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Abstract 
Hypoxia, a microenvironmental factor present in dis- 
eased tissues, has been recognized as a specific meta- 
bolic stimulus or a signal of cellular response. Experi- 
mental hypoxia has been reported to induce adaptation 
in macrophages such as differential migration, elevation 
of proinflammatory cytokines and glycolytic enzyme ac- 
tivities, and decreased phagocytosis of inert particles. In 
this study we demonstrate that although exposure to 
hypoxia (5% 02, 5% CO2, and balanced N2) did not 
change macrophage viability, or 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) cleavage 
and proliferation, it significantly reduced expression of 
the 70-kD heat shock protein (HSP70), which was re- 
stored to prehypoxia levels after reoxygenation. The 
influence of low oxygen tension on macrophage func- 
tional activity was also studied, i.e. the ability of these 
cells to maintain or resist infection by a microorganism. 
We demonstrate that macrophages from two different 
sources (a murine cell line and primary cells) exposed to 
hypoxia were efficiently infected with Leishmania ama- 
zonensis, but after 24 h showed a reduction in the per- 
centage of infected cells and of the number of intracellu- 

lar parasites per macrophage, indicating that hypoxia 
induced macrophages to kill the intracellular parasites. 
These results support the notion that hypoxia, a mi- 
croenvironmental factor, can modulate macrophage pro- 
tein expression and functional activity. 

Copyright © 2004 National Science Councfl, ROC and S. Karger AG, Basel 

Introduction 

Macrophages are cells involved in the clearance of 
microorganisms, antigen processing/presentation, anglo- 
genesis, and many other functions. In various disease 
states, such as fibrosis, dermal wounds, and neoplasias, 
macrophages accumulate in or adjacent to poorly vascu- 
larized hypoxic sites [ 19]. Experimental hypoxia has been 
reported to induce phenotypic adaptations in macro- 
phages, including differential migration, elevation of 
proinflammatory cytokines and glycolytic enzyme activi- 
ties, and decreased phagocytosis of inert particles [7, 10, 
19]. Although these modulations induced by hypoxia may 
be particularly important in bacterial and parasitic infec- 
tions that accompany tissue ischemia [19] and macro- 
phages are known to play an important role in host 
defense, no study has been conducted to establish the 
effects of hypoxia on macrophage infection by microor- 
ganisms. 
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Recent  reports have proposed that  ceils, such as cul- 

tured rat cardiomyocytes  and astrocytes, and human  hep- 
a toma cells, protect against hypoxia  by enhanced synthe- 
sis of  heat shock proteins, mainly  the 70-kD heat shock 

protein (HSP70) [13, 30, 35]. Interestingly, hypoxia re- 
duces the expression of  HSP70 in human  endothelial cells 
and atrial tissue [25, 27]. In the only study per formed with 
macrophages,  low levels of  HSP70 were observed in cells 

exposed to a single period of  hypoxia  when compared  
with cells subjected to repeated cycles of  hypoxia/reoxy- 
genation [38]. 

Thus,  to gain more  insights into the influence of  low 

oxygen tension on macrophage phenotypes,  we deter- 
mined whether  hypoxia  alters the expression of  HSP70 in 

these cells and also examined whether  hypoxia  affects 
macrophage susceptibility to an intracellular pathogen. 

We used Leishmania amazonensis, an intracellular para-  
site that  causes h u m a n  diseases ranging f rom localized to 
diffuse cutaneous infections [11], as an in vitro model  to 

test macrophage host defense. During the life cycle of  L. 
amazonensis, the parasite replicates within macrophages  

[121. 

Methods 

Cell Culture and Parasites 
The murine macrophage cell line, J774, obtained from the Ameri- 

can Type Culture Collection (Rockville, Md., USA) was maintained 
in RPMI medium supplemented with 100 U/ml penicillin, 100 gg/ml 
streptomycin (Sigma Aldrich, St. Louis, Mo., USA), and 10% fetal 
calf serum (Cultilab, Campinas, Brazil) at 37 °C in 5% CO2, 5% 02 
and balanced N2 [20]. Primary mouse macrophages were obtained 
from normal BALB/c mice by peritoneal lavage [3, 9]. Leishmania 
amazonensis (MHOM/BR/73/M2269) amastigote forms were iso- 
lated from active skin lesions of BALB/c mice as described previous- 
ly [3]. 

