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Abstract

Tempol (4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy) has long been known to protect experimental animals from the injury associated
with oxidative and inflammatory conditions. In the latter case, a parallel decrease in tissue protein nitration levels has been observed. Protein
nitration represents a shift in nitric oxide actions from physiological to pathophysiological and potentially damaging pathways involving its
derived oxidants such as nitrogen dioxide and peroxynitrite. In infectious diseases, protein tyrosine nitration of tissues and cells has been taken as
evidence for the involvement of nitric oxide-derived oxidants in microbicidal mechanisms. To examine whether tempol inhibits the microbicidal
action of macrophages, we investigated its effects on Leishmania amazonensis infection in vitro (RAW 264.7 murine macrophages) and in vivo
(C57Bl/6 mice). Tempol was administered in the drinking water at 2 mM throughout the experiments and shown to reach infected footpads as the
nitroxide plus the hydroxylamine derivative by EPR analysis. At the time of maximum infection (6 weeks), tempol increased footpad lesion size
(120%) and parasite burden (150%). In lesion extracts, tempol decreased overall nitric oxide products and expression of inducible nitric oxide
synthase to about 80% of the levels in control animals. Nitric oxide-derived products produced by radical mechanisms, such as 3-nitrotyrosine and
nitrosothiol, decreased to about 40% of the levels in control mice. The results indicate that tempol worsened L. amazonensis infection by a dual
mechanism involving down-regulation of iNOS expression and scavenging of nitric oxide-derived oxidants. Thus, the development of therapeutic
strategies based on nitroxides should take into account the potential risk of altering host resistance to parasite infection.
© 2008 Elsevier Inc. All rights reserved.
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Tempol and other stable cyclic nitroxide radicals have long
been known to protect laboratory animals, bacteria, and mam-
malian cells from the injury associated with oxidative stress
conditions [1–4]. These protective effects have been mostly
attributed to their superoxide dismutase-like activity, although
nitroxides are not particularly efficient as superoxide dismutase
mimetics [5]. Other nitroxide antioxidant mechanisms include
Abbreviations: COX, prostaglandin endoperoxide H synthase; IFN-γ,
interferon-γ; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide;
NOX, NADPH oxidase; peroxynitrite, the sum of peroxynitrite anion (ONOO−,
oxoperoxonitrate (−1) and peroxynitrous acid (ONOOH, hydrogen oxoperox-
onitrate) unless specified otherwise; Tempol, 4-hydroxy-2,2,6,6,-tetramethyl-1-
piperidinyloxy.
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inhibition of Fenton chemistry by the ability to oxidize tran-
sition metal ions, termination of radical chain reactions by
radical recombination, and acceptance of electrons from the
mitochondrial electron transport chain (reviewed in [3,4]). The
possibility of cyclic nitroxides interacting with nitric oxide-
derived oxidants has been less frequently investigated [6–11].
Nevertheless, this is particularly relevant because tempol has
also been shown to protect animals from injuries associated with
inflammatory conditions, which are characterized by increased
production of nitric oxide and its derived oxidants (reviewed
in [12]).

In most studied animal models of inflammation, the pro-
tective effects of tempol were paralleled by decreased levels of
protein tyrosine nitration [12]. The occurrence of protein nitra-
tion represents a shift of nitric oxide actions from physiological
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to pathophysiological and potentially damaging pathways in-
volving its derived oxidants such as nitrogen dioxide and
peroxynitrite (reviewed in [13]). Consequently, protein tyrosine
nitration is attracting considerable attention from biomedical
investigators because of its potential ability to indicate acute and
chronic disease states and predict disease risk [13]. In the case
of infectious diseases, the occurrence of protein tyrosine
nitration in infected tissues and cells has been taken as evidence
for the involvement of nitric oxide-derived oxidants in phago-
cyte microbicidal mechanisms [13–21].

