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Abstract

Clinically available drugs for mucocutaneous and cutaneous leishmaniases (CL) include mainly pentavalent antimony
(Sb(V)) complexes, liposomal amphotericin B, and miltefosine (HePC). However, they present at least one of the
following limitations: long-term parenteral administration through repeated doses, severe side effects, drug resistance,
and high cost. HePC is the only oral drug available, but the appearance of resistance has resulted in changes of its
use from monotherapy to combination therapy. Amphiphilic Sb(V) complexes, such as SbL8 obtained from reaction
of Sb(V) with N-octanoyl-N-methylglucamide, were recently found to be orally active against experimental CL. The
property of SbL8 to self-assemble in aqueous solution, forming nanostructures, led us to investigate the incorporation
of HePC into SbL8 nanoassemblies and the therapeutic efficacy of SbL8/HePC nanoformulation by oral route in a
murine model of CL. HePC incorporation into the SbL8 nanosystem was evidenced by using a fluorescent analog of
HePC. The antileishmanial activity of SbL8/HePC nanoassemblies was evaluated after daily oral administration for
30 days in Leishmania amazonensis-infected BALB/c mice, in comparison with monotherapies (SbL8 or HePC) and
saline control. All the treatments resulted in significant reduction in the lesion size growth, when compared with
control. Strikingly, only SbL8/HePC nanoassemblies promoted a significant decrease of the parasite burden in the
lesion. This work establishes the therapeutic benefit of SbL8/HePC association by oral route in a CL model and
constitutes an important step towards the development of new orally active drug combination.
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Introduction

Leishmaniasis is a parasitic disease caused by protozoa of the
genus Leishmania and according to the World Health
Organization (WHO) is among the six diseases of greatest impact
in developing countries (WHO 2010). There are three main
forms of leishmaniasis: the visceral leishmaniasis (VL), where
some vital organs such as the liver and spleen are affected; the
cutaneous leishmaniasis (CL), the most common form that can
be divided into localized, disseminated, and diffused forms; and
the mucocutaneous form (ML) (WHO 2019). Clinical manifes-
tation depends on the host cell-mediated immune response and
the specific protozoa and vector species.

Chemotherapy is essential to control leishmaniasis, as there
is no vaccine approved for human use (Duarte et al. 2016;
Thomaz-Soccol et al. 2018). Pentavalent antimony (Sb(V))
complexes, despite their use for more than 60 years, still con-
tinue as first-choice drugs in several developing countries for
treatment of all forms of leishmaniasis. These include sodium
stibogluconate (Pentostam®) and meglumine antimoniate
(Glucantime®). However, the use of antimonials is limited
by the need for parenteral administration through repeated
doses and long period of time, their side effects, and drug
resistance (Frézard et al. 2009). Liposomal amphotericin B
(AmBisome®) has been introduced more recently with good
clinical results (Wortmann et al. 2010). But this drug also
presents drawbacks such as toxicities, parenteral administra-
tion, high cost, and low stability at room temperature. In this
context, much effort has been devoted to the discovery of new
antileishmanial agents or therapeutic strategies, preferentially
oral treatment to improve patient compliance in developing
countries.

Miltefosine (HePC) is the only oral drug available for the
treatment of VL and ML. However, the appearance of resis-
tance led to change its use from monotherapy to combination
therapy (Sundar et al. 2011; Freitas-Junior et al. 2012;
Srivastava et al. 2017; Hendrickx et al. 2017). Potential ad-
vantages of combination therapy include the reduction of
dose, treatment duration, and side effects. The combination
of HePC with antimonial drugs was poorly explored despite
the report of in vitro additive to mildly synergistic actions of
both drugs against a standard Leishmania strain (Seifert and
Croft 2006). The combined use of HePC and antimonials is
also supported by the observation that Leishmania strains se-
lected for resistance to Sb did not show cross-resistance to
HePC (Sereno et al. 2001; Hadighi et al. 2007; do Monte-
Neto et al. 2011).

