellular population
presenting reduced size was also observed (Fig. 2).
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Flau-A induces depolarization of AYY, increases ROS
production, and induces rupture

of the L. amazonensis plasma membrane,

but without phosphatidylserine exposure

on the surface of the parasite membrane

Promastigotes treated with Flau-A and stained with
MitoTracker® showed reduction in their AW , presenting simi-
lar results to those using FCCP, a classic protonophore uncou-
pler that was used as a positive control (Fig. 3a). The AU was
also evaluated through a flow cytometry assay using the Rh123
probe. The histogram of total Rh123 fluorescence (Fig. 3b) and
results of the variation index (Fig. 3¢) showed that the fluores-
cence was reduced. Promastigotes treated with 1 and 2 times the
ICs¢ value showed a reduction in the fluorescence intensity in
the order of 28.2 and 40.0%), respectively, when compared to the
untreated controls. Cells treated with miltefosine showed a de-
crease in their AV in the order of 62.7%, while FCCP reduced
the AU by 37.6 and 48.2%, when the concentrations of 2.5 and
5.0 ug/mL, respectively, were used. These results corroborated
with the data obtained using MitoTracker®, indicating a depo-
larization of the AW in Flau-A-treated parasites.

Oxidative stress is characterized by an increase in ROS
production, and the mitochondria are one of the major



Parasitol Res (2018) 117:391-403

397

a

Fig. 1 Morphology of L. amazonensis promastigotes after treatment
using Flau-A. Parasites (1 x 107 cells) were untreated (a) or treated with
0.73 or 1.46 pug/mL of Flau-A (b and ¢, corresponding to 1 and 2 times

o |
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the ICs value obtained after 48 h of the in vitro cultures, respectively) for

Fig. 2 Representative histograms
showing changes in the

L. amazonensis volume after
treatment using Flau-A. Parasites
(1% 107 cells) were treated with
0.73 or 1.46 pug/mL of Flau-A
(corresponding to 1 and 2 times
the ICs, value obtained after 48 h
of the in vitro cultures,
respectively) for 2 h at 24 °C.
Cells were analyzed by flow
cytometry, and a total of 10,000
events were acquired.
Experiments were performed 3
times and in triplicate. Miltefosine
was used as a drug control. (**)
and (***) indicate statistical
differences in relation to the
untreated control (P> 0.01 and
P <0.001, respectively)
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Fig. 3 Alteration in the AV of L. amazonensis after treatment using
Flau-A. Parasites (1 x 107 cells) were treated with 0.73 or 1.46 png/mL
of Flau-A (corresponding to 1 and 2 times the ICs value obtained after
48 h of'the in vitro cultures, respectively) for 2 h at 24 °C. Then, they were
probed with MitoTracker® and analyzed spectrofluorometrically). FCCP
(5.0 ng/mL) was used as controls (a). Representative histograms showing
treated promastigotes stained with Rh123 by flow cytometry are shown.

intracellular sources of these reactive species (Chandrasekaran
et al. 2013). Thus, we evaluated the ROS production in
L. amazonensis promastigotes by using the fluorescent
H,DCFDA probe. Results demonstrated that Flau-A-treated
promastigotes by using 1 and 2 times the ICs, value expanded
the ROS production in the order of 2.5 and 3.3 times, respec-
tively, when compared to the untreated controls, while using
miltefosine, the value was increased by 2 times (Fig. 4).

The plasma membrane integrity was also evaluated by la-
beling it with propidium iodide, a fluorescent dye that is un-
able to cross the entire plasma membrane, but when it is rup-
tured, it is allowed to enter and bind to the DNA cell (Scariot
etal. 2017). Results showed that Flau-A-treated promastigotes
by using 1 and 2 times the ICs, value induced to an increase in
their fluorescence intensity in the order of 3.0 and 4.1 times,
when compared to the untreated controls, respectively

@ Springer

FCCP (5.0 ug/mL) and miltefosine (18.0 pug/mL) were used as controls
(b). VI values were obtained by the (MT — MC)/MC equation, where MT
corresponds to the median fluorescence of the treated parasites, and MC is
the median fluorescence of the control parasites. FCCP (2.5 and 5.0 pg/
mL) and miltefosine (18.0 pg/mL) were used as controls (¢). Experiments
were performed 3 times and in triplicate. (***) indicates statistical differ-
ence in relation to the untreated control (P <0.001)

(Fig. 5). Parasites heated at 65 °C for 10 min, which were
used as positive controls, showed an increase in the fluores-
cence intensity in the order of 4.3 times.

