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Abstract

Nitric oxide (NO) is considered a key molecule in the defense against intracellular pathogens, particularly Leishmania. The expression
of inducible nitric oxide synthase and consequent production of NO by infected macrophages has been shown to correlate with leish-
maniasis resistance in the murine model as well as in human patients. Nitric oxide donors have been used successfully in the treatment
of cutaneous leishmaniasis in humans, although their mechanisms of action are not fully understood. In the present work, the dose-de-
pendent cytotoxic effects of the NO-donors S-nitroso-N-acetyl-L-cysteine (SNAC) and S-nitrosoglutathione (GSNO) against Leishmania

were evaluated. GSNO inhibited the growth of Leishmania major and Leishmania amazonensis with in vitro 50% inhibitory concentra-
tions (IC50) of 68.8 ± 22.86 and 68.9 ± 7.9 lmol L�1, respectively. The IC50 for SNAC against L. major and L. amazonensis were, respec-
tively, 54.6 ± 8.3 and 181.6 ± 12.5 lmol L�1. The leishmanicidal activity of GSNO, but not of SNAC, was reversed by ascorbic acid
(AA) and dithiothreitol (DTT), suggesting that the mechanism of action of GSNO is related to the transnitrosation of parasite proteins.
These results demonstrate that SNAC and GSNO have leishmanicidal activity, and are thus potential therapeutic agents against cuta-
neous leishmaniasis.
� 2006 Elsevier Inc. All rights reserved.
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Parasites of the genus Leishmania inhabit mammalian
macrophages where they survive and grow intracellularly
as non-flagellated amastigotes. This specific ability is the
result of molecular mechanisms evolved by the parasites
to inhibit macrophage activation by preventing the produc-
tion of antimicrobial molecules and pro-inflammatory
cytokines [1]. Nitric oxide (NO), which is known to mediate
numerous physiological and physiopathological processes
in mammals [2,3], is recognized as a key molecule in the
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antimicrobial activity of macrophages. It has been demon-
strated that NO produced by the cytokine-inducible iso-
form of NO synthase (iNOS or NOS2) controls the
effects of macrophages in inflammatory and immune
responses, including the defense against intracellular Leish-

mania [4,5]. The mechanisms of Leishmania survival in
infected host macrophages are related to the parasite’s abil-
ity to inhibit iNOS expression or activity both directly and
by an inhibitory effect on cytokines regulating iNOS pro-
duction [6,7].

Several NO donors like S-nitroso-N-acetylpenicillamine
(SNAP), S-nitrosoalbumin, S-nitrosoglutathione (GSNO),
and S-nitroso-N-acetyl-L-cysteine (SNAC) have already
been shown to kill Trypanosoma cruzi [8,9] and Plasmodium

mailto:srbulian@icb.usp.br


210 G.F.P. de Souza et al. / Nitric Oxide 15 (2006) 209–216
falciparum [10] in vitro, while glyceryl trinitrate (GTN),
SNAP or acidified nitrite cream were used in the treatment
of a few cutaneous leishmaniasis patients [11–13]. It has
been assumed that the anti-parasite activity of these NO-
donors depends upon the release of free NO, but their pre-
cise mechanism of action has not been clarified.

Except for GTN, all the other NO-donors mentioned
above are S-nitrosothiols (RSNOs) and some of them, like
S-nitrosoalbumin, GSNO, and S-nitrosohemoglobin, were
already identified as endogenous NO carriers and donors in
mammals [14–16]. In such species, NO is covalently bound
to a sulfur atom in a C–S–NO moiety and can be released
through the homolytic or heterolytic S–N bond cleavage.
The homolytic cleavage is able to release free NO that
can be transferred to specific receptors like iron-containing
enzymes, to which it can coordinate as a ligand (nitrosyla-
tion reactions). Treatment of Leishmania promastigotes or
amastigotes with authentic NO gas or with NO donors has
been shown to lead to inhibition of mitochondrial respira-
tion with decreased aconitase activity, probably triggered
by iron loss [5,17].