Amphiphilic Sb(V) complexes were recently identified by
our group as an effective oral drug delivery strategy for pen-
tavalent antimonials (Fernandes et al. 2013). One of these
complexes, named SbL8, was obtained through reaction of
non-ionic surfactant N-octanoyl-N-methylglucamide with
KSb(OH)s at a molar ratio of 3:1. A pharmacokinetic study
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of SbL8 by oral route in mice showed greater and more
sustained levels of Sb in serum and liver, when compared with
Glucantime® at the same dose of Sb. SbLS8 further demon-
strated antileishmanial activity by the oral route in murine
models of VL and CL (Fernandes et al. 2013; Lanza et al.
2016). SbLS self-assembles in aqueous solution, forming
micelle-like nanostructures (Lanza et al. 2016). A unique
property of these nanosystems is their kinetic stability after
dilution in water (Fernandes et al. 2013), evidencing their
potential as carriers of other lipophilic antileishmanial agents
such as HePC.

With the aim of associating the benefits of nanotechnology
and combination therapy, we investigated here the incorpora-
tion of HePC in SbL8 nanoassemblies and the therapeutic
efficacy of SbL8/HePC nanoformulation by oral route in mu-
rine CL caused by Leishmania amazonensis.

Material and methods
Materials and drugs

N-Octanoyl-N-methylglucamide (L8, 98%), potassium
hexahydroxoantimonate (KSb(OH)s) and HePC were obtain-
ed from Sigma-Aldrich Co. (St Louis, MO, USA). Double-
distilled deionized water was used throughout all the experi-
ments. The amphiphilic complex SbL8 was synthesized, as
previously described (Fernandes et al. 2013) by the reaction
of KSb(OH)¢ with L8 in water at 1:3 M ratio, that consists in
heating at 70 °C for 3 h under stirring until solvent evapora-
tion. The resulting film was rehydrated at room temperature
with water and then freeze-dried. The fluorescent analog of
HePC (MT-11-BDP) (11-(4',4'-difluoro-1',3",5",7'-
tetramethyl-4'-bora-3’a,4’a-diaza-s-indacen-2'-
ylyundecylphosphocholine) used in the work was synthesized
as described previously (Hornillos et al. 2006, 2008).

Animals and parasites

BALB/c mice (female, 4—6 weeks old, 18-22 g) were obtain-
ed from Centro de Bioterismo (CEBIO) of the Institute of
Biological Sciences (ICB), Federal University of Minas
Gerais (UFMG, Belo Horizonte, Brazil). Free access to a stan-
dard diet was allowed, and tap water was supplied ad libitum.
The study involving animals was approved by the Ethical
Committee for Animal Experimentation of the UFMG with
protocol number 318/2013.

The Leishmania strain used in the CL model was
Leishmania (L.) amazonensis MHOM/BR/1989/BA199, ob-
tained from the cryopreservation bank of the Leishmania
Biology Laboratory at ICB, UFMG. The cells were main-
tained in vitro as promastigotes at 24+ 1 °C, pH 7.0, in alpha
minimal essential medium («MEM; Gibco®; Thermo Fisher
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Scientific, Waltham, MA, USA) supplemented with 10%
heat-inactivated bovine fetal serum (FBS; Cultilab, Brazil),
100 pg/mL kanamycin (Sigma-Aldrich Co.), and 50 pg/mL
ampicillin (Sigma-Aldrich Co.), in BOD greenhouse (model:
2005; Johns-VWR Scientific, Toronto, ON, Canada). The
promastigotes were grown in cell culture flasks of 25-mL
volume (Corning Incorporated, Corning, NY, USA) with an
initial inoculum of 1 x 10° cells/mL and transferred to a new
medium after reaching the stationary growth phase, twice a
week.

Preparation and characterization of SbL8/HePC
nanoassemblies

SbL8 was dispersed in 0.15 M NaCl solution at final L8 con-
centration of 524 mM. HePC was added to the mixture as
powder, at a final concentration of 1.33 mM. After vortexing,
the mixture was incubated at 25 °C for 1 h, prior to adminis-
tration. The HePC/Sb ratio was chosen based on the therapeu-
tic doses of HePC and SbL8 reported in the literature in mu-
rine models (Godinho et al. 2012; Fernandes et al. 2013).

