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Abstract

In this study we determined whether exposing mice to hyperbaric oxygen (HBO) would alter various disease parameters of a
susceptible mouse strain infected with Leishmania amazonensis. BALB/c mice exposed to HBO (100% O2 at a pressure of 2.5
ATA, 1 h before parasite inoculation and subsequently for 20 days) showed significant delay in lesion development and reduction in
lesion parasite burdens compared with HBO-unexposed mice. Circulating levels of interferon gamma (IFN-�) and tumor necrosis
factor (TNF-�) were significantly elevated in HBO-exposed as compared to HBO-unexposed mice. Concanavalin A-stimulated
lymph nodes cultures from HBO-exposed mice released significantly more IFN-� and less interleukin 10 (IL-10) than cultures

from HBO-unexposed mice, consistent with a skewed Th1 response. These results demonstrate, for the first time, that HBO can
play a pathogen control role during leishmaniasis. Further studies are needed to elucidate whether hyperoxia alone or increased
atmospheric pressure alone can exert a similar effect.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Leishmaniasis is a parasitosis caused by a protozoan
of the genus Leishmania affecting more than 12 mil-
lion people worldwide (Herwaldt, 1999; Desjeux, 2004).
The severity of the disease produced by several Leishma-
nia species varies enormously, ranging from cutaneous
or mucosal to visceral or diffuse cutaneous infection.
The former is generally caused by Leishmania ama-
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zonensis, a species transmitted mainly in the Amazon
region, which is associated with localized cutaneous
lesions (Grimaldi and Tesh, 1993; Herwaldt, 1999).
Chemotherapy remains the mainstay for the control of
leishmaniasis, as effective vaccines have yet to be devel-
oped (Handman, 2001). The first line of therapy for all
forms of the disease requires potentially toxic and painful
multiple injections of pentavalent antimonials (Berman,
1997). The problem is further aggravated by the appear-
ance of resistance to these drugs in some endemic areas
(Berman, 2003). Amphotericin B and pentamidine are
second-line drugs and remain of limited value because
of their toxicity and difficulty in administration (Berman,
1997). Many studies have been conducted to find an
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effective therapy for leishmaniasis that avoids expo-
sure to potentially toxic drugs (Taha and Tabbara, 1997;
Khaskhely et al., 2001, 2002; Macharia et al., 2004;
Gonçalves et al., 2005).

Several characteristics of leishmanial lesions in
humans and animals such as microcirculation impair-
ment, parasite proliferation and secondary bacterial
infection (El-On et al., 1992; Grimaldi and Tesh, 1993;
Giorgio et al., 1998) and the demonstration that the
hypoxia-inducible transcriptional factor (HIF-1�) is
expressed in the cutaneous lesions of BALB/c mice
infected with L. amazonensis (Arrais-Silva et al., 2005b)
are strong indications of a hypoxic microenvironment
in the lesions. Numerous clinical observations strongly
supported by experimental evidence, have led to the
conclusion that hypoxia retards isquemic injured tissue
healing and repair (Sitkovsky. et al., 2004; Tandara and
Mustoe, 2004). Hyperbaric oxygen (HBO) therapy has
been shown to increase both systemic and tissue oxygen
levels and to assist as an adjuvant treatment for some
soft tissue infections (Clark and Monn, 1999). Exposure
to HBO can relieve tissue hypoxia, restore oxygen nec-
essary for normal oxidative metabolism and stimulate
repair and angiogenesis, as well as cytokines and growth
factor synthesis (La Van and Hunt, 1990; Tandara and
Mustoe, 2004). Exposure to elevated oxygen tensions
affects the viability and proliferation of some bacteria
and pathogenic fungi (Park et al., 1992). Recently, we
demonstrated that HBO is toxic for L. amazonensis pro-
mastigotes and amastigotes and can reduce macrophage
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ber was pressurized and decompressed at the rate of
0.5 ATA/min (Arrais-Silva et al., 2005a). Animals were
exposed to HBO 1 h before L. amazonensis inoculation
and subsequently for 20 days. Glucantime (N-methyl
glucamine antimonite; Rhodia, Santo Amaro, SP, Brazil)
at 100 mg/kg/day injected via i.p. for 20 days after L.
amazonensis inoculation was used as the standard anti-
leishmanial agent.

2.3. Evaluation of infection

The course of the infection was monitored by mea-
suring the increase in the footpad thickness with a dial
caliper compared with the contralateral uninfected foot-
pad. All measurements were made by an observer who
was blinded to treatments. To estimate the parasite bur-
den in the lesions, mice were sacrificed at designated
periods, the entire infected footpads were weighed and
the total number of amastigotes was estimated as previ-
ously described (Arrais-Silva et al., 2005b). The spleen
and liver were removed to determine their weight. The
mice were also regularly examined to detect cutaneous
ulcers, secondary lesions and secondary infection with
bacteria.