The heterolytic reaction, on the other hand, allows the
transfer of NO directly to thiol-containing proteins, to
which it can bound as a nitrosonium ion (NO+) in transni-
trosation reactions [18,19]. RSNOs are involved in the stor-
age and transport of NO and are responsible for its
preservation against reactive species, such as dioxygen,
superoxide, and oxyhemoglobin [20,21]. This property is
probably a key factor in the already demonstrated role that
RSNOs play in cellular defense [22].

An increasing amount of evidence indicates that the
RSNOs exert their main biological actions by this direct
transfer of NO to NO receptors and not by generating free
NO. In fact, the ability of RSNOs to S-nitrosate cysteine
residues of proteins has emerged as an important
mechanism of protein activation and inactivation via
posttranslational protein modification [23,24]. For exam-
ple, S-nitrosation has been shown to inhibit the activity
of caspases [23] and denitrosation is required for enzymatic
activity of these enzymes. GSNO is able to S-transnitrosate
the insulin receptor in hepatocyte cultures, leading to
insulin resistance [25]. It has also been demonstrated that
NO-donors inhibit Leishmania cysteine proteinase (CP)
activity [26–28]. The reversal of proteinase inactivation
by dithiothreitol (DTT) and L-ascorbic acid (AA) [27]
suggests that S-transnitrosation is the main process for
parasite CP inactivation by NO donors.

While SNAP is an exogenous RSNO, whose stability is
linked to the fact that the sulfur atom is bound to a tertiary
carbon, GSNO and SNAC are primary RSNOs (their sul-
fur atoms are bound to primary carbons), whose intrinsic
stabilities are linked to structural factors and the existence
of intramolecular hydrogen bonds with the S–NO moiety
[29]. Their relative stability, ability to undergo transnitro-
sation and similarity to the endogenously found RSNOs,
makes them good candidates for testing as leishmanicidal
agents.
In the present study, the dose-dependent cytotoxic effects
of the S-nitrosothiols SNAC and GSNO against two Leish-

mania species were evaluated: L. major, which causes cuta-
neous leishmaniasis in Asia and L. amazonensis, one of
the most important causes of cutaneous leishmaniasis in
South America and the most important agent of diffuse
cutaneous leishmaniasis, which is usually unresponsive to
treatment. The results obtained demonstrate that SNAC
and GSNO have leishmanicidal activity and are thus poten-
tial agents for the treatment of cutaneous leishmaniasis.

Experimental procedures

Materials

Glutathione (c-Glu-Cys-Glu, GSH), N-acetyl-L-cysteine
(NAC), sodium nitrite (NaNO2), amphotericin B, phos-
phate-buffered saline (PBS), pH 7.4, dithiothreitol (DTT),
and L-ascorbic acid (AA) were purchased from Sigma,
St. Louis, MO, USA and used as received. All the experi-
ments were carried out using analytical grade water from
a Millipore Milli-Q Gradient filtration system.

Synthesis of GSNO and SNAC

GSNO was synthesized as described previously [30]. In
brief, reduced glutathione was reacted with an equimolar
quantity of sodium nitrite in aqueous HCl solution, under
stirring, in an ice bath for 40 min. The final solution was
precipitated with acetone, filtered and washed with cold
water, acetone and the final precipitate was further
freeze-dried for 24 h. GSNO was stored at freezer temper-
ature (�20 �C) protected from light. Aqueous SNAC stock
solution was prepared by reacting equimolar (1.0 · 10�2

mol L�1) NAC solution with sodium nitrite. The final solu-
tion was stirred at room temperature for 15 min protected
from light with aluminum foil. SNAC solutions were used
immediately after synthesis.

Thermal decomposition of GSNO and SNAC solutions

Spectral changes of GSNO and SNAC solutions were
monitored in the range 220–1100 nm in the dark, refer-
enced against air, using a diode array spectrophotometer
(Hewlett–Packard, Model 8453, Palo Alto, CA, USA).
Kinetic curves of GSNO and SNAC decomposition were
obtained from the absorption changes at 336 nm in time
intervals of 30 min, at 25 �C for 24 h, for solutions
(500 lmol L�1) in PBS. Initial rates (IR) of GSNO and
SNAC decomposition were obtained by linear regression
of the slopes of the initial sections (less than 10% of the
reaction) of the kinetic curves.

