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A B S T R A C T

N-oxide derivatives compounds such as furoxan and benzofuroxan are promising scaffolds for designing of new
antileishmanial drugs. A series of furoxan (1,2,5-oxadiazole 2-N-oxide) (compounds 4a-b, and 14a-f) and
benzofuroxan (benzo[c][1,2,5]oxadiazole1-N-oxide) (compounds 8a-c) derivatives were evaluated against in
vitro cultured L. infantum promastigotes and amastigotes. The compounds exhibited activity against promastigote
and intracellular amastigote forms with EC50 values ranging from 2.9 to 71.2 μM and 2.1 to 18.2 μM, respec-
tively. The most promising compound, 14e, showed good antileishmanial activity (EC50 = 3.1 μM) against in-
tracellular amastigote forms of L. infantum with a selectivity index, based on murine macrophages (SI = 66.4),
almost 3-times superior to that presented by the standard drug amphotericin B (AmpB). The efficacy of 14e to
eliminate the parasites in vivo was also demonstrated. Treatment of L. infantum-infected hamsters with com-
pound 14e at 3.0 mg/Kg/day led to a meaningful reduction of parasite load in spleen (49.9%) and liver (54.2%),
respectively; these data were corroborated by histopathological analysis, which also revealed reduction in the
number of inflammatory cells in the liver of the treated animals. Moreover, histological analysis of the spleen
and kidney of treated animals did not reveal alterations suggestive of toxic effects. The parasite load reduction
might be related to NO production, since this molecule is a NO-donor. We observed neither side effects nor
elevation of hepatic/renal biomarker levels in the plasma. The data herein presented suggest that the compound
should be considered in the development of new drugs for treatment of visceral leishmaniasis.

1. Introduction

Leishmaniasis is a neglected tropical disease caused by parasites of
the genus Leishmania. This disease is endemic in 98 countries spread
throughout Asia, Africa, South and Central America and Southern
Europe [1,2]. The annual incidence of leishmaniasis is 600,000 human
infections, and the prevalence is 12 million cases [3,4]. Leishmaniasis is
often considered a complex of diseases that present two major mani-
festations, the visceral (VL) and the cutaneous forms (CL). Moreover,
they present a number of other manifestations including the mucocu-
taneous (MCL), the diffuse (DCL) and the post-kalazar (PKDL) leish-
maniasis. Importantly, the clinical presentation of leishmaniasis is de-
pendent upon both the parasite species and the host’s immune system
[5]. For CL, MCL or DCL, the symptoms remain localized to the skin or

mucous membranes. In contrast, VL disseminates to internal organs
such as liver, spleen and bone marrow, which is fatal if left untreated.
The proliferation of parasites within macrophages present in those or-
gans causes progressive hepatosplenomegaly as well as bone marrow
suppression. If not treated, patients might develop pancytopenia and
immunosuppression which render them susceptible to other infections
causing patient death [2].

Antileishmanial drugs remain the most important tool for the
treatment and control of both VL and CL [4]. The first-choice treatment
is based on the use of the old-fashioned pentavalent antimonials, so-
dium stibogluconate and meglumine antimoniate [6]. These drugs are
highly toxic and their administration is painful and requires long-term
treatment [7] which often lead to patients abandoning the treatment
with consequent increase in the number of circulating drug-resistant
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strains [8]. Amphotericin B (AmpB) (and its liposomal formulations),
pentamidine, paromomycin and miltefosine are currently being used in
leishmaniasis treatment as second line therapies, however they also
show side effects [9].

In the past 10 years, progress has been made to the discovery of new
alternative treatments [10–12]. Among the potential new chemical
entities, furoxan (1,2,5-oxadiazole 2-N-oxide) and benzofuroxan (benzo
[c][1,2,5]oxadiazole 1-N-oxide) derivatives have been explored as
pharmacophores to design antileishmanial candidates [13,14]. Boiani
and collaborators characterized furoxans that showed anti-Kineto-
plastea properties in in vitro assays [15]. Recently, Hernandez and
colleagues described the anti-Leishmania and anti-T. cruzi activity of
furoxanyl N-acylhydrazones derivatives presenting high selectivity
[16]. We have previously reported the synthesis of furoxan and ben-
zofuroxan derivatives containing the N-acylhydrazone subunit and their
nitric oxide (NO) donor ability as well as their anti-L. amazonensis ac-
tivity [17].

Herein we describe the in vitro anti-L. infantum activity of furoxan
(compounds 4a-b and 14a-f) and benzofuroxan (compounds 8a-c) de-
rivatives as well as the in vivo evaluation of the most promising furoxan
derivative named 14e.

2. Materials and methods

2.1. Animals

Male Swiss albino mice six to eight weeks old were obtained from
breeding stocks of the Universidade Estadual Paulista (UNESP,
Araraquara, São Paulo, Brazil). Eight-week-old male Golden hamsters
(Mesocricetus auratus) were acquired from Anilab (São Paulo, Brazil).
All animals were maintained at the Universidade Estadual Paulista
(UNESP, Araraquara, São Paulo, Brazil) in single-sex cages under a 12-h
light/12-h dark cycle (lights on at 06:00 am) in a controlled-tempera-
ture room (22 ± 2 °C) and they were fed ad libitum. This study was
approved by the Ethics Committee for Animal Experimentation of the
Faculdade de Ciências Farmacêuticas, UNESP (CEUA/FCF/CAr n° 09/
2013 and CEUA/FCF/CAr n° 23/2014) in agreement with the guide-
lines of the Sociedade Brasileira de Ciência de Animais de Laboratório
(SBCAL) and of the Conselho Nacional de Controle da Experimentação
Animal (CONCEA).

