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ABSTRACT: Cerebral malaria (CM) is a multifactorial syndrome involving an exacerbated proinflammatory
status, endothelial cell activation, coagulopathy, hypoxia, and accumulation of leukocytes and parasites in the
brainmicrovasculature.Despite significant improvements inmalaria control, 15%ofmortality is still observed
in CM cases, and 25% of survivors develop neurologic sequelae for life—even after appropriate antimalarial
therapy. A treatment that ameliorates CM clinical signs, resulting in complete healing, is urgently needed.
Previously, we showed a hyperbaric oxygen (HBO)-protective effect against experimental CM. Here, we
providemolecular evidence thatHBO targets brain endothelial cells bydecreasing their activation and inhibits
parasite and leukocyte accumulation, thus improving cerebral microcirculatory blood flow. HBO treatment
increased the expression of aryl hydrocarbon receptor over hypoxia-inducible factor 1-a (HIF-1a), an oxygen-
sensitive cytosolic receptor, along with decreased indoleamine 2,3-dioxygenase 1 expression and kynurenine
levels. Moreover, ablation of HIF-1a expression in endothelial cells in mice conferred protection against CM
and improved survival. We propose that HBO should be pursued as an adjunctive therapy in CM patients to
prolong survival and diminish deleterious proinflammatory reaction. Furthermore, our data support the use of
HBO in therapeutic strategies to improve outcomes of non-CM disorders affecting the brain.—Bastos, M. F.,
Kayano, A. C. A. V., Silva-Filho, J. L., Dos-Santos, J. C. K., Judice, C., Blanco, Y. C., Shryock, N., Sercundes,
M. K., Ortolan, L. S., Francelin, C., Leite, J. A., Oliveira, R., Elias, R. M., Câmara, N. O. S., Lopes, S. C. P.,
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Among malaria complications, cerebral malaria (CM)
is associated with high mortality and morbidity rates,
mainly in children in sub-SaharanAfrica, and accounts for
almost half a million deaths per year (1). Although a tre-
mendous effort has been made toward controlling CM
mortality, including numerous clinical trials of different
adjunctive therapies, 18% of African children and 30% of
SoutheastAsianadultswithCMstill die.Moreover, nearly
25% of survivors develop neurologic sequelae and cogni-
tive impairments, even after optimal antimalarial treat-
ment (2–5).

Uncontrolled production of proinflammatory cyto-
kines, coagulopathy, endothelial activation, and oxidative
stress is often associated with poor CM outcomes (6–9).
CM pathologic features also include vascular occlusion,
ischemia, brain edema and hemorrhages, neuronal and
endothelial damage, blood-brain barrier (BBB) dysfunc-
tion, convulsions, coma, and death (7, 10). Although the
host immune response plays a pivotal role in CM patho-
genesis, congestion of deep microvasculature is reported
in autopsies of CM patients, as well as endothelial activa-
tion and hypoxia, which correlate to BBB breakdown in
CM patients (11–14). In mice, lethal infection with Plas-
modium berghei ANKA (PbA) is a murine model widely
used for experimental CM (ECM) that shares several
pathogenesis components of humanCM,mostly pediatric
CM (10, 15).

Administration of pressurized oxygen, also referred as
hyperbaric oxygen (HBO) therapy, has been successfully
used inhumans in avarietyofdisorders, suchas refractory
wounds, radiation injury, and decompression sickness
(16). This therapy is also able to suppress transiently the
inflammatory process of ischemic trauma and improve
blood flow, thus ameliorating brain disorders, such as
stroke (17). We have previously demonstrated that HBO
therapy, in conditions suitable for human use, protects
mice against the lethal disease induced by PbA infection
(18). However, the molecular mechanisms involved in the
neuroprotective effect of HBO during ECM remained
unknown. Here, we evaluate the mechanisms of action
of HBO treatment on leukocyte and parasite accumu-
lation in the microvasculature and hence, on cere-
bral blood flow. Furthermore, we assess its molecular
mechanisms triggered on the brain by evaluating the
expression of proteins and genes encoding adhesion
molecules, hypoxia-associated response, and generation of
metabolitesderived fromthe tryptophan(Trp)metabolism.

MATERIALS AND METHODS

Ethics statement

All experiments and procedures were approved by the Univer-
sity of Campinas Committee for Ethics in Animal Research
(1366-1 and 2200-1) and by Cincinnati Children’s Hospital

Medical Center Institutional Animal Care and Use Commit-
tee (2013-0144). The protocols adhered to the guidelines of the
Brazilian National Council for the Control of Animal Experi-
mentation and to the Guide for the Care and Use of Laboratory Ani-
mals [National Institutes of Health (NIH), Bethesda, MD, USA].

Mice and murine parasites

Female C57BL/6 mice (7–10 wk old) were purchased from the
Multidisciplinary Center for Biological Investigation on Labora-
toryAnimal Science, University of Campinas, andmaintained in
our specific pathogen-free animal facility. Hypoxia-inducible
factor 1-a flox/flox (HIF-1afl/fl) mice were provided by Dr.
George Deepe (University of Cincinnati, Cincinnati, OH, USA)
(19) and crossed with Tie2cre to generate endothelial cell condi-
tional knockout mice for HIF-1a (Tie2cre HIF-1afl/fl).

A cloned line of PbA was kindly provided by Dr. Laurent
Rénia (Singapore Immunology Network, Agency for Science,
Technology and Research, Singapore). The blood-stage forms of
PbAparasiteswere stored in liquidnitrogenafter invivopassages
in C57BL/6 mice, as described in refs. 15 and 18. Mice were
infected intraperitoneally with 106 infected erythrocytes (iEs),
and parasitemia andCMneurologic signsweremonitored daily.
ECM was defined by the presence of at least 2 of the following
clinical signs of neurologic involvement: ataxia, limb paralysis,
poor righting reflex, seizures, rollover, and coma.