Parasites

Leishmania major (MHOM/IL/1981/Friedlin) and L.

amazonensis (MHOM/BR/1973/M2269) promastigotes



Fig. 1. Kinetic curves of thermal decomposition of GSNO and SNAC
(500 lmol L�1) in PBS (pH 7.4) at 25 �C.
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were grown in liquid culture at 25 �C in Medium 199 (Gib-
co-BRL) supplemented with 10% heat-inactivated fetal calf
serum (FCS; Gibco-BRL). Promastigotes were collected at
the late exponential phase of growth.

Assay of in vitro antiproliferative activity

Inhibition of cell growth was tested in vitro by cultivat-
ing promastigotes (5 · 106) in the presence of increasing
concentrations of GSNO or SNAC in 24-well culture dish-
es (Corning Life Sciences, NY, USA) for 24 h. Freshly pre-
pared SNAC and GSNO solutions were diluted in PBS to
reach 1.0 · 10�2 mol L�1. Aliquots ranging from 1 to
100 lL were added onto the wells containing the promasti-
gote cultures in M-199. The final concentrations of SNAC
and GSNO in the wells were in the range 50 to
1500 lmol L�1. Cell viability was assessed by measuring
the cleavage of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (Sigma–Aldrich, St. Louis,
MO, USA) by metabolically active cells as described
elsewhere [31]. Briefly, cells were incubated in 3-(N-mor-
pholino) propanesulfonic acid (MOPS)-buffered saline
(30 mmol L�1 MOPS, pH 7.2, 116 mmol L�1 NaCl, 5.4
mmol L�1 KCl, 0.8 mmol L�1 MgSO4, and 5.5 mmol L�1

D-glucose) containing 5 mg ml�1 MTT for 2 h at 25 �C.
MTT cleavage was measured by using a multiwell scanning
spectrophotometer (Labsystems, Multiskan EX) with a ref-
erence wavelength of 690 nm and a test wavelength of
595 nm. Assays were performed in triplicate and results
are expressed as the mean percent reduction of parasite
numbers compared to untreated control wells calculated
for at least three independent experiments. The 50% inhib-
itory concentration (IC50) was determined from sigmoidal
regression of the concentration–response curves.

Effects of AA and DTT on the kinetics of decomposition of

SNAC and GSNO solutions

The effects of the reducing agents DTT and AA on the
decomposition of SNAC and GSNO solutions were char-
acterized by following the absorbance decays of the
RSNOs at 336 nm using the same RSNO/AA and
RSNO/DTT molar ratios used in the recovery of L. ama-

zonensis assay, i.e., with SNAC and GSNO solutions
500 lmol L�1 in the presence of DTT 100 and
200 lmol L�1 and AA 2 and 20 mmol L�1. The percentag-
es of SNAC and GSNO remaining in the solutions after
40 min of incubation with DTT or AA were calculated
from the kinetic curves. The reaction time of 40 min was
employed since the reaction between RSNOs and the
reducing agents occurs within this period (data not shown).
After this period of time, the concentration of remaining
RSNOs in solution decreases by the thermal S–NO bond
cleavage.

The kinetics of RSNOs decomposition in the presence of
DTT and AA were compared to the kinetics obtained in
aqueous PBS solution.
Preservation and recovery of L. amazonensis viability by

DTT and L-ascorbic acid

The effects of DTT and AA in the preservation of the
viability of L. amazonensis promastigotes exposed to
RSNOs were evaluated in the co-incubation of the para-
sites with RSNOs (100 and 250 lmol L�1) and DTT (50
and 100 lmol L�1) or AA (1 and 10 mmol L�1) for 24 h
at 25 �C. Viability was assessed by the MTT assay as
described above. Recovery from GSNO induced damage
was analyzed by incubating parasites pretreated for 4 h
and then incubated in the presence of DTT and AA for
16 h at 25 �C. Viability was evaluated as described above.
Control experiments with amphotericin B were performed
incubating parasites with the drug (50 and 100 nmol L�1)
in the presence or absence of DTT (50 and 100 lmol L�1)
or AA (1 and 10 mmol L�1) for 24 h at 25 �C. Viability
was evaluated by counting aliquots of cultures in a hemo-
cytometer, since amphotericin B interferes with the spectro-
photometric reading at 595 nm.