The better elucidated protein nitration mechanism supports
a free radical recombination between nitrogen dioxide and pro-
tein tyrosyl radicals. Not unexpectedly, efficient tyrosine ni-
tration has been demonstrated so far with systems that directly
or indirectly produce tyrosyl radicals in addition to nitrogen
dioxide. Examples of such systems are peroxynitrite/carbon
dioxide and hemeperoxidases such as myeloperoxidase and
eosinophil peroxidase/hydrogen peroxide/nitrite [13,18]. Per-
oxynitrite is produced from the diffusion-controlled reaction of
nitric oxide with the superoxide radical [22], whereas nitrite is
a biological product and precursor of nitric oxide [23]. More
recently, other hemeproteins such as COX-2 [21] and iNOS [24]
have been proposed as catalysts of biological protein tyrosine
nitration.

Relevant to this, we showed that tempol efficiently inhibits
both myeloperoxidase- [25] and peroxynitrite/carbon dioxide-
mediated protein nitration in vitro [10], mainly because of its
capability to react rapidly with nitrogen dioxide and carbonate
radical. Although these reactions are likely to be relevant to the
effects of tempol in reducing tissue injury under inflammatory
conditions [12], they may compromise microbicidal mechan-
isms during infections. For instance, tempol has been shown to
increase Leishmania chagasi infection of human and mouse
macrophages in vitro, and its effects have been attributed to
superoxide radical dismutation [26]. Here, to better evaluate
tempol influence on macrophage microbicidal mechanisms, we
investigated its effects on Leishmania amazonensis infection in
vivo (C57Bl/6 mice) and in vitro (RAW 264.7 murine macro-
phages). Previously, based on several lines of evidence, we pro-
posed that C57Bl/6 mice control cutaneous L. amazonensis
infectionmainly because their lesionmacrophages are activated at
an early infection stage to produce nitric oxide-derived oxidants
that are crucial to parasite elimination [16].

Experimental procedures

Materials

All reagents were purchased from Sigma, Merck, or Fischer
and were analytical grade or better. All solutions were prepared
with distilled water purified with a Barnstead Milli-Q system.

Parasites

L. amazonensis (MHOM/BR/73/M2269) amastigotes were
obtained from footpad lesions of BALB/c mice as previously
described [15,16].
Animal infection and tempol administration

Female C57Bl/6mice (6weeks of age) were obtained fromour
animal facilities and the experiments performed followed the
approved animal guidelines. The animals were injected sub-
cutaneously in the right hind footpad with 2×106 L. amazonensis
amastigotes [15,16]. After infection, the animals were divided
into two groups, one of control animals (30 mice) receiving
normal drinking water and another (30 mice) receiving 2 mM
tempol aqueous solution as the only drinking water throughout
the experiment. The course of infection was monitored by mea-
suring the increase in footpad thickness, compared with the
contralateral uninfected footpad, with a dial caliper [15].

Parasite burden

At different infection times, mice were sacrificed and the
footpad lesion tissue was excised and homogenized in 1 ml
saline using a T8 Ultra-Turrax homogenizer (IKAWorks). The
suspension was poured through sterile gauze to eliminate debris
and the filtrate disrupted by five passages through a 26-gauge
needle to release parasites from tissue macrophage vacuoles.
Parasite number was recorded by microscopic observation
[15,16].

Extraction of footpad lesion tissue for biochemical analysis

Six weeks after infection, mice were sacrificed and the footpad
lesion tissue was homogenized in lysis buffer (2.5 ml/mg tissue)
containing 50 mM Tris (pH 7.4), 0.5% Triton X-100, 5 mM
EDTA, 10 mM N-ethylmaleimide, 2 μg/ml aprotinin, 2 μg/ml
pepstatin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM so-
dium orthovanadate [10,27]. The homogenate was centrifuged at
4°C and 1000g for 5 min and the supernatant was stored at −80°C
until analysis of total protein, protein 3-nitrotyrosine, iNOS
expression, and nitric oxide products. Total protein in the samples
was determined by the Bradford method with a Bio-Rad kit.

