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Abstract

Heme oxygenase cleaves heme to form biliverdin, carbon monoxide (CO), and iron, and consists of two structurally related isozymes,
HO-1 and HO-2. HO-2 is also known as a potential oxygen sensor. Here we show that the relative CO content in arterial blood, which
reflects the total amount of endogenous heme degradation, dynamically changes in mice during acclimatization to normobaric hypoxia
(10% O2), with the two peaks at 1 day and 21 days of hypoxia. The expression levels of HO-1 and HO-2 proteins were decreased by 20%
and 40%, respectively, in the mouse liver at 7 days of hypoxia, which returned to the basal levels at 14 days. On the other hand, HO-1 and
HO-2 proteins were increased 2-fold and 1.3-fold, respectively, in the heart at 28 days of hypoxia. Thus, hypoxia induces or represses the
expression of HO-1 and HO-2 in vivo, depending on cellular microenvironments.
� 2005 Elsevier Inc. All rights reserved.
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Heme oxygenase, the rate-limiting enzyme in heme
catabolism, cleaves heme to form biliverdin IXa, carbon
monoxide (CO), and iron [1,2]. Biliverdin IXa is reduced
to bilirubin IXa during the last step of heme breakdown
reaction. There are two structurally related isozymes of
heme oxygenase, heme oxygenase-1 (HO-1) and heme oxy-
genase-2 (HO-2) [3,4]. Expression of HO-1 mRNA is in-
duced by various environmental factors [5], including the
substrate heme [6]. The induction of HO-1 has been consid-
ered as a protective response against oxidative stress, be-
cause bilirubin IXa, hereafter termed bilirubin, functions
as a natural radical scavenger [7]. The physiological impor-
tance of HO-1 has been supported by the severe pheno-
types of the HO-1 deficient mice [8] and a patient with
HO-1 deficiency [9]. In contrast, the expression levels of
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HO-2 mRNA are maintained within narrow ranges in
human cells [10–13].

HO-2 has been proposed to sequester heme to maintain
the intracellular heme level [14], because HO-2, unlike HO-
1 [15], contains two copies of the potential heme-binding site,
a dipeptide of cysteine and proline (CP motif) [14,16]. Poss
et al. [17] generatedHO-2 deficient (HO-2�/�) mice, showing
that HO-2�/� mice are fertile and survive normally for at
least 1 year. Recently, we have shown that HO-2�/� mice
exhibit hypoxemia and attenuated hypoxic ventilatory
responses with normal hypercapnic ventilatory responses
[18], which led us to propose a novel function of HO-2 as
an oxygen sensor. Subsequently, it has been reported that
HO-2 interacts with a-subunit of a large conductance, calci-
um-sensitive potassium channel (the BK channel), and func-
tions as an oxygen sensor for the BK channel [19].

Hypoxemia is frequently associated with sleep apnea
syndrome and a variety of disease processes that affect
the airways or the pulmonary parenchyma, such as chronic
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obstructive pulmonary disease, asthma, and pneumonia
[20]. Sleep apnea syndrome is a newly recognized risk fac-
tor for the development of systemic hypertension, ischemic
heart disease, and congestive heart failure. Hypoxemia is a
hemodynamic stress and generates pressure overload to the
right ventricle eventually leading to pulmonary hyperten-
sion and right heart failure. It is therefore of particular sig-
nificance to explore whether normobaric hypoxia, a
common cause of hypoxemia at the sea level, influences
the expression levels of HO-1 and HO-2, a potential oxygen
sensor, in various organs.

The present study was designed to examine the expres-
sion profiles of HO-1 and HO-2 in the heart, lung, and liver
during acclimatization to normobaric hypoxia (10% oxy-
gen). Accordingly, C57BL/6 mice were maintained for up
to 28 days under normobaric hypoxia, in which the baro-
metric pressure is kept at the sea level value in Sendai
but with the O2 concentration at an altitude of about
5000 m. We also assessed the changes in the total amount
of heme breakdown during acclimatization to normobaric
hypoxia by measuring arterial blood CO contents.
Experimental procedures

