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a b s t r a c t

The complexes trans-[Ru(NO)(NH3)4L](X)3 (X ¼ BF4
�, PF6� or Cl� and L ¼ N-heterocyclic ligands, P

(OEt)3, SO3
�2), and [Ru(NO)Hedta)] were shown to exhibit IC50pro in the range of 36 (L ¼ imN) to

5000 mM (L ¼ imC). The inhibitory effects of trans-[Ru(NO)(NH3)4imN](BF4)3 and of the Angeli’s salt
on the growth of the intramacrophage amastigote form studied were found to be similar while the
trans-[Ru(NH3)4imN(H2O)]

2þ complex was found not to exhibit any substantial antiamastigote effect.
The trans-[Ru(NO)(NH3)4imN](BF4)3 compound, administered (500 nmol kg�1 day�1) in BALB/c mice
infected with Leishmania major, was found to exhibit a 98% inhibition on the parasite growth.
Furthermore, this complex proved to be at least 66 times more efficient than glucantime in in vivo
experiments.

� 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Leishmaniasis is a neglected disease caused by haemoflagellates
of the genus Leishmania [1] and is known to affect more than 12
million people around the world with an incidence of about 2
million new cases annually [2]. A common treatment of leish-
maniasis consists of the use of pentavalent antimonials such as
sodium stibogluconate (Pentostam) and N-methylglucamine anti-
moniate (Glucantime) [3]. This treatment is considered not to be
efficient due to the resistance acquired by the parasite and the high
toxicity of these drugs [4]. Amphotericin B, pentamidine or paro-
momycin are common alternative drugs for leishmaniosis.
However, these compounds are also unsatisfactory to be considered
as effective and rapid therapies [2]. Another well known drug for
the treatment of leishmaniosis is Miltefosine. Miltefosine has been
used as an oral drug for visceral leishmaniosis with cure rates of
about 98%. Not withstanding, reports on its efficiency show that
Leishmania is resistant to it under in vitro conditions [5]. In
conclusion thereof, there is an urgent need for new efficient drugs
against leishmaniasis [6e8].

Nitric oxide is very well known to have a crucial function in the
defense mechanism of the host cells against Leishmania sp. [9].
Hence, the treatment of Leishmania promastigotes or amastigotes
forms using nitric oxide gas or NO donors has been shown to lead to
the inhibition of the parasite mitochondrial respiration [10]. In
addition, nitrosothiols (RSNO) have been shown that inhibit
Leishmania cysteine proteinase activity through transnitrosation
reactions in which the nitrosyl group is transferred directly from
the RSNO to the thiol group of the protein [9,11]. In this respect,
there is currently an effort to find efficient pharmacologic sources
of nitric oxide using NO-donor compounds e nitrosothiols [11],
diazeniumdiolates [12], and metallic nitrosyls [13,14] as anti-
leishmaniasis drugs.

In the present work, the in vitro antileishmanial activity of the
ruthenium nitrosyl complexes against the intramacrophage amas-
tigotes and the extracellular promastigote form of Leishmania major
are examined. Experiments carried out on Leishmania-infected
BALB/c mice are also described.

2. Chemistry

The trans-[Ru(NO)(NH3)4L]X3 compounds (X ¼ BF4�, PF6� or Cl�

and L ¼ imN (1), 4-pic (2), pz (3), py (4), P(OEt)3 (5), L-hist (6), isn
(7), SO3

�2 (8), nic (9), imC (11)) and [Ru(NO)Hedta] (10) are capable
of controlled release of NO when activated by one-electron
reduction in the coordinated nitrosonium (NOþ) (Eqs. (1) and (2))
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[15e17] or by irradiation with light of a selected wavelength
(Eq. (3)) [18,19].
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The dissociation of NO can be controlled by selecting L resulting in
specific rate constants (k-NO) in the range of 0.02 (9) to 5.1 s�1 (11)
and a RuIINOþ/RuIINO0 couple reduction potential in the range of
�0.320 V (11) to 0.132 (5) V vs NHE [20].

According to literature [21,22], it can be affirmed that nitrosyl
ruthenium complexes react with excess cysteine to yield HNO
(nitroxyl) not NO0. In fact, a similar reaction occurs when 1 or 5
react with excess cysteine. That this is true is concluded from
observed selective NO electrode measurements which were
found to indicate a very low production of NO0 in the reaction
between 1 or 5 and cysteine at a pH of 7.4. In addition, HNO was
detected using the metmyoglobin test (Fig. 1A). Also, an increase
in the concentration of NO was observed in the reaction
between the complex and the thiol in chronoamperometric
experiments with 5 when carried out in the presence of the
ferrocyanide ion (Fig. 1B). This behavior is explained by the
reaction (Eq. (4)) [23]:
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Conversely, at pH ¼ 4.0, the complex 5 yields more than 95% of the
expected NO concentration according to data obtained using NO
selective electrode (data not shown). Therefore, it is likely that the
reaction of trans-[Ru(NO)(NH3)4L]þ3 with cysteine and others thiols
occurs yielding NO and HNO (Eqs. (5) and (6)) with their respective
concentrations being a function of the local experimental condi-
tions. Hence the antiparasite effect of both compounds must be
considered.
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3. Pharmacology

NO synthase (NOS) is known not to be active in the absence
of oxygen and thus, in any reducing environment typical of
hypoxia resulting from infections [24], L. major exhibits defense
mechanisms [25] which may interfere with the biological
production of NO thus increasing the resistance of L. major to the
macrophages [26].

Under hypoxia conditions, ruthenium nitrosyls are able to
release nitric oxide (NO) after one-electron reduction hence
providing a NO output and thus acting as an inorganic substitute of
NOS [14e16,20,27e30]. Efforts aiming at the use of ruthenium(II)
tetrammines nitrosyl complexes as NO carriers and thus exploring
their ability as therapeutic agents against intracellular parasites
[13,31] are currently being developed. These compounds have been
shown to be quite promisingmetallopharmaceuticals since they are
soluble and stable in water in the presence of oxygen [20] and also
exhibit low toxicity in vitro and in vivo conditions [31e33].

Current observation from in vitro and in vivo experiments using
trans-[Ru(NO)(NH3)4L]X3, (X ¼ BF4�, PF6� or Cl� and L ¼ imN, 4-pic,
pz, py, P(OEt)3, L-hist, isn, imC, nic, SO3

�2), and [Ru(NO)Hedta]
against Trypanosoma cruzi [13,31] showed the death of the proto-
zoon parasite without any host cell damage. Encouraged by these
results, studies are now being extended to others trypanosomatids.

4. Biological results and discussion

4.1. Antipromastigote activity

The antipromastigote screening of the compounds 1e11 was
estimated by the IC50pro (concentration that inhibits growth by

Fig. 1. A) Electronic spectrum from reaction between compound 5, L-cysteine, and
metmyoglobin. B) Chronoamperogram: reaction between 5 and L-cysteine, and reac-
tion between 5, L-cysteine, and Na3[Fe(CN)6] (SNP). CRu ¼ 500 mM, CL-cys ¼ 500 mM, and
CFe ¼ 500 mM pH ¼ 7.4. T ¼ 25 � 0.5 �C.
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