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New therapeutics are urgently needed to treat visceral leishmaniasis (VL). Due to the fact that drug discovery is a
long and expensive process, the development of delivery systems to carry old and toxic drugs could be consid-
ered, as well as the evaluation of new molecules that have already shown to present biological activity. In this
context, the present study evaluated the in vitro and in vivo antileishmanial activity of an 8-hydroxyquinoline
(8-HQN)-containing polymeric micelle (8-HQN/M) system against Leishmania infantum, the main causative
agent of VL in the Americas. The experimental strategy used was based on the evaluation of the parasite load
by a limiting-dilution technique in the spleen, liver, bone marrow and draining lymph nodes of the infected
and treated animals, as well as by a quantitative PCR (qPCR) technique to also assess the splenic parasite load.
The immune response developed was evaluated by the production of IFN-γ, IL-4, IL-10, IL-12 and GM-CSF cyto-
kines, as well as by antileishmanial nitrite dosage and antibodies production. Hepatic and renal enzymes were
also investigated to verify cellular injury as a result of treatments toxicity. In the results, 8-HQN/M-treated
mice, when compared to the other groups: saline, free amphotericin B (AmpB, as a drug control), 8-HQN and
B-8-HQN/M (as a micelle control) showed more significant reductions in their parasite burden in all evaluated
organs. These animals also showed an antileishmanial Th1 immunity, which was represented by high levels of
IFN-γ, IL-12, GM-CSF and nitrite, associated with a low production of IL-4 and IL-10 and anti-Leishmania IgG1
isotype antibodies. In addition, any hepatic or renal damage was found in these treated animals. In conclusion,
8-HQN/M was effective in treating L. infantum-infected BALB/c mice, and can be considered alone, or combined
with other drugs, as an alternative treatment for VL.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Visceral leishmaniasis (VL) is an important disease worldwide lead-
ing to nearly 50,000 deaths annually [1–3]. The disease has gained
greater importance in HIV co-infected patients as an opportunistic in-
fection in areas where both infections are endemic [4]. In Brazil, VL is
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caused by Leishmania infantum species, where dogs are the main do-
mestic reservoirs of the parasites and play an important role in the
transmission cycle between humans and sandflies [5,6]. Symptomatic
VL is characterized by clinical manifestations such as irregular fever,
weight loss, pallor, splenomegaly, pancytopenia and it also carries a
high risk of mortality in the absence of an adequate treatment [7,8].

Chemotherapy based on the administration of pentavalent antimo-
nials has been used to treat the disease [9]. Although these products
are considered effective [10], there are evidences that their efficacy de-
pends on the Leishmania species, geographic region, presence of resis-
tant strains, therapeutic schemes and other factors [11–13]. In
addition, the high incidence of side effects associated with toxicity in
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the liver, kidneys and spleen of thepatients contributes to limit their use
in clinical practice [14,15]. Other drugs have been also used to treat VL,
although they also present problems related to their side effects and/or
high cost [16]. Since thedrug discovery is a very long and expensive pro-
cess, an alternative way could be based on the development of technol-
ogies to improve the drugs delivery for treating this disease [17–19]. In
addition to reducing the toxicity of conventional drugs, these systems
can also diminish the number of doses administered to the patients,
due to a slower liberation of the therapeutics, aswell as exert a synergis-
tic effect with the pharmaceutics employed [20]. In this context, studies
for the development of polymericmicelle as delivery systems have been
developed, based on the physicochemical and immune stimulatory
properties of these products, which make them suitable to be used as
drug delivery [21].

8-hydroxyquinoline (8-HQN) and its derivates have been experi-
mentally evaluated in different studies as chemotherapeutic agents
[22,23], presenting antimicrobial activity [24,25] and associated in the
treatment of neurodegenerative diseases, such as Alzheimer's and
Parkinson's disease [26]. In leishmaniasis, previous studies have
shown that 8-HQN inhibited the growth of L. panamensis, L. tropica
and L. major promastigotes [27,28]. In addition, in a recent study devel-
oped by our group, the in vitro antileishmanial activity of 8-HQN against
stationary promastigotes and intra-macrophage amastigotes of L.
amazonensis, L. braziliensis and L. infantum species was shown, and it
was associated with a low toxicity in murine macrophages and in
human red cells [29].

In this context, the purpose of the present study was to evaluate an
8-HQN-containing polymeric micelle (8-HQN/M) system developed to
treat VL. BALB/c mice were infected with L. infantum stationary
promastigotes and the parasite load in different organs was evaluated
using the limiting dilution and quantitative PCR (qPCR) techniques. In
addition, the immune response developed in the infected and treated
animals was also assessed, determining the cytokine production by a
capture ELISA and by flow cytometry; aswell as investigating the nitrite
production and humoral response in these animals. In addition, the
treatments toxicity was evaluated by themeasurement of renal and he-
patic damage markers. Clinical symptoms and signals were also
assessed.