Results and discussion

Synthesis and stability of GSNO and SNAC solutions

GSNO and SNAC were synthesized through the S-nitro-
sation reaction of aqueous GSH and NAC solutions, respec-
tively. S-nitrosation in this case was performed by nitrous
acid (HONO), which is formed in the acidified NaNO2 solu-
tion as described previously [32]. The formation of GSNO
and SNAC was confirmed by their two characteristic absorp-
tion bands at 336 and 545 nm, assigned to the p fi p* and
nN fi p* electronic transitions, respectively [29,33].

The stability of RSNO solutions, regarding the sponta-
neous thermal decomposition of aqueous buffered SNAC
and GSNO solutions, was characterized by monitoring
the spectral changes at 336 nm associated with the homo-
lytic cleavage of S–N bond. Fig. 1 shows the kinetic curves
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corresponding to thermal decomposition of GSNO and
SNAC solutions (500 lmol L�1) at 25 �C during 22–23 h.
The kinetic curves show that GSNO is more stable than
SNAC, confirming previously reported results [29]. The
rate of decomposition of the SNAC solution was found
to be 2.4-fold higher compared to the rate obtained for
GSNO solutions at 25 �C (1.56 ± 0.04 · 0.65 ± 0.01
mol L�1 h�1, respectively).
Activity of SNAC and GSNO against L. major and

L. amazonensis in vitro

Incubation of L. amazonensis and L. major promasti-
gotes in the presence of increasing concentrations of
GSNO and SNAC led to a progressive decrease in the
viability of the parasites (Fig. 2). Morphological
indications of the activity of GSNO and SNAC were soon
apparent after the addition of the drugs as decreased flagel-
lar movements; eventually, treated parasites remained
deposited at the bottom of the wells (data not shown).

The sensitivity of both Leishmania species to GSNO was
similar (Figs. 2A and B) with IC50s of 68.8 ± 22.86 and
68.9 ± 7.9 lmol L�1 for L. major and L. amazonensis,
respectively. Interestingly, even at doses approximately
10-fold higher than the IC50, about 10% of the parasites
incubated with GSNO remained viable.

A similar profile was observed for L. major promastigotes
incubated with SNAC (Fig. 2C) while a less potent activity
was observed against L. amazonensis promastigotes, partic-
ularly at low concentrations (Fig. 2D). On the other hand, at
doses equal or higher than 500 lmol L�1 SNAC exerted a
more toxic action than GSNO against L. amazonensis. The
Fig. 2. Effect of RSNOs on the survival of Leishmania. Cell viability of L. majo

24 h incubation with different concentrations of GSNO (A and B) or SNAC (C
for control parasites incubated in medium alone. Cultures were tested in tri
experiments.
dose–response curves for SNAC allowed the estimation of
IC50s of 54.6 ± 8.3 and 181.6 ± 12.5 lmol L�1 for L. major

and L. amazonensis, respectively.
Similarly to what was observed in the case of GSNO,

incubation with SNAC at high concentrations also allowed
the survival of a relatively constant percentage of parasites
although less pronounced for L. amazonensis than
L. major, suggesting that the susceptibility of this asynchro-
nous parasite culture is not homogeneous. These surviving
parasites may represent a subpopulation in the culture in a
different developmental stage, possibly metacyclic
promastigotes.

Recovery of L. amazonensis viability by DTT and L-ascorbic
acid

The leishmanicidal action of NO donors (especially
RSNOs) may be due to the release of free NO or to the direct
transfer of the NO group to parasite proteins. The latter was
studied by evaluating whether the reversal of S-nitrosation
leads to the recovery of promastigotes viability.

Two nitrosative modifications of proteins leading to
their inactivation must be considered: the primary nitrosa-
tion of the cysteine residue (PCys-SH), generating an S-
nitrosated protein (PCysSNO) (Eq. (1)), and the subse-
quent decomposition of the S-nitrosated protein, yielding
their corresponding dimers (PCysS-SCysP) (Eq. (2)).

