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Introduction

Hypoxia (low oxygen tension) is a common feature in
tumours, wounds, atherosclerotic lesions and inflamed or
infected tissues [1, 2]. Several characteristics shared by
diseased tissues, such as increased metabolic demand for
leucocytes infiltrated into the inflammatory tissue, micro-
circulation impairment and cell and ⁄ or micro-organism
proliferation, result in a hypoxic environment [3]. Macro-
phages, cells involved in the clearance of micro-organ-
isms, antigen processing ⁄ presentation and angiogenesis,
adapt to hypoxia by modulating their cytokine secretion,
expression of cell surface markers, migration, pinocytosis
and phagocytosis [3, 4]. The influence of low oxygen ten-
sion on macrophage responses to micro-organisms has
only recently been studied [5, 6]. In previous studies
[7–11], our group has demonstrated that hypoxia induced
macrophages to control Leishmania amazonensis, an intra-
cellular parasite that causes cutaneous and cutaneous met-
astatic lesions [12, 13], and express hypoxia-inducible
factor-1 (HIF-1a), a transcriptional protein controlled
mainly by hypoxia [10, 11]. Besides leishmaniasis, other
protozoan, bacterial and viral infections can be modulated

by hypoxia and activate the HIF system [5, 6]. The
mechanisms by which macrophages are able to control
L. amazonensis infection during hypoxia are unknown. In
this study, several cellular processes were investigated,
including nitric oxide and ROS involvement, cytokine
production, phagocytosis, exocytosis, ATP release, HIF
expression and whether apoptosis occurred in intracellular
parasites inside macrophages under hypoxia.

Materials and methods

Animals. Female BALB ⁄ c, C57Bl ⁄ 6 and C57Bl ⁄ 6
iNOS knockout (deficient in iNOS) mice, aged
8–12 weeks, were obtained from Animal Center of the
Universidade Estadual de Campinas, Campinas, SP, Brazil.

Cell cultures and parasites. The murine macrophage cell
line J774 was maintained in RPMI 1640 medium sup-
plemented with 25 lg ⁄ ml gentamicin, 2 mM L-gluta-
mine, 10 mM HEPES (Sigma Aldrich, St Louis, MO,
USA) and 10% foetal calf serum (Nutricel, Campinas,
Brazil) at 37 �C in 5% CO2, 5% O2 and balanced N2 [8,
9]. Primary mouse macrophages were obtained from nor-
mal BALB ⁄ c mice by peritoneal lavage, as described [8,
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Abstract

Hypoxia (low oxygen tension) is a common feature of inflamed and infected
tissues. The influence of hypoxia on macrophage responses to micro-organisms
has only recently been studied. This study demonstrates that hypoxia induced
macrophages to control Leishmania amazonensis, an intracellular parasite that
causes cutaneous and cutaneous metastatic lesions. The mechanisms that con-
tribute to the control of macrophages against L. amazonensis infection under a
hypoxic microenvironment are not known. Nitric oxide, TNF-a, IL-10 or
IL-12 is not responsible for the decrease in parasitism under hypoxia. Live
L. amazonensis entry or exocytosis of internalized particles as well as energetic
metabolism was not impaired in infected macrophages; no apoptosis-like death
was detected in intracellular parasites. Reactive oxygen species (ROS) is likely
to be involved, because treatment with antioxidants N-acetylcysteine (NAC)
and ebselen inhibits the leishmanicidal effect of macrophages under hypoxia.
Leishmania amazonensis infection induces macrophages to express hypoxia-
inducible factor-1 (HIF-1a) and -2 (HIF-2a). Data indicate that hypoxia
affects the microbial activities and protein expression of macrophages leading
to a different phenotype from that of the normoxic counterpart and that it
plays a role in modulating Leishmania infection.
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9]. Leishmania amazonensis (MHOM ⁄ BR ⁄ 73 ⁄ M2269)
amastigotes were isolated from active skin lesions of
BALB ⁄ c mice, as described [14]. The parasites were sus-
pended in RPMI 1640 medium and used immediately
after isolation. The experimental protocols were approved
by the Institute of Biology ⁄ Universidade Estadual de
Campinas Ethical Committee for Animal Research.

Normoxic and hypoxic conditions. Hypoxic cell culture
conditions were established as described [7, 8]. The cell
cultures were placed in a gas-tight modular chamber
(Billups-Rothenberg, Del Mar, CA, USA); the chamber
was gassed for at least 15 min at a flow rate of 2 l ⁄ min,
using certified gases containing O2, CO2 and N2 (White-
Martins Gases, Rio de Janeiro, RJ, Brazil) and placed in
a 37 �C temperature-controlled incubator. The percent-
age of O2 was verified by measuring the outflow of gas
at the end of the initial flushing period and then at 24-h
intervals using a Fyrite apparatus (Bacharach, Inc., Pitts-
burgh, PA, USA). The oxygen tension in the culture
medium under hypoxic conditions was 7 or 37 and
150 mmHg under normoxic conditions (O2 Analyzer
YSI ⁄ 53; Yellow Springs Instruments Inc., Yellow
Springs, OH, USA). In all experiments, cell exposure to
1% or 6% O2, 5% CO2 and balanced N2 is referred to
as hypoxia and cell exposure to 21% O2, 5% CO2 and
balanced N2 is referred to as normoxia. The pH of all
cell culture media was 7.4 and did not change
significantly during the course of the experiments [7].
Cytotoxicity was analysed by the colorimetric MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] dye reduction assay [15] (Sigma).

Macrophage infection and assessment of intracellular para-
sites. Peritoneal macrophages and J774 cells were infected
with L. amazonensis amastigotes at parasite–cell ratio of
3:1 and 10:1, respectively, for 1 h, as described [7, 9].
Briefly, following a period of interaction, the cultures
were washed to remove extracellular parasites, and fresh
medium was added to the cell cultures. To determine the
percentage of infected macrophages and number of
amastigotes per macrophage, cells on coverslips were
stained with Giemsa and examined microscopically at
1000· magnification. About 600 cells were counted per
triplicate coverslip [7].