Administration of HBO in infected mice

HBO treatment in mice was conducted as described in Blanco
et al. (18). In brief, groups of 8–10 PbA-infected mice were
exposed for 1 h daily to 100% oxygen at a pressure of 3.0 atmo-
spheres (ATA) in a hyperbaric animal research chamber (Model
HB 1300B; Sechrist, Anaheim, CA, USA) from d 0 until the day
the assay was performed. The chamber was pressurized and
decompressed at a rate of 0.5 ATA/min, as previously described
(18). Infectedmice in the control group (nonexposed) were left in
an ventilated room (normal oxygen tension and normal local
atmospheric pressure,;0.98 ATA).

Real-time quantitative RT-PCR

Gene expression levels and parasite load in mouse brains were
assessed by real-time quantitative RT-PCR (qRT-PCR). On d 6–7
postinfection (p.i.), when mice showed signs of ECM, PbA-
infected mice were perfused intracardially with PBS using a
peristaltic pump (HarvardApparatus, Cambridge,MA,USA) to
remove circulating iEs and leukocytes. Extraction of total RNA
from mouse brains was performed with the RNeasy Mini Kit
(Qiagen, Germantown, MD, USA). Total RNA samples (1 mg)
were reverse transcribed using the oligo(dT) primer from the
High Capacity cDNA Reversion Transcription Kit (Thermo
Fisher Scientific, Waltham,MA,USA). ThemRNA expression of
intercellular adhesion molecule-1 (Icam1); heme oxygenase-1
(HO-1) mRNA (Hmox1); endothelial protein C receptor (Epcr);
tissue factor; lymphocyte function-associated antigen-1 (Lfa1);
perforin; indoleamine 2,3-dioxygenase 1 (Ido1); integrin a1 (Itga),
b1 (Itgb1), and b2 (Itgb2); and 18S was analyzed by qRT-PCR,
using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA, USA). Transcripts of Il12a, Il12b, aryl hydrocarbon receptor
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(Ahr), and Hmox1 were also evaluated by qRT-PCR (Qiagen).
The oligonucleotides used are described in Supplemental
Table S1. The median cycle threshold (Ct) value and 22DDCt

method were used for relative quantification analysis, and
all Ct values were normalized to the hypoxanthine-guanine
phosphoribosyltransferase (HPRT) mRNA expression level. Re-
sults were expressed as means, and SD of biologic triplicates is
shown compared with noninfected (NI) mice.

Immunoblotting

Mouse brain protein crude extracts were homogenized in ex-
traction buffer [EDTA, pH 7.4, 0.01 M; Tris-HCl, pH 7.4, 0.1 mM;
sodium pyrophosphate, 10 mM; sodium fluoride, 100 mM; so-
dium orthovanadate, 10 mM; Triton, 1%; and protease inhibitor
cocktail, 1% (MilliporeSigma, St. Louis, MO, USA)]. Protein con-
centration was determined by the Bradford method. Protein
crude extract (100mg) was incubated at 95°C for 5minwith 1 vol
Laemmli sample and submitted to electrophoretic separation on
an 8% SDS-PAGE. The proteins were electrotransferred onto a
nitrocellulose membrane (Bio-Rad) and incubated for 1 h with
blocking solution [5% dried milk (Nestlé, Vevey, Switzerland),
50 mM PBS, pH 7.4, 150 mm NaCl, 0.1% PBS-Tween]. The
transferred proteins were incubated with mAb against AhR and
b-actin (all purchased fromSantaCruzBiotechnology,Dallas, TX,
USA) for 12 h at 4°C and diluted at 1:1000 in a PBS-Tween solu-
tion. Afterwashingwith PBS-Tween, blotswere incubated for 1 h
at room temperature with peroxidase-conjugated rabbit anti-
mouse secondary antibody (Zymax; Zymed Laboratories, San
Francisco, CA, USA), diluted at 1:10,000. The immunoreactive
blots were detected by autoradiography on Kodak film GBX2
with SuperSignal West Pico Chemiluminescence Kit (Thermo
Fisher Scientific). The optical density of immunoreactive bands
was determined by digital optical densitometry (Scion Image
Software, v.4.0.3.2, Scion, Frederick, MD, USA) and the values
expressed in relation to the a-tubulin used as internal control.

Craniotomy and intravital microscopy

Intravitalmicroscopyof brainmicrovasculaturewasperformed, as
described inLacerda-Queiroz et al.(20),withslightmodifications. In
brief, on d 5 p.i., groups of 4–6 PbA-infected mice or NI animals,
exposedornot toHBO,wereanesthetizedwithketamine (100mg/
kg) and xylazine (16 mg/kg) and maintained at 37°C using a
heatingpad.A skull opening of 3–4mmdiameterwasmade in the
left parietal lobe using a surgical drill (Beltec, Araraquara, Brazil).
Dura mater and arachnoid were lifted away from the skull to ex-
pose the pia mater blood vessels. To observe leukocyte/
endothelium interactions, leukocytes were fluorescently labeled
by intravenous administration of rhodamine 6G (0.3 mg/kg; Mil-
liporeSigma) and observed using an Intravital Microscope (Axio
ImagerA2; Carl Zeiss, Jena, Germany) with a310 objective and a
590nmemission filter, coupledwith a camera (AxioCam) to record
images.The imagesobtainedwereanalyzedusing ImageJ software
(NIH), and adhered leukocyteswere counted.Adhered leukocytes
were considered as those cells that remained attached for 30 s or
more onto the endothelium. The counting of adherent leukocytes
was expressed as cells attached to the endothelium in a 100-mm
length of the vessel. Velocity (pixel/ms) of rhodamine 6G-labeled
cellswasdeterminedusingmanual trackingplugin (ImageJ) in 3–4
movies for each condition. After the procedure, all animals were
euthanized with a high dose of ketamine and xylazine.