2.4. Histological studies

Mice foot tissues were fixed by immersion in 4%
paraformaldehyde in 0.1 M PBS/0.1 M sucrose for 6 h
and processed for standard paraffin embedding. Tissue
usceptibility to leishmanial infection in vitro (Arrais-
ilva et al., 2005a). In the present study we evaluated

he effect of HBO therapy on various disease parameters
f mice infected with L. amazonensis.

. Materials and methods

.1. Parasite and infection of mice

L. amazonensis (MHOM/BR/73/M2269) amastig-
tes were obtained from footpad lesions of susceptible
ice as previously described (Barbiéri et al., 1993).
emale BALB/c mice (6 weeks old) were subcuta-
eously infected in the right hind footpad with 105

mastigotes.

.2. Treatment of mice using hyperbaric oxygen

Mice caged in groups of seven were exposed to 100%
2 at a pressure of 2.5 ATA for 1 h per day in a small

nimal hyperbaric chamber (Research Chamber, model
B 1300B, Sechrist, Anaheim, CA, USA). The cham-
sections (6 �m) were stained with haematoxylin and
eosin (H&E) and checked for pathological changes under
an optical microscope (Eclipse E800-Nikon, Japan).

2.5. Cytokines measurements

Blood was obtained from mice by ocular function
and the pool of serum from each experimental group
was assayed in triplicate. Popliteal and inguinal lymph
nodes were excised from animals and single cell suspen-
sions prepared in Dulbecco-modified minimum essential
medium (Sigma Chemical Co., USA) containing 10%
fetal bovine serum and antibiotics. Cells were plated
in triplicate in 24-well culture plates at 4 × 106/ml and
stimulated with 2.5 �g/ml Concanavalin A (Con A)
(Sigma Aldrich, USA) for 48 h at 37 ◦C with 5% CO2 in
the atmosphere (Pinto et al., 2003). A mitogenic stimulus
was used as L. amazonensis antigens induce T cell anergy
in vitro (Pinheiro et al., 2004). The levels of interferon-
gamma (IFN-�), tumor necrosis factor alpha (TNF-�)
and interleukin 10 (IL-10) were measured in two-fold
dilutions of the supernatants and sera by ELISA, accord-
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ing to the manufacturer instructions (R&D Systems,
USA). The levels of cytokines were determined against
standard curves using the respective recombinant murine
cytokines (R&D Systems, USA).

2.6. Statistical analyses

Statistical significance between control and experi-
mental groups were determined by the Student’s t-test.
Data are expressed as mean ± standard deviation of the
mean (S.D.).

3. Results

Fig. 1 demonstrates that cutaneous lesions progres-
sively increased in size in BALB/c infected with L.
amazonensis. Mice exposed to HBO 1 h before L. ama-
zonensis infection and daily for 20 days after infec-
tion showed delayed lesion development (Fig. 1A). By
the end of HBO treatment none of HBO-exposed mice
showed a visible lesion at the site of infection and footpad
thickness was about four times smaller than that of the
footpads of control animals (Fig. 1A, inset). The lesion
size differences between HBO-exposed mice and HBO-
unexposed mice were statistically significant for the first
70 days after infection (Fig. 1A). We compared the effect
of the reference drug glucantime to that of HBO therapy.
The results showed a significant decrease in the size of
the lesion after glucantime treatment, although a com-
plete reduction was not obtained, similar to the pattern

Fig. 1. Effect of HBO treatment on the course of L. amazonensis infec-
tion in BALB/c mice. Mice (10 per group) were left untreated (©);
treated with glucantime (100 mg/kg/day) (�); or exposed to HBO 1 h
before and for 20 days after infection with 105 L. amazonensis amastig-
otes (�). (A) Lesion size is expressed as the difference in size between
the infected and contralateral, uninfected footpads. (B) Parasite burden
in infected footpad from HBO-exposed (�) and HBO-unexposed (�)
mice were determined on the days indicated after infection. The data
shown represent the mean ± S.D. This experiment is representative of
two independent repeats (*P < 0.01 in comparison to HBO-unexposed
mice).
observed in animals exposed to HBO (Fig. 1A). A com-
bination therapy of HBO and glucantime revealed no
additional effect on the course of the infection (data not
shown).