Norrnoxic and Hypoxic Conditions 
Macrophages (1-5 x 105/ml) were added to 25-cm 2 culture flasks 

or 24-well culture plates containing 13-mm-diameter glass coverslips. 
The cell cultures were then placed in a gas-tight modular chamber 
(Billups-Rothenberg, Del Mar, Calif., USA). The chamber was 
gassed for 15 min at a flow rate of 2 liters/min using certified gases 
containing 02, CO2, and N2 (White Martins, Campinas, Brazil), and 
placed in a 37 °C temperature-controlled incubator. The percentage 
of 02 was verified by measuring the outflow of gas at the end of the 
initial flushing period and then at 24-hour intervals using a Fyrite 
apparatus (Bacharach, Pittsburgh, Pa., USA). The oxygen tension in 
the culture medium was 37 mm Hg under hypoxic conditions and 
150 mm Hg under the normoxic condition (02 analyzer YSI/53, Yel- 
low Springs Instruments, Yellow Springs, Ohio, USA). The pH of the 
medium was 7.4, and it did not change significantly during the course 
of the experiments. In all experiments, exposure of cells to 5 % 02, 5 % 
CO2, and balanced N2 is referred to as hypoxia and exposure of cells 

to 21% 02, 5% COz, and balanced N2 is referred to as normoxia. Ceil 
viability was tested by the trypan blue exclusion method, the adher- 
ence ability, cell growth, and the colorimetric MTT [3-(4,5-dimethyl- 
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] dye reduction assay, 
which results in the production of formazan by mitochondria (Sigma 
Aldrich) [26]. The viability of Leishmania amastigotes exposed to 
normoxic and hypoxic conditions was determined by erythrosine B 
staining (Sigma Aldrich) [20], the MTT assay, and by the ability to 
transform amastigotes into promastigote forms at 26 °C [18, 26]. 

Macrophage Infection, and Activation and Assessment of 
Intracellular Parasites 
J774 and peritoneal maerophages were infected by adding to the 

cell cultures a suspension of living Leishmania amastigotes in RPMI 
supplemented with antibiotics with 10- and 3-fold excesses of para- 
sites for 24 and 1 h, respectively. After the infection period, cultures 
were washed to remove extracellular parasites and replaced with 
fresh medium (150 mm Hg oxygen tension) for the time of each 
experiment in the normoxie condition and with fresh medium 
(37 mm Hg oxygen tension) for the time of each experiment in the 
hypoxic condition. Intracellular parasite destruction was assessed by 
morphological examination. Briefly, for evaluating the percentage of 
infected macrophages and the number of amastigotes per macro- 
phage, cells on coverslips were stained with Giemsa [9]. Intracellular 
amastigotes, which are exclusively localized in parasitophorous 
vacuoles [5], were examined microscopically at a magnification of 
600 x and photographed with Image Pro Plus 2000 (Media Cyber- 
netics, Silver Spring, Md., USA). About 600 cells were counted per 
triplicate coverslip. The killing of intracellular parasites was also 
quantified by a slight modification of a described technique [23]. By 
this method, maerophage cultures were washed and then lysed with 
0.01% sodium dodecyl sulfate (SDS), which released the amastigotes. 
Viability was determined by erythrosine B staining [21]. Amastigotes 
were also left to transform into promastigote forms, and after 3 days 
at 26 ° C, the number of promastigotes was recorded by microscopic 
observation. For the experiments of macrophage activation, cells 
were treated with 20 ng/ml recombinant mouse gamma interferon 
(IFN-7) and 10 ng/ml Escherichia coli lipopolysaccharides (L4391; 
LPS; Sigma Aldrich), 8 h before the Leishmania infection [20]. 