2.2. Parasites

Promastigotes of L. infantum strain MHOM/BR/1972/LD, kindly
provided by Dr. José A. Lindoso from the Instituto de Medicina Tropical
(São Paulo, Brazil), were mantained in Schneider’s medium, supple-
mented with 10% heat-inactivated fetal calf serum (hiFCS), 10% male
human urine, 1% penicilin/streptomycin (Pen/Strep).

2.3. Furoxan and benzofuroxan derivatives

Furoxan and benzofuroxan derivatives were synthesized
as previously described [17]. The purified products were: 2-amino-
N =−[(1E)-(2-oxido-4-phenyl-1,2,5-oxadiazol-3-yl)−[(1E)-
(2-oxido-4-phenyl-1,2,5-oxadiazol-3-yl) methylene]benzohydrazide
(compound 4a); 4-amino-N =−[(1E)-(2-oxido-4-phenyl-1,2,5-ox-
adiazol-3-yl)−[(1E)-(2-oxido-4-phenyl-1,2,5-oxadiazol-3-yl) methy-
lene]benzohydrazide (compound 4b); 2-amino-N =−[(1E)-(3-oxido-
2,1,3-benzoxadiazol-5-yl)−[(1E)-(3-oxido-2,1,3-benzoxadiazol-5-yl)
methylene]benzohydrazide (compound 8a); 3-amino-N =−[(1E)-(3-
oxido-2,1,3-benzoxadiazol-5-yl)−[(1E)-(3-oxido-2,1,3-benzoxadiazol-
5-yl) methylene]benzohydrazide (compound 8b); 4-amino-
N =−[(1E)-(3-oxido-2,1,3-benzoxadiazol-5-yl)−[(1E)-(3-oxido-2,1,3-
benzoxadiazol-5-yl) methylene]benzohydrazide (compound 8c); 2-hy-
droxy-N =−[(1E)-(3-{[5-oxido-4-(phenylsulfonyl)-1,2,5oxadiazol-3-
yl]oxy}phenyl)methylene]benzohydrazide−[(1E)-(3-{[5-oxido-4-

(phenylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}phenyl)methylene]benzohy-
drazide (compound 14a); 3-hydroxy-N =−[(1E)-(3-{[5-oxido-4-(phe-
nylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}phenyl)methylene]benzohy-
drazide−[(1E)-(3-{[5-oxido-4-(phenylsulfonyl)-1,2,5oxadiazol-3-yl]
oxy}phenyl)methylene]benzohydrazide (compound 14b); 4-hydroxy-
N =−[(1E)-(3-{[5-oxido-4-(phenylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}
phenyl)methylene]benzohydrazide−[(1E)-(3-{[5-oxido-4-(phe-
nylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}phenyl)methylene]benzohy-
drazide (compound 14c); 2-hydroxy-N =−[(1E)-(4-{[5-oxido-4-(phe-
nylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}phenyl)methylene]benzohy-
drazide−[(1E)-(4-{[5-oxido-4-(phenylsulfonyl)-1,2,5oxadiazol-3-yl]
oxy}phenyl)methylene]benzohydrazide (compound 14d); 3-hydroxy-
N =−[(1E)-(4-{[5-oxido-4-(phenylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}
phenyl)methylene]benzohydrazide−[(1E)-(4-{[5-oxido-4-(phe-
nylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}phenyl)methylene]benzohy-
drazide (compound 14e); 4-hydroxy-N =−[(1E)-(4-{[5-oxido-4-(phe-
nylsulfonyl)-1,2,5oxadiazol-3-yl]oxy}phenyl)methylene]benzohy-
drazide−[(1E)-(4-{[5-oxido-4-(phenylsulfonyl)-1,2,5oxadiazol-3-yl]
oxy}phenyl)methylene]benzohydrazide (compound 14f). Stock solu-
tions were prepared in dimethylsulfoxide (DMSO) for use in the in vitro
assays.

2.4. In vitro efficacy of furoxan and benzofuroxan derivatives against L.
infantum promastigotes

Cultured promastigotes of L. infantum in the mid-log phase growth
phase were seeded at 1 × 107 parasites/mL in 96-well flat-bottom
plates (TPP; Sigma-Aldrich). The tested compounds dissolved in DMSO
(the highest concentration was 3%, which was not hazardous to the
parasites, as determined prior to the assays) and AmpB in sterile water
were added to the parasite suspensions to final concentrations between
0.5 and 100 μM, and incubated at 28 °C for 72 h. Leishmanicidal effects
were assessed by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tet-
razolium bromide (MTT) method [11]. Absorbances were read in a 96-
well plate reader (Robonik) at 490 nm. The concentration that caused a
50% decrease in parasite viability compared to the control was de-
termined by non-linear regression analysis and expressed as the effec-
tive concentration (EC50-PRO) in μM [11,17]. The assays were carried
out in biological and experimental triplicates. The data were expressed
as average ± SD from three independent experiments.