To ensure that the reduction of lesion size observed in
HBO-exposed mice was related to a reduction of parasite
burden, amastigotes counts were performed in footpad
lesions. As shown in Fig. 1B parasites were consis-
tently less abundant in lesions of HBO-exposed mice
than in lesions of HBO-unexposed mice at 3, 20 and 70
days after infection (3.8-, 4.6- and 13-fold lower than
in untreated lesions, respectively). The parasite burden
progressively increased with time in footpad lesions of
HBO-exposed mice despite the fact that this increase was
less pronounced than that observed in lesions of HBO-
unexposed animals (Fig. 1B).

Significant differences in the tissue pathology
between HBO-exposed mice and untreated mice were
observed by the end of HBO therapy (20 days after infec-
tion) (Fig. 2). In the footpads of HBO-unexposed mice an
infiltration consisting mainly of vacuolar macrophages
within amastigotes were seen in the dermis. In con-
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Fig. 2. Photomicrographs of footpad lesions from L. amazonensis
infected BALB/c mice exposed to HBO and control mice. (A) Most
of the cells seen in the lesion of a mouse unexposed to HBO are
parasitized macrophages that show large parasitophorous vacuoles
containing many amastigotes, after 20 days of infection. (B) A mixed
inflammatory cell population infiltrating the lesion of a mouse exposed
to HBO as in Fig. 1, after 20 days of infection.

trast, lesions of HBO-exposed mice showed a cellular
population infiltration consisting of inflammatory cells
and infected macrophages (Fig. 2). Later in the infec-
tion, untreated mice lesions were characterized by a
massive number of heavily parasitized macrophages,
whereas lesions of HBO-exposed mice had vacuolated
macrophages containing parasites and few inflammatory
cells (data not shown). A small increase in spleen, liver
and lymph nodes was apparent in HBO-exposed mice,
whereas considerable splenomegaly, hepatomegaly and
popliteal/inguinal lymphadenopathy were observed in

HBO non-exposed BALB/c mice during the course of
infection (data not shown).

A Th1-type response has previously been associated
with control of L. amazonensis infection (Beyrodt et al.,
1997; Khaskhely et al., 2001, 2002). In this study we
considered the production of IFN-� and TNF-� as indi-
cators of a Th1-type response and IL-10 production as an
indicator of Th2-type response. The data shown in Fig. 3
indicate that the levels of IFN-� produced by Con A-
stimulated draining lymph nodes cells of HBO-exposed
mice were significantly higher than the levels of this
cytokine produced by cells from HBO-unexposed mice
at 20 days after infection with L. amazonensis. The cir-
culating IFN-� levels were also higher in HBO-exposed
mice (Fig. 3). The levels of TNF-� produced by draining
lymph nodes cells from HBO-exposed animals indicated
no significant differences compared with the level of
cytokine produced by cells from HBO-unexposed mice
(Fig. 3). However the serum levels of TNF-� of HBO-
exposed mice were higher than those detected in the
serum of HBO-unexposed mice (Fig. 3). Twenty days
after infection, HBO-exposed mice showed a signifi-
cantly lower IL-10 production in the lymph nodes cells
compared with the levels of IL-10 produced by cells from
HBO-unexposed animals (Fig. 3). Together these results
indicate that the HBO therapy favored the development
of Th1-type cytokine response during infection.

4. Discussion
HBO therapy is clinically applied in patients with
soft tissue infections such as necrotizing fasciitis and
gas gangrene, osteoradionecrosis and compromised skin
grafts (Leach et al., 1998; Clark and Monn, 1999). Our
previous studies demonstrated that HBO is toxic for
promastigotes and amastigotes of L. amazonensis in in
vitro experiments (Arrais-Silva et al., 2005a). On the
basis of these facts the present study was designed to
investigate whether HBO treatment would influence the
development of clinical disease in L. amazonensis infec-
tion of an extremely susceptible mouse strain (Barral-
Netto et al., 1987). We are not aware of any previous
reports describing the effects of HBO therapy on leish-
maniasis. We exposed BALB/c mice to HBO 1 h before
infection and for the first 20 days after infection with
L. amazonensis (1 h daily sessions). The results indi-
cated that HBO treatment produces an effect similar
to that of the classical antimonial drug, glucantime, in
lesions of infected mice (Fig. 1A). While complete cure
did not occur, all the parameters evaluated relevant to
leishmaniasis changed significantly after HBO exposi-
tion, indicative of a reduced pathology. Mice exposed to
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Fig. 3. Cytokine production in BALB/c mice infected with L. ama-
zonensis and exposed to HBO. At 20 days after infection sera and/or
supernatants from peripheral lymph nodes cells (LN) from mice unex-
posed to HBO (�) or exposed to HBO (�) as in Fig. 1 were assayed for
INF-�, TNF-� and IL-10 production by ELISA. The data shown rep-
resent the mean ± S.D. This experiment is representative of two inde-
pendent repeats (*P < 0.01 in comparison to HBO-unexposed mice).

