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Sodium stibogluconate (Sbb), a leishmanicidal drug, was studied for its in vivo effect on the formation of
reactive oxygen species (ROS), assessed by chemiluminescence (CL) in the whole blood of mice infected with
Leishmania infantum. Stimulation of ROS formation induced ex vivo by zymosan particles or the protein kinase
C activator phorbol myristate acetate (PMA) was reduced by approximately 25% (P < 0.05) after infection of
mice. Treatment of infected mice with Sbb (50 to 400 mg/kg of body weight) enhanced the blood CL induced
by zymosan and PMA (47 to 96%, P < 0.01). The drug potentiation effect also occurred in uninfected mice. In
vitro treatment of normal human blood with Sbb (1, 10, or 100 mg/ml) for 1 h primed the CL response to PMA
(29 to 54%). The priming effect of Sbb was also observed on the production of superoxide by isolated
polymorphonuclear leukocytes stimulated either by PMA and zymosan or by the chemoattractants N-formyl-
Met-Leu-Phe and platelet-activating factor. These data provide the first evidence of priming of the phagocyte
respiratory burst by Sbb. This novel property of Sbb may contribute to the drug’s leishmanicidal effect.

Stimulation of phagocytes (polymorphonuclear cells, mono-
cytes, and macrophages) by particle agents or soluble media-
tors such as chemoattractants triggers the generation of large
amounts of superoxide anion (O2

z) and related reactive oxygen
species (ROS), such as hydrogen peroxide (H2O2) and hy-
droxyl radicals (OHz) and singlet oxygen (1O2). This genera-
tion, termed respiratory burst, plays a major role in the de-
struction of invading pathogens by phagocytes (4). In certain
circumstances, the phagocyte respiratory burst is enhanced
after cell treatment with low concentrations of certain agonists
or drugs. This phenomenon, termed “priming” (14), may have
beneficial or detrimental biological effects. Leishmania is a
parasite of macrophages that causes a broad range of diseases,
including cutaneous, mucocutaneous, and acute visceral leish-
maniasis (27). It has been proposed that activated macro-
phages kill intracellular parasites by generating ROS and nitric
oxide (20, 22, 27, 30). Visceral leishmaniasis is associated with
depression of immune defenses, and Leishmania spp. appear
to be resistant to oxygen-dependent toxicity (8, 17). al-Mofleh
et al. have shown that the phagocyte respiratory burst was
down-regulated in animals receiving antigens of Leishmania
major (2). These antigens were also found to inhibit the respi-
ratory burst of isolated polymorphonuclear leukocytes (PMN)
in vitro (3). The importance of PMN in the early control of
parasite load and spreading of parasitism in cutaneous leish-
maniasis was recently reported (21).

Pentavalent antimonials, available as sodium stibogluconate
(Pentostam) (Sbb) or meglumine antimoniate (Glucantime),
are the first-choice therapy for visceral leishmaniases of immu-
nocompetent patients but appear to be inefficacious in immu-

nocompromised patients. Moreover, some authors have sug-
gested that nonspecific cell defense was required for a
completely successful cure (17). These drugs were shown to
interact with Leishmania and inhibit its viability in vitro (6).
However, the effects of these drugs on host cell reactivity and
their mode of action are not fully understood. To gain insight
into the mechanism of Sbb’s leishmanicidal effect, we studied
the in vivo drug effect on the generation of ROS, as measured
by luminol-dependent chemiluminescence (CL) assay in the
whole blood of Leishmania infantum-infected and uninfected
mice. We further analyzed the effects of Sbb in vitro on the CL
response of whole blood of healthy volunteers and on the
production of superoxide anion by purified PMN stimulated by
various agents.

