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Abstract

Background: Leishmaniasis is a zoonotic parasitic infection with a worldwide distribution. Ergosterol and stigmasterol, equivalent
to mammalian cholesterol, are the key sterols in Leishmania species, and thus can be used as proper targets for drugs. Objective:
Because amiodarone (AMD) and ketoconazole (KTZ) inhibit the sterol biosynthesis in trypanosomatid parasites, the present study
aimed at investigating the effects of AMD and KTZ, acting individually or in combination, against L. infantum promastigotes and
axenic amastigotes.

Methods: For each stage, drugs were added to the growth medium 24 hours after starting the cultures with 10° parasites/mL. Repli-
cation of L. infantum promastigotes and axenic amastigotes were investigated in the presence and absence of AMD and KTZ. Isobolo-
gram construction and calculation of the FIC were performed.

Results: Minimum concentration, which produces total death of parasites against promastigotes and axenic amastigotes, was 28
pMand 12 M for AMD and 1 #M and 0.75 M for KTZ. According to the concave isobologram and fractional inhibitory concentration
< 1, antiproliferative synergism of the drugs was confirmed.

Conclusions: Both drugs in synergy could be effective in arresting parasite proliferation at doses lower than those required when

used alone, reducing the potential cost (KTZ) or toxic effects (AMD) involved.
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1. Background

Leishmania parasites are obligatory intracellular par-
asites that attack macrophages in the mammalian hosts
and their transmission happens through arthropods phle-
botomine sandflies. In several regions, leishmaniasis is
considered among the major zoonotic diseases, affecting
hygiene (1). Leishmaniasis has an expanded clinical man-
ifestation, from the cutaneous lesions that cure sponta-
neously to the possibly mortal visceral leishmaniasis, in
which parasites propagate from the site of insect bites and
have a tropism for the mononuclear phagocytic system, es-
pecially in the liver and spleen (2). Also, subclinical infec-
tion is detected in asymptomatic immunocompetent indi-
viduals. The overall worldwide prevalence of leishmania-
sis is 12 million people. The global incidence of all clini-
cal forms occurs in 2 million new cases annually (3). Leish-
maniasis is widespread in the Mediterranean areas and in
Iran (4, 5). In Iran, visceral leishmaniasis frequently occurs
in children younger than 2 years (6) and a wide spectrum
of clinical manifestations are reported, particularly in im-
munocompromised patients (7). Weight loss, fever, cough,
and spleen and liver enlargement are visceral leishmani-

asis symptoms. Furthermore, more than 90% of patients
who receive no medication will die (8).

There are different classical drugs like sodium meg-
lumine antimonite (glucantime), stibogluconte (pen-
tostam), amphotericin B, paramomycin, desoxycholate,
and lipid formulations of amphotericin B, miltefosine,
which have been employed as effective medications of
visceral leishmaniasis for decades (9). However, a com-
plete treatment of leishmaniasis is often laborious due
to expense, toxic side effects, and increasing resistance
(10). Thus, developments of new efficacious chemother-
apeutic agents are important for the disease. Ergosterol
is a sterol found in cell membranes of Leishmania and
pathogenic fungi and its synthesis, and incorporation
into cell membranes are necessary for growth and pro-
liferation. Many azole antifungal agents suppress the
cytochrome P450-enzyme lanosterol 14-o demethylase
activity, which is responsible for the production of ergos-
terol from lanosterol (11). On the other hand, selective
activity of amiodarone (AMD), the antiarrhythmic drug,
has been claimed against some species of Leishmania such
as L. Mexicana, L. amazonensis, and Tryoanosoma cruzi. One
of the mechanisms of action that AMD induced in different
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pathogens was inhibition of sterol biosynthesis (12-14).

2. Objectives

Because targeting the ergosterol synthesis pathway
of Leishmania may be useful therapeutically, in this work
we aimed at investigating the effects of AMD on L. infan-
tum and its potential synergistic effects with ketoconazole
(KTZ).

3. Methods

3.1.Drugs

Amiodarone ((2-butyl-3-benzofuranyl)- (4- (2- (diethy-
lamino) ethoxi)-3, 5-diiodophenyl) methanone hydrochlo-
ride) and ketoconazole (-1-(4- (4- (-2- (2,4-Dichlorphenyl) -
2- (imidazol-1-ylmethyl) -1,3-dioxolan-4-ylmethoxy) phenyl
piperazin-1-yl) ethanon)were prepared from Sigma Aldrich
(St. Louis, MO).