2.5. Cytotoxicity assays

Murine peritoneal macrophages were collected after thioglycolate-
stimulation. The cells were seeded in 96-well flat-bottom plates (TPP) at
a density of 3 × 105 cells/well (100 μL/well) in RPMI-1640 medium
supplemented with 10% hiFCS, 25 mM HEPES, and 2 mM L-glutamine
and Pen/Strep 1%, and incubated for 4 h at 37 °C in a 5% CO2-air
mixture to adhere. The medium was removed, and then new medium
was added to the cells, which were treated with different concentrations
of compounds and AmpB (4 to 400 μM). Cells without drugs were used
as negative control. After that, plates were incubated for 24 h at 37 °C
in a 5% CO2-air mixture. Subsequently, the MTT colorimetric assay was
carried out as described above. Absorbance was read in a 96-well plate
reader (Robonik) at 595 nm. The drug concentration corresponding to
50% of cell growth inhibition was expressed as the cytotoxic con-
centration (CC50) in μM [17]. The cytotoxicity for macrophages and
parasites were compared using the selectivity index (SI), which was
determined as the ratio between CC50 for macrophages and EC 50 for L.
(L.) infantum.

2.6. Leishmanicidal efficacy of furoxan and benzofuroxan derivatives on L.
infantum-infected macrophages

The activity of furoxan and benzofuroxan derivatives (4a, 8a-c,
14a-e) against intracellular amastigotes was evaluated in mouse
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peritoneal macrophages infected with L. infantum. Murine macrophages
were collected from the peritoneal cavity of Swiss mice after thiogly-
colate-stimulation and plated at 3 × 105 cells/well on coverslips (13-
mm diameter), previously arranged in a 24-well plate containing RPMI-
1640 medium supplemented with 10% of hiFCS, 25 mM HEPES, 2 mM
L-glutamine and 1% Pen/Strep, and allowed to adhere for 4 h at 37 °C
in 5% CO2. Adherent macrophages were infected with promastigotes
forms in the stationary growth phase using a ratio of 10:1 parasites per
macrophage at 37 °C in 5% CO2 for 20 h to allow parasite multi-
plication. The infected cells were then treated with different con-
centrations of each compounds and AmpB (0.6 to 20 μM) for 24 h. After
incubation, the cells were fixed with methanol, Giemsa stained and
examined by light microscopy. The number of amastigotes/100 mac-
rophage cells and the percentage of infected cells were determined. The
concentration that caused 50% growth inhibition compared to the
control was determined by non-linear regression analysis and expressed
as the effective concentration (EC50-AMA) in μM [17]. The data were
expressed as average ± SD from three independent experiments.

2.7. In vitro nitric oxide production

Culture supernatants from murine peritoneal macrophages infected
with L. infantum and treated with compounds 4a, 8a-c, 14a-e at 10 μg/
mL were analysed. Culture supernatant from non-infected macrophages
was used as negative control, while macrophages infected with L. in-
fantum and treated with 10 μg/mL of lipopolysaccharide (LPS) served as
positive control. The supernatants were collected after 48 h treatment
and the nitrite production was determined using Griess’ reagent [18]. A
mixture of equal parts of culture supernatants and Griess’ reagent was
pipetted into 96-well plates to a total volume of 200 μL, followed by
incubation at room temperature for 10 min. The absorbance was read in
a 96-well plate reader (Robonik) at 540 nm [19]. The results were de-
termined after extrapolation of values obtained from a standard curve
constructed using sodium nitrite (NaNO2) and expressed as micromolar
concentrations. All assays were performed in duplicate and the statis-
tical analyses were perfomed by Tukey’s test (P < 0.05) [17].

2.8. In vivo leishmanicidal activity

In order to evaluate in vivo leishmanicidal activity of 14e, eight-
week-old male Golden hamsters were randomly separated in seven
groups containing five animals each. The animals were intraperitonealy
infected with 1 × 108 of L. infantum promastigotes in the late ex-
ponential growth phase. Seventy-five days post-infection, i.e., when the
animals presented clinical signs of the disease; such as increased ab-
dominal size that indicates hepatosplenomegaly, hair loss accompanied
by ulcers localized in the snout; the infected animals received daily
intraperitoneal doses of 14e (3, 1.5 or 0.75 mg/Kg/day), the reference
drug AmpB (20 mg/Kg/day − diluted in sterile water according to the
manufacturer's instructions) or the vehicle for 15 days; additionally,
untreated infected animals and non-infected animals were also eval-
uated. At the end of the treatment, the animals were euthanized and the
parasite burden in the spleen and the liver was determined by limiting
dilution methodology [20,21]. The data are expressed as average ±
SD.*: Statistical significance of the difference relative to the untreated
infected group (P < 0.05) was determined by Tukey’s test.

2.9. Toxicity assays for golden hamsters

Serum concentrations of alanine (ALT) and aspartate (AST) ami-
notransferases, alkaline phosphatase (ALP) and creatinine at the end of
the treatments were determined in Golden hamsters by dry chemistry
on a STAT Analyzer (Ortho Clinical Vitros 250 Chemistry System) and
compared with reference values for hamsters. The data are expressed as
average ± SD. *: statistical significance of the difference relative to the
non-infected animals (healthy animals) (P < 0.05); α: statistical

significance of the difference relative to the untreated infected animals
(P < 0.05) were determined by Tukey’s test.

2.10. Histopathological analysis of golden hamsters

All hamsters were euthanized at the end of the treatment and parts
of the liver, spleen and kidney were fixed in formaline, paraffin sec-
tioned and stained with Haematoxylin and Eosin (H & E). Slide-
mounted sections were studied under a microscope using appropriate
magnifications. The histopathological analyses for the experimental
groups were blindly performed by a pathologist. Each glass slide was
systematically analyzed.