Antioxidants. N-acetylcysteine (NAC) (Sigma), a thiol
compound that acts as a direct ROS scavenger, was diluted
in deionized sterile water and added to the cell cultures at a
final concentration of 5 mM for 2 h at 37 �C before treat-
ments [16, 17]. 2-Phenyl-1,2-benzisoselenazol-3(2H)-one
(ebselen) (Calbiochem, La Jolla, CA, USA) that mimics glu-
tathione peroxidase, a H2O2-detoxifying enzyme, was
diluted in DMSO, and 40 lM (0.02% DMSO) was added to
the cultures at the beginning of the experiments [18, 19].

Cytokine assays. The concentrations of IL-6, IL-10 and
IL-12 in macrophage supernatants were determined by
an enzyme-linked immunosorbent assay (ELISA) kit

(Biosource, Camarillo, CA, USA), used in accordance with
the manufacturer’s instructions. The supernatants were
assayed for TNF-a in a cytotoxicity assay using L929 cells
pretreated with 5 lg ⁄ ml actinomycin D in 96-well mi-
crotiter plates, as previously described [9]. The cytotoxic-
ity effects of supernatants containing TNF-a activity were
calculated using the following formula: Cytoxicity
(%) = [OD540control ) OD540test] ⁄ OD540control ·100,
where control and test represent the absorption of L929
plus medium and L929 plus supernatants, respectively.
One unit of TNF activity equals 50% L929 cytotoxicity.

Ultrastructural analyses. For ultrastructural analyses,
fixative consisting of 2.5% glutaraldehyde (Electron
Microscope Science, Hatflield, PA, USA) in 0.1 M sodium
cacodylate (Electron Microscope Science) buffer at pH 7.4
was added to the medium of adherent cells for 15 min.
Then, the fixative and medium mixture was replaced by
pure fixative for 45 min. Next, the cells were rinsed
(3 · 10 min) in 0.1 M sodium cacodylate buffer, pH 7.4,
and then post-fixed in 1% OsO4 (Electron Microscope Sci-
ence) solution for 1 h. Following dehydration in an etha-
nol gradient, adherent cells were embedded in Epon 812
resin (Electron Microscope Science). Ultra-thin sections
were stained with uranyl acetate and lead citrate and
observed in a LEO 906 (Leica, Oberkochen, Germany)
transmission electron microscope operated at 60 kV.

Phagocytosis and exocytosis assays and the preparation of
IgG-opsonized microspheres. Leishmania amazonensis phagocy-
tosis was assayed with fresh or fixed amastigotes isolated
from footpad lesions of BALB ⁄ c mice. The parasites were
fixed for 60 min at 4 �C with 0.5% glutaraldehyde
(Merck, Darmstadt, Germany) in PBS solution at 108

parasites ⁄ ml, washed three times with PBS, resuspended
in PBS at 109 parasites ⁄ ml and maintained at 4 �C until
use [20]. Peritoneal macrophages plated on 13-mm glass
coverslips (5 · 105 cells ⁄ well) were incubated overnight
at 37 �C and then cultured with living amastigotes (3:1
parasites ⁄ host cell) or fixed amastigotes (10:1 para-
sites ⁄ host cell). Following 1 h of incubation in normoxia
or hypoxia, the cells were washed to remove extracellular
parasites, and the coverslips were stained with Giemsa.
Phagocytosis was quantified by morphological examina-
tion, evaluating the percentage of infected macrophages
and the number of amastigotes per macrophage micro-
scopically at 1000· magnification. About 600 cells were
counted per triplicate coverslips [7].

In exocytosis assays, macrophages were exposed to
100 ll FITC-labelled Escherichia coli K-12 bioparticles�

(1 mg ⁄ ml) (Molecular Probes, Invitrogen, Eugene, OR,
USA) for 1 h under normoxia. Next, the extracellular
bioparticles were removed, and fluorescence was mea-
sured. Macrophages were further incubated in normoxia
or hypoxia, and fluorescence was measured after 1 and
24 h. The relative fluorescence was calculated using the
following formula: Ft ⁄ Fc · 100, where Ft is the fluores-
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cence of the test sample and Fc is the fluorescence of
macrophages in normoxia (control) at initial time.

TUNEL assay. In situ detection of DNA fragments by
terminal deoxyribonucleotidyltransferase (TdT)-mediated
dUTP nick ending labelling (TUNEL) was performed
using Fluorescein FragEL� DNA Fragmentation Detec-
tion kit (Calbiochem), in accordance with the manufac-
turer’s instructions. Infected macrophages on coverslips
were fixed for 10 min with 4% paraformaldehyde and
washed three times in PBS, and then, the TUNEL assay
was developed. The cells were counterstained with DAPI
and visualized under a Nikon Eclipse 50i fluorescence
microscope (Nikon Inc., Melville, NY, USA). All images
were captured and analysed with a digital camera (Nikon
DXM1200-F) and imaging software (ACT-1; Nikon). The
percentage of labelled intracellular amastigotes was analy-
sed by digitized images from microscopic fields.

ATP assay. Cellular ATP content was determined
using a luciferase-based ATP assay kit ATPlite (Perkin-
Elmer, Life and Analytical Sciences, Downers Grove, IL,
USA), in accordance with the recommended procedure.
Briefly, 100 ll of cell homogenate was added to a 96-well
plate followed by 50 ll substrate buffer. Luminescence
was counted using a luminescence spectrometer microplate
reader (Synergy HT; Biotek, Winooski, VT, USA) after
mixing and 10-min dark adaptation of the plate. ATP
standards and blanks were incorporated in each reading.