2. Materials and METHODS

2.1. Preparation of the 8-HQN-incorporated polymeric micelle and AmpB

The 8-HQN-containing polymeric micelle system was prepared as
described [30]. Briefly, P407 poloxamer (18% w/w) was diluted in a
phosphate buffer pH 7.4 (PBS 1×) under moderate magnetic agitation
for 18 h at 4 °C. Then, 8 mg of 8-HQN (ACS reagent 99%, catalog
252565, Sigma-Aldrich, St. Louis, MO, USA) were added to a new tube
containing 500 μL of dichloromethane PA, and solubilized using vortex.
The solution was immediately added to the prepared P407 poloxamer,
under vigorous magnetic agitation and in an ice bath, until a viscous
emulsionwas obtained. The dichloromethanewas evaporated by rotary
evaporation (Buchi, Flawil, Switzerland), and the final concentration of
the formulation (8 mg/mL) was adjusted using purified water. This
product is a transparent yellow gel, at room temperature. Emptymicelle
(18%w/w) were prepared using the same protocol, but without adding
8-HQN. All products were maintained at room temperature, until their
use. Free AmpB (1mg; Cristália, São Paulo, São Paulo, Brazil) was resus-
pended in 2 mL of a methanol/DMSO (9:1 v/v) solution, and this prep-
aration was maintained at−80 °C, until use.

2.2. Animals

This study was approved by the Committee on the Ethical Handling
of Research Animals (CEUA) from UFMG, Belo Horizonte, Minas Gerais,
Brazil, with the protocol number 182/2012. Female BALB/c mice
(8 weeks age) were obtained from the breeding facilities of the Depart-
ment of Biochemistry and Immunology, Institute of Biological Sciences
(ICB), Federal University ofMinas Gerais (UFMG); andweremaintained
under specific pathogen-free conditions.

2.3. Parasites

L. infantum (MHOM/BR/1970/BH46) strain was used. Parasites were
grown in complete Schneider's medium (Sigma-Aldrich), which was
composed by Schneider's medium plus 20% heat-inactivated fetal bo-
vine serum (FBS, Sigma-Aldrich), 20mML-glutamine, 200U/mLpenicil-
lin, 100 μg/mL streptomycin and 50 μg/mL gentamicin, pH 7.4 at 24 °C.
The soluble L. infantum antigenic (SLA) extract was prepared as de-
scribed previously [31]. The amastigote-like forms were prepared fol-
lowing a technical protocol described by [32] and modified by [33].
Briefly, 1 × 109 stationary-phase promastigotes were washed in sterile
PBS 1×. Then, parasites were incubated in the presence of 5 mL of FBS,
for 48 h at 37 °C. After, they were washed two times in sterile PBS 1×
and visualized in an optical light microscopy. The cellular density was
estimated by counting in a Neubauer chamber, and their morphology
was evaluated after staining by Giemsa [34].

2.4. In vitro antileishmanial activity

The inhibition of the Leishmania growthwas assessed in vitro by cul-
tivating L. infantum stationary promastigotes (1 × 106 cells) in the pres-
ence of serial dilutions of 8-HQN/M or B-8-HQN/M (700, 350, 175, 87.5,
43.75, 21.88, 10.93, 5.47, 2.74, 1.37 and 0.68 μM) in 96-well culture
plates (Nunc, Nunclon®, Roskilde, Denmark), for 48 h at 24 °C. AmpB
(10.8, 5.4, 2.7, 1.35, 0.68, 0.34, 0.17, 0.08 and 0.04 μM) was used as con-
trol. Cell viability was assessed by MTT method, according previously
described [34]. The 50% inhibitory concentration (IC50) of the com-
pounds was determined by applying the sigmoidal regression of the
concentration-response curves. Data shown are representative of
three different experiments, performed in triplicate, which presented
similar results.

2.5. Cytotoxicity assay

The cytotoxicity was evaluated in murine macrophages and in
human red cells. For this, murine macrophages were collected from
the peritoneal cavities of BALB/c mice elicited with 3 mL of
thioglycolate, which was administered five days before the experi-
ments. Then, cells (5 × 105 per well) were incubated in the presence
of serial dilutions of 8-HQN/M or B-8-HQN/M (700, 350, 175, 87.5,
43.75, 21.88, 10.93, 5.47, 2.74, 1.37 and 0.68 μM) in 96-well plates
(Nunc), for 48 h at 37 °C. The inhibition of 50% of themacrophage viabil-
ity (CC50)was assessed by cleavage of 2mg/mL ofMTT. AmpB (10.8, 5.4,
2.7, 1.35, 0.68, 0.34, 0.17, 0.08 and 0.04 μM)was used as control. The se-
lectivity index (SI) was determined by calculating the ratio between the
CC50 and IC50 values. The hemolytic activity was investigated by incu-
bating serial dilutions of 8-HQN/M or B-8-HQN/M (700, 350, 175, 87.5,
43.75, 21.88, 10.93, 5.47, 2.74, 1.37 and 0.68 μM) with a 5% human red
blood cell suspension, for 1 h at 37 °C, according a technical protocol de-
scribed [34]. The compounds concentration needed to cause 50% of he-
molysis in human red cells (RBC50) was determined by applying a
sigmoidal regression using the concentration-response curves. Data
shown are representative of three independent experiments, per-
formed in triplicate, which presented similar results.