3.2. Promastigotes and Axenic Amastigotes Culture

Leishmania infantum (MCAN/[IR/07/[Moheb-gh) pro-
mastigotes were grown at 26°C in brain-heart infusion
(BHI) medium plus 10% heat-inactivated fetal calf serum
(FCS), pH7.0, and 1% of penicillin (50 U/mL) strepto-
mycin (50 pg/mL) solution (Sigma, St. Louis, MO, USA).
Temperature status and parasites pH in macrophage
phagolysosomes had the pattern of L. infantum promastig-
otes transformation to axenic amastigotes (15, 16). The
cultures were initiated by 5 mL of the medium with a con-
centration of 5 X 10° stationary-phase promastigotes/mL
in 25 cm? tissue flasks. For L. infantum, a high proportion
(73%) of the amastigote- like forms was obtained in BHI
medium supplemented with 20% FCS at pH 5.5 after 48
hours of incubation at 37°C in the presence of 5% CO,.
Before counting, the parasites were passed through a
25 gauge needle to disrupt the aggregated forms in the
cultures, and parasite number was calculated using the
Neubauer chamber. Three criteria including shape, lack
of flagellum, and viability were checked every 12 hours to
evaluate the transformation of promastigotes to axenic
amastigotes. The viability of axenic amastigotes was
evaluated by both Trypan blue (vital dye) and their differ-
entiation back to promastigotes by shifting them to grow
at 26°C in pH 7.0. To evaluate the morphology of axenic
amastigotes, parasites were collected from the cultures,
centrifuged with 50 mM phosphate buffered saline (PBS)
at 400 g, and applied to microscope slides. The slides were
stained by Giemsa and examined by a light microscope
(Olympus Optical, NY, model BX60, Tokyo, Japan) at x1000
magnification.

3.3. Effects of Ketoconazole and/or Amiodarone on Promastig-
otes and Axenic Amastigotes

Drugs were added 24 hours after starting the cultures
with 10° parasites/mL. Susceptibility of L. infantum pro-
mastigotes and axenic amastigotes to AMD and KTZ was
evaluated by following up the proliferation of parasites in
the absence or presence of these drugs, counting living
parasites daily in a Neubauer chamber during 48 hours of
growth. At least 3 independent experiments were done for
each drug or combined mode.

3.4. Calculation of Fractional Inhibitory Concentration (FIC)
and Isobologram Curve Construction

Isobologram construction and determination of the
FIC were performed based on the methods described by
Hallander et al. (1982) and Reimao and Tempone (2011) (17,
18). FIC was calculated as the combined concentration di-
vided by single concentration. The interaction index was
calculated as follows:

> FIC = (MIC combination A/MIC alone A) + (MIC com-
bination B/MIC alone B), where MIC is the MIC that pro-
duces total death of parasite population in the culture,
with A representing the AMD concentration and B the KTZ
concentration.

4. Results

Leishmania infantum promastigotes and axenic
amastigotes were treated with different concentrations of
AMD and KTZ, and their proliferation was followed during
2 days. Based on the results, treatment demonstrated
a concentration-dependent inhibition of the prolifer-
ation. For promastigotes and axenic amastigotes, 50%
inhibitory concentration of AMD achieved 6 M and 5.2
1M, respectively, after 48 hours of treatment. Inhibition
of around 100% was obtained with a concentration of 28
(1M and 12 4M for promastigotes and axenic amastigotes,
respectively. Ketoconazole also induced a dose-dependent
reduction of both promastigotes and axenic amastigotes
proliferation with an IC50 value of 0.4 uM and 0.34 uM
and MIC 1 uM and 0.75 uM, respectively. Table 1 displays
IC50 and MIC of AMD and KTZ for promastigotes and
axenic amastigotes of L. infantum.

To evaluate the effect of the combined drugs and their
interactions, isobologram curves were established from
the MICs achieved for the drugs used alone or in combina-
tion.

Based on the concave and FIC value of 0.51 and 0.42
for promastigotes and axenic amastigotes, the results re-
vealed a synergistic interaction when the AMD and KTZ
were used in combination (Figure 1).
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Table 1. Showed IC50 and MIC (+M) of AMD and KTZ for Promastigotes and Axenic Amastigotes of L. Infantum

Stage of L. Infantum Amiodarone Ketoconazole

1C50 MIC 1C50 MIC
Promastigotes 6 28 0.4 1
Axenic amastigotes 5.2 12 0.34 0.75

Figure 1. Representative Isobologram of in Vitro Interaction Between Amiodarone and Ketoconazole Against L. Infantum Promastigotes (A) and Axenic Amastigotes (B)
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The dotted lines correspond to the predicted positions of the experimental points for a simple additive effect. Concave isoboles represent synergistic effect of amiodarone

and ketoconazole for promastigotes and axenic amastigotes.

5. Discussion

In most cases, pentavalent antimonials remain an ef-
ficient antileishmanial treatment, but their parenteral
route of administration, long duration of treatment, and
side effects limit their usages (19). In patients with hu-
man immunodeficiency virus, the antimonial drugs are in-
efficient and toxic (20). Moreover, the emergences of an-
timony resistant strains and the increase in the number
of therapeutic failures have been reported. In the case
of resistance to pentavalent antimonials, amphotericin B
or pentamidine as the second- line treatments have been
successfully used (21). In India, oral consumption of mil-
tefosine is a first-line treatment for visceral leishmaniasis
(22); however, its teratogenicity should be considered (23).
More recently, combination treatments are suggested as
first-line treatments for visceral leishmaniasis (24).

