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Abstract

Leishmania must survive despite exposure to the toxic oxidant
hydrogen peroxide (H202) during phagocytosis by macro-

phages. Weinvestigated the mechanism of H202 toxicity for L.
donovani chagasi promastigotes, and factors responsible for
their relative H202 resistance. There was a dose-dependent
toxic effect of H202 for promastigotes isolated during logarith-
mic phase of growth. In contrast, stationary phase promasti-
gotes were less susceptible to H202 toxicity, and more in-
fectious for BALB/c mice. By spin trapping we found that hy-
droxyl radical ( * OH) was generated after exposure of
promastigotes to H202, and the amount of - OHwas greater
with log-phase than with stationary-phase promastigotes.

* OHwas generated after the addition of H202 to the cytosol
but not the membranes of fractionated promastigotes, and the
magnitude of * OHwas greater in log than in stationary pro-
mastigote cytosol. Deferoxamine inhibition suggested that in-
tracellular promastigote iron catalyzes * OHformation via the
Fenton reaction. Furthermore, exposure of log-phase promasti-
gotes to heat shock induced a relative H202-resistant state,
which was not associated with a decrease in - OHformation but
which required ongoing transcription. Thus, growth to station-
ary phase and heat shock both induce a state of relative H202
resistance, but these are probably due to different resistance
mechanisms. (J. Clin. Invest. 1991. 88:1511-1521.) Key
words: macrophage * intracellular parasite * electron paramag-
netic resonance spectrometry (EPR) * virulence factors * spin
trapping

Introduction

Leishmania donovani are obligate intracellular parasites of
mammalian macrophages that cause the potentially fatal dis-
ease, visceral leishmaniasis. Like other Leishmania sp., strains
of L. donovani exist in two morphologic forms. The extracellu-
lar promastigote stage is introduced into subcutaneous tissue in
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the human host during the bite of an infected sandfly vector. It
is phagocytosed by a mononuclear phagocyte, after which it
converts into the obligate intracellular amastigote form (1). In
vitro models have documented that promastigotes attach to
several receptors on the surface of the macrophage before
phagocytosis (2-4). This receptor-mediated ingestion is accom-
panied by an oxidative burst of the phagocyte, during which
oxidants such as superoxide and hydrogen peroxide (H202) are
formed (5-7). Therefore, in order to successfully establish an
infection promastigotes must survive despite the local produc-
tion of toxic oxidant species by the mononuclear phagocyte.

L. donovani promastigotes are susceptible to killing in vitro
by H202 in the absence of peroxidase, similar to the conditions
that exist in a macrophage (8). The exact mechanism of H202-
mediated killing, and the factors that allow parasites to survive
in the face of its production, have yet to be delineated. Hydro-
gen peroxide can be converted to hydroxyl radical (.OH)I
through the Fenton reaction in the presence of a source of iron:
H202 + Fe2+ *- OH+ OH- + Fe3'. Hydroxyl radical is a
highly toxic species that has been implicated in the killing of
microorganisms by phagocytes (9, 10), as well as phagocyte-as-
sociated inflammation and tissue injury (I1). Although one
study found that scavengers of * OHdid not prevent H202
toxicity for one strain of L. donovani promastigotes when pres-
ent in the extracellular promastigote environment (12), it re-
mains to be seen whether the intracellular formation of * OH,
catalyzed by endogenous promastigote iron, might mediate the
toxic effects of H202.

Whencultivated in liquid medium, L. major promastigotes
transform from a less infectious form during log-phase growth
to a highly infectious "metacyclic" promastigote when they
reach stationary phase (13, 14). This development is accompa-
nied by an increased ability to survive intracellularly in macro-
phages. The amount or physicochemical structure of several
promastigote molecules has been found to change during devel-
opment to stationary phase in studies of various Leishmania
sp. These molecules include the major surface glycolipid gp63
in L. braziliensis and L. d. chagasi (15, 16), the glycolipid
lipophosphoglycan in L. major and other Old World Leish-
mania sp. (17, 18), and mRNAfor the heat shock protein
hsp7O in L. major (19). What role if any these changes play in
the increased survival of stationary-phase promastigotes has
yet to be determined.

Given the necessity for avoiding the toxic effects of macro-
phage generated H202 in order to cause infection, several hy-

1. Abbreviations used in this paper: DMPO,5,5 dimethyl- 1 -pyrroline-
N-oxide; DMPO/- CH3, 2,2,5 trimethyl-l-pyrrolidinyloxyl; DMPO/

* OH, 2,2 dimethyl-5-hydroxyl- 1 -pyrrolidinyloxyl; DTPA, diethylene-
triaminepentaacetic acid; EPR, electron paramagnetic resonance spec-
trometry; * OH, hydroxyl radical.
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potheses might account for the differential survival of the dif-
ferent forms of promastigotes. First, it is possible that H202
exerts its microbicidal effects by secondary generation of the
toxic oxidant * OH. Secondly, the increased virulence of sta-
tionary-phase promastigotes might be due to the formation of a
lesser amount of - OHor an increased resistance to its effects.
Finally, the increased virulence that occurs during stationary
phase may be triggered in part by environmental stimuli en-
countered by the promastigote during its life cycle, similar to
the starvation-induced protection against both heat and oxida-
tive killing observed in some bacteria (20). The present study is
designed to examine each of these hypotheses using Leish-
mania donovani chagasi, a South American strain of L. dono-
vani.