Tissue processing

The presence of HIF-positive cells in the brain was considered
evidenceof tissuehypoxia. For this at a comparable timepoint, all

mice were euthanized in an experiment when susceptible mice
exhibited clinical signs of CM. PbA-infected mice demonstrated
signs of CM at d 6–7 p.i., andmost of thesemice had entered the
terminal phase of murine CM. On the day of euthanasia, groups
of 4–6 PbA-infected mice or NI animals, exposed or not to
HBO, were anesthetized with ketamine (100 mg/kg) and xyla-
zine (16 mg/kg) and were perfused intracardially with
phosphate-buffered 4% paraformaldehyde for 20 min. The
brain was removed quickly, split sagittally, and immersion
fixed in phosphate-buffered 4% paraformaldehyde for 2 h at
room temperature before transfer to 70% ethanol. Tissues were
processed for paraffin inclusion, which included immersion
baths in ethanol-xylol-paraffin gradients. After inclusion, sec-
tions of 5mmwereobtained for immunohistochemical analysis.

Immunohistochemical analysis

The presence of HIF-1a-positive cells in brains of all mouse
groups was detected by an immunohistochemical stain. Brain
sections from midbrain were deparaffinized with xylene and
hydrated in an ethanol gradient before staining. Directly after,
incubation was performed with 1% H2O2 to block endogenous
peroxidase activity (10 min). Henceforth, all procedures were
done according to an ImmunoCruz rabbit ABC Staining System
(sc-2018; Santa Cruz Biotechnology) datasheet. In brief, all sec-
tions were incubatedwith goat serum (MilliporeSigma) to avoid
secondary antibody nonspecific binding for 1 h at room tem-
perature and then incubated with specific primary antibodies to
mouse HIF-1a (sc-10790; Santa Cruz Biotechnology) for 16 h at
4°C. After washing with saline phosphate buffer, sections were
overlaid for 1 h with the biotin-conjugated secondary anti-
bodyat roomtemperature. Thiswas followedby incubationwith
AB Enzyme reagent to amplification of the signal reaction.
Bound antibodies were detected by reactivity with 3,39-
diaminobenzidine plus H2O2. After tap-water washing, the
slides were counterstained by Harris Hematoxylin and
mounted with Entellan. For immunohistochemical controls,
primary antibodies were omitted from the staining procedure
and were negative for any reactivity. Quantification of the
immunostaining was done with ImageJ software. All slides
were blinded and assessed using digital images. In total, 1000
cells were counted for each specimen using an ocular grid. The
percentage of HIF-1a-positive cells was determined by a single
observer (C.F.),blindedto theanimalstatus,anddefinedas follows:
percent of HIF-1a-positive cells = HIF-1a-positive cells/total cells.

Endothelial cell flow cytometry

Brains were removed from wild-type or Tie2cre HIF-1afl/fl-
infectedmice (d6p.i.). Brainsweredigestedwith collagenase I for
30 min at 37°C. Cells (1–5 3 106) were incubated with FcBlock
(BD Biosciences, San Jose, CA, USA), along with anti-F4/80 or
anti-CD11b (Brilliant Violet 510), rat IgG1 isotope control or anti-
CD31 (peridinin chlorophyll protein complex-cyanine 5.5), anti-
CD54 (FITC), anti-CD142 (FITC), andanti-EPCR (phycoerythrin)
for 30 min at 4°C in FACS buffer. Cells were then washed,
resuspended in FACS buffer, and acquired using a BD LSR
Fortessa cytometer (5 3 105 events/sample). Expression pro-
files inCD31+CD11b2 (endothelial cells) for ICAM-1 (CD54), tissue
factor (CD142), and EPCR were then determined by the mean
fluorescence intensity using FlowJo software (Ashland, OR, USA).

Total free heme quantification

Infected animals were anesthetized with ketamine (100 mg/kg)
and xylazine (16 mg/kg), and blood samples were collected
on d 6 p.i. from the vena cava using EDTA as an anticoagulant.

4472 Vol. 32 August 2018 BASTOS ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


Thus, plasma was obtained after centrifugation at 1000 g for
15 min at 4°C for total free heme assessment. Total heme was
quantified using a chromogenic assay, according to the manu-
facturer’s instructions (QuantiChromHeme Assay Kit; Bioassay
Systems, Hayward, CA, USA).

Simultaneous Trp and kynurenine quantification

Trp and kynurenine (Kyn) concentrations in mouse serum
were measured simultaneously by reverse-phase HPLC, as
described in ref. 21, with some modifications. The HPLC
system (Shimadzu, Kyoto, Japan) was coupled with an ana-
lytical octadecylsilyl C18 column of 15 cm, 4.6 mm, and a
photodiode array detector (Shimadzu; collecting UV–visible
spectra from 190 to 800 nm, which can provide chromato-
grams at the desired wavelength in this range). The mobile
phase consisted a mixture of 15 mM sodium acetate buffer,
with 27 ml acetonitrile adjusted to a final pH of 4 with acetic
acid. Perchloric acid (final concentration 8%)was added to 200
ml mouse serum sample, homogenized by vortexing for 1min,
and centrifuged at 10,000 rpm at 4°C for 10 min. A clear
supernatant was then injected into the HPLC system using an
autosampler. In addition, Trp and Kyn HPLC grade reagents
were purchased from MilliporeSigma, and stock solutions
were prepared inmobile-phase buffer. For the standard curve,
serial dilutions were used for Trp and Kyn (Trp/Kyn micro-
molars): 100/10, 50/5, 25/2.5, 12.5/1.25, 6.25/0.625, 3.125/
0.325. The flow rate was 1.0 ml/min, and the volume per
sample was 20 ml. Trp and Kyn were detected at 278 and 360
nm, respectively (22). Retention time was used to identify
metabolites in the chromatogram, and standard curve was
constructed by plotting the ratio of peak area (computed by
LCsolution software; Shimadzu) of Trp or Kyn (y axis) against
known Trp or Kyn concentration (x axis), respectively. The
linearity of the standard curves was confirmed using
regression variance analysis and significance of correlation
coefficient, checked using Student’s t test. A derived equation
was used to quantify unknown concentrations in the mice
samples. In addition, the intra-assay (reproducibility) vari-
ability was determined by analyzing samples in triplicate and
the interassay (repeatability) variability by testing samples, 3
and 6 d in triplicate after the first analysis. The concentration
compared in inter- and intra-assay had no statistically
significant difference.