Analysis of the liver involved hepatocytes morphology, necrosis,
edema and the presence of inflammatory infiltrates in the periportal
region, as well as the identification of amastigotes and the presence of
Schaumann’s bodies in the tissue. The inflammatory infiltrates near to
periportal spaces were quantified and classified according to type
(acute, chronic or mixed) and intensity (mild, moderate or intense)
(Table 1). At the lobular region the inflammatory infiltrates were
quantified and classified by type (acute, chronic and mixed) (Table 1)
and size as small (up to 25 cells) or large (more than 25 cells). Quan-
titative analysis of inflammatory infiltrates in the liver was performed.
The data are expressed as average ± SD.*: Statistical significance of
the difference relative to the untreated infected group (P< 0.05) was
determined by Tukey’s test.

The spleen analyses involved the presence of capsule, white/red
pulp, marginal zone and follicules in this organ. The presence of
granulomes and amastigotes were also evaluated. For the kidney, the
organ structure in the cortical and medular areas was analysed. In the
cortical area, the analysis comprised the presence of Bowman's capsule,
the Bowman's capsule space, and the proximal and distal ducts; in the
medular regions, the ducts and the presence of inflammation were ex-
amined. The analyses of red/white pulp, marginal zone and Bowman's
capsule and Bowman's capsule space, proximal/distal ducts were made
through semi-quantitative analysis

3. Results

3.1. Efficacy of furoxan and benzofuroxan derivatives against L. infantum
promastigotes

The antileishmanial activity of furoxan (compounds 4a and−b, and
14a to −f) and benzofuroxan (compounds 8a to −c) derivatives was
initially determined against the insect stage of L. infantum (Table 2).
The furoxan derivatives (14b-14f) showed variable activities against
the promastigotes ranging from 5.7 μM to 9.8 μM, while the selectivity
index showed that 14e (SI1 = 21.3) is the less cytotoxic molecule for
mammalian cells among this group of derivatives. The remaining
compound 14a has neither shown good anti-promastigote activity

Table 1
Numerical criteria for the classification of inflammatory infiltrates according to the cel-
lular types found.

Inflammatory parameters Intensity Type

Absent
(0%)

Mild
(1–33%)

Moderate
(34–66%)

Intense
(> 66%)

Neutrophils 0 −1 −2 −3 Acute
(-6 to
−3)

Interstitial edema 0 −1 −2 −3 Mixed
(-3.1 to
3

Lymphomononuclear 0 1 2 3 Chronic
(3.1 to
6)

Granulomes 0 1 2 3
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(EC50-PRO = 47.9 μM) nor a favorable selectivity index (SI1 = 2.4). The
benzofuroxan derivatives (8a −c) did not present outstanding results;
among them, despite the fact that derivative 8a (EC50 = 13.8 μM,

SI1 = 4.6) has shown good anti-parasitic activity, the cytotoxicity stu-
dies demonstrated its low selectivity to the parasite versus the macro-
phages. From this group of molecules, compounds 4a, 8a-c, and 14b-
14e that presented SI1 values larger than or equal to five were then
selected for determination of antileishmanial activity against in-
tracellular amastigotes, the clinically relevant form of Leishmania spe-
cies.

3.2. Efficacy of furoxan and benzofuroxan derivatives against L. infantum-
Infected macrophages

L. infantum-infected macrophages were exposed to compounds 4a,
8a-c, and 14b–14e at different concentrations (0.6 to 20 μM) for a 24 h
period (Table 2). Compounds 14b-14e were active against intracellular
amastigotes. Compounds 14b (EC50-AMA = 3.1 μM, SI2 = 10.5), -d
(EC50-AMA = 2.1 μM, SI2 = 21.6) and –e (EC50-AMA = 3.1 μM,
SI2 = 66.4) presented 2 to 10-times lower anti-amastigote activity than
AmpB (EC50AMA = 1 μM, SI2 = 23.3). However, compound 14e was
about 3-times less cytotoxic to the mammalian cells compared to the
reference drug. Moreover, this compound showed a dose-dependent
curve against the intracellular amastigotes (Fig. 1).

Table 2
Biological activity of furoxan/benzofuroxan derivatives and amphotericin B (AmpB)
against promastigotes and amastigotes of L. infantum (EC50) and cytotoxicity against
murine macrophages (CC50). The results are expressed in μM.

Compounds Macrophages Promastigotes Amastigotes

aCC50 EC50-PRO SI1 EC50-AMA SI2

4a 152.2 ± 2.2 15.5 ± 0.5 9.8 > 20.0 –
4b 180.1 ± 25.8 52.3 ± 0.4 3.4 n.d. –
8a 63.2 ± 0.6 13.8 ± 1.2 4.6 18.2 ± 0.1 3.5
8b 248.3 ± 2.8 42.8 ± 3.3 5.8 > 20.0 –
8c 200.3 ± 2.4 21.9 ± 2.4 9.1 > 20.0 –
14a 114.6 ± 4.1 47.9 ± 2.9 2.4 n.d. –
14b 32.1 ± 5.8 5.7 ± 3.3 5.6 3.1 ± 0.2 10.5
14c 35.8 ± 1.6 6.2 ± 2.4 5.8 7.1 ± 0.1 5.0
14d 45.6 ± 1.5 7.8 ± 0.5 5.9 2.1 ± 0.1 21.6
14e 208.3 ± 0.2 9.8 ± 0.5 21.3 3.1 ± 0.1 66.4
14f 23.5 ± 2.2 9.4 ± 0.7 2.5 n.d. –
AmpB 23.1 ± 2.5 0.9 ± 0.1 25.1 1.0 ± 0.1 23.3

a (Dutra et al., 2014).