MATERIALS AND METHODS

Reagents. Dextran T500 was from Pharmacia (Uppsala, Sweden), and other
reagents were from the Sigma Chemical Co. (St. Louis, Mo.). Stock solutions of
N-formyl-Met-Leu-Phe (fMLP), platelet-activating factor (PAF), and phorbol
myristate acetate (PMA) were prepared in dimethyl sulfoxide. Zymosan particles
were opsonized by incubating 10 mg of zymosan in 1 ml of human serum for 30
min at 37°C. The zymosan suspension was washed twice in phosphate-buffered
saline and used at a final concentration of 0.5 mg/ml. A stock solution of Sbb
(Wellcome, London, United Kingdom) was used at a concentration of 100 mg/ml
in phosphate-buffered saline.

Animals and parasites. A murine model of visceral leishmaniasis was used as
previously described by Paul et al. (23). Thirty BALB/c mice were infected
intravenously on day 0 with 107 stationary-phase promastigotes of L. infantum
MON 1 (MHOM/PT/93/CRE69), identified by the Reference Center of the
World Health Organization (Montpellier, France). The infected mice were ran-
domly assigned to four groups of five mice, which were treated subcutaneously
with 50, 100, 200, or 400 mg of Sbb/kg of body weight on days 14, 16, and 18
postinfection. A control group of 10 infected mice received normal saline at the
same time. Four groups of 5 uninfected mice received the same Sbb treatment,
while 10 uninfected mice received normal saline.

On day 21 after infection, the mice’s blood was collected and heparinized (10
IU/ml) and the animals were killed by cervical dislocation. Drug efficacy was
assessed by evaluating the parasite burden and calculating the 50% effective dose
(ED50) and ED90 according to the Stauber count (28). The Guiding Principles for
Biomedical Research Involving Animals, published by the Council for Interna-
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tional Organizations of Medical Sciences (Geneva, Switzerland) in 1985, were
followed during all procedures.

PMN preparation. Human venous blood, heparinized at 10 U/ml, was ob-
tained from healthy volunteers. PMN were isolated by a first-step sedimentation
of whole blood on 2% dextran T500 followed by centrifugation of the granulo-
cyte-rich supernatant on a cushion of a mixture of Ficoll and Hypaque (Eurobio,
Les Ulis, France) as previously described (26). The purified PMN (97%) were
subjected to hypotonic lysis, washed, and resuspended in Hanks balanced salt
solution (HBSS) (pH 7.4) containing 10 mM HEPES.

CL assay. CL, i.e., light that is generated from singlet oxygen and other
molecules, has been used largely to study the respiratory burst of phagocytes (1,
18, 29). The in vitro CL response of whole blood (18, 29) was measured at 37°C
using a Bio-orbit or Picolite luminometer, both from Packard. Briefly, the reac-
tion mixture consisted of 200 ml of heparinized blood diluted at 1:10 in 100 ml of
HBSS containing 10 mM luminol (18). Light emission was induced by two
phagocyte activators, i.e., opsonized zymosan (0.5 mg/ml) and a direct activator
of protein kinase C (PKC), PMA (1 mg/ml). The CL response was recorded at
26-s intervals for 15 min, and the peak value expressed in millivolts was used to
assess differences between the groups. The CL response by purified PMN was
studied with suspensions of 106 cells under conditions described in the figure
legends. Results represent the peak PMN CL and are expressed in either milli-
volts or counts per minute.

Superoxide production. Production of superoxide anion by purified PMN was
studied by continuous monitoring of cytochrome c reduction (25) using a Perkin-
Elmer Lambda 40 spectrophotometer equipped with thermostated (37°C) cu-
vette holder and magnetic stirrer. Suspensions of 2 3 106 PMN in 2 ml of HBSS
were treated in the absence (control) or presence of Sbb for 1 h at 37°C before
stimulation with various agents known to trigger respiratory burst through dif-
ferent signaling pathways, including PMA, zymosan particles, and two chemoat-
tractants, fMLP and PAF (7). Results are presented as nanomoles of superoxide
generated by 106 PMN.

Statistics. Differences in the effects of Sbb in vivo were assessed using the
Mann-Whitney U test. Differences of the in vitro drug effects were assessed using
Student’s t test. P values of ,0.05 were considered statistically significant.