Chemiluminescence assay of nitric oxide products

Determination of nitric oxide products in the lesion tissue
was performed with a chemiluminescence nitric oxide analyzer
(NOA280; Sievers Instruments) following the procedure opti-
mized by Feelisch and co-workers [27]. Footpad lesion tissue
extracts of each animal were divided into four aliquots. The first
aliquot was directly injected into a vessel containing a solution
of 45 mM potassium iodide and 10 mM iodine in glacial acetic
acid that was maintained at 60°C and continuously purged
with nitrogen. Under these conditions, nitrite, nitrosothiol, and
mercury-resistant nitroso compounds (nitrosamines and iron–
nitrosyl complexes) are reduced to nitric oxide gas, which is
carried on the stream of nitrogen into the chemiluminescence
detector. The second aliquot was incubated with 10% (v/v)
sulfanilamide solution (5% sulfanilamide in 1 M HCl) for
30 min at room temperature in the dark to use up the present
nitrite and then injected into the analyzer. The third aliquot was
incubated with 10% (v/v) sulfanilamide solution containing 2%
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mercurium chloride for 30 min at room temperature in the dark
to use up the present nitrite and nitrosothiols and then injected in
the analyzer. The fourth aliquot was directly injected into a
vessel containing a saturated solution of vanadium(III) chloride
in 1 N HCl maintained at 90°C. Under these conditions, all
nitric oxide-derived products (nitrate, nitrite, nitrosothiol, nitro-
samines, and iron–nitrosyl complexes) are reduced to nitric
oxide. The peak areas of the samples were calculated with the
instrument software and compared with those of standard solu-
tions of nitrate and nitrite analyzed under the same experimental
conditions. The amount of nitrate, nitrite, and nitrosothiol
present in the samples was given by the concentration difference
between the fourth and the first aliquot, the first and the second
aliquot, and the second and the third aliquot, respectively [27].

Analysis of protein nitration by immunoblotting

Samples of lesion tissue extracts (5 μg protein) were trans-
ferred onto a nitrocellulose membrane by vacuum for dot blots,
and the membrane was blocked with 5% nonfat dried milk (2 h)
before exposure to primary antibody solution for 2 h (sheep
anti–nitrotyrosine, 1/2500; Oxis) [10]. Primary antibody was
detected by 1 h incubation with secondary antibody (anti-sheep
IgG peroxidase conjugated, 1/2500; Calbiochem). Dot blots
were revealed with chemiluminescent reagents (Amersham) and
relative quantification of 3-nitrotyrosine was performed by
densitometry (ImageQuant v5.2; Molecular Dynamics). Bovine
serum albumin (BSA) and peroxynitrite/carbon dioxide-treated
BSA were employed as negative and positive controls, res-
pectively [10].

Analysis of iNOS expression by Western blot

Samples of lesion tissue extracts (30 μg protein) were in-
cubated with Laemmli's buffer for 5 min at 100°C and subjected
to SDS–PAGE with 8% gel slabs. Separated proteins were
transferred onto nitrocellulose membrane [28]. Nonspecific
binding sites were blocked with 5% nonfat dried milk in Tris-
buffered saline (90 min) before exposure to primary antibody
solution for 1 h (rabbit anti-iNOS, 1/1000; Alexis). Primary
antibody was detected by incubation with secondary antibody for
1 h (anti-rabbit IgG peroxidase conjugated, 1/2000; Amersham).
Western blot was revealed with chemiluminescent reagents
(Amersham) and relative quantification of iNOS was performed
by densitometry (ImageQuant v5.2; Molecular Dynamics).

Macrophage infection

RAW 264.7 macrophages (~1.5×105) were allowed to
attach to round 13-mm-diameter glass coverslips placed in
24-well plates (Costar) containing 1 ml of DME medium sup-
plemented with 10% inactivated fetal calf serum (Cultilab,
Brazil), 25 mg/ml ampicillin, 100 mg/ml streptomycin, and
3.7 mg/ml sodium bicarbonate and maintained in 5% CO2 at
37°C [29]. After 30 min incubation, the nonadherent cells were
removed by two washes with saline. Then, the adherent macro-
phages were treated with 100 U/ml IFN-γ and 1 μg/ml LPS.
After 7 h incubation, macrophages were treated with tempol
(0–100 μM) and infected with L. amazonensis (10 amastigotes/
macrophage). After 17 h (total incubation 24 h), the glass cover-
slips were washed to remove extracellular parasites, stained with
Giemsa, dried, mounted on glass slides, and examined micro-
scopically [29]. For each glass coverslip, about 250 cells were
examined to count the number of infected macrophages and the
average number of parasites per macrophage. The results were
expressed as the infection index, which is the product of the
percentage of infected macrophages times the number of amas-
tigotes per macrophage [29].