The formulations were characterized for particle size distribu-
tion (mean hydrodynamic diameter and polydispersity index)
and zeta potential, using the Zetasizer equipment (Nano ZS90;
Malvern Instruments, UK). Dispersion Technology Software,
version 6.12, was used to collect and analyze the data obtained.
SbL8 dispersions were diluted in 0.15 M NaCl solution at final
concentration of 30 mM of Sb, kept at 25 °C during the entire
experiment, and analyzed at a fixed angle of 90°.

To evaluate the incorporation of HePC into SbLS8 nanosys-
tem, the fluorescent analog, MT-11-BDP, was used as HePC
model. An aliquot of 10 mM ethanolic solution of the MT-11-
BDP was added to the bottom of a tube and the solvent was
evaporated. The dispersion of SbL8 or L8 in saline was then
added to reach an L8/HePC ratio of 394:1, followed by incu-
bation for 1 h at 25 °C. A saline solution of MT-11-BDP
without surfactant was used as control. For fluorescence mea-
surement, the solutions were diluted in PBS at an L8 concen-
tration of 1 or 13 mM. Fluorescence measurements were car-
ried out using the Cary Eclipse™ spectrofluorometer (Varian
Inc., Australia) and a 1-cm cuvette compartment with temper-
ature control and magnetic stirring. Fluorescence emission
spectra were recorded at 25 °C, with excitation wavelength
(A) set at 500 nm.

Antileishmanial activity in murine model of CL

Evaluation of antileishmanial activity of SbL8/HePC in the CL
mouse model was performed as described previously (Lanza
et al. 2016). BALB/c mice were first infected with 1 x 10° sta-
tionary phase promastigotes of L. amazonensis intradermally at
the tail base. Chemotherapy was initiated 35 days post-infection,
corresponding to the first ulceration sign of the infection papule,

with daily doses for 30 days. Animals were divided into the
following treatment groups (n =9-10): 1—animals treated with
SbL8 in saline at 200 mg Sb/kg/day by oral route; 2—animals
treated with HePC in saline at 5 mg Sb/kg/day by oral route; 3—
animals treated with SbL8/HePC formulation in saline at 200 mg
Sb/kg/day and 5 mg HePC/kg/day by oral route; 4—animals
treated with 200 L of saline by oral route (negative control).
Three animals in the group treated with SbL8 and two animals in
the group treated with SbL8/HePC died in the course of the
treatment. The size of the lesion was determined by means of
an analog universal caliper, 150 mm, Digimess® (Brazil). The
estimated lesion size was obtained by measuring horizontal and
vertical lengths of the lesion, respectively perpendicular and par-
allel to the vertebral column of the animal. In this model, the
horizontal and vertical lengths presented close values and the
lesions were considered to be approximately circular. The size
of the lesion of each animal was measured every 3 days from the
beginning to the end of treatment. After chemotherapy (65 days
post-infection), the animals were sacrificed and the lesion was
removed for evaluation of the parasitic load by gPCR (Nicolas
et al. 2002). Briefly, the lesion samples were macerated and an
aliquot was added in a microtube containing lysis buffer and
Proteinase K, vortexed and incubated at 56 °C overnight. After
incubation, DNA was extracted with NucleoSpin® Tissue Kit
(MN, Macherey-Nagel GmbH & Co. KG, Diirin, Germany),
according to the manufacturer’s instructions. The DNA concen-
trations were measured by spectrophotometry (Abs at 280/
260 nm) and adjusted to 20 ng/pL. One microliter of each sample
was used to a final volume of 20 pL per reaction that included
ultrapure water, 5.0 uL of SYBR® Green PCR Master Mix
(Warrington, UK), 10 pmol of each oligonucleotide, as sense
(forward, 5'-CCTATTTTACACCAACCCCCAGT-3) and anti-
sense primers (reverse, 5-GGGTAGGGGCGTTC TGCGAAA-
3" constructed for amplification of the mini-circle region present
in the kinetoplast DNA (kDNA) of approximately 120 bp. The
standard curve was constructed with serial dilutions of the known
concentrations of DNA of Leishmania amazonensis, extracted
from promastigote culture. Ultrapure water was used as negative
control. The amplification protocol included an annealing tem-
perature and extension of 60 °C, with melting curve construction,
on the Applied Biosystems™ 7500 Fast Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) and the analysis
was made using the 7500 System Software. Data are presented as
nanogram (ng) amount of Leishmania DNA per 20 ng of total
DNA.