Statistical analysis

Statistical significance was determined using 1-way ANOVA
or Student’s t test for parametric data. Kruskal-Wallis and post
hoc or Mann-Whitney U tests were used for nonparametric
data. Mantel-Cox test was used for comparison of survival
curves. All statistical analyses were performed using BioEstat
v.5.0 (CNPq, Brası́lia, Brazil) and Prism v.5.0 (GraphPad
Software, La Jolla, CA, USA). Values were considered signif-
icant when P , 0.05.

RESULTS

HBO treatment decreases parasite and
leukocyte accumulation in the brain of
mice during PbA infection

Wehave shown thatHBOprotectsmice against ECMby
reducing expression of proinflammatory cytokines and
sequestration of T cells in the brain of PbA-infected

mice, which in turn, prevent BBB disruption and delay
CM-specific neurologic signs (18). In addition to se-
questration of CD8+ T cells in the CNS, the concomitant
presence of parasitized erythrocytes is thought to be
crucial for CM development (23). Thus, we asked
whether pressurized oxygen would modulate the par-
asite load in the brain. To this end, qRT-PCR for PbA18S
rRNA was performed on material extracted from the
brains of PbA-infected mice untreated (PbA) and HBO
treated (PbA-HBO), either before or after intracardiac
perfusion. There was no significant difference in para-
site 18S rRNA in the brain of infected animals before
intracardiac perfusion (Fig. 1A). However, parasite 18S
rRNAwas significantly lower (P=0.0079) in the brain of
PbA-HBO mice compared with PbA mice after in-
tracardiac perfusion at d 6 p.i. (Fig. 1B).

Cerebral blood flow impairment by adherent leuko-
cytes and parasites is a common feature in CM (6–8).
Therefore, we also assessed whether HBO would affect
leukocyte interaction with brain endothelium by intravi-
tal microscopy of PbA-infected mice. Representative in-
tracranial photomicrographs for each tested group are
shown (Fig. 1C, D), and movies of NI animals—PbA-
infected mice, exposed or not to HBO—were recorded at
real-timeconditions (SupplementalMoviesS1–3). In sharp
contrast to PbA mice, exposure to HBO significantly
inhibited leukocyte adhesion to the brain microvascula-
ture (P , 0.0001; Fig. 1C) and significantly improved
microcirculation velocity (Fig. 1D).

HBO treatment also resulted in reduction of mRNA
expression of Lfa1 and perforin, by 50 and 70%, re-
spectively, in the brain of PbA mice (Fig. 1E, F). As these
molecules are closely related to adhesion and function of
effector leukocytes cells, these observations support our
hypothesis that HBO treatment decreases leukocyte
adhesion in the brain microvasculature.

To address whether decreased leukocyte adhesion
to brain endothelial cells in PbA-HBOmice was a result
of decreased activation of leukocytes from the periphery,
we analyzed mRNA expression of different integrins—
itga1, itgb1, and itgb2 (components of the LFA-1 protein
complex)—molecules expressed in activated leukocytes.
Surprisingly, in total peripheral leukocytes (peripheral
blood or spleen derived), mRNA expression of all integ-
rins analyzed was similar in PbA-HBO and PbA control
mice (Fig. 2). Furthermore, only mRNA expression of
itga1 in leukocytes from blood and itgb1 in leukocytes
from spleen was increased after HBO treatment (Fig. 2).
Taken together, these observations indicate that the pro-
tective effect of HBO treatment during ECM is not related
to a direct immunosuppressive effect on immune cells.
Instead, our data point to the fact that HBO may be
targeting activation of the brain endothelial cells during
ECM.

HBO treatment decreases activation of brain
endothelial cells during PbA infection

It is known that brain endothelial cell activation is one
of the hallmarks of ECM development (23–27), and our
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results indicate that HBO-protective effects could in-
volve inhibition of brain endothelial cell activation
during ECM. Therefore, to examine if indeed this is a
potential HBO-induced mechanism leading to reduced
parasite and leukocyte accumulation in the brain of
PbA-infected mice, we assessed mRNA expression of
molecules associated with endothelial cell activation in

mouse brains during ECM. PbA-HBO mice had signif-
icantly lower mRNA levels of Icam1 (Fig. 3A) and Epcr
(Fig. 3B; P , 0.05 and P , 0.01, respectively) when
comparedwith PbAmice, whereas tissue factor (CD142)
expression was not changed in any group (Fig. 3C).
This result supports our hypothesis that HBO affects
endothelial cell activation during ECM.