PCys-SH + RSNO!PCysSNO + RSH ð1Þ
2PCysSNO!PCysS-SCysP + 2NO ð2Þ

where P represents the protein and CysSH represents the
cyteine residue.
r (A and C) or L. amazonensis (B and D) promastigotes was evaluated after
and D). Cell viability was calculated as the percentage of values obtained

plicates and results shown are the average of at least three independent
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In the first case, the protein S-nitrosation can be
reversed by an agent capable of reducing the sulfur atom
of the SNO group to its former thiol. Two reducing agents
have been used for this purpose in other works: AA and
DTT [34]. AA is a well-known reducing agent, which is
able to transfer two hydrogen atoms per molecule in a
redox reaction, yielding dehydroascorbic acid (DAA). Its
reduction potential is expected to allow the reduction of
S-nitrosated proteins according to Eq. (3).

2PCysSNO + AA! 2PCysSH + DAA + 2NO ð3Þ

SNO groups can also be reduced to free thiols by the more
powerful reducing agent DTT, which has two free thiols
per molecule. These thiols establish a sulfur bond between
themselves, transferring their hydrogen atoms to the sulfur
atoms of SNO moieties; a reaction favored by the negative
enthalpy variation associated with the formation of a stable
five-member ring in the oxidized DTT (oxiDTT) (Eq. (4)).

2PCysSNO + DTT! 2PCysSH + oxiDTT + 2NO ð4Þ

Although AA is not capable of reducing sulfur bonds of
PCysS-SCysP to their corresponding free thiols, such reac-
tion can be performed by DTT [35] (Eq. (5)).

DTT + PCysS-SCysP! oxiDTT + 2PCysSH ð5Þ

To investigate if AA and DTT could reverse the toxicity of
the RSNOs, the effect of these agents on the viability of
Leishmania had to be established. L. amazonensis promasti-
gotes were incubated with increasing concentrations of
AA and DTT for 24 h and cell viability tested by the MTT
method (data not shown). The maximal concentration of
DTT allowing growth was 100 lmol L�1 while AA up to
10 mmol L�1 did not result in measurable toxicity. Fig. 3
shows the effects of AA and DTT on the viability of
L. amazonensis exposed to GSNO and SNAC. AA signifi-
cantly recovered the viability of parasites exposed to both
100 and 250 lmol L�1 of GSNO. This reversal of effect
was also observed with DTT, although at higher DTT con-
centrations the recovery was incomplete, due to the intrinsic
toxicity of this reducing agent (Fig. 3A). In contrast, the
simultaneous incubation of SNAC with either AA or DTT
was not effective in blocking parasite killing (Fig. 3B).

As a further control regarding the ability of AA and
DTT of reversing the toxicity of GSNO as an indication
of its mode of action, we tested the effects of these reducing
agents on promastigotes incubated with amphotericin B, a
polyene antibiotic which binds preferentially to ergosterol,
the major sterol of Leishmania [36]. The mode of action of
this leishmanicidal agent is therefore unrelated to the gen-
eration of NO or nitrosation of proteins. The survival rates
of L. amazonensis promastigotes incubated with 50 and
100 nmol L�1 amphotericin B were 52.3 and 3.84% of the
control, respectively. No significant increase in survival
was observed when parasites treated with either 50 or
100 nmol L�1 amphotericin B were incubated with AA (1
or 10 mmol L�1) or DTT (50 or 100 lmol L�1), as expected
(data not shown).
F
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As both RSNOs and reducing agents were added to the
cultures simultaneously, we had to investigate whether AA
and DTT were reducing the RSNOs prior to their interac-
tion with parasites.