HIF-1a and HIF-2a immunofluorescence. Cells attached
to the slide chambers were fixed for 10 min with 4%
paraformaldehyde and washed three times in PBS. The
cells were permeabilized with 1% Tween 20 and then
washed twice in PBS. Non-specific binding sites were
blocked with 3% BSA (Amresco, Solon, OH, USA) for
30 min. The cells were then incubated with rabbit anti-

HIF-1a and anti-HIF-2a antibodies (Abcam Inc., Cam-
bridge, MA, USA and Santa Cruz Biotechnology, Santa
Cruz, CA, USA) overnight at 4 �C in a wet room. The
cells were washed three times in PBS + 0.1% Tween 20
and incubated with FITC-conjugated goat anti-rabbit
secondary antibody diluted 1:100 (Sigma) for 1 h in a
wet room at room temperature, washed three times in
PBS + 0.1% Tween 20 and mounted with DAPI-con-
taining DABCO mounting media (Sigma). The cells were
visualized under a Nikon Eclipse 50i fluorescence micro-
scope (Nikon Inc.). All images were captured and analy-
sed with a digital camera (Nikon DXM1200-F) and
imaging software (ACT-1; Nikon).

Statistical evaluation. All experiments, except for
immunofluorescence analyses, were repeated at least three
times, and the results are expressed as the mean ± SD.
The immunofluorescence experiments were repeated at
least 10 times. Data obtained under different conditions
(normoxia, hypoxia, non-infection and infection) were
analysed statistically by the Student t-test, with the level
of significance set at P £ 0.05 for in vitro assays.

Results

Leishmania amazonensis infection

Macrophages were efficiently infected with L. amazonensis
in normoxia (Fig. 1A, B). However, in macrophages
subjected to hypoxia, a significant reduction occurred in
the percentage of infected macrophages (decrease by 40–
60%) and number of parasites inside the cells (decrease
by 20–35%) compared with the normoxic condition
(Fig. 1A, B). Viability was determined in cells exposed
to normoxia and hypoxia; there was no significant dif-
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Figure 1 Effect of hypoxia on macrophages.

Peritoneal or J774 macrophages were infected

with Leishmania amazonensis amastigotes for

1 h, extracellular parasites were removed and

cells maintained in normoxia or hypoxia for

24 h. The percentage of infected macrophages

(A) and the number of amastigotes per mac-

rophage (B) were determined. Ultrastructural

appearance of uninfected macrophages in

normoxia (C) and hypoxia (D) and L. amazon-

ensis-infected macrophage under normoxia

(E); arrow heads indicate amastigotes inside

parasitophorous vacuoles. Inset shows a

typical amastigote. Leishmania amazonensis-

infected macrophage in hypoxia (F); arrow

heads indicate amastigotes inside parasitoph-

orous vacuoles. Inset shows amastigote pre-

senting lipid inclusions and cytoplasmic

vacuolization.
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ference in the OD values obtained by the MTT assay
(0.47 ± 0.09 of the normoxic infected J774 macrophag-
es versus 0.37 ± 0.03 of the hypoxic infected J774
macrophages). There was also no significant difference
in the viability between extracellular amastigotes prein-
cubated under normoxia or hypoxia (OD values:
0.05 ± 0.009 versus 0.09 ± 0.03 and cell counts:
2 · 106 ± 1 · 105 versus 2.1 · 106 ± 3 · 105, respec-
tively). Morphological appearance did not differ between
uninfected cells under normoxia and hypoxia (Fig. 1C,
D). The ultrastructure of infected macrophages under
normoxia showed parasitophorous vacuoles containing
amastigotes attached to the inner surface (Fig. 1E). The
cells under hypoxia had vacuoles with few parasites or
cells had vacuoles with parasites presenting lipid inclu-
sions and cytoplasmic vacuolization (Fig. 1F), similar to
those previously reported in squalene synthase inhibi-
tors–treated L. amazonensis [21] and taxol-treated Trypan-
osoma cruzi [22], indicating that these ultrastructural
changes can occur as a consequence of different pertur-
bations to the parasite’s cellular functions.

Nitric oxide involvement

Experiments that helped to evaluate whether nitric oxide
is involved in the antileishmanial activity of macrophages
under hypoxia were conducted with cells from iNOS
knockout mice. Both cell systems i.e., macrophages from
iNOS knockout and wild-type mice, were efficiently
infected with L. amazonensis under normoxia (Fig. 2). The
iNOS knockout and wild-type macrophages subjected to
hypoxia showed a significant reduction in the percentage
of infected macrophages and number of parasites inside
the cells (Fig. 2). Previous results from our laboratory
had shown that wild-type infected macrophages exposed
to normoxia or hypoxia release low levels of nitrate [7].
These data suggest that nitric oxide is not involved in
the antileishmanial activity of macrophages induced by
hypoxia.

ROS involvement

Other molecules involved in macrophage killing of Leish-
mania spp, besides reactive nitrogen intermediates, are
ROS [23–26]. Experiments tested the possibility of anti-
oxidant compounds, such as NAC or ebselen, altering the
infection level of macrophages in hypoxia. As expected,
macrophages infected under hypoxia showed a reduction
in the percentage of infected cells and number of
amastigotes per cell compared with normoxic conditions
(Fig. 3). Interestingly, the reduction in parasite level
observed in macrophages under hypoxia was not observed
in cells cultured with NAC under hypoxia. Similar
results were observed with ebselen that is no reduction
occurred in the parasite level in cells treated with the
antioxidant under hypoxia (Fig. 3). These data suggest
the participation of ROS in the antileishmanial activity
of macrophages is induced by hypoxia.