Figure 1. HBO reduces parasite and leukocyte accumulation in the brain of infected mice after intracardiac perfusion. Mice
infected with PbA (PbA group) were exposed daily, or not, to HBO (PbA-HBO) conditions (100% O2, 3 ATA, 1 h). A, B) On
d 6–7 p.i., when mice showed signs of ECM, brains were collected in nonflushed (A) or flushed (B) animals, and P. berghei 18S
rRNA levels were quantified by qRT-PCR. Values represent the means of specific 18S gene expression normalized to HPRT 6 SD.
**P , 0.01 (Student’s t test). C, D) With the use of intravital microscopy, leukocyte adhesion to brain microvasculature and
microcirculation velocity of groups of 4–6 mice, NI or infected with PbA and exposed to HBO (PbA-HBO) or not HBO-treated
(PbA) were assessed on d 5 p.i. Results are expressed as the means of adhered leukocytes per 100 mm in at least 4 vessels 6 SD.
**P , 0.01, ***P , 0.001 (ANOVA test). Representative brain microcirculation photomicrographs of NI, PbA, and PbA-HBO
mice show leukocyte adhesion (C) and microcirculation flow velocity (D) of rhodamine 6G-labeled cells. The triangles indicate
cells with high speed, diamonds represent cells with low speed that drag on the endothelium, and the red dots represent the
mean velocities of labeled cells. E, F) On d 6–7 p.i., when mice showed signs of ECM, brains were collected and Lfa1 and Perforin
levels were quantified by qRT-PCR. Results were normalized to HPRT, and means 6 SD of biologic triplicates are shown
compared with NI mice. Ns, nonsignificant, **P , 0.01, ***P , 0.001 (ANOVA test).
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HBO treatment decreases cerebral hypoxia
induced by PbA infection

It has been demonstrated in postmortem studies in
CM patients and murine models of CM that some of the
deleterious consequences of leukocyte and parasite accu-
mulation in the activated endothelium of the host brain
vessels are vascular obstructions and impairment of tissue
perfusion (28). Impairments of cerebral microcirculatory
blood flow caused an ischemic process leading to cere-
bral hypoxia (10, 28, 29), which was associated with en-
dothelial activation and BBB disruption, resulting in an
increased permeability, subsequent edema, and tissue
damage (29–31). Therefore, hypoxia is also a key event in
development of acute cerebral disease (29, 30). Impor-
tantly, during the hypoxia-associated response, the tran-
scription factor HIF-1a is rapidly upregulated, and its
transcriptional program is activated in different cell types,
including endothelial cells (32, 33). Thus, because we
observed a lower parasite and leukocyte accumulation, as
well as lower endothelial cell activation in the brain
microvasculature after HBO treatment, we investigated
whether exposure to HBO also reduced the hypoxic
response in the brains of PbA mice. As shown in Fig. 4A,
few areas and cells are HIF-1a+ in NI mice. However, the
levels of HIF-1a+ cells were significantly increased in PbA
micewhencomparedwithPbA-HBOanimals (Fig. 4A). To
regulate gene expression, HIF-1a requires its binding
partner, the Ahr nuclear translocator (ARNT). ARNT is
also required by theAhR, a crucial regulator thatmediates
many of the responses to toxic environmental chemicals
(34). It has been shown that HIF-1a and AhR compete for
binding to ARNT, thus establishing a crosstalk between
hypoxia- and AhR-induced gene-expression profiles (34).

Moreover, HIF-1a induction promotes AhR ubiquitina-
tion and proteasomal degradation (35). Accordingly, here
we observed a lower AhR protein expression in the brains
of PbA mice, whereas HBO treatment prevented down-
regulation of AhR expression (Fig. 4B).

It has been shown that HIF-1a transcriptional activity
results in upregulation of HO-1 expression (36, 37). In
addition,HO-1 is inducedby the releaseof freeheme in the
plasma as a result of parasite growth (38, 39).We assessed
Hmox1 expression to verify whether ECM-induced tissue
hypoxia increases transcriptional activity of HIF-1a and
if HBO inhibits this process. Accordingly, Fig. 4C shows
upregulation of Hmox1 expression in the brain of PbA-
infected mice, whereas Hmox1 was significantly reduced
(2-fold; P, 0.0001) in the brain of PbA-HBOmice at d 6–7
p.i. This set of results shows that HBO treatment resulted
in reduction of hypoxia-associated HIF-1a transcriptional
activity in the brains of PbA-infected mice.

However, the observation that HBO strikingly reduces
expression of Hmox1 and modestly reduces expression of
HIF-1a raises the possibility that HBO could down-
regulateHO-1 expression by anothermechanism.HO-1 is
also induced by free heme (40). Here and previously (18),
we showed that HBO therapy resulted in a significantly
reducedparasite burden in the brain of PbA-infectedmice,
which could decrease the release of free heme into the
plasma. Accordingly, here, we observed that administra-
tion of pressurized oxygen in PbA-infected mice signifi-
cantly reduced total heme levels on d 5 and 6 p.i., when
ECM clinical signs begin to appear (Fig. 4D). Thus, HBO
treatment downregulates HO-1 expression in brains of
infected mice by both reducing hypoxia and by slowing
parasite growth and the release of free heme into the
plasma. Taken together, these results show that the

Figure 2. Genetic expression of integrins in peripheral blood- or spleen-derived leukocytes. Groups of 5–7 animals infected
with 106 PbA iEs (PbA group) were daily exposed, or not, to HBO (PbA-HBO) conditions (100% O2, 3 ATA, 1 h). On d 6–7 p.i.,
when PbA mice showed signs of ECM, leukocytes were isolated from the peripheral blood [peripheral blood mononuclear cells
(PBMCs)] (A–C) or from the spleen and itga4: ITGA4 (D); itgb1: ITGB1 (E); and itgb2: ITGB2 (F) levels were assessed by
qRT-PCR. Results were normalized to HPRT, and means and SD of biologic triplicates are shown compared with NI mice.
*P , 0.05.
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hypoxia-triggered response during PbA infection is
inhibited by HBO treatment.