Analysis of tempol and its hydroxylamine derivative by EPR

EPR spectra were recorded at room temperature on a Bruker
ER 200 D-SRC upgraded to an EMX instrument. In the case of
C57Bl/6 mice experiments, footpad lesion tissues were vigo-
rously homogenized in saline (2.5 volumes/mg tissue) and
subjected to EPR analysis before (to determine tempol levels)
and after addition of 1 mM ferricyanide (to determine tempol
plus hydroxylamine levels). Indeed, ferricyanide oxidizes cel-
lular reductants and the hydroxylamine derivatives to nitr-
oxides, permitting detection of the latter by EPR [30]. In the
macrophage experiments, cell culture, activation, and infection
in the presence of 100 µM tempol were performed as above
except for the use of proportionally higher numbers of cells and
parasites (~5 times higher) and higher total volumes (8 ml).
After 24 h incubation, the culture medium was aspirated and
saved, and adherent cells were washed two times with PBS.
Cells were resuspended in 0.5 ml PBS (thus, concentrated 60
times compared with culture conditions). Both culture media
and resuspended cells were subjected to EPR analysis before
and after 30 min incubation with 1 mM ferricyanide at room
temperature [30]. Tempol concentration in the footpad lesions
or in culture media was estimated by double integration of the
EPR spectrum and comparison with that of a standard tempol
solution scanned under the same conditions.

Statistical analyses

Data are expressed as means±standard error. The differences
between experimental groups were examined by using ANOVA.

Results

Leishmania infection in mice

The course of L. amazonensis infection in C57Bl/6 mice
proceeded as previously described [15,16]. Cutaneous footpad
lesions reached maximum size at week 6 and then declined
during the 15-week period (Fig. 1A). Likewise, the number of
parasites in the lesions increased up to 6 weeks after infection
and decreased thereafter, with the animals becoming clinically
cured (Fig. 1B). Mice that received continuous tempol (2 mM)
in the drinking water showed an increase in lesion size com-
pared to controls at week 6 (~120%) and thereafter (Fig. 1A).
Parasite burden in the lesions showed that the tempol-treated



Fig. 2. Representative EPR spectrum of footpad homogenates of L. amazonensis-
infected C57Bl/6 mice at week 6 treated with tempol (A) before and (B) after
addition of 1 mM ferricyanide. The central doublet observed in (A) corresponds to
the EPR spectrum of the ascorbyl radical. Instrumental conditions: microwave
power, 10 mW; modulation amplitude, 0.1 mT; time constant, 327 ms; scan rate,
0.029 mT/s.

Fig. 1. Course of L. amazonensis infection in control (□) and tempol-treated (■)
C57Bl/6 mice monitored by (A) lesion size and (B) parasite burden. The animals
(30 per group) were injected with 2×106 amastigotes and received normal water
or 2 mM tempol as the drinking water. Measurements were performed as
described under Experimental procedures. The values shown correspond to the
means±standard error of lesion size of 30 animals (A) and of the parasite burden
in the lesions of 7 animals (B); ⁎p≤0.05, ANOVA.
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group fared worse than the controls by week 6 (~150%); at
week 13, parasite counts were also higher than those of control
animals but the difference was not significant (Fig. 1B). These
results indicate that tempol-treated C57Bl/6 mice became less
resistant to L. amazonensis infection than control mice.

To elucidate themechanisms bywhich tempol increased lesion
size and parasite burden in infected animals (Fig. 1), we first
examined whether the nitroxide administered in the drinking
water reached the infected footpads of treated animals by EPR
analysis of their homogenates at week 6. As shown in Fig. 2,
tempol was detectable in the lesions of treated animals but the
dominant EPR signal is the one attributed to the ascorbyl radical
(Fig. 2A). The intensity of the tempol signal increased upon
addition of 1 mM ferricyanide to the homogenates (Fig. 2B),
indicating that a considerable fraction of tempolwas present in the
lesions in the reduced form, that is, as the hydroxylamine de-
rivative [30]. Although themaximum tempol plus hydroxylamine
derivative level detected in the lesions at week 6was around 1 µM
(Fig. 2B), these experiments indicated that the nitroxide and
its redox-active derivatives are likely to be responsible for the
worsening of L. amazonensis infection (Fig. 1).