Fig. 1. In vitro phagocytosis of Leishmania infantum promastigotes by macrophages and
treated with 14e.
Cells were infected with L. infantum promastigotes (at a 1:10 cell to parasite ratio). The
cells were treated with 14e for 24 h. The cells were stained with Giemsa, and the pha-
gocytic index was calculated as described in the Materials and Methods. Bars denote the
average of three different experiments.

Fig. 2. Nitric oxide production in supernatant of Leishmania-infected cells treated with
furoxan and benzofuroxan derivatives.
NO production by Leishmania-infected macrophages treated with LPS, amphotericin B
(AmpB), and compounds 4a, 8a-8c, and 14a-14e at 10.0 μg/mL. As controls were used
untreated Leishmania-infected macrophages and non-infected macrophages. The data are
expressed as average ± SD.*: Statistical significance of the difference relative to the
positive control (treatment with LPS) (P < 0.05) was determined by Tukey’s test.

Fig. 3. Treatment of L. infantum-infected hamsters with 14e or AmpB.
Groups of five hamsters were infected with L. infantum promastigotes in stationary phase,
followed 75 days post-infection by treatment of the animals with 14e or AmpB. The
parasite load was determined by the limiting dilution method at the end of the treatment
in (A) in the liver and (B) in the spleen. The data are expressed as average ± SD.*:
Statistical significance of the difference relative to the untreated infected group
(P < 0.05) was determined by Tukey’s test.
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3.3. In vitro nitric oxide production

Culture supernatants from murine L. infantum-infected peritoneal
macrophages exposed to 10 μg/mL of the compounds 4a, 8a-8c, and
14b-14e and LPS (positive control) were evaluated for indirect NO
production. Among all evaluated furoxans, compound 14e was the only
one capable of increasing the levels of NO to 7 μM in the cells super-
natants, although to a lesser extent than LPS (0.45 mM) (Fig. 2).

3.4. Efficacy of 14e on golden hamster infected with L. infantum

Golden hamsters infected with L. infantum were treated (10 weeks
post infection) for 15 days with three different doses of 14e (3, 1.5 or
0.75 mg/Kg/day). For the same period, the control group was treated
with AmpB (20 mg/Kg/day). The animals treated with both 14e and
AmpB displayed reduction in the parasite burden. Briefly, 14e de-
creased the number of parasites in a dose-dependent manner (3, 1.5 or
0.75 mg/Kg/day) in both liver (54.2%, 43.7% and 13.5%) and spleen
(49.9%, 33.2% and 16.9%). Although the reduction of parasite burden
in the liver (50.5%) and spleen (51.5%) of L. infantum-infected hamsters
treated with AmpB was similar to those obtained in the 14e treatment,

it was necessary to use an AmpB dose seven times higher than that of
14e to achieve similar effect (Fig. 3A and B).

3.5. Evaluation of biomarkers of hepatic and renal function

In order to investigate if 14e treatment might cause hepato- and/or
nephrotoxicity in the treated hamsters, possible changes in the liver and
kidney function were monitored by measuring the serum levels of AST,
ALT, ALP and creatinine. For the liver function, no significant altera-
tions were observed in the levels of both ALT and AST for any of the
analysed groups of animals. However, the levels of ALP were above the
reference values for both treated animals with 14e (0.75 and 1.5 mgKg/
day) and AmpB. Moreover, only AmpB showed statistically significant
differences with the non-infected group with regard to the ALP levels
(Fig. 4C). Serum levels of creatinine in all groups were below the re-
ference values [22] (Fig. 4D). Taken all together, these data indicate
that 14e (3.0 mg/Kg/day) is safer than AmpB.

3.6. Histopathological analysis

Histopathological analyses of liver, spleen and kidney were carried

Fig. 4. Toxicity evaluation in L. infantum-infected hamster after treatment with 14e or AmpB.
Serum concentrations of aspartate aminotransferase (A), alanine aminotransferase (B), alkaline phosphatase (C) and creatinine (D) in L. infantum-infected hamsters 15 days after
treatment with either 14e or AmpB. The red line represents the hamster reference values, that are: AST: 20–150 UI/L, ALT: 20–128 Ul/L; ALP: 50–186 Ul/L; creatinine: 0.4-1.0 mg/dL
[22]. The data are expressed as average ± SD. *: statistically significant difference with the non-infected animals (healthy animals) (p < 0.05); α: statistically significant difference with
untreated infected animals (p < 0.05).

L. de Almeida et al. Biomedicine & Pharmacotherapy 95 (2017) 536–547

540



out in all experimental groups by analyzing, for each animal, the entire
glass slide containing the sample. All analyses were blindly performed
by a pathologist, who did not know the experimental groups.

For the liver, no statistical diferences were observed between ani-
mals of the untreated infected group and those infected and treated
with the vehicle. The periportal region showed high frequency of in-
flammatory infiltrates, which were predominantly mixed and mod-
erate. In addition, these groups also showed a significant amount of
large lobular inflammatory infiltrates of both types: mixed and chronic
(Figs. 5 A, B, 6 A and B). For both groups, the presence of amastigotes in
liver tissue was observed (Fig. 7A). The group treated with compound
14e at 3 mg/Kg/day showed a reduced number of mixed inflammatory
infiltrates (moderate and intense) in the periportal region compared to
untreated infected control animals (Figs. 5 A and 6 D). Interestingly, the
lobular region also presented a reduced number of mixed inflammatory
infiltrates (Fig. 5B). Moreover, empty vacuoles were seen in this group
(Fig. 7B). Interestingly, animals treated with the other two lower doses
of compound 14e (0.75 and 1.5 mg/Kg/day) as well as those treated
with AmpB presented similar number of periportal and lobular in-
flammatory infiltrates to that seen in the untreated infected animals
(Figs. 5 A, 6 E–G). For the AmpB group, the lobular region showed a
reduction in the number of mixed infiltrates comparable with that ob-
served when the highest dose of compound 14e was administered
(Fig. 5B).