Lack of HIF-1a expression in endothelial cells
is protective against ECM

Our results indicate that endothelial cells are an important
target of HBO-induced protective molecular mechanisms
during ECM, probably by downregulation of the proin-
flammatory hypoxic response (10, 29). Thus, to address
whether during ECM,HBO inhibits the hypoxia-triggered
response in brain endothelial cells through inhibition of
HIF-1a-dependent transcriptional activity, we created a
Tie2cre HIF-1afl/fl mouse strain that lacked HIF-1a in en-
dothelial cells (19).AsAhrmRNAandHmox1 expression is
regulated by HIF-1a-induced transcriptional activity, we

tested whether HIF-1a deletion in brain endothelial cells
would affect expression of both genes during infection
with PbA. Similar to PbA-HBO mice, Fig. 5A shows that
Ahr gene expression was significantly higher, whereas
Hmox1 expressionwas lower in the absence of endothelial
cell HIF-1a (Fig. 5B). These results indicate that the PbA-
induced hypoxic response, represented by the decrease of
AhR expression and increase of Hmox1 expression, was
abrogated in the absenceofHIF-1a in the brain endothelial
cells. Furthermore, in the brains of PbA-infected Tie2cre
HIF-1afl/fl mice, we found lower mRNA levels of the
proinflammatory cytokine IL-12, also a target of HIF-1a
transcriptional activity and associated with murine CM
pathogenesis (41) (Fig. 5C, D). Although we did not ob-
serve changes in ICAM-1 and EPCR protein expression
(data now shown),we verified lower tissue factor (CD142)
expression in brain-derived endothelial cells from the
Tie2cre HIF-1afl/fl gene during PbA infection (Fig. 5E).
These observations indicate that brain endothelial cell
activation is, in part, induced by the HIF-1a-mediated
proinflammatory hypoxic response during ECM, as pre-
viously described in hypoxic-ischemic conditions in Kaur
et al. 30. Consistent with our hypothesis that the ECM-
protective activity of HBO occurs by dampening an HIF-
1a-mediated hypoxic proinflammatory response, Tie2cre
HIF-1afl/flmicewere resistant to development of ECMand
showed a survival rate similar to that of PbA-HBO mice
(Fig. 5F) (18).

HBO treatment inhibits Kyn pathway of
Trp metabolism

Our results show that the balance between the response to
hypoxia mediated by HIF-1a and AhR expression might
play a critical role during CM pathogenesis.

Several endogenous ligands have been identified to
bind, activate, and decrease AhR expression following
ligand binding, for instance, Kyn, a product of the IDO-
1-dependent Trpmetabolism through theKyn pathway
(KP) (34, 42, 43). IDO-1, which catalyzes the initial and
rate-limiting step of this pathway, is upregulated by
IFN-g in the cerebral microvascular endothelium in
Plasmodium-infected mice with CM (44). Kyn levels, the
first breakdown product of the KP, increase in the
plasma and accumulate in the cerebral blood vessels of
mice infected with PbA, reaching concentrations in the
high micromolar to low millimolar range (45). In addi-
tion, a decrease of Trp levels and an increase in the Kyn:
Trp ratio have been described in several pathologies
associated with chronic immune activation, including
malaria, implicating activation of the KP in CM patho-
genesis (42, 44, 46). In this regard, because HBO seems
to restore the balance toward increased AhR expres-
sion, as observed in physiologic conditions, we evalu-
ated ifHBO treatment could also affect the expression of
some key components of the KP. We verified that Ido1
mRNA expression is upregulated in the brain of PbA-
infected mice. Kyn levels and the Kyn:Trp ratio in the
serum of PbA mice were increased, whereas Trp levels
did not change (Fig. 6). Importantly, HBO treatment

Figure 3. HBO reduces endothelial activation in the brain of
infected animals. Total brain mRNA from PbA-infected mice
or PbA mice exposed to HBO (PbA-HBO) was submitted to
qRT-PCR for Icam1(A), Epcr (B), and tissue factor (C) genes.
Results were normalized to HPRT, and means 6 SD of biologic
triplicates are shown compared with NI mice. *P , 0.05, **P ,
0.01, ***P , 0.001 (ANOVA test).
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inhibited upregulation of Ido1 expression and reduced
Kyn production and the Kyn:Trp ratio in the infected
mice (Fig. 6), indicating that HBO inhibits PbA-induced
Kyn production and probably the generation of
downstream neurotoxic metabolites (41, 42).

DISCUSSION

Previously, we demonstrated a neuroprotective effect of
HBO during ECM (18). In the present study, our goal was
to provide an understanding of the protective molecular
mechanisms of pressurized oxygen in PbA-infected ani-
mals. Our results here show that HBO treatment reduced
parasite and leukocyte accumulation in the brain by tar-
geting the activation of brain microvascular endothelial
cells. In addition, HBO treatment prevented an hypoxia-
mediated proinflammatory response, as demonstrated
by decreased HIF-1a expression and transcriptional ac-
tivity,while stabilizingAhRexpression in thebrainofPbA
mice. The biologic significance of such effects was

confirmed in mice lacking HIF-1a in endothelial cells
(Tie2cre HIF-1afl/fl), which were resistant to ECM.