2.6. In vivo infection and treatment

BALB/c mice (n= 12 per group) were subcutaneously infected into
the right hind footpad with 1 × 107 stationary promastigotes of L.
infantum. Forty-five days after infection, animals were treated daily,
from day 0 to day 15 after the first administration of the dose, by
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subcutaneous injections into their left hind footpad, as described: (a)
control group: mice received PBS 1×; (b) Amphotericin B (AmpB)
group: mice received 20 μg of free AmpB (equal to 1 mg/Kg body
weight); (c) 8-HQN group: mice received 100 μg of free 8-HQN (equal
to 5 mg/Kg body weight); (d) empty micelle group (B-8-HQN/M):
mice received 100 μg of micelle (equal to 5 mg/Kg body weight); (e)
8-HQN micelle group (8-HQN/M): mice received 100 μg of 8-HQN/M
(equal to 5 mg/Kg body weight). The concentrations of free AmpB,
free 8-HQN, 8-HQN/M and B-8-HQN/M used to treat the animals were
obtained after a previous dose-response experiment, in which themax-
imum concentrations of the compounds able to effectively treat the in-
fected animals, without causing toxic effects, were defined (data not
shown). One-day after the end of treatments, animals were euthanized
and the parasite load in the spleen, liver, bone marrow (BM) and
draining lymph nodes (dLN) were evaluated by limiting dilution and
qPCR (only spleen) techniques. Data shown in this study are represen-
tative of two independent experiments, which presented similar
results.

2.7. In vivo toxicity

Serum samples of the infected and treated animals were collected
one-day after the end of treatments, in order to perform the biochemical
analysis. For this, the hepatic function was analyzed by dosage of aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT),
whereas the nephrotoxicity was evaluated by examining the levels of
blood urea nitrogen and serum creatinine. All biochemical assays were
performed using commercial kits (Labtest Diagnostica®, Belo
Horizonte, Minas Gerais, Brazil), according to manufacturer's instruc-
tions. In addition, the individual animal weights were measured before,
during and after the treatments, and results obtained in the treated
groups were compared to those derived from the control, to evaluate
the drugs toxicity.

2.8. Parasite burden

2.8.1. Limiting dilution technique
A limiting-dilution technique developed by [35] and modified by

[36] was used. For this, spleen, liver, BM and dLN were collected,
weighed and homogenized using a glass tissue grinder in sterile saline.
Log-fold serial dilutions were performed in Schneider's mediumwith a
10−1 to 10−12 dilution, and each sample was plated in triplicate and
read 7 days after the beginning of the culture at 24 °C. Results were
expressed as the negative log of the titer (i.e., the dilution corresponding
to the last positive well), which was adjusted per milligram of organ.

2.8.2. qPCR analysis
The parasite load in the spleen of the infected and treated animals

was also evaluated by a qPCR technique. For this, spleen DNA was ex-
tracted using a phenol-chloroform method [37], and it was amplified
using the forward (CCTATTTTACACCAACCCCCAGT) and reverse
(GGGTAGGGGCGTTCTGCGAAA) oligonucleotides. The technical proce-
dure was developed on StepOne™ Instrument (48 wells-plate; Life
Technologies) using 2× SYBR® Green PCR Master Mix (5 μL; Applied
Biosystems), with 2 mM of each primer (1 μL) and 4 μL of DNA (5 ng/
μL). The sampleswere incubated at 95 °C for 10min, and then submitted
to 40 cycles of 95 °C for 15 s and 60 °C for 1 min, and during each time,
fluorescence data were collected. Results were converted into number
of parasites per nucleated cells (multiplied by one thousand to facilitate
the analysis of results).

2.9. Evaluation of the immune response

2.9.1. Capture ELISA
The cytokine profile was evaluated in the splenocytes of the infected

and treated animals, one-day after the end of treatments, as described
[38]. For this, cell suspensions (5 x 106) were plated in 24-well plates
(Nunc) and incubated in complete DMEM (unstimulated, background
control), which was composed by DMEM plus 20% FBS, 20 mM L-gluta-
mine, 100 U/mL penicillin, 50 μg/mL streptomycin, and 25 μg/mL genta-
micin, at a pH7.4, or stimulatedwith L. infantum SLA (20 μg/mL) for 48 h
at 37 °C in 5% CO2. IFN-γ, IL-4, IL-10, IL-12p70 and GM-CSF levels were
assessed in the culture supernatants by a sandwich ELISA provided in
commercial kits (BD OptEIA TM set mouse, Pharmingen, San Diego,
CA, USA), following the manufacturer's instructions.