In the case of C57Bl/6 mouse infection, we showed that
control of parasite burden starts at 6 weeks, concomitant with
maximum nitric oxide synthesis and 3-nitrotyrosine protein
levels in the animal footpads [16]. Thus, it was important to
examine the levels of nitric oxide-derived products in footpad
homogenates collected at 6 weeks from control and tempol-
treated animals. Nitric oxide-derived products were quantified
by specific reduction and chemiluminescence as previously
described (see Experimental procedures) [27]. Footpad homo-
genates of animals receiving tempol presented a decreased level
of the sum of all chemiluminescence-detectable nitric oxide
products compared with control animals (about 80%) (Fig. 3A).
Likewise, nitrate (Fig. 3A) and nitrite (Fig. 3B) decreased to 79
and 76%, respectively. Less abundant nitric oxide-derived pro-
ducts such as nitrosylheme plus nitrosamines (100%) and nitro-
sothiol (40%) remained the same or decreased by a considerable
extent, respectively (Fig. 3B). Tempol administration also de-
creased the levels of nitrated proteins in the footpad homo-
genates to about 40% of control animals, as demonstrated by
parallel experiments of immunoblotting monitoring 3-nitrotyr-
osine protein levels (Fig. 4). Previously, we showed by confocal



Fig. 3. Levels of nitric oxide products detected in lesion extracts ofL. amazonensis-
infected C57Bl/6 mice untreated (□ ) and treated with tempol (▪). (A) The total
corresponds to the sum of all specified products. (B) Nitrosothiols (SNO), nitro-
sylheme (FeNO), and nitrosamines (NNO) are shown. Analysis was performed as
described under Experimental procedures. The values shown correspond to the
means±standard error obtained in lesion extracts of six to nine mice; ⁎⁎p≤ .01 and
⁎p≤0.05, ANOVA.

Fig. 4. Levels of 3-nitrotyrosine residues in lesion extracts of L. amazonensis-
infected C57Bl/6 mice untreated (□ ) and treated with tempol (▪). Inset: Staining
of protein and 3-nitrotyrosine; BSA and peroxynitrite/carbon dioxide-treated BSA
correspond to negative and positive control, respectively. Analysis and quantifi-
cation were performed as described under Experimental procedures. The values
shown correspond to the means±standard error obtained in lesion extracts of three
mice; ⁎⁎p≤0.01, ANOVA.

Fig. 5. Levels of iNOS expression in lesion extracts of L. amazonensis-infected
C57Bl/6 mice untreated (□ ) and treated with tempol (■). Inset: Molecular
weight marker and representative staining of iNOS. Analysis and quantification
were performed as described under Experimental procedures. The values shown
correspond to the means±standard error obtained in lesion extracts of four to six
mice; ⁎⁎p≤0.01; ANOVA.
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microscopy of the lesions that proteins from both parasites and
hosts were nitrated at 6 weeks of infection [16].

The levels of nitric oxide-derived products measured in the
lesions of mice infected with L. amazonensis were about 10
times higher than those reported in most tissues of naive rats
[31], attesting to the intensive activity of iNOS in the infected
footpad macrophages [16]. On the other hand, tempol decreased
the overall yield of nitric oxide-derived products to about 80%
of control animals (Fig. 3), suggesting that it could be modu-
lating iNOS expression. In agreement, the levels of inducible
nitric oxide synthase in the footpad homogenates of tempol-
treated mice were about 80% of those of untreated animals
(Fig. 5).

Leishmania infection in activated macrophages

RAW 264.7 macrophages became infected even when
activated with interferon-γ (100 U/ml) and LPS (1 μg/ml) 7 h
before the addition of a 10-fold excess of L. amazonensis
amastigotes (Fig. 6) [30]. Under our experimental conditions,
about 50% of the macrophages housed parasites, with an average
of seven parasites per infected macrophage. These values
provided an infection index of about 350 (Fig. 6). In parallel
experiments, parasites and tempol (10–100 µM) were applied
concomitantly to activated macrophages and infection para-
meters were monitored. It was observed that 100 µM tempol
significantly increased the infection index and, thus, enhanced
parasite replication (Fig. 6). However, no significant decrease in
iNOS expression was detectable with tempol concentrations
lower than 0.5mM (data not shown). Previously, 0.4 mM tempol
was shown to increase L. chagasi infection in mouse and human