Fig. 4 shows the percentage of remaining GSNO and
SNAC (500 lmol L�1), after incubation with AA (2 and
20 mmol L�1) and with DTT (100 and 200 lmol L�1) for
40 min. The incubation with 2 and 20 mmol L�1 of AA
led to percentages of remaining GSNO of 65 and 25%,
respectively, and of remaining SNAC of 50 and 25%,
respectively. The greater reducing potential of DTT is
reflected in the percentages of remaining RSNOs (65 and
55% for GSNO and 80 and 65% for SNAC) obtained in
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L. amazonensis promastigotes were preincubated with 100 or
250 lmol L�1 GSNO for 4 h. Cells were then washed, resuspended in
fresh media containing the concentrations of GSNO, AA, and DTT
indicated on the table below the graph and incubated for 20 h. Cel
viability was calculated as the percentage of values obtained for contro
parasites incubated in medium alone. Results shown are the average and
standard deviations of triplicates in one experiment, representative o
three independent experiments.

Fig. 4. Percentage of remaining GSNO and SNAC (initial concentration
of 500 lmol L�1) after 40 min incubated in PBS (A) and in PBS/AA (2 (B)
and 20 (C) mmol L�1) and in PBS/DTT (100 (D) and 200 (E) lmol L�1).
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incubations with DTT 100 and 200 lmol L�1, respectively,
which are 20- to 100-fold less concentrated than AA.

These results indicated that in addition to reverting the
S-nitrosation of proteins, AA and DTT may also directly
decompose SNAC and GSNO, even if partially. Thus,
although an appreciable concentration of the drug
remained intact, the recovery of GSNO-treated promasti-
gotes on Fig. 3A could be associated not only with the
reversal of S-nitrosation but also with the partial reduction
of GSNO before S-nitrosation of the proteins.

To test whether the effects of GSNO on promastigotes
could in fact be reversed by the incubation with AA or
DTT, these compounds were added to cultures
preincubated for 4 h with 100 or 250 lmol L�1 GSNO
(Fig. 5). At the end of the preincubation period, the effect
of GSNO on parasite motility was already evident with
decreased flagellar movement in about 20% of the para-
sites incubated with 100 lmol L�1 and 80% of the cells
treated with 250 lmol L�1 GSNO. To ascertain that the
effect of adding the reducing agents was not due to drug
inactivation, we included control cultures pretreated with
the drug for 4 h and then kept on drug-free media for
additional 16 h.

The treatment of L. amazonensis promastigotes with
100 lmol L�1 GSNO for 24 h resulted in 48.5% mortali-
ty. Cultures pretreated with 100 lmol L�1 GSNO for 4 h
and then incubated for 16 h with GSNO plus
1 mmol L�1 AA or 100 lmol L�1 DTT showed 13.3
and 34.4% mortality, respectively. The reversal in the
toxic effect was clearly observed with the addition of
AA even in comparison with cultures pretreated with
100 lmol L�1 GSNO and then kept on drug-free medium
for 16 h (mortality 23.0%) (Fig. 5). The same was
observed when parasites were pretreated with
250 lmol L�1 GSNO for 4 h and then incubated with
the reducing agents: mortality was reduced from 69.9%
in the control cultures to 17.4% on the AA-treated cells
and to 20.9% after DTT incubation. Taken together,
results shown in Figs. 3–5 indicate that the S-nitrosothi-
ols GSNO and SNAC are active against Leishmania
.

l
l

f

promastigotes through distinct mechanisms: the revers-
ibility of GSNO’s toxic effects by reducing agents sug-
gests that transnitrosation of parasite proteins is the
main target for this nitrosothiol. The results obtained
for GSNO are in accordance with data reported by Sal-
vati et al. [26] in which simultaneous incubation of DTT
and NO-donors with active CPs prevented the enzyme
inhibition showing that Leishmania CPs are at least
one of the targets of transnitrosation.

Conversely, the lack of effect of AA and DTT on pre-
venting the killing of parasites by SNAC indicates that S-
nitrosation is probably not operating as the primary mech-
anism of action in this case. A faster rate of thermal homo-
lytic decomposition for SNAC and consequent generation
of higher concentrations of free NO may shift the mecha-
nism of action to a NO-related toxicity. NO-mediated met-
abolic inhibition of promastigotes and axenic amastigotes
has been related to iron loss from enzymes with iron–sulfur
prosthetic groups, in particular aconitase [5,17] and to the
activation of a pathway similar to apoptosis [37]. However,
the small difference in stability between SNAC and GSNO
may not justify distinct mechanisms of action. It has been
recently shown that the nitrosothiol S-nitrosocysteine
(CSNO), but not GSNO, can be taken up by cells through
a stereoselective transporter [38]. This implies specific
transmembrane movement of intact L-CSNO but not of
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GSNO. It is possible that SNAC and GSNO also differ in
their properties regarding diffusion and permeation
through membranes and that may explain distinct mecha-
nisms of action. Future studies will be aimed at identifying
specific molecular targets of both SNAC and GSNO
against Leishmania.