2.9.2. Flow cytometry
IFN-γ, TNF-α and IL-10 cytokines were evaluated in the spleen cells

of the infected and animals using a flow cytometry assay. For this,
splenocytes were incubated in the presence of 1 mL of complete RPMI
1640 medium in polypropylene tubes (Pharmingen). Cells were non-
stimulated (background control) or stimulated with L. infantum SLA
(20 μg/mL). Then, they were incubated with phorbol myristate acetate
(PMA, 25 ng/mL) or ionomycin (1 μg/mL), diluted in complete RPMI
1640 medium and cultures were incubated for 48 h at 37 °C in 5% CO2.
After, the technical protocol was developed according previously de-
scribed [39]. The frequency of CD4+ and CD8+ T cells, as well as the ex-
pression of intracytoplasmic cytokines were determined following an
analysis based on their relative flow cytometry size (forward laser scat-
ter – FSC) and granularity (side laser scatter – SSC) graphs. After the se-
lection of the interest region R1 containing FSCLow and SSCLow

phenotype cells, graphs of density plot distribution of CD4/FL1 or CD8/
FL1 versus IFN-γ/FL2, TNF-α/FL2, or IL-10/FL2were performed to deter-
mine the percentage of IFN-γ+, TNF-α+, and IL-10+ T cells in the cul-
tured splenocytes. Results were expressed as indexes, which were
determined by the ratio between the percentage of CD4+ and CD8+ T
cells in the parasite-stimulated cultures, by the values obtained using
the unstimulated cultures (SLA/CC ratio).

2.10. Nitrite production and humoral response

The nitrite production was evaluated in the culture supernatants
thatwere used to quantify the cytokines, byGriessmethod [40]. The hu-
moral response was evaluated by determining the antileishmanial IgG1
and IgG2a isotype antibodies levels, as described [41]. Briefly, L.
infantum SLA was used as an antigen (1.0 μg per well) and serum sam-
ples were diluted at 1:100 in PBS-T (PBS 1× plus Tween-20 0.05%). The
anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated anti-
bodies (Sigma-Aldrich) were used both 1:10,000 diluted in PBS-T, and
reactions were developed through incubation with 2 mg orto-
phenylenediamine, 2 μL H2O2 30 vol. and 10mL citrate-phosphate buff-
er pH 5.0, for 30 min in the dark; when they were stopped by adding
25 μL H2SO4 2 N. The optical density was read in an ELISA microplate
spectrophotometer at 492 nm.

2.11. Statistical analysis

In the statistical assays, the one-sample Kolmogorov-Smirnoff test
was used to determine whether a variable was normally distributed,
and the data showed a Gaussian distribution. Thus, the one-way analy-
sis of variance (ANOVA) followed by Bonferroni's post-test were used
for comparisons between groups. Results are showed as mean ± stan-
dard deviation of the experimental groups. Differenceswere considered
significant when P b 0.05.

3. Results

3.1. In vitro antileishmanial activity and cytotoxicity

Initially, the products in vitro antileishmanial activity was evaluated
against the stationary promastigotes and amastigotes-like stages of L.
infantum. In the results, the IC50 values of 8-HQN/M, B-8-HQN/M and
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free AmpB for the promastigotes were of 1.8 ± 0.02, 29.0 ± 0.7 and
1.19 ± 0.04 μM, respectively, whereas the values for the amastigotes-
like were of 2.1 ± 0.1, 34.4 ± 2.2 and 1.4 ± 0.3 μM, respectively. The
CC50 values of 8-HQN/M, B-8-HQN/Mand free AmpB indicating cytotox-
icity inmurinemacrophageswere of 126.0± 3.5, 217.0± 3.4 and 9.5±
0.4 μM, respectively, whereas the SI calculated for each product was
70.0, 7.5 and 8.0, respectively, demonstrating that 8-HQN/M was the
one that showed the highest SI value and, consequently, is safer to be
used in mammalian hosts. As an additional toxicity parameter, the
RBC50 values for 8-HQN/M, B-8-HQN/M and free AmpB indicating he-
molytic activity in human red cells were of 4.1 ± 0.2, 2.9 ± 0.05 and
0.01 ± 0.003 μM, respectively.
3.2. Evaluation of the in vivo toxicity