Immunoblotting Analyses 
After different treatments, cells were scraped from culture flasks, 

checked for viability, and then rinsed twice with PBS. Lysis buffer 
(62.5 mM Tris-HC1, pH 6.8, 69 mM SDS, 10% glycerol, 2% 2-mer- 
captoethanol, 34 mM ethylenediaminetetraacetic acid, 2 ~,g/ml pep- 
statin, and 1 mM phenylmethylsulfonyl fluoride; Amersham Phar- 
maeia Biotech, Piscataway, N.J., USA) was added to the cell pellets. 
Proteins were denatured at 95 ° C for 3 rain, eletrophoresed on a 10% 
SDS-PAGE (polyacrylamide) gel system (Thermo EC, Holbrook, 
N.Y., USA) and transferred to nitrocellulose membranes (Amersham 
Pharmacia Biotech). After blotting, membranes were incubated with 
mouse monoclonal anti-HSP70 antibody (Sigma Aldrich). The sec- 
ondary antibody consisted of peroxidase-conjugated rabbit anti- 
mouse IgG (Sigma Aldrich), and it was developed with 3,3-diamino- 
benzidine. Immunoreaction images were scanned, and the densito- 
metric value of each band was determined using Image Master Total 
Lab version 1 software (Amersham Pharmacia Biotech). For heat 
shock induction, macrophages were incubated in a water bath at 
44 °C for 30 rain, followed by a 6-hour recovery period at 37 °C 
[34]. 
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Statistical Evaluation 
All experiments were repeated at least 3 times, and the results are 

expressed as the mean + SD. Data obtained under different condi- 
tions (hypoxia and normoxia; noninfection and infection) were ana- 
lyzed statistically by Student's t test, with levels of significance set at 
p _< 0.01 for in vitro assays and p _ 0.05 for immunoblotting analy- 
ses. 

Results 

Effect of Hypoxia on Macrophage Viability 
Macrophage viability as tested by the trypan blue 

exclusion method, cell growth, and the colorimetric MTT 
dye reduction assay was determined under normoxic and 
hypoxic conditions. Viability was approximately 90%, 
and the cell growth rates were similar in J774 macrophage 
cultures under both conditions (fig. la). Formazan pro- 
duction by macrophage mitochondria evaluated by the 
MTT assay was also similar in cells exposed to normoxia 
and hypoxia (fig. lb). These data indicate that macro- 
phages not only tolerate hypoxia but also proliferate and 
have normal mitochondrial function in the presence of 
5 % oxygen tension. 

Effect of Hypoxia on Macrophage HSP70 Expression 
To examine a possible role of HSP70 in hypoxia- 

induced tolerance in macrophages, we analyzed the 
HSP70 expression level of cells exposed to both normoxia 
and hypoxia. As shown in the Western blot presented in 
figure 2, HSP70 was constitutively expressed in J774 
cells, and, as expected, a 2-fold increase in HSP70 was 
observed after heat stress (fig. 2a, lanes 1 and 2). In con- 
trast to the effect of heat stress, exposure of J774 cells to 
hypoxia for 24 h significantly reduced HSP70 expression 
(about 50% of the normoxic control) (fig. 2a, lane 3; 
fig. 2b). HSP70 downregulation was due to its reduced 
production rather than to its release in the medium, since 
we did not detect HSP70 by Western blot in supernatants 
of macrophages cultured under hypoxia (data not shown). 
In addition, cell preparations obtained from macrophages 
cultured under normoxia and those under hypoxia con- 
tained the same amount of proteins and showed a closely 
similar protein pattern as analyzed by SDS-PAGE (data 
not shown). 

To test whether the reduction in HSP70 expression 
found in hypoxia-treated J774 macrophages was due to 
the general inability of these cells to express HSP70 after a 
hypoxic period, we analyzed the expression of this heat 
shock protein in macrophages cultured in hypoxia for 
24 h and then incubated in normoxia for an additional 
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Fig. 1. Effect of hypoxia on J774 macrophages, a Numbers of viable 
macrophages determined in cell cultures maintained in normoxia 
( e )  or hypoxia (©) for the times indicated, b MTT production by 
macrophages determined in cell cultures maintained in normoxia 
([3) or hypoxia (m) for the times indicated. Results represent the 
mean + SD of 1 representative experiment out of 3 independently 
performed experiments with similar results. 

24 h. Cells subjected to this condition recovered and 
reached prehypoxia levels of HSP70 (fig. 2a, lane 4; 
fig. 2b). 