Animal treatment. Male C57BL/6 mice (5 weeks old) were obtained
from the Animal Experimental Center of Tohoku University School of
Medicine (Sendai, Japan) and were housed for 1 week before the begin-
ning of the study. All animal experiments were performed based on the
institutionally approved protocols of Tohoku University School of Med-
icine. Mice were maintained under 12-h light/12-h dark cycle at 20 �C and
allowed free access to standard mice food and water. Mice were randomly
selected into two groups. One group of mice was maintained in a nor-
mobaric hypoxic chamber with 10% oxygen for up to 28 days. Normo-
baric hypoxia was established by diluting ambient air with nitrogen in a
special ventilated chamber, in which the N2-enriched air supply is con-
trolled with an O2 sensor-driven inlet valve, as detailed previously [21,22].
Mice were maintained in the chamber and exposed to normobaric hypoxia
(10% O2) for 1, 2, 3, 5, 7, 14, 21, or 28 days (n = 3–9 for each time point).
An oxygen analyzer was used to monitor the concentration of oxygen in
the hypoxic chamber. The age-matched control mice were kept under
normoxia (room air) in the same room, in which the hypoxic chamber was
placed. The chamber was opened twice a week for 15 min for feeding and
cleaning up cages. At the end of the exposure, the animals were anesthe-
tized with diethyl ether, and the blood was taken from abdominal aorta
for counting red blood cells (RBCs) and measuring hematocrit with a
heparinized capillary tube (Drummond Scientific, Broomall, PA).

Measurement of relative CO contents. CO contents were measured as
an indicator for endogenous heme degradation. Arterial blood (50 ll) was
taken from abdominal aorta with a non-heparinized capillary tube
(Drummond Scientific), transferred in a 7-ml glass vial, and stored at
�70 �C. To this vial, 0.5 ml of saturation potassium ferricyanide and 1 ml
tetraborate pH standard solution (pH 9.18) were added. The solution in
the tightly capped vial was mixed vigorously for 30 s on a vortex mixer to
release CO from carboxyhemoglobin (COHb) and was left standing for
10 min. Gas phase (1 ml) was taken with a 1-ml syringe from the vial and
injected into a TRIlyzer mBA-3000 machine (TAIYO instruments, Osaka,
Japan) for measurement of a CO concentration. CO contents are ex-
pressed as the ratio of the values in the hypoxia-exposed mice to those of
the age-matched control mice, kept under normoxia.

Northern blot analysis. Total RNA was extracted from the liver, lung,
and heart with TRIzol reagents (Invitrogen) and subjected to Northern
blot analysis, as detailed previously [12,23]. HO-1 and HO-2 cDNAs used
as Northern probes were synthesized by reverse transcriptase and poly-
merase chain reaction (RT-PCR) from mouse spleen RNA and testis
RNA, respectively. The primers used were a forward primer, 5 0-ACCAG
CCTGAACTAGCCCAGTCCGGTGATG-3 0 (102–131) and a reverse
primer, 5 0-TGCATTTACATGGCATAAATTCCCACTGCC-30 (974–
1003) for HO-1 cDNA, and a forward primer, 5 0-ACTACTCAGCCAC
AATGTCTTCAGAGGTGG-3 0 (151–180) and a reverse primer, 5 0-C
AAACAACATGACAGGTCCTTCACATGTAG-30 (1103–1132) for
HO-2 cDNA. The primer set was designed from the murine genome
database (GenBank Accession No. NM_010442.1 for HO-1 and No.
NM_010443.1 for HO-2). The amplified fragment was cloned into pGEM-
Teasy vector (Promega, Madison, WI). The nucleotide sequences of the
cDNAs were confirmed by sequencing. The expression of b-actin mRNA
was examined as an internal control. The probe for b-actin mRNA was the
SmaI/ScaI fragment (nucleotides 124–1050) of a human b-actin cDNA
provided by Dr. T. Yamamoto (Tohoku University). These DNA frag-
ments were labeled with [a-32P]dCTP (Amersham Biosciences) by the
random priming method and were used as hybridization probes. Total
RNA (20 lg per lane) was electrophoresed on 1.0% agarose gels con-
taining 2 M formaldehyde, transferred to nylon membrane filters (Zeta-
probe membrane; Bio-Rad), and fixed with a UV-linker (Stratalinker
1800; Stratagene). The RNA blot was hybridized with each 32P-labeled
probe, as described previously [24]. Radioactive signals were detected by
exposing the filters to X-ray films (X-AR5; Kodak) or with a Bioimage
Analyzer (BAS1500; Fuji Film). The exposure time to X-ray films varied
depending on the experiments. The intensity of hybridization signals was
determined by photo-stimulated luminescence with a Bioimage Analyzer.