RESULTS

ROS production in a murine model of leishmaniasis and in
vivo effect of Sbb. The influence of leishmaniasis on ROS
formation was determined in vitro by comparing the CL re-
sponses of the whole blood of infected and uninfected mice.
The peak CL response (mean 6 standard deviation) induced
by PMA or zymosan in the blood of uninfected animals was,
respectively, 0.69 6 0.04 or 1.44 6 0.8 mV, whereas that in-
duced in the blood of infected mice was significantly depressed
(P ,0.05), by 22 or 27%, respectively (i.e., 0.54 6 0.04 or
1.06 6 0.04 mM). Treatment of infected animals with various
doses of Sbb (50, 100, 200, and 400 mg/kg) induced a strong
leishmanicidal effect, as determined by the Stauber count (28);
the ED50 and ED90 were approximately 38 and 164 mg of
Sbb/kg, respectively.

The in vivo effect of Sbb on the blood CL response of
Leishmania-infected animals was evaluated next (Fig. 1). The
CL response induced by PMA in the blood of animals treated
with 50, 100, 200, or 400 mg of Sbb/kg was significantly en-
hanced by 46, 57, 98, or 114%, respectively, relative to that of
the control (0.54 6 0.04 mV). A similar priming effect of Sbb
(P, ,0.01) was also observed in the blood of animals treated
with 50, 100, 200, or 400 mg of Sbb/kg after opsonized zymosan
stimulation of the CL response: 31, 41, 64, or 89%, respec-
tively, compared to the control (1.06 6 0.04 mV). The CL
response of the blood of uninfected mice measured in the
absence of stimuli was approximately 0.8 mV and was not
modified by treatment with Sbb (data not shown). The poten-
tiating in vivo effect of Sbb on the CL response might be due
to the decreased parasite burden or to an independent mech-
anism. To further clarify this point, the in vivo effect of Sbb on
the CL response of the blood from uninfected mice was also
studied. Treatment of mice with 100, 200, or 400 mg of Sbb/kg
also primed (P, ,0.01) the blood CL response induced by both
PMA and zymosan (Fig. 2). However, a significant drug effect
was observed with the highest Sbb concentrations (P, ,0.05).

To examine whether the potentiated CL response may result

from the possible interaction of trace amounts of Sbb in the
circulating blood of treated mice with the luminol assay, we
investigated whether the presence of Sbb in the assays influ-
enced the CL response. For this purpose, blood was collected
from uninfected mice and was treated in vitro with 1 or 10 mg
of Sbb/ml for 1 min prior to stimulation with PMA. The treat-
ment failed to modify the PMA-induced CL response of blood
relative to the control (data not shown). This control experi-
ment suggests that the potentiating effect was not due to Sbb
interaction with the luminol-enhanced CL assay. Taken to-
gether, these observations suggest that Sbb may modify the
reactivity of phagocytes directly or indirectly.

FIG. 1. In vivo effect of Sbb on CL response of blood from L. infantum-
infected mice. Mice were infected with Leishmania and treated in the absence
(control) or presence of 50, 100, 200, or 400 mg of Sbb/kg. The CL of whole
blood was induced in vitro with either PMA (1 mg/ml) or opsonized zymosan (0.5
mg/ml). Values are the means 6 standard errors of the means of the peak CL
obtained with at least six animals.