Normal function and structure sterols are necessary
for cellular membrane. Cholesterol is the principal sterol
in different membranes of mammalians. In the past, it
was thought that cholesterol was the major sterol for try-
panosomatids (25). Thereafter, it was determined that the
trypanosomatids obtain cholesterol from the blood of in-
fected animals or from the culture medium through a
typical endocytic process (26). In these organisms, sterol
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biosynthesis is a key metabolic pathway, which produces
different sterols including ergosterol and other 24-methyl
sterols, that is, essential for viability and growth (27, 28).

Amiodarone as the antiarrhythmic class III drug has
generally been used to treat arrhythmias. Also, it is sug-
gested for the treatment of patients with cardiac compro-
mise and chronic Chagas’ disease. Inactivation of Ca** and
K* channel is the mechanism of its antiarrhythmic action
in mammals. Also, antiparasitic effects of AMD have been
claimed (12, 13, 29) as well as a broad-spectrum antifun-
gal action (30). Interfering with mitochondrial membrane
potential (AWm), inhibition of sterol biosynthesis, Ca**
homeostasis disordering as well as reactive oxygen species
production are the main mechanisms of action of AMD
against different organisms (12, 13, 30-32). Mitochondrial
metabolism alterations induce parasites apoptosis (32).
On the other hand, the drugs with azole group such as keto-
conazole are proper for fungal infections treatment. Also,
they inhibit proliferation of different Leishmania spp and
T. cruzi in vitro. Blockage of the parasite cytochrome P450-
dependent C14-demethylase (CYP51), 14a-methylsterols el-
evation, and ergostane-derived sterols decline are the pro-
posed action mechanism of AMD (28). Based on this infor-
mation, the effect of the combination of AMD and KTZ was
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evaluated in the present study.

Benaim et al. (2006) stated that AMD has a significant
activity against T. cruzi (12). Veiga-Santos et al. (2012) con-
firmed that AMD possesses intrinsic activity against the
proliferation of T. cruzi epimastigote and amastigote with-
out affecting the host cell viability (33). de Macedo-Silva et
al. (2011) also found mitochondrion- kinetoplast complex
alterations and large autophagosomes in L. amazonensis
promastigotes incubated with AMD (14). In Serrano-Martin
et al. study (2009), it was demonstrated that amiodarone
causes squalene accumulation in L. mexicana promastig-
otes by the biosynthesis of 5-dehydroepisterol and inhibi-
tion of squalene epoxidase activity (13).

Some studies have claimed that ketoconazole hasleish-
manicidal effects (34). Lazardi et al. (1990) stated the
presence of autophagic vacuoles in amastigotes treated
with ketoconazole (35). According to Wagner and Ulrich-
Merzenich (2009), synergism between 2 drugs can be
demonstrated when the effect produced by the com-
pounds used in combination is higher than the sum of
the effects of each compound used alone. Interactions
between 2 drugs are calculated geometrically or alge-
braically. In the latter method, the concentration of each
drug in the combination that produces the intended effect
is expressed as a fraction of the concentration that leads to
the same effect when the drug is used alone, i.e., its frac-
tional inhibitory concentration. The combination of drugs
is additive when the total of fractions is 1, the combination
is synergistic when the total is lower than 1, and the com-
bination is antagonistic when the total is more than 1. In
the geometrical method, a curve is prepared with the axes
considering drug concentrations on linear scales. When
theline connecting the points that shows all combinations
with the same result (including the same effective concen-
trations of the drugs used alone) is straight, the isobole
shows that the combination has an additive effect. Syner-
gistic combinations give concave isoboles, while the con-
vex isoboles demonstrates antagonistic effects (36). In the
present study, the data led to a concave isobologram and
the FIC value of 0.51 obtained for promastigotes and 0.42
for axenic amastigotes indicated clear synergism. In Be-
naim et al. study (2006), the synergistic effects between
AMD and posaconazole have been demonstrated against T.
cruzi amastigotes (12). In Veiga-Santos et al. study (2012),
it was found that the combination of AMD and posacona-
zole exhibit potent synergistic activity against T. cruzi (33).
In Serrano Martin et al. (2009) investigation, AMD and mil-
tefosine combination had synergistic inhibitory effects on
the proliferation of intracellular amastigotes (29). Results
of the present study indicate that AMD and KTZ act syner-
gistically gainst L. infatum for the first time. Due to the in-
trinsic activity of AMD against kinetoplastid parasites, it

seems that this drug could be consumed simultaneously
in combination with antiprotozoal drugs to treat para-
sitic infections at low doses, leading to decrease its side ef-
fects such as cardiotoxicity, thyroid impairment, and pul-
monary fibrosis. In conclusion, this study revealed that the
combination of amiodarone plus ketoconazole acts syner-
gistically for inhibition of L. infantum proliferation in vitro.
Both drugs are commercially available, becoming candi-
dates for the treatment of patients with leishmaniasis.
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