Methods

Parasites. L. d. chagasi, originally isolated from a patient in Brazil, was
kindly provided by Richard Pearson, University of Virginia, Charlot-
tesville. Parasites were maintained by serial intracardiac injection in
hamsters. Amastigotes were isolated from the spleens of heavily in-
fected hamsters as previously described (21), and allowed to convert to
promastigotes at 260C in a modified minimal essential medium con-
taining 10% heat-inactivated fetal calf serum and 5.4 Mg of hemin/ml
(22). Unless otherwise indicated, experiments were performed using
promastigotes within 21 d after isolation from a hamster. Promastigote
cultures were initiated at I X 106 parasites/ml and harvested for study
either 1-3 d later during log phase or 6-7 d later during stationary
phase of growth. The growth phases were differentiated by morpho-
logic and concentration criteria as follows: log-phase cultures con-
tained parasites that were ovoid to cigar-shaped (dimensions 1-3 X 3-
10 Mim) and frequently contained dividing forms (or rosettes), at a con-
centration between 4 and 8 X 106 promastigotes/ml. Stationary-phase
cultures contained needle-shaped organisms (1-2 x 14-18 Mim) at a
concentration between 5 and 7 X 107 promastigotes/ml. Microscopic
characterization of the numbers of promastigote forms with log- or
stationary-like morphology in cultures revealed that cultures used as
"stationary phase" contained between 98% and 99% promastigotes
with stationary-like morphology, whereas "log phase" cultures con-
tained 89-96% promastigotes with log-like morphology. Thus both
types of cultures probably contained a few contaminating parasites of
the opposite form.

Mouse infections. 1 X 107 promastigotes in log or stationary phase
were suspended in 100 Ml of 5% heat-inactivated autologous mouse
serum in medium 199 (University of Iowa Cancer Center facility) and
administered to groups of 12 BALB/c mice (Harlan Sprague Dawley)
through a tail vein. After 4, 6, or 8 wk of incubation, four animals from
each group were killed and their liver and spleen parasite loads were
determined microscopically according to the method of Stauber (23).
Results were calculated in LD units, equivalent to the amastigote/
mononuclear cell ratio X the organ weight (mg).

Assessment ofpromastigote viability according to motility. Promas-
tigotes were harvested from log- or stationary-phase cultures and
washed twice by centrifugation at 1,200 g (4°C) for 15 min in HBSS
with Na bicarbonate, pH 7.2 (University of Iowa Cancer Center). 1
X 10' promastigotes were suspended in I ml of HBSSfor each condi-
tion. Baseline viability was quantified microscopically according to fla-
gellar motility by grading a minimum of 200 promastigotes as motile
(viable) or nonmotile (nonviable). Usually over 98% of promastigotes
were viable prior to H202 exposure; experiments with < 95% baseline
viability were discounted. Promastigotes were then incubated in
0-1,200 MMH202 in HBSSfor 60 min. The reaction was stopped by
the addition of catalase (500 U/ml), and motility (viability) was reas-

sessed microscopically. These values are presented as percentage of
promastigotes that remained motile after incubation in H202 or buffer.

All experiments were repeated a minimum of three times. Figures con-
tain representative experiments demonstrating consistently repeatable
patterns of the toxic effects of H202 on motility.

During some viability assays promastigotes were preincubated with
deferoxamine 500 ,ug/ml for 30 min before the addition of H202, in
order to explore the role of redox active promastigote iron in H202
toxicity. Control parasites were preincubated with no deferoxamine or
with deferoxamine that was loaded with stoichiometric amounts of
FeCl3, to establish that the effects were indeed due to the iron-chelating
properties of deferoxamine. Motility was determined microscopically
as above.

Measurements ofprotein and RNAsynthesis. Triplicate samples of
100 MAl of promastigotes at 1.4 X 10'/ml HBSSwere exposed to varying
concentrations of H202 at 260C. After 1 h one sample from each condi-
tion was assessed for motility as described above. The other two sam-
ples were incubated in 10%dialyzed heat-inactivated fetal calf serum in
HBSS, and 2 MCi of either [3H]leucine or [3Hjuracil for measurement of
protein or RNAsynthesis, respectively. The reaction was stopped after
1 or 3 h with 1% SDS and an excess of unlabeled leucine or uracil,
respectively. Macromolecules were precipitated with 2 N trichloroace-
tic acid (TCA, 40C, 60 min.). The latter were collected onto glass filters
(Whatman, Inc., Clifton NJ), washed with 0.3 N TCA, and incorpo-
rated counts were quantitated in a scintillation counter (Beckman In-
struments, Inc., Palo Alto, CA). Data is presented as the mean of dupli-
cate samples. Studies correlating promastigote motility with protein or
RNAsynthesis were repeated three times.

To determine the optimal actinomycin D concentration for pre-
venting transcription during heat shock experiments, RNAsynthesis
was measured in the presence or absence of the inhibitor. Log-phase
promastigotes in 10% dialyzed heat-inactivated fetal calf serum/HBSS
were preincubated in 1.0-60 ug of actinomycin D/ml (Sigma Chemical
Co., St. Louis, MO). Incorporation of [3H]uracil was measured as
above. Preliminary studies revealed that 10 ug of cycloheximide/ml
was also needed to stabilize newly synthesized RNAlong enough to
detect its presence in assays of total RNAsynthesis. A similar stabiliza-
tion of RNAwith cycloheximide has been detected for individual
mRNAtranscripts (24, 25).

SDS-PAGEand immunoblotting. Promastigotes were allowed to
grow at 26°C to log or stationary phase. Identical aliquots were trans-
ferred to either 37°C (heat shock) or 26°C (control) water baths for 2 h.
Heat-shocked or control promastigotes were pelleted by centrifugation
(1,200 g, 13 min., 4°C) and denatured in SDSreducing buffer with 20
Mg/ml each of antipain and leupeptin. Proteins from 5 X 106 promasti-
gotes (- 25 Mg) were applied to 10% running-3.5% stacking SDSpoly-
acrylamide gels and electrophoresed, according to the discontinuous
method of Laemmli (26). Proteins were electrophoretically transferred
to nitrocellulose, blocked with 3%BSA in PBS, and incubated with a
rat monoclonal antibody directed against a conserved epitope on Dro-
sophila hsp70 (kindly provided by S. Lindquist, University of Chicago)
(27). Immunoblots were incubated in a peroxidase-conjugated goat
anti-rat IgG second antibody, and developed with 3,3'-diaminobenzi-
dine and H202 as previously described (28).