Treatments using free AmpB, free 8-HQN, 8-HQN/M or B-8-HQN/
M were performed in the L. infantum-infected BALB/c mice. One-day
after the end of the therapeutic regimens (60 days after beginning of
experiments), serum samples of the animals were collected and he-
patic and renal damage markers were evaluated. In the results, the
animals of the AmpB group were the only ones presenting statistical-
ly significant increase in their levels of urea, creatinine, ALT, AST
compared to the control groups treated with saline and empty mi-
celle (B-8-HQN/M). The 8-HQN/M group presented the lowest levels
of all measured enzymes (Fig. 1). Clinical symptoms such as ataxia,
body weight loss and weakness were observed mainly in the saline
(8 of 12 animals) and free AmpB (all animals) groups, since these
animals showed negative variations of 8% and 15%, respectively, in
their body weight, possibly reflecting the disease evolution and/or
drug toxicity. On the other hand, animals treated with 8-HQN/M
showed a positive variation in their body weight, reaching a maxi-
mum of 4% compared with the beginning of the treatment. Mice
that received free 8-HQN or B-8-HQN/M presented a negative varia-
tion in their body weight of 5% and 3%, respectively. In this context,
the treatment using 8-HQN/M did not promote any renal or hepatic
damage, and no clinical alteration was detected in these treated
animals.
Fig. 1. Evaluation of the in vivo toxicity. BALB/c mice were subcutaneously infected into the righ
after infection, animals were divided into groups (n = 12, per group) and treated daily, during
HQN, free AmpB, 8-HQN/M or B-8-HQN/M. One-day after the end of treatments, blood samples
aminotransferase (ALT) were evaluated. Bars represent the mean plus standard deviation of th
relation to the saline, free AmpB, 8-HQN and B-8-HQN/M groups, respectively. Experiments w
3.3. In vivo treatment of L. Infantum-infected BALB/c mice

Mice were infected with L. infantum stationary promastigotes and,
45 days after challenge, when the animals presented a chronic infection
[42], they were treated during 15 days with free AmpB, 8-HQN, 8-HQN/
M or B-8-HQN/M. A previous kinetic studywas performed to determine
the most appropriated therapeutic schedule to be used in the infected
animals (data not shown). Then, animals were treated once daily re-
ceiving subcutaneous injections with the different therapeutics and,
one-day after the end of the treatments, they were euthanized and the
parasite burden in the liver, spleen, BM and dLN was investigated by
limiting dilution and qPCR (only spleen) techniques. Evaluating the lim-
iting dilution results, the treatments using free AmpB, 8-HQN and 8-
HQN/M were all effective in reducing the parasite load in the animals,
when compared to the results found for the B-8-HQN/M and saline
groups (Fig. 2). The 8-HQN/M group showed a more effective reduction
in the animals parasite load, since themost significant parasitism reduc-
tions were found in the liver (1.2- and 1.5-log reductions), spleen (1.4-
and 1.7-log reductions), dLN (3.0- and 2.2-log reductions) and BM (1.9-
and 1.4-log reductions), when compared to the free AmpB and 8-HQN
groups, respectively. These results were also found when the splenic
parasite load was evaluated by qPCR technique (Fig. 3).

3.4. Immune response generated in the infected and treated animals

To investigate the cytokine profile generated in the infected and
treated animals, the IFN-γ, IL-4, IL-10, IL-12 and GM-CSF levels were
measured in the supernatants of spleen cells cultured in vitro and stim-
ulated with parasite antigens, during 48 h at 37 °C in 5% CO2. This incu-
bation time was based on previous technical protocols performed by
our group, when therapeutics or vaccine candidates against leishmani-
asis were studied [34,36,38]. As shown in Fig. 4, spleen cells from mice
treated with 8-HQN/M were those that produced significantly higher
levels of IFN-γ, IL-12 andGM-CSF than those produced by animals treat-
edwith free AmpB, 8-HQN or B-8-HQN/M; suggesting the development
of a more polarized Th1 immunity in these animals. In addition, free
AmpB and 8-HQN-treated mice also showed a higher production of
these cytokines, when compared to the saline and B-8-HQN/M groups.
t hind footpad with 1 × 107 stationary-phase promastigotes of L. infantum. Forty-five days
15 days, once a day with subcutaneous injections in their left hind footpad using saline, 8-
were collected and levels of urea, creatinine, aspartate aminotransferase (AST) and alanine
e groups. The letters a, b, c and e indicate statistically significant differences (P b 0.05) in
ere repeated once and presented similar results.