Western blot analysis. Each tissue sample was homogenized on ice in
triple detergent lysis buffer, containing 50 mM Tris–HCl (pH 8.0),
150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 100 lg/ml phenylmethyl-
sulfonyl fluoride, 1 lg/ml aprotinin, 1 lg/ml Nonidet P-40, and 0.5%
sodium deoxycholate [10]. The homogenates were centrifuged at 15,000g
for 10 min, and the supernatant (20 lg of protein) was analyzed on a
SDS–polyacrylamide gel (10%). The proteins in the gel were treated with
20% methanol buffer containing 48 mM Tris, 39 mM glycine, and 0.037%
SDS, and electrophoretically transferred to a polyvinylidene difluoride
membrane (Immobilon-P, Millipore), which was pretreated with the same
buffer. The membranes were treated overnight at 4 �C in Tris-buffered
saline (TBS) with 0.1% Tween 20 (TBS-T), containing 5% non-fat dried
milk, and were washed three times each for 5 min in TBS-T at room
temperature. The membranes (Western blots) were then incubated with a
rabbit polyclonal antibody against rat HO-1 [25] or mouse HO-2 (SPA-
897, StressGen Biotechnologies, Canada) in TBS-T for 1 h at room tem-
perature or overnight at 4 �C. The reaction mixture contained 5% non-fat
milk for HO-1 antibody (a dilution of 1:1000) and 1% non-fat milk for
HO-2 antibody (a dilution of 1:2000). The specific immunocomplexes were
detected with a Western blot kit (ECL Plus, Amersham Biosciences).
Expression of a-tubulin was determined as an internal control with a-tu-
bulin antibody (Neo Markers, CA, USA).

Statistical analysis. All data were derived from 3 to 9 animals per each
time point and are expressed as means ± SEM. Two-tailed Student�s t test
was used for comparison between the two groups. Differences between
mean values were considered significant when p < 0.05.
Results

Erythrocytosis as an adaptive response to normobaric

hypoxia

We initially assessed the effects of normobaric hypoxia
on erythropoiesis in C57BL/6 mice, as the inter-strain dif-
ference in hypoxic response has been known in mice
[26,27]. Male C57BL/6 mice were maintained in a normo-
baric hypoxic chamber with 10% oxygen for up to 28 days.
RBC number and hematocrit were measured by arterial
blood analysis at each time point (Fig. 1). The number of



Fig. 1. Erythrocytosis in mice during acclimatization to hypoxia. RBC
numbers (A) and hematocrit (B) values were measured in arterial blood
taken from mice kept under normoxia or hypoxia (10% oxygen) for the
indicated time. Symbols represent statistically significant differences
compared to the respective control (#p < 0.01; **p < 0.03; *p < 0.05).

Fig. 2. Biphasic increases in the relative CO contents in arterial blood
during hypoxia. Relative CO content is a ratio to the value of each age-
matched control and shown as percentage. Symbols represent statistically
significant differences compared to the respective control (#p < 0.01;
**p < 0.03; *p < 0.05).
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RBCs increased to reach the highest values at 3 days of
hypoxia and appeared to increase further between 14 and
21 days of hypoxia (Fig. 1A). In parallel, the hematocrit
values started to increase from 44% after 3 days of hypoxia,
reaching a peak of 59% at 21 days of hypoxia (Fig. 1B). In
contrast, the number of RBCs and the hematocrit values
remained constant in the age-matched control mice, main-
tained under normoxia. Thus, C57BL/6 mice are able to re-
spond to normobaric hypoxia by enhancing erythropoiesis.

Biphasic increases in arterial blood CO contents during

hypoxia

We also measured the CO contents in arterial blood to
assess the amount of heme degradation, as heme catabo-
lism accounts for about 86% of endogenously produced
CO [28]. The CO gas analyzer employed enabled us to
detect the low levels of CO released from carboxyhemoglo-
bin. Relative CO contents dynamically changed in a time-
dependent manner, compared with the age-matched
control mice maintained under normoxia (Fig. 2). The
CO contents increased within 1 day of hypoxia and re-
turned to the basal levels at 2 days. The CO levels increased
again after 7 days and remained at the highest level at 21
days of hypoxia (p < 0.05). Notably, at 28 days of hypoxia,
CO contents returned to the basal levels. These dynamic
changes in the arterial CO contents reflect the similar
changes in the total amount of endogenous heme degrada-
tion during acclimatization to hypoxia.
Increased expression of HO-1 and HO-2 proteins in the heart