Spin trapping. Promastigotes were suspended at 1.0 X 108/ml in
HBSS containing 100 mM5,5,dimethyl-pyrroline-1-oxide (DMPO,
Sigma Chemical Co.), 140 mMDMSO, and 0.1 mMdiethylenetri-
aminepentaacetic acid (DTPA). After the addition of H202 (100-900
MM) the suspension was transferred to a quartz flat electron paramag-
netic resonance spectrometry (EPR) cell. EPRspectra were obtained
using a model E104 EPRspectrometer (Varian Associates, Palo Alto,
CA) located at the University of Iowa College of Medicine electron spin
resonance facility. In this spin trappingsystem, hydroxyl radical genera-
tion is manifested as the DMPO/* CH3 spin adduct which yields a
characteristic EPRspectrum (AN = 16.3 G, AH= 23.5 G). Someexperi-
ments were performed in the absence of DMSO.Under these condi-
tions spin trapping of hydroxyl radical yields a characteristic four-line
spectrum (AN = AH = 14.9 G) due to DMPO/* OH(29). Initial scans
performed at 15, 30, 60, and 90 min after the addition of H202 to either
log- or stationary-phase promastigotes revealed that peak amplitudes
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increased to maximal levels by 30 min and remain stable thereafter.
Representative 30 min. scans are shown in figures.

Negative control spectra were generated by omitting one compo-
nent from the reaction cuvette. In some cases catalase (500 U/ml), or
promastigotes pretreated with deferoxamine or exposure to heat shock,
were employed. Possible effects of log- or stationary-phase promasti-
gotes on the stability of DMPOspin adducts was assessed by adding
promastigotes to solutions of DMPO/* CH3 previously generated by
mixing H202 (1 MM)and ferrous ammonium sulfate (0.1 mM) in the
presence of DMPO,DMSO,and DTPA. The spin adduct EPRpeak
amplitude was monitored over time relative to samples without pro-
mastigotes. Unless otherwise indicated EPR spectrometer settings
were: microwave power, 20 MW;modulation amplitude, 1.0 G; modu-
lation frequency, 100 kHz; time constant, 2 s; sweep rate, 12.5 G/min;
and gain, 6.3 X 104.

Preparation ofpromastigote membranes and cytosol. Promastigotes
in log or stationary phase of growth were incubated at 3.0 X 10' para-
sites/ml in ddH2Oat 4VC for 10 min. They were disrupted after incuba-
tion at 500 psi for 15 min. in a nitrogen cell disruption chamber (Parr
Instruments, Rock Island, IL). Large particles were removed by centrif-
ugation at 750 gfor 10 min., and membranes were pelleted at 100,000 g
for 1 h. The cytosolic fraction (supernatant) was removed, and the
pellet containing membranes was rinsed in ddH2O, centrifuged once
more for 5 min, and resuspended to the starting volume in PBS. Final
pH measurements were 6.5 and 7.2 in the cytosolic and membrane
fractions, respectively. Membrane or cytosolic fractions were assayed
for * OHproduction after the addition of 600 uM H202 using spin
trapping.

Results

Susceptibility of log- or stationary-phase promastigotes to
H202-mediated toxicity. Intravenous administration of L. d.
chagasi promastigotes results in a chronic infection of BALB/c
mice, measured by sequential estimates ofliver and spleen para-
site loads. L. major promastigotes increase in infectivity as they
develop from log to a highly infectious "metacyclic" stage dur-
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Figure 1. Infection of BALB/c mice with log-phase (day 1 or 3) or
stationary-phase (day 7) Leishmania donovani chagasi promastigotes.
Mice were injected i.v. with 1 X I07 promastigotes harvested from
cultures during either log or stationary phase of growth. They were
sacrificed after 4, 6, or 8 wk and their liver and spleen parasite loads
were quantified as LD units (defined in the text). Shown are the mean
splenic LD units for groups of four mice at each time point.
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Figure 2. Correlation of promastigote motility with protein and RNA
synthesis. (A) Triplicate samples of log-phase promastigotes in HBSS
were exposed to different concentrations of H202 for 1 h. One sample
was assayed for motility as in Fig. 2, and the other (duplicate) samples
were assessed for incorporation of [3H]leucine into trichloracetic acid
precipitable proteins over a 3-h period. Shown is a representative ex-
periment with mean cpm [3H]leucine incorporated (bars) and %pro-
mastigotes remaining motile (line drawing) after exposure to H202.
(B) Log-phase promastigotes were exposed to H202 and assessed for
either motility (line drawing) or incorporation of [3H]uracil into
trichloracetic acid-precipitable RNA(mean of duplicates in bars).

ing stationary-phase growth (13, 14). Similarly, we found that
the virulence of L. d. chagasi promastigotes increased as they
developed from log to stationary phase during in vitro cultiva-
tion (Fig. 1). During these studies log-phase promastigotes were
isolated on day 1 or 3 of cultivation, and stationary phase pro-
mastigotes were isolated on day 7 of growth. Log and stationary
phases were defined by morphologic and concentration criteria
as outlined in the Methods section.

Exposure of promastigotes in log phase growth to increas-
ing amounts of H202 resulted in increasing toxicity, measured
by an assay of promastigote motility (Fig. 2 A and B, line
graphs). Channon and Blackwell (30), using a similar assay,
found that the motility of Sudanese strain L. donovani promas-
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tigotes correlates with survival, as measured by the ability of
promastigotes to take up the vital dyes ethidium bromide and
fluorescein diacetate 24 h after exposure to H202. Because L. d.
chagasi promastigotes did not take up these dyes either in their
native state or after exposure to H202, we correlated promasti-
gote motility with the ability of promastigotes to synthesize
protein or RNAafter exposure to H202 as a measure of viabil-
ity. Protein synthesis (incorporation of [3H]leucine) decreased
in a dose-dependent manner after exposure to H202, reaching
background levels at lower H202 concentrations than those
that resulted in loss of motility (Fig. 2 A, bars). A similar de-
crease in RNAsynthesis (incorporation of [3H]uracil) was ob-
served after exposure to H202, although there was a sudden
drop in RNAsynthesis compared to a more gradual drop in
motility, with increasing H202 concentrations (Fig. 2 B, bars).
Thus, the H202-induced loss of motility was accompanied by a
cessation of protein and RNAsynthesis.