Fig. 2. Parasite burden in the infected and treated animals. BALB/c mice were subcutaneously infected into the right hind footpad with 1 × 107 stationary-phase promastigotes of L.
infantum. Forty-five days after infection, animals were divided into groups (n = 12, per group) and treated daily, during 15 days, once a day with subcutaneous injections in their left
hind footpad using saline, 8-HQN, free AmpB, 8-HQN/M or B-8-HQN/M. One-day after the end of treatments, animals were euthanized and the parasite load was evaluated in the
spleen, liver, bone marrow (BM) and draining lymph nodes (dLN), by a limiting dilution assay. Bars represent the mean plus standard deviation of the groups. The letters a, b, c and e
indicate statistically significant differences (P b 0.05) in relation to the saline, free AmpB, 8-HQN and B-8-HQN/M groups, respectively. Experiments were repeated once and presented
similar results.
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On the other hand, IL-4 and IL-10 levels were significantly higher in the
saline, freeAmpB and B-8-HQN/Mgroups; although animals from saline
group presented the highest levels of these cytokines. In addition, free
8-HQN-treated animals also showed high levels of IL-4 and IL-10,
when compared to the treatment using 8-HQN/M. To characterize the
effect of the treatments in the phenotypic profile and cytokine produc-
tion in the spleen cells stimulated with SLA, a flow cytometry analysis
was performed. In the results, the T cells phenotypic profile showed
that 8-HQN/M lead to an increase in the IFN-γ production by both T
cells subtypes, being represented by populations of IFN-γ-producing
CD4+ and CD8+ T cells (Fig. 5). On the other hand, these animals
Fig. 3. Splenic parasite burden evaluated by a quantitative PCR (qPCR). BALB/c mice were
subcutaneously infected into the right hind footpadwith 1 × 107 stationary promastigotes
of L. infantum. Forty-five days after infection, animals were divided into groups (n = 12,
per group) and treated daily, during 15 days, once a day with subcutaneous injections of
saline, 8-HQN, free AmpB, 8-HQN/M or B-8-HQN/M. One-day after the end of
treatments, animals were euthanized and the parasite load was also evaluated in their
spleen by a qPCR assay. Results are expressed by the number of parasites per 1000
nucleated cells of the host. Bars represent the mean plus standard deviation of the
groups. The letters a, b, c and e indicate statistically significant differences (P b 0.05) in
relation to the saline, free AmpB, 8-HQN and B-8-HQN/M groups, respectively.
Experiments were repeated once and presented similar results.
showed lower levels of IL-10-producing T cells, when compared to the
values found for the other groups. In addition, a significant increase of
CD4+ and CD8+ T cell indexes (stimulated cell/non-stimulated cell)
producing IFN-γ and TNF-α, associated with a low production of IL-
10, were found in the 8-HQN/M group (Fig. 6).

Nitrite levels were evaluated as indicators of NO production. In the
results, the treatments using free AmpB, 8-HQN and 8-HQN/M induced
a high nitrite production, when compared to the saline and B-8-HQN/M
groups; however, the highest levels of this molecule were found in the
8-HQN/M-treated mice (Fig. 7), since spleen cells of the saline, free
AmpB, 8-HQN, 8-HQN/M and B-8-HQN/M groups showed anti-Leish-
mania nitrite values of 0.75 ± 0.13, 1.45 ± 0.22, 4.73 ± 0.51, 8.31 ±
0.83 and 1.92 ± 0.38 μM, respectively. When the humoral response in
Fig. 4. Immune response in the infected and treated animals. Single cells suspensionswere
obtained from the spleen of infected animals, one-day after the end of treatments, and
cells were unstimulated (medium, background control) or stimulated with L. infantum
SLA (20 μg/mL), for 48 h at 37 °C in 5% CO2. IFN-γ, IL-12, IL-4, IL-10 and GM-CSF levels
were measured in culture supernatants by capture ELISA. Bars represent the mean plus
standard deviation of the groups. The letters a, b, c, d and e indicate statistically
significant differences (P b 0.05) in relation to the saline, free AmpB, 8-HQN, 8-HQN/M
and B-8-HQN/M groups, respectively. Experiments were repeated once and presented
similar results.



Fig. 5. Intracytoplasmic cytokine indexes in splenocytes after in vitro stimulation with Leishmania infantum soluble antigens. Cytokine indexes were calculated as the ratio between the
cytokine+ cells observed in SLA-stimulated cultures divided by the control culture (SLA/CC ratio) in mice that received saline (control group = white rectangle), or that were treated
with Amphotericin B (AmpB = light grey rectangle), 8-HQN (medium grey rectangle), 8-HQN/M (light dark grey rectangle) or B-8-HQN/M (dark grey rectangle). The results are
reported as cytokine indexes (SLA/CC ratio) in CD4+ (A, B and C) or CD8+ (D, E and F) T cells, and are expressed as mean values of cytokine indexes plus standard deviation of the
groups. The letters a and e indicate statistically significant differences (P b 0.05) in relation to the saline and B-8-HQN/M groups, respectively. Experiments were repeated once and
presented similar results.

Fig. 6. Intracytoplasmic cytokine-producing CD4+ and CD8+ T cells indexes of splenocytes after in vitro stimulationwith a soluble L. infantum antigenic extract. Indexes of CD4+ and CD8+