Cytokine production

Cytokines are key elements in the host response against
Leishmania sp. [13] TNF-a, IL-6, IL-10 and IL-12 produc-
tion were all evaluated (Fig. 4). Two classical agents that
when added together induce proinflammatory cytokines
TNF- and IL-12 and when added alone (LPS) induce IL-6
and IL-10 [27] were used as control of tests. TNF-a bioac-
tivity was not enhanced by hypoxia in infected macro-
phages, although the cytokine bioactivity was enhanced in
cells non-stimulated and stimulated with IFN-c + LPS
under hypoxia compared with cells cultured in the same
conditions and exposed to normoxia (Fig. 4A). Interest-
ingly, a modest but significant increase in IL-6 production
was detected in infected macrophages under hypoxia com-
pared with infected cells under normoxia (Fig. 4B); higher
concentrations of IL-6 were detected in LPS-treated mac-
rophages under hypoxia. Regarding IL-12, little or no
production was observed in non-infected or infected mac-
rophages cultured under normoxia or hypoxia; when

Figure 2 Effect of hypoxia on Leishmania amazonensis-infected macrophages. Peritoneal wild-type and iNOS knockout macrophages were infected with

L. amazonensis amastigotes for 1 h, extracellular parasites were removed and cells maintained in normoxia or hypoxia for 24 h. The percentage of

infected macrophages (A) and the number of amastigotes per macrophage (B) were determined. The result represents the mean ± SD of three experi-

ments. The significance of the difference between cell cultures in normoxia and hypoxia is indicated: *P £ 0.05.
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macrophages were stimulated with IFN-c + LPS in norm-
oxia, they produced IL-12 at higher concentrations than
cells stimulated with IFN-c + LPS under hypoxia
(Fig. 4C). A modest IL-10 production was detected in
infected cells under normoxia or hypoxia, but high concen-
trations of this cytokine were detected in macrophages
stimulated with LPS under normoxia or hypoxia (Fig. 4D).

Effects of hypoxia on phagocytosis and exocytosis

To explore the hypothesis that macrophages under
hypoxia reduce L. amazonensis infection because micro-

organism uptake by cells is impaired within this micro-
environment, the phagocytosis of living and dead parasites
was analysed. To achieve this, the parasites were cultured
with cells for 1 h to permit invasion. Although phagocy-
tosis of dead parasites that is glutaraldehyde-fixed para-
sites by macrophages under hypoxia was reduced
(Fig. 5A, B), living parasites were efficiently internalized
by macrophages cultured under normoxia or hypoxia as
demonstrated by the percentage of infected cells and the
average number of intracellular amastigotes (Fig. 5A, B).
These data excluded the possibility that an impaired para-
site uptake is involved in the low levels of infection in

Figure 3 Effect of antioxidants on Leishmania
amazonensis-infected macrophages. Peritoneal

macrophages were infected with L. amazonensis

amastigotes for 1 h in normoxia, extracellular

parasites were removed and cells maintained

in normoxia or hypoxia with antioxidants

NAC or ebselen for 24 h. The percentage of

infected macrophages (A and C) and the

number of amastigotes per macrophage were

determined (B and D). The result represents

the mean ± SD of three experiments. The

significance of the difference between cells

cultures in normoxia and hypoxia is indi-

cated: *P £ 0.05.

Figure 4 Effect of hypoxia on cytokine

release by macrophages. Peritoneal macro-

phages were treated with LPS, IFN-c + LPS

or infected with Leishmania amazonensis

amastigotes and incubated for 24 h under

normoxia or hypoxia. TNF-a activity was

determined in the culture supernatants by

L929 cytotoxicity assay (A), and IL-6 (B),

IL-12 (C) and IL-10 (D) production was

determined in the supernatants by ELISA.

The results represent the mean ± SD of three

experiments. *The significance of the differ-

ence between cell cultures in normoxia and

hypoxia. #The significance of difference

between infected or stimulated cell cultures

and control. P £ 0.05.
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macrophages under hypoxia. Another hypothesis to
explain L. amazonensis reduction in macrophages under
hypoxia is that parasites ⁄ particles could be released from
cells under hypoxia, a process denominated exocytosis
[28]. Experiments to test this hypothesis were conducted
with macrophages incubated with FITC-labelled E. coli
K-12 bioparticles under normoxia or hypoxia. The cells
showed similar relative fluorescence after 1 and 24 h
under normoxia and hypoxia, suggesting that internalized
particles are maintained inside the cells and that exocyto-
sis did not occur in hypoxic macrophages (Fig. 5C).

ATP production

An ATP bioluminescence assay was used to evaluate
whether exposing macrophages to hypoxia affected total

cellular ATP levels (Fig. 6). Incubation of uninfected or
infected cells under normoxia or hypoxia (6% O2)
resulted in similar ATP levels (Fig. 6A); similarly, 1%
O2 causes no appreciable decrease in ATP levels in
infected macrophages, but diminished ATP levels were
observed in uninfected macrophages (Fig. 6B).

DNA fragmentation on intracellular amastigotes

As leishmanicidal activity in macrophages stimulated
with IFN-c + LPS is related to apoptosis-like death in
parasites inside the macrophages [29], we investigated
whether the same phenomena occurred in infected cells
under hypoxia. The TUNEL assay was used to detect
nuclear DNA fragmentation in cell cultures. As expected,
apoptosis of intracellular amastigotes did not occur in

Figure 5 Effect of hypoxia on phagocytosis

and exocytosis by macrophages. Peritoneal

macrophages were incubated with living or

glutaraldehyde-fixed Leishmania amazonensis

amastigotes and cultured in normoxia or

hypoxia for 1 h. Extracellular amastigotes

were removed, and the percentage of infected

macrophages (A) and the number of amastig-

otes per macrophage (B) were determined.