Phosphatidylserine exposure is one characteristic of apo-
ptotic cells (El-Hani et al. 2012). In the present study, treat-
ment using Flau-A did not induce a statistical increase in the
percentage of cells stained only with Annexin-FITC (4.99% in
untreated control and 6.69% using 1.46 ug/mL of Flau-A;
lower right quadrant). The dot plot analysis showed an in-
crease in the percentage of propidium iodide-positive cells
(5.13 and 13.05%, by using 0.73 and 1.46 ug/mL of Flau-A,
respectively; upper left quadrant), while an increase in the
double-stained Annexin™/PI" cell percentage was also ob-
served by using both concentrations, probably reflecting an
initial rupture of the plasma membrane and subsequent entry
of this reagent and Annexin probes into the cell. As a control,
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Fig. 4 Production of ROS in Flau-A-treated L. amazonensis. Parasites
(1x107 cells) were treated with 0.73 and 1.46 pg/mL of Flau-A
(corresponding to 1 and 2 times the ICso value obtained after 48 h of
the in vitro cultures, respectively) for 2 h at 24 °C. Cells were stained with
H,DCFDA for 30 min at 24 °C, and the fluorescence was
spectrofluorometrically measured. Miltefosine (18.0 pg/mL) was used
as a drug control. Results were expressed as mean + standard deviation.
(*), (**), and (***) indicate statistical differences in relation to the
untreated control (P> 0.05, P>0.01, and P <0.001, respectively)

miltefosine-treated promastigotes exhibited percentages of
41.71 and 4.72% of Annexin- and propidium iodide-positive
cells, respectively (Fig. 6).

Flau-A is not toxic for mammalian models

A clinical and biochemical evaluation was performed in
AmpB- or Flau-A-treated mice. In the results, no clinical sig-
nal or laboratorial abnormality was found in the treated
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Fig. 5 Integrity of the Flau-A-treated L. amazonensis membrane.
Parasites (1 x 107 cells) were treated with 0.73 and 1.46 png/mL of Flau-
A (corresponding to 1 and 2 times the ICs, value obtained after 48 h of the
in vitro cultures, respectively) for 2 h at 24 °C. Cells were stained with
propidium iodide (PI) for 15 min at 24 °C, and the fluorescence intensity
was spectrofluorometrically measured. Cells prewarmed at 65 °C for
10 min were used as positive control. Results were expressed as mean
+ standard deviation. Three independent experiments were performed and
they presented similar results. (***) indicates statistical difference in
relation to the untreated control (P < 0.001)

animals, which showed also a positive variation in their
weight in the order of 7.0%. On the other hand, AmpB-
treated mice presented weakness and a negative variation in
their weight in the order of 8.0%. These animals showed also
higher levels of AST, ALT, BUN, and CRTN, indicating an
organic toxicity caused by the administration of this drug.

Discussion

The treatment of leishmaniasis has been based on chemother-
apy, although drugs are toxic and difficult to administer, and
parasite resistance has increased (Chavez-Fumagalli et al.
2015). In this context, the search for less toxic, highly effec-
tive, and low-cost products is desirable. In the present study, a
new naphthoquinone derivative showed an effective
antileishmanial activity against Leishmania species able to
cause tegumentary and visceral leishmaniasis in the world,
and this molecule was also found to present a low toxicity in
distinct mammalian cells.

The identification of new compounds presenting biological
properties remains a challenge. Natural products have served
as lead structures for the development of chemotherapeutics
against diseases, due to their biological activity, bioavailabil-
ity, high yield, and low cost of production (Winkler et al.
2007). In this context, naphthoquinones have been considered
promising scaffolds against parasites, and some classes of
molecules exhibit in vitro antileishmanial activity (Lezama-
Davila et al. 2012; Costa et al. 2014).