Because virulence must be accompanied by the ability to
evade or resist the microbicidal effects of macrophage H202,
we measured the toxicity of H202 for log- or stationary-phase
promastigotes using the same motility assay. L. d. chagasi pro-
mastigotes were harvested during their transition from log
(days 2 and 3) to stationary (day 6) phase of growth in vitro,
and exposed to varying concentrations of H202 at 260C (Fig.
3). There was a dose-dependent loss of promastigote motility
after H202 exposure during both phases of growth. However,
the H202 concentration required to produce that toxic effect
increased as promastigotes progressed from log to stationary
phase. For instance, the motility of log-phase promastigotes
(day 2) after exposure to 200 ,M H202 for 1 h was < 30%
(compared to nearly 100% in promastigotes not exposed to
H202). In contrast, stationary phase promastigotes (day 6) ex-
posed to 200 ,uM H202 retained > 90%motility. Thus, the 50%
toxicity (LDO) dose of H202 increased from - 150 to 275 uM
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Figure 3. Toxicity of H202 for promastigotes in log- or stationary-
phase growth. On successive days during their development from log
to stationary phase, promastigotes from the same original culture
were washed and suspended in the indicated concentrations of H202.
Toxicity was assessed microscopically as described in the text. Plots
represent the percent of promastigotes that remained motile after
H202 exposure, during a representative experiment. Three duplicate
experiments showed identical patterns. Promastigotes from days 2
and 3 represent log, day 4 represent transitional, and day 6 represent
stationary phases of growth.

as promastigotes developed from log to stationary phase. Other
experiments revealed that higher concentrations of H202 re-
sulted in immobilization of 100% of stationary-phase promas-
tigotes (not shown).

Considerable variation in susceptibility of control promas-
tigotes to H202-mediated injury was noted over the course of
our experiments, as reflected in Fig. 2 A relative to Fig. 2 Band
3. This variability was probably due to a number of factors, one
of which was the length of cultivation in vitro. Weobserved
that a single culture maintained for several weeks in vitro was
immobilized by lower H202 concentrations after increasing
lengths of cultivation. For example, serial studies of one culture
revealed an LD50 of over 850 gM within the first 2 wk after
isolation from a hamster spleen, which fell to between 220 and
460 gMH202 after cultivation in liquid medium for 18-25 d.
Nevertheless, these differences do not confound our results, as
all experiments performed included a paired control sample for
the promastigote population under study.

Effect of chelating endogenous promastigote iron on H202
toxicity. * OHhas been implicated as a primary oxidant respon-
sible for H202 cytotoxicity toward some microbes (9, 10). Iron
is required for the generation of - OHfrom H202 via the Fen-
ton reaction. As a means of investigating a possible role of * OH
in H202-mediated killing of L. d. chagasi, the effect of chelating
endogenous promastigote iron on H202-mediated toxicity was
studied. Promastigotes were preincubated in different concen-
trations of deferoxamine, deferoxamine that had been satu-
rated with stoichiometric amounts of FeCl3, or buffer (control)
before exposure to 1,000 ,M H202. The resultant viability was
assessed according to promastigote motility. As shown in Fig. 4
A, increasing concentrations of deferoxamine resulted in in-
creasing protection from H202-mediated toxicity, but deferox-
amine that had been saturated with stoichiometric amounts of
FeCl3 did not have a protective effect. This suggests that the
increased resistance was indeed due to the iron-chelating capac-
ity of deferoxamine. Fig. 4 B shows the effect of different H202
concentrations on the motility of promastigotes preincubated
with buffer (control), 0.5 mg/ml deferoxamine, or iron-satu-
rated deferoxamine. Again, deferoxamine offered protection of
promastigotes against the toxic effects of H202. However, dur-
ing this experiment preincubation of parasites with iron-satu-
rated deferoxamine only partially abrogated the protection ow-
ing to deferoxamine. Wesuspect that this was because the iron-
binding sites in deferoxamine were only partially "saturated."
FeCl3 alone was toxic for promastigotes, so it was not possible
to overcome the deferoxamine with an excess of iron. To avoid
this confounding problem we were careful not to oversaturate
the deferoxamine in the system, and in some assays it is very
likely that we inadvertantly under-saturated the deferoxamine
(see 0.5 jug/ml bars in Fig. 4, A and B). Wealso determined that
the motility of promastigotes preincubated in deferoxamine
and washed by centrifugation before H202 exposure was com-
parable to that of promastigotes exposed to H202 with deferox-
amine still in the system. Thus, the protection afforded by de-
feroxamine was probably not due to a direct interaction be-
tween deferoxamine and H202.

Deferoxamine alone (0.5 mg/ml) did not interfere with the
motility of control promastigotes (90.3% of promastigotes were
motile in the absence, and 94.3% motile in the presence of
deferoxamine). Furthermore, protein synthesis was unchanged
in promastigotes after the addition of deferoxamine. 21 1,010,
253,490, and 194,563 cpm of [3H]leucine were incorporated
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Figure 4. Effect of deferoxamine on toxicity of H202 for promasti-
gotes. (A) Log-phase promastigotes were preincubated in the indicated
concentrations of deferoxamine or deferoxamine loaded with stoi-
chiometric amounts of FeCl3 for 60 min. Parasites were then exposed
to 1,000 uMH202 and toxicity was assessed according to promasti-
gote motility. Control promastigotes preincubated in buffer alone or
buffer with iron-saturated deferoxamine, but not exposed to H202,
exhibited 96% and 97.2% motility, respectively. (B) Log-phase pro-
mastigotes were preincubated in 0.5 mg/ml deferoxamine, deferoxa-
mine loaded with stoichiometric amounts of FeCl3, or buffer. Sus-
ceptibility to H202 toxicity was assessed microscopically according to
promastigote motility as above.

into TCA-precipitable proteins over 3 h in the presence of 0,
0.05, or 0.5 mg/ml deferoxamine, respectively. In contrast,
4,219 cpm of [3H]leucine were incorporated in the presence of
the protein synthesis inhibitor cycloheximide (10 sg/ml).