Toxicity evaluations
The animals under treatment were followed daily regarding
mortality and occurrence of diarrhea. Each animal was also

weighed just before and during the treatment to uncover pos-
sible toxic effect.
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Sera were collected just after animal euthanasia and stored
at— 80 °C. To evaluate hepatocellular lesion, enzymatic activ-
ity of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) was determined using kinetic tests. The
serum level of lactate dehydrogenase (LDH) was also deter-
mined as another important marker of tissue injury. The plas-
ma levels of ALT, AST, and LDH were assessed in units/liter
using commercial kits (Bioclin Quibasa, Belo Horizonte,
Brazil).

Statistical analyses

One-way ANOVA with Tukey post-test and Kruskal-Wallis
non-parametric test with Dunns post-test were used for statis-
tical analyses of parasite load data and serum levels of en-
zymes, respectively, with significance level P <0.05. Two-
Way ANOVA (repeated measures) was used to compare the
variation in lesion size between the experimental groups,
followed by Dunnett’s post-test, with a significance level of
P <0.05. The graphics and statistical analyses were performed
using GraphPad Prism® (version 7) software.

Results
Characterization of SbL8/HePC nanoassemblies

SbL8/HePC nanoassemblies were prepared through simple
addition of HePC to a concentrated SbL8 dispersion in saline.
The particle size distribution and zeta potential of SbL8/HePC
and SbL8 were evaluated following dilution in saline at
30 mM of Sb. Polydisperse particles with mean diameter in
the range of 100 nm and negative zeta-potential were observed
(Table 1), in agreement with previous report for SbL8 (Lanza
et al. 2016). The data indicates a slight increase of the mean
diameter and marked increase of the polydispersity index up-
on incorporation of HePC.

Indirect evidence of the incorporation of HePC into the
SbL8 nanoassemblies was obtained using the fluorescent an-
alog of HePC (MT-11-BDP) and exploiting its fluorescent
properties. This analog (Fig. 1) was found to present very
similar physicochemical and biological properties compared

with HePC (Hornillos et al. 2008; De La Torre et al. 2014).
Following incorporation of the HePC analog into SbL8 or L8
dispersion, the resulting solution was visually green fluores-
cent, contrary to the brown-orange solution of HePC analog in
saline. The fluorescence differences of the HePC analog be-
tween its saline solution and in SbL8 dispersion was con-
firmed by their fluorescence emission spectra of these solu-
tions after dilution in PBS at 32 and 2.5 uM (Fig. 2). It is
noteworthy that the highest dilution corresponds to L8 con-
centration of 1 mM, which is well below the critical micellar
concentration (CMC) of SbL8 (10 mM) and L8 (60 mM)
(Fernandes et al. 2013). Even at concentration below the
CMC value, MT-11-BDP still presents higher fluorescence
intensity in SbLS8 solution than in saline, as well as a shift of
the maximum fluorescence emission wavelength. The fluores-
cence quenching of the MT-11-BDP may be attributed to the
stacking of chromophoric moieties upon micelle formation.
On the other hand, after incorporation into SbL8 and L8 mi-
celles, intermolecular stacking is prevented allowing fluores-
cence. This data clearly establishes the incorporation of the
fluorescent analog in SbL8 nanoassemblies and strongly sug-
gests a similar behavior for HePC.

Efficacy of SbL8/HePC nanoassemblies in CL murine
model

The antileishmanial activity of SbL8/HePC nanoassemblies was
evaluated after oral administration in L. amazonensis-infected
BALB/c mice, through measurement of lesion size growth and
determination of parasite load in the lesion by qPCR.

Figure 3 displays the results of lesion size change and par-
asite load, following daily treatment with SbL8/HePC
nanoassemblies by oral route for 30 days, in comparison with
monotherapies (SbL8 or HePC) and saline control. All the
treatments promoted significant reduction in the lesion size
from day 9, when compared with control (Fig. 3a) (P <0.05,
two-way repeated measures ANOVA). On the other hand,
only the group treated with SbL8/HePC nanoassemblies
showed a significant reduction of parasite burden in the lesion,
in comparison with the saline. Strikingly, the parasite load was
also significantly lower in the SbL8/HePC group than those
receiving SbL8 or HePC (Fig. 3b).