T cells producing intracytoplasmic cytokines were calculated as the ratio between the CD4+ and CD8+ T cells observed in SLA-stimulated cultures divided by the control culture (SLA/CC
ratio) inmice that received saline (control group=white rectangle), or thatwere treatedwith Amphotericin B (AmpB= light grey rectangle), 8-HQN(mediumgrey rectangle), 8-HQN/M
(light dark grey rectangle) or B-8-HQN/M (dark grey rectangle). The results are reported as T cell indexes (SLA/CC ratio) of CD4+ (A) or CD8+ (B) T cells, and are expressed asmean values
of T cells indexes plus standard deviation of the groups. The letters a and e indicate statistically significant differences (P b 0.05) in relation to the saline and B-8-HQN/M groups,
respectively. Experiments were repeated once and presented similar results.
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Fig. 7. Nitrite production. Single cells suspensions were obtained from the spleen of
infected animals, one-day after the end of the treatments, and cells were unstimulated
(medium, background control) or stimulated with L. infantum SLA (20 μg/mL), for 48 h
at 37 °C in 5% CO2. The presence of nitrite in the supernatants was analyzed by the
Griess method. Bars represent the mean plus standard deviation of the groups. The
letters a, b, c and e indicate statistically significant differences (P b 0.05) in relation to
the saline, free AmpB, 8-HQN and B-8-HQN/M groups, respectively. Experiments were
repeated once and presented similar results.
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the infected and treated animals was evaluated, the treatment using 8-
HQN/M induced higher levels of anti-Leishmania IgG2a isotype antibod-
ies, when compared to the IgG1 levels, aswell as a higher ratio between
these isotypes, in comparison to the results obtained in the other groups
(Fig. 8). Animals from the saline and B-8-HQN groups presented a pre-
dominance of antileishmanial IgG1 antibodies, whereas free AmpB-
treated animals presented similar IgG1 and IgG2a isotypes levels.

4. Discussion

The treatment of VL has been considered unsatisfactory, since the
available treatments are accompanied by the occurrence of side effects
such as electrocardiographic alterations, ventricular tachyarrhythmias,
laboratory abnormalities, nephrotoxicity and bonemarrow suppression
[13,43]. AmpBhas been considered an effective drug against Leishmania,
but it is also toxic for patients. Lipid-based formulations such as
Ambisome®, AmphocilH® and Abelcet® have been developed and, de-
spite improvements in the AmpB therapeutic index, their use still re-
mains limited, mainly due to their high cost [44,45]. In this context,
the search for new antileishmanial drugs continues, as well as the
search to obtain new delivery systems to carry them, presenting no
toxic effects and low cost of formulations [44,46–49]. In this context, co-
polymers composed by hydrophilic and hydrophobic polymers have
been developed [50]. These molecules present a size ranging from 10
to 100 nm and a high structural stability provided by the entanglement
of polymer chains in the inner core. Amphiphilic block copolymers
consisting of hydrophilic and hydrophobic segments have attracted at-
tention because of their unique phase in aqueous media [51]. In
Fig. 8.Humoral response in the infected and treated animals. Serum samples were obtained fro
levels of anti-Leishmania IgG1 and IgG2a isotypes antibodieswere determined and are shown. B
statistically significant differences (P b 0.05) in relation to the saline, free AmpB and B-8-HQN/
particular, poloxamer 407 (P407; Pluronic® F127, BASF, Germany), a
thermoreversible copolymer with an amphiphilic nature consisting of
a central hydrophobic block of polypropylene oxide (PPO) flanked by
hydrophilic polyethylene blocks (PEG–PPO–PEG), has gained interest
and presented effective results in the design of dermal, subcutaneous
and transdermal delivery systems [52].

These poloxamers have been applied for a broad range in the bio-
medical and pharmaceutical industries [53]. The ease of production, sta-
bility at 4 °C and room temperature and the low cost of formulations are
attractive conditions for their use [54]. For instance, experimental stud-
ies using Pluronic®-based polymeric micelle as anti-cancer agents [55–
57] and antileishmanial compounds [50] have been performed. Recent-
ly, a poloxamer 407-based paramomycin-containing micelle nanogel
system was developed and its in vivo tolerance was assayed by
transepidermal water loss and by ex vivo cytotoxicity in RAW and
VERO cells; besides of its antileishmanial activity against Leishmania
promastigotes. In the results, the authors showed that this product pre-
sented negligible toxicity and an effective antileishmanial activity
against L. major and L. infantum promastigotes. They concluded that
the formulation provided a controlled, effective and safe delivery of
paramomycin for the animals [57]. In the present study, a molecule
that was experimentally shown by our group to present an in vitro
antileishmanial activity against L. infantum amastigotes and
promastigotes [29], was used to construct a micelle system and this
product was evaluated in the treatment of murine VL. To the best of
our knowledge, this is the first time that a poloxamer 407-based system
for 8-HQN delivery has been developed to treat against VL.

Mice are considered a known model for studies involving experi-
mental chemotherapy, and there are many susceptible lineages for
leishmaniasis [58]. Initially, studies are developed to evaluate the com-
pounds in vitro antileishmanial activity [29,59] and, after confirming
their biological effectiveness, in vivo studies inmurinemodels are devel-
oped to evaluate their therapeutic efficacy for the treatment of the dis-
ease [60–62]. In our study, BALB/c mice were infected with 1 × 107 L.
infantum stationary promastigotes and, 45 days after, they were treated
by subcutaneous injections with different therapeutic regimens, during
15 days. After this time (60 days after the beginning of infection), ani-
mals were euthanized and parasitological and immunological parame-
ters were evaluated by collecting serum samples and organs of the
animals. We have chosen to evaluate these parameters one-day after
the end of the treatments, since this mouse lineage, when infected by
L. infantum, usually tends to present a hepatic parasite load peak be-
tween 20 and 30 days after infection, and between 45 and 60 days in
the spleen and BM, when the parasite load tends to diminish and para-
sites are usually eliminated by the animals immune system [40,63–65].