Fig. 7. Levels of tempol (□ ) and tempol plus its hydroxylamine derivative (▪)
present in culture medium after incubation of tempol with macrophages under
different conditions. Tempol (100 µM) was added to culture medium (MEDIUM),
RAW 264.7 macrophages (RAW), macrophages activated with interferon-γ and
LPS (RAW + IL), and activated macrophages infected with L. amazonensis
amastigotes (RAW + IL + AMA). Incubation, activation, infection, and EPR
analysis were performed as described under Experimental procedures. The values
shown correspond to the means of two or three independent experiments. Re-
presentative data obtained in the case of RAW+ IL + AMA are shown in the inset.
The shown EPR spectra correspond to those of culture medium before (spectrum
A) and after addition of 1 mM ferricyanide (spectrum B) and of the concentrated
cell fraction (60 times) before (spectrumC) and after addition of 1mM ferricyanide
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macrophages without presenting toxicity to the host cells [26].
However, due to the potential cytotoxic effects of tempol at
millimolar concentration [3,4,32,33] and the low concentration
of tempol plus its hydroxylamine derivative (ca. 1 µM) detected
in footpad homogenates of treated mice (Fig. 2), we did not
pursue in vitro experiments with tempol concentrations higher
than 100 µM. Nevertheless, our results clearly show that tem-
pol increases L. amazonensis infection in macrophage cultures
(Fig. 6).

Because cell cultures are usually deprived of ascorbate [34],
which is an important biological reductant of nitroxides (Fig. 2)
[30], it was important to examine tempol distribution and fate in
RAW 264.7 macrophages infected or not with L. amazonensis.
Activation, infection, and incubation were performed as des-
cribed above except for the use of a proportionally higher
number of cells and parasites and only one tempol concentration
(100 µM); at the end of the incubation (24 h), culture media and
cells were isolated and analyzed by EPR as described under
Experimental procedures. Tempol and its hydroxylamine de-
rivative were detected in the culture media and in the cell
fractions, particularly in the medium, as expected from the ratio
between total and cell volumes (Fig. 7, inset). Thus, tempol fate
was analyzed by the determination of tempol and hydroxyla-
mine plus tempol levels in the culture media from different
incubations (Fig. 7). Tempol (100 µM) remained as the nitro-
xide (92 µM) in 24 h incubation with culture medium or culture
medium containing L. amazonensis amastigotes. In incubations
containing RAW 264.7 macrophages, tempol appeared in the
(spectrum D).

Fig. 6. Effects of tempol on macrophages infected by L. amazonensis.RAW264.7
macrophages were activated with interferon-γ (100 U/ml) and LPS (1 μg/ml) 7 h
before the addition of a 10-fold excess of L. amazonensis amastigotes. Treatment
with tempol and analysis were performed as described under Experimental
procedures. The infection index is the product of the percentage of infected
macrophages times the average number of amastigotes permacrophage. The values
shown correspond to the means±standard error obtained from three independent
experiments; #p≤0.1; ANOVA.
culture media as the nitroxide (~10 µM) and as the hydro-
xylamine derivative (~70 µM) (Fig. 7). Because the initial
tempol concentration was 100 µM, the difference (~20 µM) was
metabolized to products other than the hydroxylamine deriva-
tive. These results confirmed that tempol is quite stable in
culture media but it is reduced to the hydroxylamine by cell
cultures [35] despite their ascorbate deprivation. Tempol meta-
bolization to products other than the hydroxylamine derivative
increased upon macrophage activation and infection (Fig. 7). In
the case of activated macrophages, the culture medium con-
tained tempol (~10 µM) and hydroxylamine (~50 µM); about
40 µM tempol was metabolized to other products. The culture
medium of activated macrophages infected with L. amazonensis
amastigotes contained tempol (~4 µM) and hydroxylamine
(~40 µM); about 60 µM tempol was metabolized to other
products (Fig. 7). These results are consistent with the fact that
macrophage activation and infection led to production of free
radicals, some of which are able to react with tempol to generate
products that are redox inactive (see also Discussion) [10,36].
As was the case in mouse infection (Figs. 1 and 2), tempol and
its hydroxylamine derivative were detected in macrophage
cultures whose parasite burden they increased (Figs. 6 and 7).