FIG. 2. In vivo effect of Sbb on CL response of blood from uninfected mice.
Uninfected mice were treated with 50, 100, 200, or 400 mg of Sbb/kg or saline
(control), and the CL response of whole blood was induced with PMA (1 mg/ml)
or opsonized zymosan (0.5 mg/ml). The peak CL response represents the
means 6 standard errors of the means obtained with six animals.
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In vitro effect of Sbb on the respiratory burst of phagocytes
from healthy volunteers. To further investigate the mode of
action of Sbb, we analyzed the in vitro effects of Sbb on the CL
response of human blood. Human blood was preferred to that
of mice since it is suitable for the purification of large numbers
of leukocytes for further investigation of drug effects in vitro.
Among leukocytes, PMN were chosen for further study of the
Sbb effect, since this cell type is a suitable model for clarifying
the mode of action of drugs (11, 13, 24, 26). In addition, PMN
were reported to ingest L. major in vivo and to control the
parasite load (21). Treatment of human blood or purified PMN
in vitro for 1 h in the presence of 1, 10, or 100 mg of Sbb/ml
significantly (P, ,0.01) enhanced the CL response induced by
PMA (Fig. 3). The optimal potentiation of the CL response of
PMN was obtained in the presence of 10 mg of Sbb/ml, whereas
a higher concentration of the drug was less effective. The time
course of cell treatment with 10 mg of Sbb/ml indicated that a
significant drug potentiating effect required at least 30 min of
PMN treatment.

The luminol-enhanced CL response of stimulated PMN re-
sults from the combined stimulation of the production of ROS
(respiratory burst) and the release of granular content (exocy-
tosis). Peroxidases released during this process catalyze the
oxidation of luminol in the presence of hydrogen peroxide and
halide, a reaction in which light emission is enhanced. We
determined whether the priming effects of Sbb were due to
enhancement of the activity of the respiratory burst oxidase by
measuring the generation of superoxide anion with the cyto-
chrome c assay. To gain insight into the mode of action of Sbb,
the PMN respiratory burst was also stimulated by various
agents known to trigger different intracellular signaling path-
ways. Treatment of PMN with Sbb (0.1, 10, or 100 mg/ml) for
1 h induced a concentration-dependent increase in the produc-
tion of superoxide induced by PMA (Fig. 4). The priming effect
of Sbb (P, ,0.05) was also observed in superoxide production
induced by zymosan particles (Fig. 4) and the two chemoat-
tractants PAF (Fig. 4) and fMLP (Fig. 5), although the latter
two stimuli were less potent than PMA and zymosan.

The stimulation of the PMN respiratory burst by chemoat-
tractants is rapid and constant for a few minutes (initial rate)
and is achieved within approximately 10 min. Any potentiation
of the respiratory burst may result from priming of the bio-
chemical process involved in the activation of the superoxide-
generating NADPH oxidase and/or inhibition of the terminat-
ing process. Priming agents may modify one or both of these
parameters, as suggested by comparison of the initial rate of
production and the total production of superoxide (11, 25).
Low concentrations of Sbb (1 and 10 mg/ml) potentiated both
parameters of the respiratory burst (Fig. 5). However, Sbb was
more active in priming the initial rate of superoxide generation
(linear part of the response) relative to the total amount of
superoxide generated. These observations suggest that the bio-
chemical alterations induced by Sbb might predominantly af-
fect the stimulatory rather than the terminating biochemical
process.

DISCUSSION

This study provides evidence that Sbb has an in vivo protec-
tive effect against the down-regulation of the phagocyte respi-
ratory burst mediated by L. infantum. This property is associ-
ated with Sbb’s ability to induce a dose-dependent priming of
ROS formation in the whole blood of infected and uninfected

FIG. 3. In vitro effect of Sbb on CL responses of human blood and isolated
PMN. Human blood or PMN were treated for 1 h in the absence (control) or
presence of the indicated concentrations of Sbb. The CL response was induced
with PMA (1 mg/ml) or zymosan (0.5 mg/ml). The peak CL response was mea-
sured by using a Packard Picolite luminometer and represents the means 6
standard errors of the means of four experiments.