In this study, the spleen of all groups showed an intact capsule, but

some diferences were observed in the white and red pulp, marginal
zone and follicules. In the untreated infected group was seen that the
Leishmania infection caused some alterations in the spleen, such as
hypoplasia of white pulp accompanied by loss of structural definition,
followed by an increase of the marginal zone (Fig. 8A) as well as pre-
sence of granulomas and amastigotes (Fig. 8B). These same findings
were made in the group of infected animals treated with the vehicle
(Fig. 8B); no statistically significant differences were found. Futher-
more, the non-infected group possessed normal white pulp and mar-
ginal zone, as expected (Fig. 8C). The spleen of infected animals treated
with the highest dose of 14e (3 mg/Kg/day) revelead a normal pro-
portion between white/red pulp, although the marginal zone was un-
expectedly increased (Fig. 8D). Moreover, parasites were rarely found
(Fig. 7D). The lowest doses of compound 14e (0.75 and 1.5 mg/Kg/
day) resulted in hypoplasia of white pulp, increased marginal zone
(Fig. 8E and F) and identification of amastigotes in the spleen, as ob-
served for the untreated infected group. The treatment with AmpB at
20 mg/Kg/day showed severe hypoplasia of white pulp, and in some
cases this was corroborated by loss of structural definition (Fig. 8G); in
this group parasites were also rarely found. AmpB treatment induced a
thickening of the capsule and subcapsular abscess (Fig. 8H), which was
not seen in other groups.

Analysis of the kidney revealed that all groups exhibited intact
Bowman’s capsule; the proximal and distal ducts in cortical region were
normal in the majority of the animals with no statistical differences
between each group. However, differences were observed in the
Bowman’s capsule space and in the ducts of the medular area. In the
untreated infected animals, a reduction in the Bowman’s capsule space
was observed (Fig. 9A). For this group a granuloma was observed in the
cortical area and edema in the ducts of the medular area. Similar al-
terations in the kidney were verified in the infected and vehicle-treated
group (Fig. 9B), which however did not show statistically significant
differences compared to the untreated infected animals. Treatment with
compound 14e (3 and 1.5 mg/Kg/day) revelead normal Bowman’s
capsule space and ducts, showing that this compound did not induce
toxicity in this organ (Fig. 9D and E). Compound 14e at 0.75 mg/Kg/
day exhibited the same pattern as seen in the untreated infected group
(Fig. 9F). Damage had occurred in the kidney of the AmpB group which
showed a reduction in the Bowman’s capsule space (Fig. 9G), accom-
panied by edema in the proximal ducts as well as necrotic and picnotic
areas (Fig. 9H) that suggest a nephrotoxic effect induced by AmpB.

4. Discussion

VL is the most serious life-threatening form of leishmaniasis, one of
the six major diseases targeted by WHO. No vaccine is yet available for
human use and chemotherapy is the only way of dealing with this
disease [23]. However, the few chemotherapeutical options associated
with long-term treatment and high toxicity that cause often abandon-
ment of the treatment and, consequently, the appearance of resistant
strains justify the joint efforts of the scientific community, non-profit
research institutions and pharmaceutical companies to discover new
drugs against this extremely neglected disease [24].

N-oxide compounds including furoxan and benzofuroxan have been
shown as promising scaffolds for designing of antiparasitic drugs.
Indeed, these derivatives have been explored as pharmacophores for
Schistosoma, Plasmodium and Leishmania [13–16,25–27]. We have pre-
viously demonstrated the synthesis, characterization and evaluation of
furoxan and benzofuroxan derivatives against promastigote and amas-
tigote forms of L. amazonensis [17]. Herein we evaluated both the in
vitro and in vivo efficacy of 14e in L. infantum parasites elimination.

The leishmanicidal activity as observed for compound 14e against
both promastigotes (EC50-PRO = 9.8 μM; SI1 = 21.3) and amastigotes
(EC50-AMA = 3.1 μM; SI2 = 66.4) seems promising. It is worth to men-
tion that 14e exhibited the highest SI values for both parasite forms
(SI1 = 21.3 and SI2 = 66.4), which is about three times more selective

Fig. 5. Inflammatory infiltrates in the liver of L. infantum-infected hamster after treat-
ment.
Groups of five hamsters were infected with L. infantum promastigotes in stationary phase,
followed 75 days post-infection by treatment of the animals with 14e or AmpB. Liver
sections were paraffin sectioned and stained with H & E, and analyzed under a micro-
scope. (A) Mixed periportal infiltrates in tested groups, (B) type of lobular infiltrates. The
data are expressed as average ± SD.*: Statistical significance of the difference relative to
the untreated infected group (P < 0.05) was determined by Tukey’s test.
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Fig. 6. Histopathological alterations in the liver of L. infantum-infected hamster after treatment.
Groups of five hamsters were infected with L. infantum promastigotes in stationary phase followed 75 days post-infection by treatment of the animals with 14e or AmpB. Liver sections
were paraffin sectioned and stained with H & E, and analyzed under a microscope. Inflamatory infiltrates in periportal area of (A) untreated infected group, (B) animals infected and
treated with vehicle, (C) non-infected animals, infected and treated with (D) 3.0 mg/Kg/day of 14e, (E) 1.5 mg/Kg/day of 14e, (F) 0.75 mg/Kg/day of 14e and (G) treated with 20.0 mg/
Kg/day of AmpB. 40 x magnification. In (H) focus in a Schaumann’ bodies in the untreated infected group (20 x magnification).
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to the amastigotes, the clinically relevant form of Leishmania species,
than the reference drug AmpB. We also observed that 14e was able to
reduce the number of infected macrophages as well as the number of
intracellular amastigotes, which demonstrate its effectiveness in para-
site clearance.