Murray (12) found that scavengers of - OHsuch as manni-
tol did not prevent the toxic effects of H202 for L. donovani,
leading him to conclude that - OHwas not necessary for H202-
mediated killing. Weperformed similar studies using L. d. cha-
gasi, and in contrast to his findings we noted that mannitol
afforded partial protection of this strain against H202 toxicity
(Fig. 5).

Role ofhydroxyl radical in H202 toxicity. The above studies
documented the importance of iron in H202 toxicity, suggest-
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Figure 5. Partial protection of promastigotes against H202 toxicity
with mannitol. Log-phase promastigotes in HBSSwere incubated in
the indicated concentrations of mannitol for 30 min., then exposed
to different concentrations of H202 for 1 h. The reaction was stopped
by the addition of catalase, and motility was assessed.

ing that a component of the toxic effect might be due to the
formation of - OHvia the Fenton reaction. Accordingly, spin
trapping was used to confirm the generation of * OHafter the
addition of H202 to promastigotes. Whenproduced in the pres-
ence of DMSOand the spin trap DMPO, * OHleads to forma-
tion of the stable methyl radical spin adduct of DMPO,
DMPO/- CH3(29). This spin adduct yields a characteristic six-
line spectrum (AN = 16.3 G, AH = 23.5 G) when examined by
EPRspectroscopy. The amplitude of each spectral peak corre-
lates with the amount of spin adduct formed and therefore the
amount of * OHgenerated over time (31). H202 was added to
log phase L. d. chagasi promastigotes in the presence of DMPO
and DMSO.The resulting EPRspectrum was that of DMPO/

- CH3 and to a lesser extent the hydroxyl radical spin adduct
DMPO/* OH (Fig. 6 A, Log). A similar spectrum could be
generated in a cell-free - OH-generating system with the addi-
tion of FeCl2 and H202 in the presence of DMPO,DMSO,and
DTPA(Fig. 6 A, Fe). These data are consistent with spin trap-
ping of - OHafter addition of H202 to promastigotes. The
omission of promastigotes or H202 resulted in EPRspectra that
lacked evidence of DMPOspin adducts (Fig. 6 A, Med). Fur-
thermore, preincubation of promastigotes in deferoxamine
prevented the formation of * OHin these solutions (Fig. 6 A,
Dsf). Consistent with the ability of mannitol to limit H202-me-
diated injury (Fig. 5), 50 mMmannitol also inhibited the mag-
nitude of - OH-derived spin adducts after the addition of H202
to promastigotes (data not shown). The magnitude of * OH
derived spin adducts increased when increasing concentrations
of H202 were added to promastigote suspensions. The concen-
trations of H202 required to generate - OH-induced spin ad-
ducts were similar to those that had toxic effects on promasti-
gote motility.

The amount of * OHgenerated by exposure of log- or sta-
tionary-phase promastigotes to H202 was determined. Lesser
magnitudes of * OHgenerated spin adducts were detected after
the addition of the same concentration of H202 to stationary-
phase (Fig. 6 A, Sta) than to log-phase (Fig. 6 A, Log) promasti-
gotes, as indicated by the lesser amplitude of spectral peaks. To
eliminate the possibility that DMSOwas altering promastigote
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Figure 6. EPRspectra of promastigotes after addition of H202. (A)
The generation of * OHwas documented by spin trapping this species
with DMPOand DMSO,yielding a characteristic spectrum of peaks
corresponding to DMPO/* CH3(+) and DMPO/* OH(*). Tracings
show representative spectra generated 30 min after the addition of
H202 to log-phase promastigotes (Log), FeCl2 (Fe), culture medium
without promastigotes (Med), log-phase promastigotes preincubated

membrane permeability, DMSOwas omitted from some ex-

periments. This resulted in the generation of the stable spin
adduct DMPO/ OH, detected by a characteristic four-line
spectrum. The amount of this spin adduct was lesser in station-
ary phase than in log phase organisms (Fig. 6 B).

The inclusion of catalase to remove H202 prevented the
formation of the * OH-generated spin adducts, in cuvettes that
contained log- or stationary-phase promastigotes with either
DMPOalone, or DMPOand DMSO.Neither log nor station-
ary phase promastigotes altered the stability of preformed
DMPO/ CH3 or DMPO/* OH, when parasites were added to
solutions of these spin adducts previously generated in a cell-
free system. Therefore, altered spin adduct stability did not
explain these data. Thus, the apparent amount of * OHformed
correlated well with the amount of H202-mediated toxicity for
promastigotes in the two phases of growth.

Generation of * OHin cytosolic fractions of promastigotes.
In order to provide insight into the location of the promasti-
gote-associated catalyst leading to - OHproduction, promasti-
gotes in log or stationary phase of growth were lysed by nitro-
gen cavitation and cytosolic and membrane fractions were sepa-

rated. Free radicals generated by the addition of H202 to these
fractions was then determined in spin trapping studies. Repre-
sentative spectra after the addition of H202 to fractions from
log or stationary phase promastigotes are shown in Fig. 7.
These spectra were generated using DMPOand DTPAbut not
DMSO.Therefore spectra are comparable to those generated
from whole promastigotes in Fig. 6 B. These spectra indicated
that: (a) * OHwas generated upon the addition of H202 to the
cytosolic but not to the membrane fractions from both growth
phases, and (b) the amount of * OHgenerated was greater when
cytosol from log as opposed to stationary phase promastigotes
was used. Taking into account the different gains used to gener-

ate the "Log Cytosol" and the "Sta Cytosol" tracings in Fig. 7,
the amount of - OHgenerated upon the addition of H202 to
cytosol from log-phase promastigotes was 3.2-fold greater than
that generated in cytosol from stationary-phase promastigotes.
These data suggest that spectra generated from intact organ-
isms (Fig. 6) were due to spin trapping of - OHgenerated at an