It is important to consider which aspects of this
model fit better with human CM. It has been demon-
strated in the murine model that parasite accumulation in
the brain microvasculature activates endothelial cells
through release of inflammatory ligands, such as glyco-
sylphosphatidylinositol anchors and hemozoin crystals
bound to parasite DNA (31). In turn, activated brain
endothelial cells respond to these stimuli by upregulating
adhesion receptors and molecules involved in antigen
presentation and secreting chemokines and cytokines.
Consequently, leukocytes and platelets are recruited and
activated, feeding a local proinflammatory cycle by pro-
moting more endothelial activation, leukocyte/platelet
sequestration, and parasite accumulation (24, 47).
Moreover, activated CD8+ T cells migrate toward the
chemokine gradient to the brain, and LFA-1 pro-
motes their adhesion to endothelial ICAM-1.Furthermore,
locally secreted proinflammatory cytokines stimulate
brain endothelial cells to phagocytose and cross present

Figure 4. HBO reduces hypoxia in the brain of infected animals. A) Representative images of HIF-1a+ cells in brains of NI, PbA,
and PbA-HBO mice. Values represent means6 SD of 6 mice per group and are representative of 2 independent experiments with
similar results. *P, 0.05, ***P, 0.001 (ANOVA test). B) On d 6–7 p.i., brains were collected and AhR expression was assessed by
Western blot. Values represent means6 SD of 6 mice per group and are representative of 2 independent experiments with similar
results. *P , 0.05 (ANOVA test). C) Hmox1 brain expression levels in PbA and PbA-HBO mice were determined by qRT-PCR.
Results were normalized to HPRT, and means and SD of biologic triplicates are shown compared with NI mice. ***P , 0.001
(ANOVA test). D) Quantification of free heme was determined, at d 4–6 in the plasma of infected mice exposed, or not, to HBO.
The results represent the average of 6–8 animals per group 6 SD. *P , 0.05 (ANOVA test).
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parasite-derived epitopes to CD8+ T cells. In turn, CD8+

T cells secrete perforin and granzymes, which disrupt the
BBB (24, 47). In regard to human CM, a study conducted
with .100 isolates collected from P. falciparum-infected
individuals demonstrated an association between endo-
thelial cell activation and CM (14). Moreover, different
studies show that ICAM-1 and EPCR are upregulated in

the brain endothelium of CM patients and are implicated
in parasite accumulation (13, 14, 47). Importantly, in a
systematic postmortem study of the brains of Malawian
children with CM, few CD8+ T cells were observed in-
travascularly indistended capillaries (48). This is similar to
mice infected with PbA, where the relatively small num-
bers of sequestered CD8+ T cells are diffcult to observe by

Figure 5. Lack of HIF-1a expression in endothelial cells is protective against ECM. A–D) Groups of 10–15 wild-type (WT) or Tie2cre
HIF-1afl/fl mice lacking HIF-1a in endothelial cells were infected with 106 PbA-iEs. On d 6–7 p.i., Ahr (A), Hmox (B), il12a (C),
and il12b (D) levels were assessed by qRT-PCR. As controls, brains of NI mice were used. Values were expressed as the means of
specific Ahr-, Hmox-, il12a-, or il12b-normalized expression of 10 mice 6 SD. **P , 0.01, *P , 0.05 (ANOVA test). E) Tissue factor
protein expression was determined by the mean fluorescence intensity (MFI) in CD31+CD11b2 (endothelial cells). The results
represent the average of 10 animals per group 6 SD. ***P , 0.001 (ANOVA test). F) Survival of the indicated PbA-infected mouse
strains.

Figure 6. HBO treatment in-
hibits the KP of the Trp metab-
olism. A) Ido1 mRNA brain
expression levels from PbA-iE
or PbA-HBO mouse groups
were determined by qRT-PCR.
The NI mouse group was used
as control. *P , 0.05, ***P ,
0.001 (ANOVA test). B–D) Con-
centration of Trp (B), Kyn
(mm) (C), and Kyn:Trp (D)
ratio were determined in the
serum of the different mouse
groups. Values represent means
6 SD of 7 mice per group and
are representative of 2 indepen-
dent experiments with similar
results. **P , 0.01, ***P ,
0.001 (ANOVA test).
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histology (49), which do not exclude the possibility
that CD8+ T cells play an important role in human CM
pathogenesis. In this context, we have shown that HBO
treatment reduces the expression of proinflammatory cy-
tokines and sequestration of CD4+ and CD8+ T cells in the
brain of PbAmice, which in turn, prevent BBB disruption
anddelayCM-specific neurologic signs (18).Here,we also
verified that HBO significantly reduces parasite and
leukocyte accumulation in the brain microvasculature
by inhibiting endothelial cell activation, which im-
proved microcirculation velocity. Interestingly, even
though leukocyte activation is not modulated by pres-
surized oxygen, as demonstrated by the expression of
ItgaI, Itgab1, and Itgab2 in cells isolated from the pe-
ripheral blood or the spleen, expression of LFA-1 and
perforin in the brain of PbA-HBO mice was signifi-
cantly decreased compared with control mice. These
data suggest that HBO treatment did not target im-
mune cells, but instead, it may target brain endothelial
cells affecting their capacity to promote leukocyte
sequestration.

It has also been demonstrated in postmortem studies
in CM patients and murine models of CM that parasite
and leukocyte accumulation, associated to endothelial cell
activation, increases vascular resistance and promotes
obstructions, thereby contributing to impaired cerebral
perfusion during CM. These impairments of cerebral
microcirculatory blood floware thought to cause ischemia
and cerebral hypoxia. The microvascular hemodynamics
and oxygenation are drastically compromised during
ECM, resulting in lower O2 delivery and O2 extraction by
the brain tissue (28, 29). Tomaintain normal brain function
and cell survival, oxygen-sensing mechanisms operate at
the cellular level in response to hypoxia. In particular, the
transcription factor HIF-1a plays a central role in hypoxia
sensing. In the brain, HIF-1a expression is induced by
hypoxia in neurons, astrocytes, ependymal cells, and
endothelial cells (33, 34). Under normal conditions, the
oxygen-regulated HIF-1a subunit is rapidly degraded via
prolyl hydroxylation that targets its degradation in the
proteasome. Hypoxia inhibits prolyl hydroxylase activity,
resulting in HIF-1a subunit stabilization in the cyto-
plasm and translocation to the nucleus,where it dimerizes
with ARNT to form HIF-1. HIF-1 then binds to hypoxia-
responsive elements in promotor regions of target genes
involved in cellular adaptation to hypoxic stress and
induces theirexpression (33,34).However,HIF-1a signaling
could be deleterious in some circumstances by inducing
expression of proapoptotic proteins of the B cell lym-
phoma 2 family, leading to cell death (33, 34). Hypoxia
could also induce BBB dysfunction through increased
tyrosine phosphorylation and redistribution of tight
junction proteins away from cell borders and VEGF
secretion (31). Conversely, inhibition ofHIF-1 improves
barrier function in hypoxic cells, indicating that tem-
poral suppression of HIF-1 activity may be essential to
preserve barrier function during injury (31). In addi-
tion, we cannot rule out that other factors, including
cytokines, such as IFN-g, IL-1b, or TNF andNF-kB,may
play amore direct role in inducingHIF-1a, regardless of
the oxygen levels (41, 50). In turn, hypoxia also triggers