VL is fatal if left untreated and is caused by the intracellular para-
sitic protists L. donovani or L. infantum (chagasi) [33]. Syrian golden
hamsters (Mesocricetus auratus) have been described as a useful model
of many human infectious diseases since they exhibit susceptibility to a
variety of intracellular pathogens, such as different species of Leish-
mania, including L. infantum [34–39]; besides, this model has been used
for the in vivo tests of new antileishmanial compounds [40,41]. The
efficiency of compound 14e to eliminate the parasite in L. infantum-
infected hamsters was also demonstrated. 14e led to a significant re-
duction of parasite load in animal livers (54.2%, 43.7% and 13.5%) and
spleens (49.9%, 33.2% and 16.9%) in a dose-dependent manner (3, 1.5
and 0.75 mg/Kg/day).

Moreover, 14e at 3.0 mg/Kg/day did not cause toxicity in L. in-
fantum-infected hamsters as demonstrated by levels of the hepatic
transaminases (ALT/AST) and the renal biomarker (creatine) assayed
after drug treatment when compared to the reported references values
[22]. On the other hand, high levels of ALP were found in the untreated
infected group and infected animals treated with AmpB and the lower
doses of 14e (1.5 and 0.75 mg/Kg/day). In fact, the observed hepatic
changes after AmpB treatment might be partly due to the toxic effect of
this drug since some authors have described elevated levels of ALP after
AmpB treatment [42]. It is interesting to note that ALP levels are in-
versely proportional to the increased dose concentration of 14e and
might be attributed to the parasite clearance in this organ.

In order to check possible histopathological alterations, samples
from the liver, the spleen and the kidney were taken from animals of all
groups, paraffin sectioned and stained with H& E. The inflammatory
process in the liver containing VL involves parasitised macrophages and
lymphocytes, and this process affects the portal tracts and is found also
inside the lobule [43]. Moreover, alterations have been described in
hepatic tissue in animals with VL characterized by the presence of in-
flammatory infiltrates [44,45]. Indeed, a high frequency of in-
flammatory infiltrates (predominantly mixed and moderate) was ob-
served in periportal tracts of the untreated infected group and infected
animals treated with vehicle (Fig. 7A and B). We have also identified
amastigotes in the liver tissues (Fig. 8A). Treatment with compound
14e at 3 mg/Kg/day resulted in a reduction of 54.9% and 48.9% in
respectively moderate and intense inflammatory infiltrates in periportal
tracts compared to the untreated infected group. In the lobular region,
there was also a reduction in the number of mixed inflammatory in-
filtrates. Schaumann’s bodies have been associated with a deficient
phagocytic macrophage system and have a strong association with
Leishmania infection [46,47], since Schaumann’s bodies originate from
residual bodies that are end-products of activated lysosomes [48]. In-
deed, Schaumann’s bodies were observed in the untreated infected
group as can be seen in the (Fig. 7H). On the other hand, the treatment
with compound 14e at the highest dose (3 mg/Kg/day) reduced the
number of Schaumann’s bodies compared to those in the untreated
infected group, suggesting a recovery of the phagocytic macrophage
system.

The murine spleen is a highly organized lymphoid organ consisting
of red and white pulp, which is composed of three subcompartments:
the periarteriolar lymphoid sheath, the follicles, and the marginal zone.