Discussion

Even though leishmaniasis is endemic in developing coun-
tries, economic globalization, environmental changes, military



Fig. 8. Schematic representation of the effects of tempol on macrophage
production of reactive species proposed to be relevant for defense against
microorganisms [16,18–21]. Involvement of iNOS and nitric oxide is es-
tablished but participation of other enzymes and reactive species remains
controversial. Although our results cannot discriminate between the auxiliary
enzymes and the reactive species participating in the oxidative/nitrative re-
actions responsible for parasite elimination, they support a role for radicals
produced downstream of nitric oxide synthesis because of their rapid reaction
with tempol (see text). Thus, in the scheme, both NOX [16,18] and COX-2 [21]
were included as possible auxiliary enzymes. Concomitant production of nitric
oxide and superoxide radical anion to produce peroxynitrite (ONOO−/ONOOH)
in macrophage cell cultures has not been demonstrated so far [17,21]. In vivo,
however, tissue-resident and newly recruited macrophages are being continually
invaded by proliferating organisms and superoxide radical and nitric oxide
production does not have to occur at the same time in the same cell because nitric
oxide diffuses from one cell to another [18].
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activity, and immune depression caused by medication and viral
infections have extended its reach to people in developed
countries in recent years [37]. Thus, infection of C57Bl/6 mice
with L. amazonensis seemed to us an interesting model to
explore tempol effects on microbicidal mechanisms in vivo.
Murine leishmaniasis has been useful not only for the under-
standing of leishmaniasis, but also for that of other diseases
caused by intracellular pathogens, such as tuberculosis, lis-
teriosis, and toxoplasmosis. Although most studies to elucidate
cell types and signal transduction cascades necessary to control
cutaneous infection in mice have been performed with L. major,
the rule of CD4+ T cell- and IFN-γ-mediated macrophage
activation holds for most species [38–41]. L. amazonensis is
one of the causative agents of cutaneous and diffuse cutaneous
leishmaniasis in the Americas [42]. In murine models, it leads to
uncontrolled cutaneous lesions in BALB/c mice, whereas rela-
tively resistant C57Bl/6 mice are able to control infection.
Relevant to this, we showed that infection control relied on
lesion macrophage activation with the production of nitric oxide
and its derived oxidants, which promoted extensive nitration of
parasite and host proteins [16]. Thus, tempol interaction with
nitric oxide-derived oxidants [6–11] could affect infection con-
trol. This was tested by continuous treatment of infected C57Bl/
6 mice with tempol in the drinking water at a dose (2 mM) low
enough to be innocuous to the animals [3], which we confirmed
by observing them and monitoring their water consumption. We
also demonstrated that oral tempol was distributed to the tissues
and reached infected footpads by EPR analysis of their homo-
genates (Fig. 2).

Our results showed that, indeed, tempol worsened L.
amazonensis infection in C57Bl/6 mice (Figs. 1 and 3–5) and
RAW macrophages (Fig. 6), but acted by a dual mechanism
involving scavenging of nitric oxide-derived oxidants and
down-regulation of iNOS expression. The latter action is
directly revealed by the in vivo results (Figs. 3 and 5). Although
tempol administration inhibited iNOS expression to a small
extent (80% of control animals) the enzyme level decrease was
significant and consistent because it was revealed by the level
of expressed enzyme (Fig. 5) and the overall yield of enzyme
products, that is, of nitric oxide-derived products (Fig. 3A). The
effect of tempol in decreasing iNOS expression is probably due
to its capability to reduce NF-κB activation as shown before in
an acute model of inflammation in mice, carrageenan-induced
pleuritis [43]. The NF-κB family of transcription factors is
activated by many inflammatory and infectious stimuli. In the
case of Leishmania, NF-κB activation is required to mount the
CD4+ T cell- and IFN-γ-mediated macrophage response
required to control parasite proliferation (reviewed in [40]).
Because tempol is able to reduce NF-κB activation [43], it is
not surprising that it reduced iNOS levels [44–46] in the foot-
pad homogenates of L. amazonensis-infected mice (Fig. 2).
NF-κB activation depends on cellular redox state [47], and, thus,
inhibition by tempol may be due to its antioxidant properties
[1–4].