Table 1 Particle size distribution

and potential zeta in SbL8, HePC, Sample Mean hydrodynamic PDI* Zeta potential (mV)?
or SbL8/HePC dispersion in diameter (nm)*
saline

HePC 226 0.585 -23

SbL8 94 0.281 —-278

SbL8/HePC 134 0.597 —-294

? Representative values of the results obtained from 3 independent experiments

PDI polydispersity index
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Toxicity evaluations of SbL8 nanoassemblies

As a first attempt to evaluate possible side effects, the varia-
tion of body weight was registered individually during the
treatment. The groups receiving SbL8 showed significant de-
crease of body weight, in comparison with the control group
(data not shown). At the end of treatment of the mice infected
with L. amazonensis, the serum levels of markers of the he-
patic injury (AST and ALT) were assessed. LDH was also
determined in serum as another important marker of tissue
damages. However, no significant difference was observed
in these markers between the experimental groups (Online
Resource 1). Animal death was also found in some animal
groups. Three out of 9 animals that received SbLS8 died during
the first and second weeks of treatment. A significant mortal-
ity (2 out of 9 animals) was also observed during the first week
of treatment with SbL8/HePC nanoassemblies. In both
groups, diarrhea was noticed, suggesting toxicity to the gas-
trointestinal system.

Discussion

Previous studies by our group have led to the discovery of
amphiphilic Sb(V) complexes as orally active drug candidates
for leishmaniasis. The antileishmanial activity of SbL8 by the
oral route was established in murine models of both VL and
CL (Fernandes et al. 2013; Lanza et al. 2016). SbL8 was
found to self-assemble in aqueous solution, forming nano-
structures with potential for incorporating and carrying lipo-
philic substances (Fernandes et al. 2013). As an attempt to
associate the benefits of nanotechnology and combination

a
100~

Fig. 2 Fluorescence emission
spectra of HePC fluorescent
analog (MT-11-BDP), following
incorporation into SbL8 or L8
dispersion and subsequent
dilution in PBS at final HePC
concentration of 2.5 (a) or 32 uM
(b) Ae:xcitation =500 nm

Intensity (a.u.)

therapy, we investigated here the incorporation of HePC into
SbL8 nanoassemblies and the impact of this association on the
therapeutic efficacy in vivo in experimental model of CL.
Previous attempts to characterize SbL8 nanoassemblies by
SAXS, AFM, and NTA have indicated the formation of spher-
ical core-shell nanoparticles with diameter in the range of 40—
50 nm, that further aggregate to form larger (200-300 nm)
nanostructures (Lanza et al. 2016). The present analysis of
SbL8 by DLS is consistent with these findings. The increase
in the mean particle diameter and polydispersity index upon
addition of HePC suggests that HePC interferes in the aggre-
gation of the SbL8 nanoparticles. The clear demonstration of
the interaction of the HePC fluorescent analog with SbL8
strongly supports the incorporation of HePC into SbL8 nano-
particles. Indeed, HePC partitioning into SbL8 nanosystems is
expected from HePC amphiphilic character, the existence of
hydrophobic environment in SbL8 dispersion (Fernandes
et al. 2013) and the high SbL8/HePC ratio used here.
However, one may argue that the addition of the fluorophore
modifies the physico-chemical properties of HePC and the
resulting analog behaves differently from HePC. Although
inclusion of BODIPY group in HePC slightly lowered its
CMC (Barioni et al. 2015), the impact of the fluorophore on
its biological properties is mild, with no change in uptake
route in Leishmania and similar antileishmanial activity
(Hornillos et al. 2008; De La Torre et al. 2014; Fernandez-
Prada et al. 2016). An additional evidence for the ability of
SbL8 nanoassemblies to promote the dispersion of an amphi-
philic drug under the monomeric form was obtained with
amphotericin B (Online Resource 2). The circular dichroism
and UV/Visible absorption spectra of amphotericin B in SbL8
showed bands characteristics of the monomeric form, contrary