Conclusions

The primary S-nitrosothiols SNAC and GSNO exhibit
leishmanicidal activity against L. major and L. amazonensis.
SNAC solutions decompose faster than GSNO solutions
through NO releasing reactions. The growth arrest of pro-
mastigotes by GSNO proceeds via S-nitrosation reactions
involving vital substrates, the best candidates being the cys-
teine proteases. This idea is reinforced by the observation
that both ascorbic acid and DTT revert the toxicity of
GSNO through their ability to reduce SNO groups back
to their parent active free thiols. These results indicate that
primary S-nitrosothiols have potential to be tested as ther-
apeutic agents against cutaneous leishmaniasis.
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Fundação de Amparo à Pesquisa do Estado de São Paulo,
FAPESP, Projects 04/00819-0, 01/07869-9, and 03/12808-
0. We thank FAPESP for financial support.

References

[1] M.M. Kane, D.M. Mosser, Leishmania parasites and their ploys to
disrupt macrophage activation, Curr. Opin. Hematol. 7 (2000) 26–31.

[2] E. Nisoli, E. Clementi, C. Paolucci, V. Cozzi, C. Tonello, C. Sciorati,
R. Bracale, A. Valerio, M. Francolini, S. Moncada, M.O. Carruba,
Mitochondrial biogenesis in mammals: the role of endogenous nitric
oxide, Science 299 (2003) 896–899.

[3] M. Cabrera, O. Rodriguez, I. Monsalve, R. Tovar, I. Hagel,
Variations in the serum levels of soluble CD 23, nitric oxide and
IgE across the spectrum of American cutaneous leishmaniasis, Acta
Trop. 88 (2003) 145–151.

[4] F.Y. Liew, S. Millott, C. Parkinson, R.M. Palmer, S. Moncada,
Macrophage killing of Leishmania parasite in vivo is mediated by
nitric oxide from L-arginine, J. Immunol. 15 (1990) 4794–4797.

[5] J. Mauel, A. Ransijn, Leishmania spp.: mechanisms of toxicity of
nitrogen oxidation products, Exp. Parasitol. 87 (1997) 98–111.

[6] C. Bogdan, M. Rollinghoff, How do protozoan parasites survive
inside macrophages? Parasitol. Today 15 (1999) 22–28.

[7] F.M. Balestieri, A.R. Queiroz, C. Scavone, V.M. Costa, M. Barral-
Netto, I.A. Abrahamsohn, Leishmania (L.) amazonensis-induced
inhibition of nitric oxide synthesis in host macrophages, Microbes
Infect. 4 (2002) 23–29.

[8] G.N. Vespa, F.Q. Cunha, J.S. Silva, Nitric oxide is involved in
control of Trypanosoma cruzi-induced parasitemia and directly kills
the parasite in vitro, Infect. Immun. 62 (1994) 5177–5182.

[9] P. Gobert, S. Semballa, S. Daulouede, S. Lesthelle, M. Taxile, B.
Veyret, P. Vincendeau, Murine macrophages use oxygen- and nitric
oxide-dependent mechanisms to synthesize S-nitroso-albumin and to
kill extracellular trypanosomes, Infect. Immun. 66 (1998) 4068–4072.

[10] K.A. Rockett, M.M. Awburn, W.B. Cowden, I.A. Clark, Killing of
Plasmodium falciparum in vitro by nitric oxide derivatives, Infect.
Immun. 59 (1991) 3280–3283.
[11] B. Zeina, C. Banfield, S. Al-Assad, Topical glyceryl trinitrate: a
possible treatment for cutaneous leishmaniasis, Clin. Exp. Dermatol.
22 (1997) 244–245.
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