Leishmania parasites present two main morphological
forms in their life cycle: promastigote and amastigote.
Promastigotes are found in the gut of sand flies and live ex-
tracellularly, whereas amastigotes reside inside macrophages
in infected mammalian hosts (Saraiva et al. 2005). Most of the
studies aiming to identify new antileishmanial targets have
tested molecules against the promastigote forms (Gao et al.
2012; Sazgarnia et al. 2012), although amastigotes should be
considered also relevant, since they are responsible for the
development of the active disease in the mammalian hosts
(Muylder et al. 2011; Fernandes et al. 2012). As a conse-
quence, promastigote assays could be used as prescreening,
whereas intra-amastigote assays could be employed to follow
the biological trials (Ullah et al. 2016).

In our study, Flau-A was effective against stationary
promastigotes, amastigote-like forms, and intramacrophage
amastigotes of both L. amazonensis and L. infantum species,
besides presenting no significant toxicity in the two mamma-
lian cells. In addition, a reduction in the percentage of infected
macrophages was found when parasitized cells were treated
with Flau-A, as well as a reduction in the infection of macro-
phages was visualized when this molecule was preincubated
with parasites, then demonstrating an important biological

@ Springer



400

Parasitol Res (2018) 117:391-403

Untreated Control Miltefosine 18 ug/mL

4.67% 10 14 72% 10.30%

* *

10°1146%

Propidium iodide

88.88% 4.99%

Flau-A 0.73 pg/mL Flau-A 1.46 pg/mL

10° 15 13% 8.90% 10°113.05% 16.79%

% * Ak R N Hxk

| 5.15%

6.69%

FITC

Fig. 6 Representative dot plots of phosphatidylserine exposure on the
Flau-A-treated L. amazonensis membrane. Parasites (1 x 107 cells) were
treated with 0.73 and 1.46 pg/mL of Flau-A (corresponding to 1 and 2
times the ICsy value obtained after 48 h of the in vitro cultures,
respectively) for 2 h at 24 °C. Cells were stained with fluorescent probes
containing Annexin V-FITC and propidium iodide (PI), and they were
analyzed by flow cytometry. Miltefosine (18.0 pg/mL) was used as a drug

activity against Leishmania, as well as efficacy in activating
macrophages to kill parasites.

Since this study’s purpose was to identify new
antileishmanial candidates to be used in the in vivo treatment
against leishmaniasis, a toxicity study was performed in
BALB/c mice by using Flau-A, which was administered in
the animals during 15 days. As a control, AmpB was used.
Higher levels of AST, ALT, BUN, and CRTN enzymes were
found in the AmpB-treated animals, possibly indicating a he-
patic and renal toxicity when this product was inoculated in
mice. On the other hand, no toxicity was found when Flau-A
was administered in the animals. Our experimental model used
a subcutaneous route to administrate the molecules, as well as a
predefined dose of Flau-A and AmpB. We understand that
other routes and doses could eventually induce higher or lower
toxicity in the animals; however, due to ethical limitations lim-
iting the number of animals to be used to perform a dose-
response curve, we have adopted routes and doses already de-
scribed as effective in other studies (Duarte et al. 2016;
Mendonga et al. 2016). In addition, similar organic alterations
were also found in BALB/c mice, when the intravenous route
was employed to administer AmpB, thus demonstrating the
toxicity of this compound in the mammalian hosts (Deray
2002; Mishra et al. 2013; Ribeiro et al. 2014; Asad et al.
2015). As a consequence, we can infer that Flau-A is safe to
administer in these hosts, which opens the possibility to test it
in future studies for the treatment against leishmaniasis.

Works evaluating the mechanism of action of
antileishmanial drugs could provide important information for
the optimization of hit compounds, since the majority of the
studies have shown an antileishmanial effect but without pre-
senting the mechanism of action of the tested compounds
(Fumarola et al. 2004; Tempone et al. 2011). In the present
study, the mechanism of action of Flau-A was investigated in
L. amazonensis. The modifications induced in Flau-A-treated
promastigotes showed changes in parasite morphology, which
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control. The Annexin V-positive cell percentage is shown in the lower
right quadrant, the PI* cells are shown in the upper left quadrant,
and the Annexin V*/PI" cells are shown in the upper right quadrant. Dot
plots are representative of three independent experiments, which were
performed in triplicate, and presented similar results. (*), (**), and
(***) indicate statistical differences in relation to the untreated control
(P>0.05, P>0.01, and P <0.001, respectively)

were reflected by a marked decrease in their mobility and al-
terations in the flagellum size, possibly resulting from alter-
ations in the cytoskeleton reorganization associated with mod-
ifications in their mitochondrial activity.