Peritoneal macrophages were incubated with

FITC-labelled Escherichia coli K-12 bioparti-

cles for 1 h under normoxia (C). Cell cultures

were washed to remove extracellular particles

and were further incubated for 1 and 24 h in

normoxia or hypoxia. Intracellular particles

were quantified by measuring the fluorescence

intensity of the cells. The fluorescence was

normalized to the fluorescence of macrophages

in normoxia at initial time (0 h). The result

represents the mean ± SD of three experi-

ments. The significance of the difference

between cell cultures in normoxia and hypoxia

is indicated: *P £ 0.05.

Figure 6 Effect of hypoxia on ATP release by macrophages infected with Leishmania amazonensis. Peritoneal macrophages were infected with L. amazon-

ensis amastigotes and incubated for 24 h under normoxia or hypoxia with 6% O2 (A) or 1% O2 (B). ATP concentrations were determined in the

supernatants by the bioluminescence assay. The results represent the mean ± SD of three experiments. The significance of the difference between cell

cultures in hypoxia and normoxia is indicated: *P £ 0.05.
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macrophages under normoxia, because the parasites are
viable and multiply inside host cells (Fig. 7). Apoptosis
also did not occur in parasites inside cells under hypoxia
(Fig. 7A, C). In contrast, IFN-c + LPS–induced DNA
fragmentation was visualized in 67% of intracellular am-
astigotes (Fig. 7C).

HIF-1a and HIF-2a expression

Immunofluorescence studies were performed to locate the
HIF system in macrophages. As expected, very weak

HIF-1a and HIF-2a fluorescence was detected in the
cytoplasm and nucleus of uninfected macrophages under
normoxia (Fig. 8). Following hypoxic exposure, unin-
fected macrophages responded with a strong increase in
HIF-1a and HIF-2a expression; and as previously
reported by our group [10], HIF-1a was expressed in
infected cells under normoxia or hypoxia (Fig. 8). Inter-
estingly, immunofluorescence assays revealed the presence
of HIF-2a in infected macrophages under normoxia and
hypoxia. The HIF-2a was expressed more intensely in the
nucleus than in the cytoplasm of macrophages (Fig. 8).

Figure 7 In situ analysis of apoptosis in Leishmania amazonensis-infected macrophages. Peritoneal macrophages were infected with L. amazonensis

amastigotes and incubated under normoxia or hypoxia for 24 h (A), 48 h (B) or stimulated with IFN-c + LPS in normoxia for 24 h (panel A). DNA

fragmentation analysis was determined by the TUNEL method and analysed under a fluorescent and phase contrast microscope (bars = 12 lm). Cell

nuclei were stained with DAPI and merged with phase contrast. L. amazonensis-harbouring parasitophorous vacuoles are indicated by arrowheads. Bars

represent the percentage of labelled intracellular amastigotes with DNA fragmentation (C).
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Discussion

A number of recent studies have attempted to evaluate
the impact of low oxygen on macrophages [4, 5]. Pheno-
typical and functional changes include the modulation of
cytokines, such as IL-1, TNF-a and its receptors, IL-6,
IL-18 binding protein, endothelial growth factor, iNOS,
matrix metalloprotein-7 and NF-jb [4, 5, 30]. It has
been accepted that macrophages adapt to hypoxia by
redefining their transcriptome and acquiring a ‘‘hypoxic’’
phenotype substantially different from that of the norm-
oxic counterpart [30]. In fact, at inflammation and ⁄ or
infection sites, oxygen consumption is elevated and can
result in the interruption of the blood supply and the
development of a hypoxic tissue microenvironment [3, 4].
Under such conditions, macrophage polarization towards
inflammatory activities should be expected. Previous
studies by our group and as well as this one showed that
hypoxia modulates antileishmanial capacity of macro-
phages against L. amazonensis infection, reducing the per-
centage of infected cells and the number of intracellular
parasites [7, 10]. In contrast, the extracellular growth of
L. amazonensis promastigotes and amastigote and macro-
phage viabilities were not altered by hypoxia [this work
and 7, 10], suggesting macrophage activation for the kill-
ing of parasites. The mechanisms by which macrophages
control infection under hypoxia are not yet understood.
Further experiments were conducted to elucidate whether
the well-characterized defence of macrophages against
intracellular micro-organisms might be involved in cell
resistance under hypoxia. Nitric oxide is an important
active component engaged in the killing of Leishmania in
cytokine-activated macrophages [21, 22]. However, this
work shows that knockout macrophages for iNOS expres-
sion lacking nitric oxide synthesis are still able to reduce
infection under hypoxia, and our previous results indi-

cated that hypoxia does not induce nitric oxide synthesis
or iNOS expression infected macrophages [7]. Therefore,
results do not suggest any correlation between nitric
oxide and infection reduction under hypoxia. In addition
to nitric oxide, cytokine activation of macrophages leads
to ROS production through oxidative burst that is ulti-
mately responsible for leishmanicidal activity [24–26,
31]. Interestingly, the antioxidants NAC, a thiol
compound that act as direct ROS scavenger [16, 17], and
ebselen, a compound that mimics glutathione peroxidase,
a H2O2-detoxifying enzyme, [18, 19] inhibited the leish-
manicidal effect of hypoxia. Our interpretation of these
findings is that ROS produced by cell could be toxic to
the parasites. In fact, cellular damage by ROS in response
to hypoxia is supported by data showing that antioxi-
dants are able to abrogate hepatocyte ROS-induced cell
death during hypoxia [32]. Other recent study also
showed that the blockade of endogenous GSH antioxi-
dant synthesis inhibited glioma cells growth under hyp-
oxic condition [33]. Because many highly reactive species
such as singlet oxygen, superoxides, peroxides, hydroxyl
radical, and hypochlorous acid are generated in cells dur-
ing oxidative burst, participation of every ROS in para-
site damage is difficult to define [34, 35].