a proinflammatory response that can activate endo-
thelial cells (30). Furthermore, the biologic relevance
of such HBO effects, particularly those targeting en-
dothelial cells, was unequivocally demonstrated in
PbA-infected mice lacking HIF-1a expression in en-
dothelial cells (Tie2cre HIF-1afl/fl), which showed a
comparable level of survival improvement and pro-
tection against CM with that observed in PbA-HBO
mice. Thus, reduction of the proinflammatory hyp-
oxic response, resulting from HBO treatment, may
explain the protective effects observed in PbA-HBO
mice (18).

It is known that there is a crosstalk between hypoxia
and AhR signaling pathways, as both require ARNT as a
binding partner (33, 34). In addition, HIF-1a activity pro-
motes AhR ubiquitination and proteasomal degradation
(35).This interactionhas beendescribed inhuman cerebral
microvascular endothelial cells, indicating that it could
play a role in cellular responses after reduced oxygen
availability at the BBB (51). In this regard, AhR plays a
protective role during ECM. There is a significant down-
regulation of AhR expression in the brain during PbA in-
fection, and AhR-deficient mice are highly susceptible to
PbA infection (52). These mice display increased para-
sitemia, earlier mortality, enhanced leukocyte sequestra-
tion, and increased inflammation in the brain (52). Thus,
AhR-protective effects seem to involve control of parasite
replication and induction of immune responses required
for host resistance, probably via activation of suppressor
of cytokine signaling 1 and 3 pathways (52). Accord-
ingly, here, we observed reducedAhR expression in brain
endothelial cells of PbA-infected mice, whereas HBO
treatment prevented downregulation of AhR expression.
Together, our data show an inverse correlation of HIF-1a
and AhR expression during ECM, indicating that the
predominant orchestration of HIF-1a or AhR signaling
pathways in the brain could determine a better or worse
malaria outcome.

Significant alterations of the Trpmetabolism have been
described in different pathologic conditions related to
immune activation and inflammation, such as infections,
includingmalaria, autoimmune syndromes, various types
of cancer, cardiovascular disease, and neurodegenerative
processes (44, 46). A decrease of Trp concentration, along
with an elevated Kyn:Trp ratio in plasma, cerebrospinal
fluid (CSF), and other body fluids, is common in these
conditions (44, 46). In addition, evidence shows that the
IDO-dependent Trp degradation through the KP is in-
volved in CM pathogenesis (42, 44, 46). Quinolinic acid
(QA) levels, a metabolite downstream of the KP and as-
sociated with glutamate receptor-mediated excitotoxicity
and impairment of BBB integrity, are elevated during CM
(44). Furthermore, the concentration of Kyn acid (KA), an
upstreammetabolite ofKP, thought to be neuroprotective,
is decreased (44). These findings suggest that the Trp
metabolism, through the KP, could be relevant to the
hyperexcitability observed in murine and human CM.
Accordingly, with the findings inmurinemodels, Kenyan
children with CM had a 14-fold greater concentration of
QA in their CSF compared with an age-matched control
set (44). Elevated QA was also found in CSF of Malawian
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children with CM associated with a clinical history of
convulsions (44). InVietnamese adults, theQA level in the
CSFandQA:KAratiowas significantly elevated, although
this might have been a consequence of renal failure in
these patients (44). At the cellular level, endothelial cells at
the BBB and pericytes constitutively express components
of the KP and synthesize Kyn and KA, which are secreted
basolaterally (46, 53). The secreted Kyn can be further
metabolized by perivascular macrophages and micro-
glia with synthesis of QA (53). This could explain why
KP activation at the BBB could result in local neurotox-
icity, pointing to a mechanism whereby a systemic in-
flammatory signal can be transduced across an intact
BBB to cause local neurotoxicity. However, despite the
fact that the KP is highly active in the periphery, only
Trp, Kyn, and 3-hydroxy-l-Kyn can be transported
through the BBB to serve as substrates for production of
neurotoxic metabolites in the CNS (54). Thus, another
potentialmolecularmechanismof protection induced by
HBO treatment during CM could be a result of the
overall decrease in the availability of Kyn in the pe-
riphery and CNS that might subsequently affect the
generation of neurotoxic metabolites derived from Trp
degradation through the KP. Future in-depth studies are
needed to ascertain the impact of HBO treatment on Trp
catabolism in the CNS.

In summary, our data show, for the first time, the
neuroprotective molecular pathways induced by HBO
treatment during ECM. These insights support its poten-
tial as a supportive therapy in association with conven-
tional treatment to improve poor CM outcomes. In
addition, our data provide amolecular basis for the use of
HBO in therapeutic strategies to improve treatment out-
comes of other disorders affecting the brain.
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