b
200-
— SbL8-NaCl
--- L8-NaCl 3 1501
NaCl <
2 1004
[}
 —
2
£ 501
T 1 G = T T T 1
650 700 500 550 600 650 700
nm
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Fig. 3 Antileishmanial activity of SbL8/HePC nanoassemblies after oral
administration in murine CL model. BALB/c mice (n=6-9) were
infected intradermally with L. amazonensis at the tail base. After
35 days of infection, animals were submitted to the following
treatments for 30 days: SbL8/HePC nanoassemblies by oral route at
200 mg Sb/kg/day and 5 mg HePC/kg/day; SbL8 by oral route at
200 mg Sb/kg/day; HePC by oral route at 5 mg/kg/day; and saline by
oral route. a Variation of the lesion size as a function of time, in relation to

to the free drug in water that exhibited typical bands of the
aggregated forms (Gaboriau et al. 1997). This data taken alto-
gether supports the ability of SbL8 nanosystems to act as
HePC carrier systems.

SbL8/HePC nanoassemblies given orally were as effective
as HePC or SbLS in reducing the lesion size of infected ani-
mals. On the other hand, only SbL8/HePC significantly re-
duced the parasite load in the lesion, in comparison with saline
control. This formulation was also more effective in reducing
the parasite load than HePC or SbL8 alone. In spite of the clear
therapeutic benefit of SbL8/HePC nanoassemblies in the CL
model, this effect was achieved using relatively high dose of
Sb (200 mg Sb/kg) and prolonged treatment (30 days) and, in
these conditions, toxicity may be an issue. Although the bio-
chemical parameters of blood serum gave no evidence of hep-
atotoxicity, body weight loss and death were observed in an-
imals that received SbL8. These effects are consistent with our
previous report of animal death following oral administration
of SbL8 (Lanza et al. 2016). We proposed previously that
death was due to suffocation of animals after gavage, as a
consequence of the formation of foam during administration
of the formulation, its regurgitation, and transfer to the lungs.
The high viscosity of the formulation also made the adminis-
tration difficult and increased the risk of esophagus irritation
and injury. The fact that death took place in the first weeks of
treatment reinforces the idea that toxicity was related to ad-
ministration rather than intrinsic drug side effects.

Regarding the therapeutic benefit of oral treatment with
SbL8/HePC nanoassemblies, as evidenced in the present work,
several possible contributing mechanisms can be proposed. As
SbL8 and HePC are orally active and presumably act through
different mechanisms, both compounds may exert their action
independently, resulting in additive antileishmanial effects. It
has been suggested that HePC may temporarily increase the tight
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the initial treatment time (n = 6-9/group). All the treated groups showed
significant reduction of the lesion size from day 9, in comparison with
saline group (P < 0.05, two-way repeated measures ANOVA, followed by
Tukey’s multiple comparisons test). b Parasite load in the lesion
determined by qPCR (46 per group). Data are shown as mean + SEM.
**P<0.01 and ****P <0.0001 for comparison of each treated group
with the control group, one-way ANOVA test, followed by Tukey’s
post-test for multiple comparisons

junctions of intestinal epithelium, allowing its action as a perme-
ation enhancer for other drugs (Ménez et al. 2006). Such an effect
may enhance the permeation of SbL8 through the intestinal ep-
ithelium and increase its activity. HePC was reported to promote
IFN-g-dominated antileishmanial immune response (Wadhone
et al. 2009), evidencing an immunomodulatory action that may
enhance the action of host immune-dependent drugs such as
antimonials (Murray et al. 1988). As another possible contribut-
ing mechanism, SbL8 nanostructures may carry HePC through
the intestinal epithelium and favor the uptake by the host-cells in
which leishmania parasites reside. The precise mechanism in-
volved should be the subject of future investigations.

Conclusions

The present study supports the incorporation of HePC in SbL8
nanoparticles, establishes the therapeutic benefit of oral treat-
ment with SbL8/HePC nanoassemblies in a murine model of
CL, and constitutes an important step towards the develop-
ment of new orally active antileishmanial drug combination.
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