Cytokines associated with Th1 and Th2 cells are
important to determine resistance and susceptibility dur-
ing leishmaniasis [13]. In this work, IL-10 and IL-12
releases were similar in infected macrophages under norm-
oxia and hypoxia. Although hypoxia induced TNF-a
production in non-stimulated and IFN-c + LPS–stimu-
lated macrophages, it did not alter TNF-a production in
infected cells. Among the cytokines evaluated in this
study, IL-6 was the only to present a small but significant
increase in infected macrophages under hypoxia; however,
the increase was significantly lower than IL-6 production
after LPS stimulation. IL-6 is a proinflammatory cytokine,

Figure 8 Expression of HIF-1a and HIF-2a by peritoneal macrophages. The cells were infected with Leishmania amazonensis amastigotes or left unin-

fected (Control) and exposed to normoxia or hypoxia for 24 h. The cells were fixed and stained with anti-HIF-1a or anti-HIF-2a antibodies. Isotype

and secondary antibody controls were negative for staining (data not shown). Insets show cell nuclei stained with DAPI (bars = 20 lm). L. amazonensis-

harbouring parasitophorous vacuoles are marked by asterisks.
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which also exhibits pleiotropic effects on many cell types,
and is a hypoxia-inducible molecule [36, 37]. As previous
data have shown that IL-6 may inhibit human macrophag-
es activated by IFN-c, TNF-a, IL-3 and LPS for killing
L. amazonensis [38], the current results could be explained
by a non-causal effect of IL-6 on the macrophage leish-
manicidal effect under hypoxia.

An alternative hypothesis that could explain the low
L. amazonensis infection in the hypoxic condition is that
parasite internalization by macrophages is damaged under
hypoxia. Findings reported here show that the macro-
phage capacity for phagocytosis of fixed parasites was
affected by hypoxia. These data are consistent with studies
showing peritoneal macrophages with reduced uptake of
latex beads, zymozan and zymocell and alveolar macro-
phages with reduced uptake of red blood cells under
hypoxia [39, 40]. However, it appears that hypoxia did
not affect live L. amazonensis entry into macrophages, indi-
cating that parasite internalization is more complex than
that of inert particles or dead parasites, because the pro-
cess involves the action of both the host cell and the para-
site [41]. The possibility that parasites might be released
from macrophages under hypoxia, in a process of exocyto-
sis, leading to diminished infection, was investigated
because exocytotic release of red blood cells from alveolar
macrophages under hypoxia was previously described [28].
Data analysis showed that hypoxia did not induce the exo-
cytotic process of internalized particles by macrophages,
and thus, it was concluded that impaired parasite inter-
nalization and exocytosis are not related to the antileish-
manial activity of macrophages under hypoxia.

Although macrophages are one the types of cells that
adapt to hypoxia by switching from aerobic to anaerobic
glycolytic pathway for ATP production [42], glycolysis is
inefficient, consuming 15 times more glucose per ATP
molecule than oxidative phosphorylation [43]. These data
persuaded us to analyse ATP production by macrophages
to determine whether hypoxia induces energetic metabo-
lism damage in cells that contribute to parasite death.
The depletion of ATP occurred only in uninfected cells
under severe hypoxia (1% O2) as previously demonstrated
[42–44]. However, infected cells produced similar levels
of ATP when cultured under severe hypoxia (1% O2),
hypoxia (6% O2) or normoxia (21% O2) indicating that
the reduction in the infection of macrophages in hypoxia
is not related to any impairment of energetic metabolism.

Chemicals produced by macrophages, such as nitric
oxide [24], and drugs treatment, such as miltefosine [45]

and antimonials [46], induce an apoptosis-like death in
Leishmania intracellular amastigotes. This work investi-
gated whether apoptosis is induced in intracellular
amastigotes by hypoxia. In contrast to IFN-c + LPS–
activated macrophages, which produce nitric oxide and
induce apoptosis-like death in intracellular amastigotes
[29], infected macrophages under hypoxia showed no

intracellular parasites with DNA fragmentation when
analysed by the TUNEL assay. These results led to the
conclusion that apoptosis-like death does not occur in
intracellular parasites within macrophages under hypoxia.

Our group previously demonstrated that infection
with L. amazonensis results in HIF-1a expression in a
murine model of disease and in vitro [10, 11] and, more
recently, HIF-1a activation was detected in human skin
biopsy of patient suffering of leishmaniasis [47]. The
infection of macrophages with the parasite was not associ-
ated with cellular hypoxia, as confirmed by the hypoxia
marker pimonidazole, suggesting an oxygen-independent
activation of HIF-1a [10]. This report showed, for the
first time, that HIF-2a, which despite extensive sequence
homology with HIF-1a has no overlapping roles and dis-
tinct spatial-temporal patterns of expression [48, 49], is
upregulated during an intracellular infection. The L. ama-
zonensis and Toxoplasma gondii survival was reduced in
cells lacking HIF-1a expression [10, 50] suggesting that
HIFs could be part of an adaptative mechanism to main-
tain parasitized cell and parasite integrity; however, fur-
ther studies are required to clarify this point.

To summarize, analysis of the data indicated that
hypoxia induces macrophages to control L. amazonensis
infection, and nitric oxide, TNF-a, IL-10 or IL-12 are
not responsible for the decrease in parasitism. Live para-
site entry or exocytosis of internalized particles, as well as
energetic metabolism, were not impaired in infected cells
under hypoxia; no apoptosis-like death was detected in
intracellular parasites. ROS is likely to be involved,
because treatment with antioxidants NAC and ebselen
inhibits the leishmanicidal effect of cells under hypoxia.
Leishmania amazonensis infection induces macrophages
to express hypoxia-inducible factor-1 (HIF-1a) and -2
(HIF-2a). Furthermore, these results indicate that
hypoxia, a microenvironmental factor present in infected
tissues, affects the microbial activities and protein expres-
sion of macrophages leading to a different phenotype
from that of the normoxic and that it has a role in mod-
ulating Leishmania infection.