FIG. 4. Effect of Sbb on PMA-, zymosan-, and PAF-induced production of
superoxide by PMN. Suspensions of PMN were incubated with 1, 10, or 100 mg
of Sbb/ml for 1 h before stimulation with PMA (0.1 mg/ml), zymosan (0.5 mg/ml),
or PAF (10 mM) for 10 min. Results represent the total amount of superoxide
generated per 106 PMN (means of four experiments 6 standard errors of the
means).
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animals. The biochemical mechanism of this priming remains
to be elucidated. However, the data suggest that at least two
main processes may be involved. First, it has been previously
shown that Sbb interacts directly with Leishmania and inhibits
its survival (6). The decrease in parasite burden may conse-
quently reduce the down-regulation of phagocyte killing activ-
ity, which has been shown to be mediated in part by Leishma-
nia antigens (2). A second mechanism is suggested by our data.
The enhancement of the oxygen-dependent defense activity of
phagocytes in uninfected mice by Sbb indicates that Sbb may
directly or indirectly alter the state of phagocyte activation,
independent of the parasite burden. This novel property of Sbb
is further supported by the observation that low concentrations
of the drug (1 to 10 mg/ml) induce increases in ROS formation
in normal human blood and by isolated PMN in vitro. This
potentiation also affects the production of superoxide, indicat-
ing that Sbb enhanced the activity of NADPH oxidase, the
enzyme that generates superoxide.

Interestingly, the Sbb priming effect occurred at low drug
concentrations similar to those measured in the plasma of
patients (5, 9). Furthermore, priming improves the PMN re-
sponse induced by various stimuli (fMLP, PAF, and opsonized
zymosan) known to stimulate specific membrane receptors
which are also present on monocytes and macrophages. This
observation suggests that the drug may also potentiate recep-
tor-mediated immune responses. In this context, a third mech-
anism may be also considered; Sbb may enhance the produc-
tion of cytokines such as interleukin 3 and gamma interferon,
which have been shown to induce antileishmanial activity via
an enhancement of the oxidative capacity of macrophages (16).
Although the relative contributions of the mechanisms pro-
posed above remain to be quantified, the potentiation of ROS
formation described here suggests that Sbb may enhance the
killing activities of phagocytes and the intracellular suppres-
sion of L. infantum. However, it should be noted that increased
ROS formation may also have deleterious effects, particularly
in some pathologies. In AIDS, ROS production by PMN was
found to enhance virus replication in patient monocytes (15).
Consequently, one may speculate that the enhancement of
viral replication might further decrease the cell-mediated im-

mune response. This may contribute in part to the failure of
Sbb treatment in AIDS patients.

The mechanism of PMN priming by Sbb is not known. This
priming affects the respiratory burst induced by proinflamma-
tory agents, such as PAF or fMLP, and thus mimics the effects
of other drugs that were previously described for human PMN
(11, 25). One of these, staurosporine, is a bacterial alkaloid
known as a potent inhibitor of PKC. This agent also stimulates
G protein (19) and phospholipase D (PLD) activity (19, 24)
and primes fMLP-induced PLD activity in a manner that is
correlated with the respiratory burst of PMN (26). Another
agent, okadaic acid, an inhibitor of protein phosphatase 2A,
also primes PLD activity (13) and respiratory bursts (12). In
contrast to the latter two agents, Sbb also potentiated the PMN
respiratory burst induced by PMA, a direct activator of PKC.
This suggests that Sbb may enhance PKC activity or down-
stream signaling events, such as phosphorylation of a major
oxidase component, p47phox, as previously shown with stau-
rosporine (10). Furthermore, the observation that Sbb has a
greater priming effect on the rate of induction than on the total
amount of superoxide induced by fMLP suggests that the bio-
chemical alteration induced by Sbb may preferentially affect
early events of the signaling cascade involved in the production
of second messengers by chemoattractant receptors. Among
these, PLD activity may play a major role since it was shown to
be correlated with the primed respiratory burst of PMN (26).
Whether Sbb enhances the generation of ROS and nitric oxide
by macrophages is a major point to be studied in order to
understand the mechanism of Sbb’s leishmanicidal effect.

In conclusion, Sbb induced a protective in vivo effect against
the down-regulation of phagocyte defense activity mediated by
Leishmania. This novel property appears to be mediated in
part by a direct interaction of Sbb with phagocytes, resulting in
a priming of their ability to generate ROS in response to
various stimuli. This effect may contribute to the drug’s leish-
manicidal property.
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