intracellular site. Overall, a greater magnitude of - OHwas

generated from promastigote cytosol than from intact cells
(note the greater gain in Fig. 6 "Log" tracing as opposed to Fig.
7 "Log Cytosol" tracing). This could have been due to de-
creased penetration of the spin trap into intact cells, or to me-

tabolism of H202 or spin adducts by intact parasites.
Effect of heat shock on H202-mediated toxicity. Exposure of

eukaryotic or prokaryotic cells to environmental stimuli such
as heat, H202, or agents that generate superoxide induces a

heat shock response which is associated with the expression of
new proteins including heat shock proteins (31, 32), and which
is also sometimes associated with an increased resistance to
oxidant-mediated injury (33). Therefore we examined whether
heat shock of promastigotes might induce H202 resistance.
During their natural life cycle promastigotes are transferred

in deferoxamine (Dsf ), or stationary-phase promastigotes (Sta). (B)
EPRspectra of promastigotes in DMPOwithout DMSOexhibited a

characteristic four-line spectrum of the * OHadduct DMPO/- OH
(*) after the addition of H202. Again, the magnitude of the spectral
peaks, which correspond to the concentration of DMPO/* OH, was

less in stationary than in log-phase promastigotes.
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* * * * a"4 cell types (27). These blots documented that both stages of
I I lI I I parasite expressed hsp70 constitutively, but there was an in-
I ~~~~~~~~creasein the amount of hsp70 after incubation at 37°C for 2 h

) I A (Fig. 8). Quantification by densitometry revealed that hsp70
I' increased 1.9-fold in log-phase parasites, and 1.4-fold in sta-

tionary-phase promastigotes. Thus by this one parameter, in-
lA A A. A A _/ cubation for 2 h at 370C constitutes a "heat shock" for L. d.

Sta Cytosol

Log Membranev

Sta Membranw

Figure 7. EPRspectra of fractionated promastigotes after the addition
of H202. Membrane or cytosolic fractions were isolated from pro-
mastigotes in log (Log) or stationary (Sta) phase of growth, and these
were incubated with H202 (600 MM) in the presence of DMPO.
Characteristic four-line spectra corresponding to the spin adduct
DMPO/- OH(*) were detected using cytosolic but not membrane
fractions. Note that the gain of the "Log Cytosol" tracing is one-half
the gain of the other three spectra in this figure, and the spectra in
Fig. 6. Thus, the amount of DMPO/- OHgenerated with cytosol from
log-phase cells is proportional to twice the height of peaks in the
spectrum shown, relative to the heights of peaks in the "Sta Cytosol"
and both "Membrane" tracings. Of note, occasional spectra of cytosol
fractions also contained a second nitroxide species (AN = 16.1 G, AH
= 23.3 G), indicated by vertical lines (1). The etiology of this radical
remains unclear but could have resulted in part from small amounts
of membrane contamination of the cytosol fraction, resulting in the
generation of lipid radicals during - OHgeneration and their subse-
quent spin trapping.

from 250C to 370C when they are inoculated by a sandfly vec-
tor into a mammalian host, which may constitute a natural
"heat shock." Since the heat shock response of many cells oc-
curs at 420C, we first investigated whether incubation of L. d.
chagasi promastigotes at 370C induced the production of one
heat shock protein. Promastigotes in log- or stationary-phase
growth were incubated at 260C or 370C for 2 h. Lysates ofthese
promastigotes were then analyzed by immunoblotting with a
monoclonal antibody raised against Drosophila hsp70, which
recognizes a shared hsp70 epitope found in widely divergent

chagasi promastigotes.
Log- or stationary-phase promastigotes were exposed to

heat (370C) or maintained at 260C (control), after which their
susceptibility to H202 toxicity was determined according to the
motility assay. Log-phase promastigotes had a dramatic in-
crease in their resistance to H202 toxicity after exposure to heat
for 1 or 2 h. For example, after exposure to 200 gM H202,
< 20% of control log-phase promastigotes remained motile. In
contrast, 75%of log-phase promastigotes preincubated at 370C
for 2 h remained motile after a similar H202 exposure (Fig. 9,
top panel). Stationary-phase promastigotes did not exhibit the
same magnitude of protection against H202 toxicity after heat
shock (Fig. 9, bottom panel).

Mechanism of heat-induced resistance to H202: activation
at the level of transcription. Wehypothesized that the relative
resistance of log-phase promastigotes to H202 after exposure to
heat might be due to induction of a protective protein or pro-
teins at the level of transcription, similar to the mechanism
invoked for oxidant resistance factors in E. coli (20, 32). To
investigate this possibility, we added the transcription inhibitor
actinomycin D to promastigotes during their exposure to heat
shock. The optimal actinomycin Dconcentration was first de-
termined according to its ability to inhibit incorporation of
[3H]uracil into TCA-precipitable promastigote RNA. The
amount of [3H]uracil stably incorporated into RNAover 1 h
was decreased from 91,977 to 16,185 dpmwith the inclusion of
1.0 ug actinomycin D/ml in cultures, and to 2,846 dpm with
the addition of 10 Mg actinomycin D/ml. Higher actinomycin
D concentrations (up to 60 ug/ml) did not further decrease the
amount of labeled RNA.

Accordingly, 10 ,g actinomycin D/ml or buffer was added
to promastigotes in log-phase growth for 30 min before expo-
sure to heat shock (370C, 2 h), and their susceptibility to H202

Log Sta

Figure 8. Immunoblot of promastigote hsp7O
after exposure to heat. Proteins from lysates
of promastigotes incubated at 260C (-) or
370C (hs) were separated by SDS-PAGE,
transferred to nitrocellulose, and immunob-
lotted with a monoclonal antibody against
hsp70 from Drosophila that cross-reacts with
hsp70 from other species (27). Immunoblots
of proteins from control or heat-shocked log
and stationary-phase promastigotes are

ha - he shown.
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Figure 9. Effect of heat shock on toxicity of H202 for log- or station-
ary-phase promastigotes. Promastigotes were incubated in culture
medium at 370C for I or 2 h (heat shock), or at 260C (control). They
were then washed and exposed to H202 as above. Shown are repre-
sentative H202 toxicity curves for log-phase (upper panel) or station-
ary-phase (lower panel) promastigotes with or without heat exposure.

toxicity was subsequently assessed (Fig. 10). As before, heat
shock resulted in an increase in promastigote resistance to
H202-mediated toxicity. However, the inclusion of actinomy-
cin D with promastigotes during heat exposure totally pre-
vented the development of resistance, shifting the toxicity
curve down to the level of control parasites maintained at
260C. Actinomycin D did not effect the susceptibility of con-
trol promastigotes (incubated at 260C) to H202 toxicity.