HBO showed a significant delay in the development of
cutaneous lesions compared with HBO-unexposed mice
(Fig. 1A). In addition, HBO-exposed mice showed a sig-
nificantly lower parasite burden in foot lesions compared
that in unexposed HBO mice during the course of infec-

tion (Fig. 1B). A partial elimination of the parasites from
the primary lesion induced by HBO treatment during the
first 20 days of infection can explain the reduced para-
site burden still observed 50 days after the last HBO
exposure (Fig. 1B). Light microscopy of HBO-exposed
mice lesions showed areas of mixed cell inflammatory
reactions and fewer parasites compared with lesions of
HBO-unexposed mice at 20 days of infection (Fig. 2).
Administering only three HBO sessions (one prior and
two after infection) had no effect upon infection (data
not shown).

The protective mechanisms for Leishmania infection
are considered to involve Th1-type response with the
production of IFN-� and TNF-�, potent inductors of the
leishmanicidal macrophage function (Scott et al., 2004).
The susceptibility to infection reflect the expansion of
Th2 response with the production of IL-4 and IL-10,
potent inhibitors of macrophage function (Scott et al.,
2004). The observation that IL-10 is diminished, whereas
IFN-� and TNF-� are increased in the peripheral lymph
nodes cells or serum of HBO-exposed mice (Fig. 3), is in
accord with the inflammatory reactions seen in lesions
(Fig. 2), and corresponds with previous reports of a Th1-
type response associated with the control or delay of L.
amazonensis infection in BALB/c mice pre-exposed to
ultraviolet radiation (Khaskhely et al., 2001, 2002) or
immunized with parasite antigens (Beyrodt et al., 1997;
Campbell et al., 2003; Pinto et al., 2003).

A major question raised by these results is related
to the mechanism by which HBO causes a reduction in

cutaneous lesions. It is likely that the reduced parasite
burden in the lesions of HBO-exposed mice (Fig. 1B) is
the result of a direct effect of tissue high oxygen tension
on parasites leading to their destruction (Arrais-Silva
et al., 2005a), with a consequent shift in the Th cell
response from a Th2- to a Th1-type response (Fig. 3).
This notion is supported by studies showing that BALB/c
mice given low doses of L. major are resistant to infection
and establish a Th1 response. In contrast, high para-
site doses promote susceptibility and a Th2 response in
this mouse strain (Bretscher et al., 1992; Doherty and
Coffman, 1996).

We cannot exclude the possibility that HBO has direct
modulatory effects on the immune response of L. ama-
zonensis infected mice. HBO and hyperoxia has been
shown to alter various aspects of host defense (Smith
and Mohideen, 1991; Brenner et al., 1999; Chen et al.,
2003). However, given the variety of experimental mod-
els and HBO treatment protocols used to study the effects
of HBO on the immune system, both immunosuppres-
sive, as well as immunostimulatory effects, have been
reported. For example, whether HBO exposure activates
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or depresses proinflammatory cytokines is not yet clear.
In a murine zymosan-induced shock model, circulating
TNF-� levels were reduced in animals exposed to HBO
compared with unexposed mice (Luongo et al., 1998).
After exposing normal rats to HBO, Lahat and cowork-
ers observed an increase in the spontaneous secretion
of TNF-� by mononuclear cells from blood, spleen
and lung (Lahat et al., 1995). Another study observed
that macrophages isolated from normal mice exposed
to HBO produce a decreased concentration of IL-1 and
similar concentrations of IL-6 and phagocytic activity
when compared to macrophages from unexposed mice
(Inamoto et al., 1991). Mononuclear cells from humans
exposed to HBO released less IFN-� and similar quanti-
ties of IL-1 and TNF-� as compared with cells obtained
before HBO treatment (Granowitz et al., 2002). Benson
and coworkers examining the duration effects of HBO
exposure demonstrated that suppression of proinflam-
matory cytokine synthesis by human macrophages was
evident during the first 3 h of HBO exposure and after
12 h of HBO exposure, there was an augmentation of
stimulus-induced proinflammatory cytokine production
(Benson et al., 2003). The authors suggest that relatively
short HBO treatments may be immunosuppressive while
HBO prolonged exposure may induce proinflammatory
cytokine synthesis (Benson et al., 2003). We propose
that the HBO treatment used in our study (a total of 21 h
of HBO exposure) induced IFN-� and TNF-� produc-
tion which activated macrophage leishmanicidal mech-
anisms in L. amazonensis infected mice.
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