Acknowledgment

This study was supported by the Fundação de Amparo a
Pesquisa do Estado de São Paulo, the Conselho Nacional
de Desenvolvimento Cientı́fico e Tecnológico and the
Coordenação de Aperfeiçoamento de Pessoal de Nı́vel
Superior, Brazil.

Authors’ contribution

AD, MCC and WWA-S carried out the design and the
experiments, PPJ and FRG participated in the analysis of
results, and SG conceived of the study and wrote the
manuscript.

A. Degrossoli et al. Hypoxia Influences Leishmania Infection 173
..................................................................................................................................................................

� 2011 The Authors

Scandinavian Journal of Immunology � 2011 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 74, 165–175



References

1 Blouw B, Song H, Tihan T et al. The hypoxic response of tumors is

dependent on their microenvironment. Cancer Cell 2003;4:133–46.

2 Ikeda E. Cellular response to tissue hypoxia and its involvement in

disease progression. Pathol Int 2005;55:603–10.

3 Lewis JS, Lee JA, Underwood JC, Harris AL, Lewis CE. Macrophage

responses to hypoxia: relevance to disease mechanisms. J Leukoc Biol

1999;66:889–900.

4 Murdoch C, Muthana M, Lewis CE. Hypoxia regulates macrophage

functions in inflammation. J Immunol 2005;175:6257–63.

5 Nizet V, Johnson RS. Interdependence of hypoxic and innate

immune responses. Nat Rev Immunol 2009;9:609–17.

6 Zinkernagel AS, Johnson RS, Nizet V. Hypoxia inducible factor

(HIF) function in innate immunity and infection. J Mol Med

2007;85:1339–46.

7 Colhone MC, Arrais-Silva WW, Picoli C, Giorgio S. Effect of

hypoxia on macrophage infection by Leishmania amazonensis. J Paras-

itol 2004;90:510–5.

8 Degrossoli A, Colhone MC, Arrais-Silva WW, Giorgio S. Hypoxia

modulates expression of the 70-kD heat shock protein and reduces

Leishmania infection in macrophages. J Biomed Sci 2004;11:847–

54.

9 Degrossoli A, Giorgio S. Functional alterations in macrophages after

hypoxia selection. Exp Biol Med (Maywood) 2007;232:88–95.

10 Degrossoli A, Bosetto MC, Lima CB, Giorgio S. Expression of

hypoxia-inducible factor 1alpha in mononuclear phagocytes infected

with Leishmania amazonensis. Immunol Lett 2007;114:119–25.

11 Arrais-Silva WW, Paffaro VA Jr, Yamada AT, Giorgio S. Expres-

sion of hypoxia-inducible factor-1alpha in the cutaneous lesions of

BALB ⁄ c mice infected with Leishmania amazonensis. Exp Mol Pathol

2005;78:49–54.

12 Grimaldi G Jr, Tesh RB. Leishmaniases of the New World: current

concepts and implications for future research. Clin Microbiol Rev

1993;6:230–50.

13 Nylén S, Gautam S. Immunological perspectives of leishmaniasis.

J Glob Infect Dis 2010;2:135–46.

14 Barbieri CL, Giorgio S, Merjan AJ, Figueiredo EN. Glycosphingo-

lipid antigens of Leishmania (Leishmania) amazonensis amastigotes

identified by use of a monoclonal antibody. Infect Immun

1993;61:2131–7.

15 Mosmann T. Rapid colorimetric assay for cellular growth and sur-

vival: application to proliferation and cytotoxicity assays. J Immunol
Methods 1983;65:55–63.

16 Puerto M, Guayerbas N, Vı́ctor V, De la Fuente M. Effects of

N-acetylcysteine on macrophage and lymphocyte functions in a

mouse model of premature ageing. Pharmacol Biochem Behav

2002;73:797–804.

17 Dickinson DA, Moellering DR, Iles KE et al. Cytoprotection

against oxidative stress and the regulation of glutathione synthesis.

Biol Chem 2003;384:527–37.

18 Yang CF, Shen HM, Ong CN. Protective effect of ebselen against

hydrogen peroxide-induced cytotoxicity and DNA damage in

HepG2 cells. Biochem Pharmacol 1999;57:273–9.

19 Holmgren A. Antioxidant function of thioredoxin and glutaredoxin

systems. Antioxid Redox Signal 2000;2:811–20.

20 Chaudhuri G, Chauduri M, Pan A, Chang K-P. Surface Acid Pro-

teinase (gp63) of Leishmania mexicana a metalloenzyme capable of

protecting liposome-encapsulated proteins from phagolysosomal

degradation by macrophages. J Biol Chem 1989;264:7483–9.

21 Rodrigues JCF, Concepcion JL, Rodrigues C, Caldera A, Urbina JA,

Souza W. In vitro activities of ER-119884 and E5700, two potent

squalene synthase inhibitors, against Leishmania amazonensis: antipro-

liferative, biochemical, and ultrastructural effects. Antimicrob Agents

Chemother 2008;2:4098–114.

22 Dantas AP, Barbosa HS, de Castro SL. Biological and ultrastructural

effetcs of the anti-microtubule agent taxol against Trypanosoma cruzi.

J Submicrosc Cytol Pathol 2003;35:287–94.

23 Linares E, Giorgio S, Augusto O. Inhibition of in vivo leishmani-

cidal mechanisms by tempol: nitric oxide down-regulation and oxi-

dant scavenging. Free Radic Biol Med 2008;44:1668–76.

24 Stafford JL, Neumann NF, Belosevic M. Macrophage-mediated

innate host defense against protozoan parasites. Crit Rev Microbiol

2002;28:187–248.