Effect of Hypoxia on Macrophage Susceptibility to 
Leishmania 
To assess whether hypoxia also has an effect on macro- 

phage susceptibility to an intracellular pathogen, we used 
cells from two different sources, the J774 cell line and pri- 
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F ig .  2. Western blot analysis of liSP70 in J774 macrophages, a Mac- 
rophages exposed to heat shock (lane 1), cultured in normoxia for 
24 h (lane 2), cultured in hypoxia for 24 h (lane 3), cultured in hypox- 
ia for 24 h and then maintained in normoxia for an additional 24 h 
(lane 4), infected with Leishmania and cultured in normoxia for 24 h 
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and cultured in normoxia for 24 h (lane 7), and Leishmania amasti- 
gotes (lane 8). HSP70 was detected by Western blotting as described 
in Methods. b Graph showing the results of Western blots analyzed 
by densitometry of independent experiments. The numbers on the 
x-axis correspond to the numbers given in a. Bars represent the mean 
+ SD of the relative optical density normalized to the control 
(column 2; macrophages cultured in normoxia). *p _< 0.05 com- 
pared with the control (column 2); ** p _< 0.05 compared with mac- 
rophages infected with Leishmania and cultured in normoxia (col- 
umn 5). 
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Fig. 3. Effect of hypoxia on Leishrnania infection in macrophages. 
Peritoneal and J774 macrophages were infected with Leishmania 
amastigotes and cultured in normoxia Q or hypoxia ( l )  for 24 h. 
The percentage of infected macrophages (a) and the number of amas- 
tigotes per macrophage (b) were determined as described in Meth- 
ods. The results represent the mean +- SD of 3 experiments. The 
significance of the difference between cell cultures in hypoxia and 
normoxia is indicated: * p < 0.0t. 

mary macrophages obtained from the peritoneum of 
mice, for infection with Leishmania. Both cell systems 
were efficiently infected with Leishmania under normox- 
ia or under hypoxia (data not shown). Cell cultures 
infected with Leishmania and maintained under normox- 
ia for 24 h, as expected, showed a significantly high num- 
ber of infected macrophages (47% for J774 cultures and 
72% for peritoneal macrophage cultures) as well as intra- 
cellular parasites (5.7 for J774 cells and 7.8 for peritoneal 
macrophages) (fig. 3). However, in cultures subjected to 
hypoxia for 24 h, there was a significant reduction in the 

percentage of infected macrophages (21% for J774 cul- 
tures and 32 % for peritoneal macrophages) and also in the 
number of parasites inside the cells (2.8 for J774 cells and 
2.3 for peritoneal macrophages) when compared with the 
normoxic condition (fig. 3). Interestingly the rate of re- 
duction of infection observed in cells under hypoxia was 
comparable to that obtained for macrophages stimulated 
with IFN-7 and LPS, a well-known system which activates 
killing of Leishmania in macrophages (data not shown) 
[6, 20, 291. 
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Fig. 4. Photomicrographs of peritoneal macrophages infected with Leishmania. a Macrophage culture infected with 
Leishmania and maintained in normoxia for 24 h. Arrowheads indicate intracellular parasites inside vacuoles. 
b Macrophage culture infected with Leishmania and maintained in hypoxia for 24 h. Arrowheads indicate intracellu- 
lar parasites inside vacuoles. The asterisk indicates a vacuole containing no parasites. 

Light microscopy demonstrated the ability of Leish- 
mania to infect macrophages (fig. 4). After 24 h of infec- 
tion, cells cultured in normoxia had large parasitophorous 
vacuoles containing intact intracellular parasites, which 
are characteristics of infection with L. amazonensis 
(fig. 4) [5]. In contrast, most of the macrophages in the 
population exposed to hypoxia for 24 h had reduced infec- 
tion and had vacuoles with few intracellular parasites or 
had cleared their infection and had vacuoles containing 
no parasites (fig. 4b). In addition, the killing of intracellu- 
lar parasites which occurred in macrophages could also be 
assessed by quantification of viable parasites recovered 
after lysis of infected cells with 0.01% SDS. A significant 
30% reduction in the number of viable Leishmania 
released from macrophages under hypoxia was observed 
when compared with the number of viable parasites 
released from macrophages under normoxia. These re- 
sults indicate that hypoxia induces macrophages to kill 
intracellular parasites. 