Mechanism of heat-induced resistance to H202: compari-
son to resistance induced by growth to stationary phase. It was
evident from the above section that at least one factor responsi-
ble for the heat-induced resistance to H202 toxicity was a pro-
tein or proteins whose transcription was activated during heat
shock. Weperformed EPRspectroscopy to investigate whether
this increased resistance might be due in part to a decrease in
the formation of * OHfrom H202 after heat shock. Log-phase
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Figure 10. Effect of actinomycin Don heat-induced protection. Log-
phase promastigotes were exposed to 370C heat shock for 2 h as in
Fig. 9, with or without the inclusion of the transcription inhibitor ac-
tinomycin D in the cultures. Control promastigotes were incubated
without actinomycin D at 260C (control curve). Parasites were then
washed and their susceptibility to H202 was assessed. Additional con-
trol promastigotes incubated at 260C with actinomycin Dhad similar
susceptibility to H202 as parasites in the control curve (not shown).

promastigotes were incubated in HBSSat 370C (heat shock) or
260C (control) for 2 h. H202 was then added, and EPRspectros-
copy was performed in the presence of DMPOand DMSO.A
typical EPR spectrum indicating the formation of - OHwas
seen with both heat shocked and control promastigotes (Figure
1 1). There was no apparent difference in the amount of * OH
formed in promastigotes with or without heat shock.

Discussion

Phagocytosis of Leishmania donovani promastigotes by hu-
man mononuclear phagocytes triggers an oxidative response
which results in the generation of a number of toxic oxidant
species, including superoxide and H202 (5-7, 34). Despite the
fact that promastigotes are readily killed in vitro upon exposure
to H202 (12, 30, 35), a small percentage survive the oxidative
burst and transform into amastigotes (5, 36). The factor(s) that
allow some promastigotes to survive despite the local produc-
tion of oxidant species have not yet been defined. The present
study describes a correlation between increasing infectivity of
L. d. chagasi promastigotes as they develop from log to station-
ary phase in liquid culture medium, and their relative resis-
tance to the toxic effects of H202. A developmental increase in
virulence has previously been documented in the case of L.
major promastigotes as they progress from log to stationary
phase, although a cause for this developmental increase has not
yet been proven (13). Based on the data presented here we
hypothesize that increased resistance to the toxic effects of
H202 contributes to the in vitro development of virulence in L.
d. chagasi.
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Figure 11. EPRspectra of heat shocked or control promastigotes 30
min after the addition of H202 to a solution of DMPO,DMSO,and
DTPAcontaining log phase promastigotes incubated at 260C (Log)
or 370C (Log-Heat Shock) for 2 h. Spectral peaks corresponding to
DMPO/* CH3 (+) and DMPO/* OH(*) are labeled.

Promastigotes also become less virulent (37) and more sus-
ceptible to H202 toxicity with increased length of cultivation in
vitro. Similarly, Channon and Blackwell (30) found that re-
cently isolated ("new") L. donovani promastigotes were more
resistant to H202 than were multiply passaged ("old") promas-
tigotes consistent with our findings, although their experiments
were performed using exclusively log phase promastigotes (30).
A comparison of Figs. 3 and 4 illustrates that there are wide
variations in the susceptibility of different populations of log-
phase promastigotes to H202 toxicity. Factors contributing to
these differences likely include the duration of maintenance in
culture as described above, and the point at which the parasites
are harvested during their transition from log to stationary
phase. There also seem to be inherent differences between the
susceptibility of promastigote populations isolated from differ-
ent hamsters to H202 toxicity, probably reflecting differences
in their expression of innate resistance factors. It may be that
delineation of the latter differences will direct us toward identi-
fication of the mechanisms responsible for H202 resistance.

The actual mediator of H202 toxicity has not previously
been established. By spin trapping we found that - OHis gener-
ated in L. d. chagasi promastigotes after exposure to H202, and
that chelation of promastigote iron with deferoxamine reversed
both the toxic effects of H202 and the generation of * OH.
Thus, H202 toxicity probably occurred through generation of

* OHaccording to the Fenton reaction, catalyzed by endoge-
nous stores of iron in promastigotes. Our studies with fraction-
ated cells indicate that * OHis formed in the cytosolic fraction
of promastigotes. Wehave not further characterized the storage

form and location of catalytically active iron, and indeed the
mode of iron storage has not yet been documented in any
Leishmania sp. In many other cell types, iron is stored bound
to ferritin. In the presence of a reducing source, ferritin-bound
iron has been shown to release its iron which in turn can react
with H202 to generate * OH(38). Many cells also contain insol-
uble iron chelates (hemosiderin) and a variety of low molecular
weight iron chelates, each of which could potentially partici-
pate in the Fenton reaction. Finally, most cells also contain a
number of cytosolic iron containing enzymes.

Murray found that H202 toxicity for L. donovani was pre-
vented by the H202 scavenger catalase, whereas * OHscaven-
gers (mannitol, benzoate, diazabicyclooctane, and histidine)
had no protective effect (12). In contrast, we found that manni-
tol partially protected L. d. chagasi promastigotes against the
immobilizing effects of H202. Since - OHwas generated in the
cytosolic but not the membrane fraction of log-phase promasti-
gotes after the addition of H202, the partial protection afforded
by mannitol may have occurred due to scavenging of intracel-
lular * OH. The discrepancy between our results and Murray's
could be explained if the two strains differed in their membrane
permeability to mannitol, or in their intracellular content of
catalytically active iron. Related to the latter possibility, our
promastigote culture medium contained iron in the form of
hemin whereas Murray's medium did not (12). Therefore the
two strains may have varied markedly in their concentrations
of intracellular iron available for - OHgeneration.