Fig. 7. Amastigotes in the liver and spleen of L. infantum-infected hamster after treatment.
Groups of five hamsters were infected with L. infantum promastigotes in stationary phase followed 75 days post-infection by treatment of the animals with 14e or AmpB. Liver sections
were paraffin sectioned and stained with H& E, and analyzed under a microscope. The arrows indicate amastigotes in (A) liver and (B) spleen of the untreated infected group. Or the
arrows indicate empty vacuoles in (C) liver and (D) spleen of animals treated with 3.0 mg/Kg/day of 14e.100 x magnification.
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Fig. 8. Histopathological alterations in the spleen of L. infantum-infected hamsters after treatment.
Groups of five hamsters were infected with L. infantum promastigotes in stationary phase followed 75 days post-infection by treatment of the animals with 14e or AmpB. Spleen sections
were paraffin sectioned and stained with H & E, and analyzed under a microscope. Focus in white/red pulp and marginal zones of (A) untreated infected group, (B) animals infected and
treated with vehicle, (C) non-infected animals, (D) animals infected and treated with 3.0 mg/Kg/day of 14e, (E) 1.5 mg/Kg/day of 14e, (F) 0.75 mg/Kg/day of 14e and (G) 20.0 mg/Kg/
day of AmpB. 10 x magnification. In (H) focus in a subcapsular abscess in the infected and treated with AmpB group (40 x magnification).
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Fig. 9. Histopathological alterations in the kidney of L. infantum-infected hamster after treatment.
Groups of five hamsters were infected with L. infantum promastigotes in stationary phase followed 75 days post-infection by treatment of the animals with 14e or AmpB. Liver sections
were paraffin sectioned and stained with H & E, and analyzed under a microscope. The arrow indicates the Bowman’s capsule space in (A) the untreated infected group, (B) animals
infected and treated with vehicle, (C) non-infected animals, (D) animals infected and treated with 3.0 mg/Kg/day of 14e, (E) 1.5 mg/Kg/day of 14e, (F) 0.75 mg/Kg/day of 14e and (G)
20.0 mg/Kg/day of AmpB. 20 x magnification. In (H) the arrowhead indicate necrotic/picnotic areas in the infected and treated with AmpB group (40 x magnification).
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Some authors have described an early invasion of this organ after the
establishment of a visceral infection [49]. Moreover, many pathological
changes associated with human VL are observed in the spleen. During
chronic stages of infection (> 28 days), an immune dysfunction is as-
sociated with a disorganization of white pulp such as size reduction.
Moreover, it is possible to observe heavily infected macrophages in
multiple and unusual locations [50]. In our study, the infection of
syrian Golden hamsters by L. infantum caused some alterations in the
spleen as described above, including white pulp hypoplasia accom-
panied by an increase in the marginal zone (Fig. 8A). Histological
analyses also revelead granuloma formation and presence of parasites
in the spleen of untreated infected animals (Fig. 8B). The group treated
with AmpB (20.0 mg/Kg/day) exhibited severe hypoplasia of white
pulp followed by loss of a defined organ structure (Fig. 8G) and the
appearance of granuloma; however, parasites were rarely found. The
AmpB group also presented fibrous thickening of the splenic capsule
accompanied by a subcapsular abcess (Fig. 8H), which was not ob-
served in other groups. The marginal zone hyperplasia can occur with a
variable degree of follicle atrophy, when associated with the oblitera-
tion of the boundaries between distinct areas of the lymphoid tissue,
indicative of a structural disorganization of the white pulp. This result
is in accordance with the observations described by Veress et al. [51].
Futhermore, the treatment with compound 14e (at 3 mg/Kg/day) re-
velead a normal relation between white/red pulp, within an expansion
of marginal zone (Fig. 8D). It is worth to mention the importance of
marginal zone, when associate with normal white pulp, in the immune
response generation against pathogens [52,53]. This could indicate a
recovery of the immune system after 14e treatment. The presence of
granuloma was also observed; however, parasites were rarely found
(Fig. 7D).

In order to confirm the absence of toxicity by 14e to the renal
function, we have performed a histopathological analysis of the kidney
to evaluate possible tissue damage. The analyses of Bowman’s capsule
space were made to examine a possible correlation between glomerulus
response to toxic agents and reduction in the Bowman’s capsule space.
For the untreated infected group, a reduction in the Bowman’s capsule
space (Fig. 9A), the presence of granuloma in the cortical region and
edema in the ducts of the medular area were verified. Despite the fact
that we did not observe most of the such alterations in the group of
animals treated with compound 14e at 1.5 or 3 mg/Kg/day, three out
of five animals of this group exhibited edema in the ducts of the med-
ular area. However, it is worth to emphasize that we did not observe
any reduction in the Bowman’s capsule space after 14e treatment at the
dose of 3 mg/Kg/day (Fig. 9D). On the other hand, the reference drug
AmpB induced kidney damage by reduction of the Bowman’s capsule
space accompanied by necrotic and picnotic areas (Fig. 9G and H); in
addition, three out of five animals of this group also exhibited edema in
ducts of the medular area. Contrary to the result obtained using crea-
tinine as a biochemical marker for renal damage, these findings confirm
the nephrotoxic effect of AmpB previously reported in the literature
[54–60]. Indeed, relying on measuring creatinine might lead to delays
in renal damage diagnosis because of its slow increase in serum after
organ injury [61–63]. Thus, our data suggest that the combination of
biochemical and histopathological analyses provide more accurate data
about drug toxicity at the pre-clinical stage of drug discovery.

Regarding the possible mechanism of action of 14e, the ability of
furoxan derivatives to act as NO-donor compounds have been reported
in the literature [64]. For compound 14e, we have characterized its
ability to release NO through in vitro assays [17]. During Leishmania
infection, phagolysosomal amastigotes can decrease NO production in
infected macrophages by inhibition of iNOS [65,66]. In fact, it was
demonstrated that iNOS knockout mice are highly susceptible to
Leishmania infection [67]. Since NO levels are reduced in infected
macrophages, compounds with NO donor ability could help to elim-
inate intracellular amastigote forms of the parasite [17]. Herein, we
showed that compound 14e is able to induce the NO production in

macrophages. If the NO production was dependent of the compound
itself, other derivatives (14a-14d) previously described as each having
the potential to generate NO [17] should have demonstrated the same
NO release as 14e, but that was not observed. In addition, 14e might
inhibit Leishmania cysteine protease, an important enzyme that allow
the parasite to evade the host immune response [28], since the N-acyl
hydrazone moiety presented in this molecule has been shown to inhibit
this enzyme [15,16]. Thus, in order to optimize this interesting antil-
eishmanial compound, we are currently evaluating if 14e is able to
inhibit cysteine protease as well as working to determine through
proteomic approaches their other molecular targets.

5. Conclusion

At this stage, our data point to the notion that compound 14e might
be considered a promising drug for the treatment of visceral leishma-
niasis, since this compound reduced the parasite burden in liver and
spleen of L. infantum-infected golden hamsters. In addition, this com-
pound did not cause toxicological effects at the effective dose (3.0 mg/
Kg/day).
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