during hypoxia

We then analyzed the expression of HO-1 and HO-2 in
the heart and lung, as hypoxia generates hemodynamic
stress [22]. Northern blot analysis showed that the expres-
sion of HO-1 mRNA was increased in the heart at 5 days
of hypoxia, compared with the age-matched control. The
HO-1 mRNA increased again to reach the highest levels
at 28 days of hypoxia (Fig. 3A). In contrast, there were
no noticeable changes in the expression levels of HO-2
mRNA in the heart under hypoxia. In parallel with the
changes in HO-1 mRNA, HO-1 protein tended to increase
in the heart at 7 days of hypoxia, but the changes were not
statistically significant (Figs. 3B and C). HO-1 protein
reached the highest levels at 28 days, when HO-2 protein
also increased by 30%, although HO-2 mRNA level re-
mained at the basal levels (see Fig. 3A). The increased
expression of HO-1 and HO-2 may reflect the adaptation
processes to hemodynamic stress [18], as normobaric
hypoxia (10% oxygen) for 3 weeks increases pulmonary
vascular resistance and induces right ventricular hypertro-
phy in C57BL/6 mice [29]. On the other hand, we were un-
able to detect the significant changes in the expression
levels of HO-1 and HO-2 mRNAs and proteins in the lung
during hypoxia (data not shown).

Decreased expression of HO-1 and HO-2 proteins in the liver

We next analyzed the expression profiles in the liver,
which is actively involved in degradation of a large amount
of endogenous heme. HO-1 mRNA levels tended to in-
crease after 1 day of hypoxia and returned to the basal lev-
els at 5 days (Figs. 4A and B), although the increase was
not statistically significant. After a lag period, HO-1
mRNA levels increased 2.4-fold at 21 days. In contrast,
HO-2 mRNA remained unchanged during hypoxia. In par-



Fig. 3. Increased expression of HO-1 and HO-2 proteins in the heart. (A)
Northern blot analysis of HO-1 and HO-2 mRNAs. The hearts were
isolated from mice after exposure to hypoxia (H) for the indicated time or
age-matched control kept under normoxia (N). Total RNAs were
extracted from each heart tissue and subjected to Northern blot analysis.
Each lane contains 20 lg of total RNA. The bottom panel shows the
expression of b-actin mRNA as an internal control. Shown is one of the
two independent experiments. (B) Western blot analysis of HO-1 and HO-
2 proteins. The tissue extracts were prepared from the hearts and subjected
to Western blot analysis. Each lane contains 20 lg protein. The data
shown are one of four independent experiments with similar results. To
normalize the expression levels of HO-1 and HO-2, the same Western blot
was reused for a-tubulin. (C) Relative expression levels of HO-1 and HO-2
proteins. The intensities of the signals in the Western blots were quantified,
and the intensity of HO-1 or HO-2 protein was normalized with respect to
the intensity for a-tubulin. The relative expression level of HO-1 or HO-2
protein indicates the ratio of each normalized value to that of the
respective age-matched control kept under normoxia and is shown as
percentage. The data shown are derived from four independent exper-
iments. For easy comparison, the level of HO-1 or HO-2 under normoxia
at each time point is shown as open column. Symbols represent
statistically significant differences compared to the respective control
(#p < 0.01; **p < 0.03; *p < 0.05).
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allel with the early changes in HO-1 mRNA levels, HO-1
protein transiently increased by 27% at 3 days of hypoxia
(Figs. 4C and D). Subsequently, HO-1 protein decreased
below the basal levels (20% reduction) at 7 days and then
returned to the basal levels at 14 days. HO-1 protein re-
mained at the basal levels for up to 28 days, despite the
induction of HO-1 mRNA at 21 days of hypoxia. Unex-
pectedly, HO-2 protein decreased by about 40% at 7 days
and returned to the basal levels at 14 days of hypoxia.
To confirm these surprising findings, we repeated this series
of experiments five times. We therefore conclude that HO-1
and HO-2 proteins are transiently reduced in the liver dur-
ing hypoxia.

Discussion

We have shown the dynamic changes in the expression
levels of HO-1 and HO-2 in mice during acclimatization
to normobaric hypoxia. The expression levels of HO-1
and HO-2 proteins are transiently reduced in the liver at
7 days of hypoxia, whereas HO-1 and HO-2 proteins in-
creased in the heart at 28 days. This is the first report,
showing that the expression levels of HO-1 and HO-2 pro-
teins are decreased or increased during acclimatization to
hypoxia. Consistent in part with the changes in HO-1
and HO-2 proteins, the relative CO contents in arterial
blood exhibit the two peaks under hypoxia: the first peak
at 1 day and the second peak at 21 days of hypoxia. Nota-
bly, the CO contents in arterial blood return to the basal
levels at 28 days of hypoxia, despite the fact that the
HO-1 and HO-2 proteins are expressed at the highest levels
in the heart (Fig. 3). Thus, the heart may contribute to only
a small portion of the in vivo heme degradation. On the
other hand, the changes in the arterial CO contents appear
to parallel with the expression levels of HO-1 and HO-2
proteins in the liver, suggesting that the CO contents in
arterial blood may reflect the amount of heme degradation
in the liver. In fact, the liver is responsible for the degrada-
tion of a large amount of endogenous heme [5,30].