In VL, the development of a Th1 immune response is relatedwith the
protection against infection [65,66]. In this context, therapeutics induc-
ing the development of a Th1 response, based on high levels of IFN-γ
that will activate infected macrophages to kill the internalized parasites
via NO production, could contribute more effectively to eliminate
m infected and treatedmice (n= 12, per group), one-day after the end of treatments. The
ars represent themean plus standard deviation of the groups. The letters a, b and e indicate
M groups, respectively. Experiments were repeated once and presented similar results.
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Leishmania. However, other studies have shown that antileishmanial
compounds are not able to induce the nitrite production, nor iNOS ex-
pression, suggesting that the leishmanicidal activity observed may be
due to a mechanism different than the NO production by the infected
macrophages. Valadares et al. [34] showed that the Agaricus blazei
Murill mushroom was unable to induce the NO production by these
phagocytic cells. Tempone et al. [67] showed that a snake venom pre-
sented an effective leishmanicidal activity butwithout inducingNOpro-
duction. According to this data, it can be speculated that therapeutics
can act either stimulating the parasitized cells to kill the parasites or
by other mechanisms than NO production, such as the transposition of
the macrophages membranes to reach the internalized parasites
through a direct effect of these products [68].

In our study, the treatment using 8-HQN/M induced high levels of
IFN-γ, IL-12 and GM-CSF in the spleen cells in vitro stimulatedwith par-
asite antigens, which were associated with a low production of IL-4 and
IL-10, demonstrating the development of a polarized and
antileishmanial Th1 immunity in these treatedmice. These animals pre-
sented the lowest levels of parasitism in different organs, when two dis-
tinct technical procedures were adopted. Although significant
reductions in the parasite load have been found in the animals that
were treated with free AmpB or 8-HQN, when compared to the saline
and B-8-HQN/M groups, the most significant reduction of the parasite
load was obtained in the 8-HQN/M group permitting, at least to infer,
the occurrence of an association between the Th1 immune response
and the reduction of infection in these animals.

AmpB was used as a drug control in the present study. The selective
activity of this product against different Leishmania species is due to its
higher affinity for 24-substituted sterols such as ergosterol and
episterol, which are abundant in the plasmamembrane of these eukary-
otic microorganisms, in comparison to the cholesterol found in the
membrane of mammalian cells [69,70]. In our study, significant al-
terations in hepatocyte-associated serum enzymes, combined with
significant increases in the levels of AST and ALT, were found in the
animals that were treated with this drug. Also, results showed that
blood urea nitrogen and creatinine were increased in the free
AmpB-treated mice. In contrast, in the 8-HQN/M-treated mice, no
enzymatic alteration was found. Therefore, it can be concluded
that, although the free AmpB has reduced the parasitism in the in-
fected animals, it was toxic to them. Also, although this drug has
been used as a control, the application of a delivery system control
should be considered, such as Ambisome®, aiming to compare not
only the efficacy and/or the toxicity of the free drug, but also the in-
volvement of the delivery system used to treat the animals. As a con-
sequence, the absence of this delivery control could be considered as
a limitation of the present study.

8-hydroxyquinolines are heterocyclic compounds characterized by a
moderate metal-binding affinity. The interest in this molecule and its
derivates has grown exponentially in the last two decades, as they are
privileged structures for the design of new drug candidates that exert
a range of biological effects on different targets [71]. The experimental
studies involving 8-HQN such as neuroprotection, anticancer, antibacte-
rial and antifungal activities have been further promoted by the syn-
thetic versatility of 8-HQN, which allows the generation of a large
number of derivatives. The mechanism of action of this molecule has
been based on its interaction with metal ions. On the complexation
with copper, iron salts or cellular copper, 8-HQN inhibits the in vitro
proliferation of cancer cells and in vivo tumor growth [71]. In the pres-
ent study, when this molecule was associated with a delivery system
based on polymeric micelle, the formulation was highly effective in
treating against the disease, and a Th1 immune response was found in
the treated animals. This response could be a direct effect of the treat-
ment or an indirect action of the immune system, since when reducing
the parasite load, the susceptibility profile could be diminished and the
immune system of the animals could be activated to guarantee the de-
velopment of a protective immunity.
Certainly, other therapeutic regimens based on the reduction in the
number of doses or including other antileishmanial compounds could
be considered. Nevertheless, we believe that the present model can be
considered adequate, since thismicelle formulation is cheap to produce,
presents a good stability and can be administered into mammalian
hosts by a subcutaneous route, whereas the other drugs are usually ad-
ministered by intravenous or intramuscular injections and the treat-
ment regimens take a long time.

5. Conclusion

Taking results together, after immunological and parasitological
analysis, we conclude that the 8-HQN/M composition is highly effective
in treating L. infantum-infected BALB/c mice, and can be considered
alone, or combinedwith other drugs, as an alternative treatment for VL.
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