Effect of Hypoxia on HSP70 Expression of 
Leishmania-Infected Macrophages 
Our results indicated that hypoxia decreased HSP70 

expression in macrophages (fig. 2) and induced resistance 
to parasitic Leishmania infection (fig. 3, 4). Previous 
studies revealed that HSP70 expression declines as the 

infection progresses in macrophages parasitized with 
Leishmania in a normoxic condition [1, 14]. We thus 
investigated the effect of hypoxia on HSP70 expression in 
macrophages infected with Leishmania and its correla- 
tion with cellular control of infection. As shown in fig- 
ure 2, the results confirmed data from the literature [1, 
14] showing that expression of HSP70 was significantly 
reduced in cells infected with the parasite under normoxic 
conditions (a drop of 80% in HSP70 expression in unin- 
fected cells under normoxia). Interestingly, macrophages 
maintained in hypoxia and infected with Leishmania, 
which resisted the infection and killed the parasites, 
showed an HSP70 expression level similar to that of unin- 
fected cells in hypoxia (fig. 2a, lanes 6 and 3). To confirm 
this hypothesis, i.e., that macrophages resisting infection 
tended to express normal levels of HSP70, we used West- 
ern blotting to analyze Leishmania-infected macrophages 
activated with IFN- 7 and LPS, cells that kill intracellular 
parasites [6, 20, 29]. In fact, the results showed that these 
cells expressed HSP70 at higher levels than macrophages 
with progressing infection (fig. 2a, lanes 7 and 5). It 
should be noted that the antibody against HSP70 used in 
the Western blot assays did not recognize any Leishmania 
proteins, as shown in figure 2a, lane 8. This antibody thus 
allowed us to discriminate between macrophage HSP70 
and parasitic proteins in Leishmania-infected cells. 
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Discussion 

In the present study we provide evidence that reduced 
oxygen tension, although it did not alter macrophage via- 
bility, MTT cleavage, or proliferation (fig. 1), significantly 
affected HSP70 expression and the resistance to Leish- 
mania infection (fig. 2-4). 

Hypoxia and ischemia regulate a subset of proteins in a 
cell type- or tissue-dependent manner, mainly enzymes of 
energy metabolism and stress-related proteins [16]. 
HSP70, one of the best-characterized heat shock proteins, 
provides cells with enhanced resistance to heat, hyperos- 
molarity, exposure to oxidative injury, infection with cer- 
tain microorganisms, and hypoxia [2, 15]. Recent studies 
have suggested a positive correlation between HSP70 
expression and protection against cellular damage in- 
duced by hypoxia in most of the cell systems evaluated 
[13, 16, 30, 35]. In contrast, we found that HSP70 expres- 
sion was reduced in macrophages during hypoxia (fig. 2). 
Our results are consistent with an earlier observation in 
which RAW murine macrophages exposed to hypoxia 
were reported to express reduced levels of HSP70 when 
compared with macrophages exposed to normoxia and 
selected by hypoxia/reoxygenation cycles [38]. Although 
those authors suggested that low levels of HSP70 coincide 
with apoptosis detected in macrophages exposed to hyp- 
oxia, we exclude this hypothesis for explaining our results, 
since a higher tension (5 vs. 2% 02) than that used by 
those authors [37] caused no significant changes in J774 
macrophage viability, but downregulated HSP70 expres- 
sion (fig. 2). Similar observations were made in endothe- 
lial cells, which are tolerant to hypoxia and which reduce 
HSP70 to levels observed under low oxygen tension [27]. 
Endothelial cells as well as macrophages are, in contrast to 
most other mammalian cell types, well adapted to low 
oxygen levels by changing their metabolism to anaerobio- 
sis glycolysis [8, 19, 32]. Thus, we may assume that these 
cells are not stressed by this condition, which may be the 
reason why they do not stimulate HSPT0 in response to 
hypoxia. It is also possible that HSPT0 expression, which 
is known to exert protective effects against oxidative inju- 
ry [2, 15], is unnecessary during hypoxia since a cellular 
defense mechanism may no longer be needed when oxy- 
gen is reduced. 