A closer analysis of the obtained results indicates that, in
addition to inhibiting iNOS expression and nitric oxide syn-
thesis, tempol also scavenged nitric oxide-derived radicals
required to control parasite burden. Indeed, tempol decreased
iNOS expression (Fig. 5) and overall yield of nitric oxide-
derived products (Fig. 3A) to 80% of control levels, but parasite
burden increased to 150% (Fig. 1B), suggesting that the leish-
manicidal agent is not nitric oxide itself. This is in agreement
with our previous studies showing that nitric oxide is cytostatic
to the parasites but not cytotoxic [16]. In addition, tempol
decreased the levels of nitric oxide-derived products whose
formation depends on a free radical mechanism, such as nitrated
proteins (3-nitrotyrosine-protein) (Fig. 3) and nitrosothiols
[10,13,18,48] (Fig. 4), to 40% of control levels. Such a de-
crease is higher than that of iNOS expression and total nitric
oxide-derived products, indicating that tempol is also reacting
with radical species that can be produced downstream of nitric
oxide synthesis (Fig. 8) [10,13,18,48].

The above view is also supported by tempol distribution and
fate in our experimental models (Figs. 2 and 7). It should be
mentioned that tempol reacts with diverse biological oxidants
and reductants while being recycled through the oxoammonium
cation and the hydroxylamine derivative, respectively (Fig. 8)
[3,4]. Tempol can also be consumed by recombination reactions
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with certain radicals, such as thiyl radicals, to produce redox-
inactive products (Eq. 1) [36].

All of these reactions (Fig. 8, Eq. (1)) are likely to be
occurring in the employed experimental models because tempol
and the hydroxylamine derivative were detected in the mouse
lesions (Fig. 2) and macrophage cultures (Fig. 7) whose parasite
burden increased (Figs. 1 and 6). Detection of the oxoammo-
nium cation derivative is precluded because it is a reactive
intermediate with short half-life even in chemical systems [9].
In cell cultures, it was possible to demonstrate that part of the
tempol wasmetabolized to products that are redox inactive or, at
least, are not oxidized by ferricyanide, particularly in infected
macrophages (Fig. 7). This indicates that macrophage infection
produces radicals from biotargets such as glutathionyl [36],
protein-thiyl [10], and protein-tyrosyl [25], which are able to
consume tempol (Eq. (1)). Production of biotarget-derived
radicals requires the production of upstream radicals. Thus, it is
reasonable to propose that tempol and its redox-active deri-
vatives scavenge species produced downstream of nitric oxide,
compromising parasite elimination (Fig. 8). Both tempol and its
hydroxylamine derivative scavenge radicals, such as nitrogen
dioxide (k=8.7×108 and ≤105 M−1 s−1, respectively) [8] and
carbonate radical (k=4×108 and 1.7×108 M–1 s–1, respec-
tively) [9]. Tempol is usually more reactive than the hydro-
xylamine as exemplified by the above second-order rate
constant values. In addition, tempol is oxidized to the oxoam-
monium cation, which can be recycled back to tempol by
reacting with cellular reductants or upstream species, such as
hydrogen peroxide, peroxynitrite, and superoxide [7,9,10,23].
This argues for a direct involvement of tempol in scavenging
the radicals that contribute to parasite elimination (Fig. 8),
although a role for the hydroxylamine derivative cannot be
excluded.

The oxidative mechanisms by which macrophages eliminate
microorganisms remain unresolved and are an area of active
investigation [15–21,38–42,49–52]. The results reported here
cannot discriminate between enzymes and reactive species par-
ticipating in oxidative/nitrative reactions that contribute to para-
site elimination, but they support a role for radicals produced
downstream of nitric oxide synthesis because of their rapid
reaction with tempol (Fig. 8). In addition, tempol decreased
iNOS expression. Down-regulation of iNOS expression and
reaction with nitric oxide-derived radicals are also likely to be
responsible for tempol protecting experimental animals from the
injury associated with inflammatory conditions [12]. Thus, the
development of therapeutic strategies based on cyclic nitroxides
[3,4] should take into account the potential risk of altering host
resistance to parasite infection.
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