25 Bisti S, Konidou G, Boelaert J, Lebastard M, Soteriadou K. The

prevention of the growth of Leishmania major progeny in BALB ⁄ c
iron-loaded mice: a process coupled to increased oxidative burst, the

amplitude and duration of which depend on initial parasite develop-

mental stage and dose. Microbes Infect 2006;8:1464–72.

26 Murray HW. Susceptibility of Leishmania to oxygen intermediates

and killing by normal macrophages. J Exp Med 1981;153:1302–15.

27 Schroder K, Hertzog PJ, Ravasi Y, Hume DA. Interferon-c: an

overview of signals, mechanisms and functions. J Leukoc Biol
2004;75:163–89.

28 Leeper-Woodford SK, Mills JW. Phagocytosis and ATP levels in

alveolar macrophages during acute hypoxia. Am J Respir Cell Mol
Biol 1992;6:326–34.

29 Holzmuller P, Sereno D, Cavaleyra M et al. Nitric oxide-mediated

proteasome-dependent oligonucleosomal DNA fragmentation in

Leishmania amazonensis amastigotes. Infect Immun 2002;70:3727–35.

30 Bosco MC, Puppo M, Blengio F et al. Monocytes and dendritic cells

in a hypoxic environment: spotlights on chemotaxis and migration.

Immunobiology 2008;213:733–49.

31 Gantt KR, Goldman TL, McCormick ML et al. Oxidative responses

of human and murine macrophages during phagocytosis of Leish-

mania chagasi. J Immunol 2001;167:893–901.

32 Bhogal RH, Curbishley SM, Weston CJ, Adams DH, Afford SC.

Reactive oxygen species mediate human hepatocyte injury during

hypoxia ⁄ reoxygenation. Liver Transpl 2010;16:1303–13.

33 Ogunrinu TA, Sontheimer H. Hypoxia increases the dependence of

glioma cells on glutathione. J Biol Chem 2010;285:37716–24.

34 Yu BP. Cellular defenses against damage from reactive oxygen spe-

cies. Physiol Rev 1994;74:139–62.

35 Kietzmann T, Gorlach A. Reactive oxygen species in the control of

hypoxia-inducible factor-mediated gene expression. Semin Cell Dev
Biol 2005;16:474–86.

36 Gabay C. Interleukin-6 and chronic inflammation. Arthritis Res Ther

2006;8:S3–8.

37 Rattigan Y, Hsu JM, Mishra PJ, Glod J, Banerjee D. Interleukin 6

mediated recruitment of mesenchymal stem cells to the hypoxic

tumor milieu. Exp Cell Res 2010;316:3417–24.

38 Hatzigeorgiou DE, He S, Sobel J, Grabstein KH, Hafner A, Ho JL.

IL-6 down-modulates the cytokine-enhanced antileishmanial activity

in human macrophages. J Immunol 1993;151:3682–92.

39 Leeper-Woodford SK, Detmer K. Acute hypoxia increases alveolar

macrophage tumor necrosis factor activity and alters NF-kappaB

expression. Am J Physiol 1999;276:L909–16.

40 Reichner JS, Fitzpatrick PA, Wakshull E, Albina JE. Receptor-med-

iated phagocytosis of rat macrophages is regulated differentially for

opsonized particles and non-opsonized particles containing beta-glu-

can. Immunology 2001;104:198–206.

41 Wyler DJ. In vitro parasite-monocyte interactions in human leish-

maniasis. Evidence for an active role of the parasite in attachment.

J Clin Invest 1982;70:82–8.

42 Kawaguchi T, Veech RL, Uyeda K. Regulation of energy metabo-

lism in macrophages during hypoxia. Roles of fructose 2,6-bisphos-

phate and ribose 1,5-bisphosphate. J Biol Chem 2001;276:28554–61.

43 Leppänen O, Björnheden T, Evaldsson M, Borén J, Wiklund O,

Levin M. ATP depletion in macrophages in the core of advanced rab-

bit atherosclerotic plaques in vivo. Atherosclerosis 2006;188:323–30.

174 Hypoxia Influences Leishmania Infection A. Degrossoli et al.
..................................................................................................................................................................

� 2011 The Authors

Scandinavian Journal of Immunology � 2011 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 74, 165–175



44 Vijayasarathy C, Damle S, Prabu SK, Otto CM, Avadhani NG.

Adaptive changes in the expression of nuclear and mitochondrial

encoded subunits of cytochrome c oxidase and the catalytic activity

during hypoxia. Eur J Biochem 2003;270:871–9.

45 Verma NK, Dey CS. Possible mechanism of miltefosine-mediated

death of Leishmania donovani. Antimicrob Agents Chemother
2004;48:3010–5.

46 Sudhandiran G, Shaha C. Antimonial-induced increase in intracellu-

lar Ca2+ through non-selective cation channels in the host and the

parasite is responsible for apoptosis of intracellular Leishmania dono-
vani amastigotes. J Biol Chem 2003;278:25120–32.

47 Werth N, Beerlage C, Rosenberger C et al. Activation of hypoxia

inducible factor 1 is a general phenomenon in infections with

human pathogens. PLoS ONE 2010;5:e11576.

48 Patel SA, Simon MC. Biology of hypoxia-inducible factor 2a in the

development and disease. Cell Death Differ 2008;15:628–34.

49 Loboda A, Jozkowicz A, Dulak J. HIF-1 and HIF-2 transcription

factors- similar but not identical. Mol Cells 2010;29:435–42.

50 Spear W, Chan D, Coppens I, Johnson RS, Giaccia A, Blader IJ.

The host cell transcription factor hypoxia-inducible factor 1 is

required for Toxoplasma gondii growth and survival at physiological

oxygen levels. Cell Microbiol 2006;8:339–52.

A. Degrossoli et al. Hypoxia Influences Leishmania Infection 175
..................................................................................................................................................................

� 2011 The Authors

Scandinavian Journal of Immunology � 2011 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 74, 165–175