Undoubtedly, the mitochondria are relevant target organs in
Leishmania, and our study showed also that Flau-A is acting
in this organelle, as described by others studying different
molecules and trypanosomatids (Menna-Barreto and Castro
2014; Lage et al. 2015). The mitochondria are organelles im-
portant in parasites, acting in the metabolism, cell differentia-
tion, calcium homeostasis, cell death, and oxidative phosphor-
ylation (Smith et al. 2012; Menna-Barreto and Castro 2014).
Unlike eukaryotic organisms that present several, if not thou-
sands, of mitochondria, trypanosomatids such as Leishmania
have a single organelle in their cytoplasm (Souza et al. 2009),
a fact that can favor the development of drugs acting on this
Leishmania organelle (Menna-Barreto and Castro 2014;
Antinarelli et al. 2015; Stroppa et al. 2017). The present study
used two probes, namely Rh123 and MitoTracker®, which are
considered to be AW -sensitive dyes, and results showed that
treatment with Flau-A interferes in the electrochemical poten-
tial gradient of the parasites’ mitochondrial membrane, by
reducing their AW . In addition, results revealed also an in-
crease in ROS production, indicating that it may well be re-
sponsible for mitochondrial dysfunction. During mitochondri-
al metabolism, ROS is formed by the incomplete reduction of
molecular oxygen (Forkink et al. 2010; Smith et al. 2012).
Cells can protect this molecule in physiological conditions;
however, oxidative stress can occur if ROS is produced in
large amounts, then contributing to mitochondrial dysfunction
and the parasite’s irreversible damage, culminating with cell
death.

In addition to its effect on parasite mitochondria, treatment
with Flau-A altered also the permeability of the plasma mem-
brane of L. amazonensis promastigotes. Using propidium io-
dide, a probe able to cross the membrane in nonintact cells, it



Parasitol Res (2018) 117:391-403

401

was observed that treatment with Flau-A affected the
Leishmania membrane, allowing them to cause the rupture
of the cell membrane. This fact was observed by both fluo-
rimetry and flow cytometry techniques, with the rupture of the
plasma membrane being usually considered as an event relat-
ed to cell necrosis (Proto et al. 2013).

On the other hand, when Annexin V-FITC was used, we
observed a low population of Annexin V-positive/propidium
iodide-negative cells (~7.0%), revealing a loss of membrane
asymmetry and exposure of phosphatidylserine residues at the
outer plasma membrane of the parasites. These cells cannot
necessarily indicate cell death due to treatment with Flau-A
but suggest this action in a parasite subpopulation, as de-
scribed by Santos et al. (2013), which showed that
stationary-phase promastigotes of Leishmania, in contrast to
the log-phase cells, present a subpopulation that exposes a
high frequency of Annexin-V-positive cells. Other studies
demonstrated also that Annexin-positive parasites can be re-
sult of a “apoptotic mimicry,” where Leishmania exposes
phosphatidylserine with the purpose to infect macrophages,
although this event seems to be usually found when the
amastigote forms are evaluated (Wanderley and Barcinski
2010; El-Hani et al. 2012).

In summary, our data showed that Flau-A presents an ef-
fective antileishmanial activity against two important
Leishmania species worldwide, besides a rapid in vitro effect
manifesting changes in membrane permeability, mitochondri-
al functionality, and parasite morphology. In addition, the abil-
ity of this molecule in reducing the infection in murine mac-
rophages, as well as its effectiveness in inhibiting the infection
of these cells, when pretreated parasites are used, demon-
strates that it could well be applied as a new candidate to treat
against tegumentary and visceral leishmaniasis in mammalian
hosts.
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