Exposure of the more resistant stationary-phase promasti-
gotes to H202 resulted in considerably lower magnitudes of

- OHcompared to the more H202-sensitive log-phase para-
sites. The decreased amount of * OHobserved with stationary-
phase promastigotes could result either from increased re-
moval (scavenging) of H202 and/or . OH, or to decreased
amounts of catalytic iron in the more resistant form of the
organism. The data presented here cannot definitively differen-
tiate between these two possibilities. The major surface glyco-
lipid lipophosphoglycan, which is known to scavenge oxidant
species (18, 39, 40), is probably not responsible for the decrease
in * OH, since cytosolic fractions of log-phase promastigotes
generated greater amounts of * OHthan cytosol from station-
ary-phase organisms. Channon and Blackwell (30) found that
L. donovani promastigotes and amastigotes remove H202 from
extracellular medium. Both Blackwell's and Murray's groups
documented the presence of enzymatic antioxidants (catalase,
glutathione reductase, glutathione peroxidase), although the
data on which enzymes were present in the parasite's morpho-
logic stages were not in exact agreement (12, 35, 41). Blackwell
also documented large quantities of total thiols in promastigote
lysates, which can act as nonenzymatic scavengers of oxidants
(35). Thus, it is likely that both enzymatic and nonenzymatic.
scavenging mechanisms participate in the increased resistance
of stationary phase promastigotes to H202 toxicity. A candi-
date scavenger of oxidants in Leishmania is trypanothione, a
conjugate of glutathione and spermidine that is unique to the
Trypanosomatid protozoa. The redox state of trypanothione is
maintained by the enzyme couple trypanothione reductase and
(presumed) trypanothione peroxidase, similar to the glutathi-
one reductase-glutathione peroxidase enzyme couple in other
eukaryotes (42, 43). The identification of the enzymatic and
nonenzymatic scavenging that develop during stationary phase
may reveal important factors determining promastigote viru-
lence.
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Eukaryotic and prokaryotic cells synthesize a set of highly
conserved proteins termed heat shock proteins upon exposure
to increased temperature, oxidative stress and other adverse
environmental stimuli, and at different developmental stages.
This heat shocked or "stressed" state is associated with an in-
creased resistance against the toxic effects of heat or oxidants,
sometimes resulting in an increase in virulence (27, 32, 44-48).
Leishmania sp. encounter a dramatic increase in ambient tem-
perature when they are inoculated by the sandfly vector into a
mammalian host. This exposure causes biochemical and mor-
phologic changes that are associated with an increase in the
production of several proteins including heat shock proteins.
Some Leishmania sp. also transform to an amastigote-like
form and increase their virulence characteristics after heat ex-
posure (19, 49-52). In our hands incubation at 370C consti-
tutes a "heat shock" for L. d. chagasi, defined as an increase in
the production of hsp7O. Although hsp7O is probably not itself
involved in protection against H202 toxicity, its increased ex-
pression may indicate the development of a "stressed" state
that is also associated with increased resistance to H202. The
reason for the relative inability of heat shock to induce H202
resistance of stationary phase promastigotes may reflect the
fact that they were already in a partially "stressed" state. Con-
sistent with this, promastigotes of L. major (53) and L. d. cha-
gasi (our unpublished observations) express greater amounts of
hsp70 mRNAas they develop from log to stationary phase.
Furthermore, in contrast to the H202 resistance that developed
during growth to stationary phase, heat shock of log-phase para-
sites was not associated with a decrease in the amount of * OH
produced after exposure to H202. It seems likely, therefore,
that protection against H202 toxicity after heat shock of log
phase promastigotes is related to either increased resistance to

- OH-mediated injury or induction of cellular repair mecha-
nisms.

Several factors beyond those addressed in this study contrib-
ute to the parasite's ability to survive macrophage-derived oxi-
dant-mediated toxicity. Leishmania-infected murine macro-
phages have a diminished capacity to undergo an oxidative
response, suggesting that parasites may partially inhibit their
oxidative capacities (54). Relevant to this finding, promasti-
gotes possess a soluble acid phosphatase that inhibits the pro-
duction of superoxide by human neutrophils, and which could
act in a similar fashion in macrophages (55). In addition, leish-
mania LPGhas been reported to inhibit the activity of protein
kinase C from rat brain and signal transduction in human
monocytes, and it is hypothesized that this might decrease the
respiratory burst upon phagocytosis by macrophages (56, 57).
Finally, using mononuclear phagocytes from patients with
chronic granulomatous disease, that are defective in their ca-
pacity to generate oxidants, Murray showed that both oxygen-
dependent and oxygen-independent mechanisms contribute to
the killing of leishmania within the macrophage (34). The respi-
ratory burst that is stimulated upon phagocytosis of promasti-
gotes by macrophages may be important in promastigote kill-
ing during the early phases of infection, but killing of intracel-
lular amastigotes throughout disease probably requires
activation of macrophage by cytokines such as interferon-y
(58, 59). Oxygen-independent mechanisms relevant to the lat-
ter aspect of intracellular killing include the L-arginine-derived
product nitric oxide. Nitric oxide participates in killing of L.
major promastigotes during phagocytosis by activated murine
macrophages, as well as interferon-y-mediated activation of

murine macrophages to kill intracellular L. major amastigotes
(60, 61). However, production of nitric oxide by human macro-
phages has not been clearly demonstrated (62), leaving at issue
the role ofthis oxidant species in human leishmaniasis. Further-
more, a role for nitric oxide in killing promastigotes by resting
macrophages, as occurs during initial infection of a naive host,
has not been documented in any species. It seems likely that
evasion of H202 toxicity may be critical for the survival of
promastigotes during this initial step. Thus the means by which
promastigotes resist H202 toxicity, which occurs by at least two
mechanisms according to the above data, may be an important
determinant of the virulence of L. d. chagasi promastigotes.
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