The influence of low oxygen tension on macrophage 
functional activity was also studied, i.e., the ability of 
these cells to maintain or resist infection by a microorgan- 
ism. The interaction between macrophages and Leish- 
mania is a well-established in vitro model of intramacro- 
phage parasitism [12], and we demonstrated that macro- 

phages from two different sources (a cell line and primary 
cells) exposed to hypoxia were efficiently infected with 
Leishmania, but after 24 h showed a reduced percentage 
of infected cells and number of intracellular parasites per 
macrophage (fig. 3). In addition, a significant reduction 
was observed in the viability of parasites released from 
macrophages cultured under hypoxia, and many cells had 
cleared their infection and had vacuoles containing no 
parasites (fig. 4). These results indicate that hypoxia in- 
duced macrophages to kill intracellular parasites and con- 
sequently to control the Leishmania infection rate (the 
percentage of infected cells and the average number of 
parasites per macrophage). Interestingly, the observations 
that under normoxia, macrophages infected with Leish- 
mania exhibited remarkably diminished expression of 
HSPT0, which is attributed to interference by the parasite 
with host intracellular signaling pathways [ 1, 12, 14], were 
not made in macrophages infected with Leishmania un- 
der hypoxia or in cells stimulated with IFNq, and LPS 
and infected with the parasite (fig. 2). Cells infected with 
Leishmania under hypoxia were capable of killing intra- 
cellular parasites (fig. 3, 4) and tended to express HSP70 
at levels similar to those expressed by uninfected macro- 
phages cultured under hypoxia (fig. 2). These data con- 
firm previous reports demonstrating that Leishmania in- 
hibits HSP70 in macrophages [1, 13] and indicate that 
under hypoxia, these cells reduce the number of intracel- 
lular parasites and consequently reduce the effects of par- 
asites on the host's HSP70-related signaling pathways. 

There are no studies on the effect of hypoxia on macro- 
phage infection by a microorganism available for compar- 
ison with our results. However, various studies have eval- 
uated the effect of hypoxia on phagocytic activity of mac- 
rophages. For example, alveolar macrophages showed 
reduced retention of red blood cells; peritoneal macro- 
phages reduced phagocytosis of zymozan particles and 
latex beads under hypoxia, and reperfusion after hypoxia 
caused a 3-fold induction in colloidal carbon uptake by 
Kupffer cells [17, 22, 31]. Although the mechanism by 
which macrophages alter the uptake and clearance of par- 
ticles under hypoxia is not known, it has been hypothe- 
sized that metabolic alterations such as changes in intra- 
cellular ATP lead to the loss of previously phagocytosed 
inert particles and the release of lysosomal contents [17, 
19]. The data presented here do not explain the mecha- 
nism by which macrophages are able to control Leishman- 
ia infection in hypoxia. Various antimicrobial mecha- 
nisms of macrophages that have been well described in 
normoxia could be involved in macrophage activation in 
hypoxia. These mechanisms are the production of degra- 
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dative enzymes such as proteases, nucleases, and lipases, 
highly basic antimicrobial peptides, respiratory bursts, 
reactive nitrogen intermediates, and a deprivation mech- 
anism that starves pathogens of essential nutrients [33]. 
The main effectors responsible for killing Leishmania in 
macrophages activated with cytokines and LPS are reac- 
tive oxygen intermediates and reactive nitrogen interme- 
diates [ 12, 33]. Although we cannot exclude the participa- 
tion of nitric oxide in the anti-Leishmania activities of 
macrophages under hypoxia, this seems unlikely since ni- 
tric oxide synthesis decreases in proportion to oxygen ten- 
sion [24, 28]. However, it is tempting to speculate that 
under hypoxia, oxygen reactive species are involved in 
anti-Leishmania activities of macrophages since other 
investigators have demonstrated that hypoxia itself in- 
creases the production of oxygen-reactive species in J774 
macrophages, cardiac myocytes, and neuronal-like cells 
[4, 36, 37]. Further investigations are needed to clarify 

which mechanisms contribute to the resistance of macro- 
phages to Leishmania infection under hypoxic condi- 
tions. 

We conclude that macrophages are tolerant to 5 % 02 
hypoxia, which reduces HSP70 expression. Furthermore, 
we show that hypoxia acts on macrophages by inducing 
the killing of the Leishmania parasite. These results sup- 
port the notion that hypoxia, a microenvironmental fac- 
tor present in diseased tissues, modulates macrophage 
protein expression and functional activity. 
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