The biphasic changes in arterial CO contents indicate
the time-dependent adaptation processes to normobaric
hypoxia (Fig. 2). The CO contents increased within 1
day, returned to the basal levels after 2–5 days, and then
increased again after 7 days of hypoxia. During acute
phase (within 1 day), mice have to cope with hypoxia by
enhancing ventilation and increasing heart rate. The rapid
increase in heme breakdown may be due to the induction of
HO-1 in certain organs, including the liver (Fig. 4), result-
ing in the sufficient supply of bilirubin as a potent antiox-
idant [7]. The second peak seen at 21 days of hypoxia
may reflect the late-onset adaptation in the vascular sys-
tem, such as the remodeling of the pulmonary artery [29]
and the hypertrophy of the pulmonary venous myocardium
[18]. In this context, it has been reported that CO may di-
late blood vessels, cause smooth muscle cell relaxation, and
inhibit smooth muscle cell proliferation by activating solu-
ble guanylate cyclase and elevating intracellular cGMP lev-
els [31,32]. It is therefore conceivable that CO may play
beneficial roles during adaptation to hypoxia. Likewise,
iron, which is also released during heme breakdown, may
be efficiently reused for heme synthesis in the bone marrow
[5], as erythropoiesis is enhanced under hypoxia (Fig. 1).

Other investigators have reported that normobaric
hypoxia (8–10% O2) causes the remodeling of the pulmon-
ary artery, which generates pressure overload to right ven-
tricle and eventually pulmonary hypertension and right
ventricular hypertrophy in mice [29,33]. However, in the



Fig. 4. Decreased expression of HO-1 and HO-2 proteins in the liver. (A) Northern blot analysis of HO-1 and HO-2 mRNAs. Each lane contains 20 lg of
total RNA prepared from the liver. Other conditions are described in Fig. 3A. The data shown are from one of three independent experiments with similar
results. (B) Relative expression levels of HO-1 and HO-2 mRNAs. The intensities of the signals in (A) were quantified, and the intensity of representing
HO-1 or HO-2 mRNA was normalized with respect to the intensity for b-actin mRNA. The relative expression level of HO-1 or HO-2 mRNA indicates
the ratio of each normalized value to the respective age-matched control and is shown as percentage. A symbol represents statistically significant difference
compared to the control (#p < 0.01). (C) Western blot analysis. Total proteins were extracted from the livers, which were isolated from mice kept under
hypoxia (H) or normoxia (N) for the indicated time. The data shown are one of five independent experiments with similar results. Other conditions are
described in Figs. 3B and C. (D) Relative expression levels of HO-1 and HO-2 proteins. The data shown are derived from five independent experiments.
Symbols represent statistically significant differences compared to the respective control (#p < 0.01; **p < 0.03).
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present study, normobaric hypoxia did not cause statisti-
cally significant changes in the expression of HO-1 and
HO-2 at mRNA and protein levels in the lung, as judged
by Northern and Western blot analyses (data not shown).
These results suggest that the changes in the expression lev-
els of HO-1 and/or HO-2 may be localized to a small pop-
ulation of certain cell types in the lung, such as pulmonary
arterial smooth muscle cells. In contrast, the liver and the
heart consist of a predominant cell population, hepato-
cytes, and myocardium, respectively.

In a rat model of mountain sickness, where rats were ex-
posed for up to 3 weeks to hypobaric hypoxia, which is
equivalent to the condition at an altitude of about
5000 m, the COHb level (%) increased within 1 day, then
decreased to the basal levels at 3 days, and again increased
to the highest level at 3 weeks [34]. These changes in rats
under hypobaric hypoxia are similar to the changes ob-
served in mice under normobaric hypoxia. Thus, the blood
CO content is a good indicator to assess the acclimatization
to normobaric and hypobaric hypoxia. Likewise, the HO
activity was increased by 20% in the liver after exposure
of rats to hypobaric hypoxia for 28–30 days [35]. In the
present study, the expression levels of HO-1 and HO-2 pro-
teins tend to increase in the liver at 28 days of normobaric
hypoxia, although the changes are not statistically signifi-
cant (Fig. 4). Thus, normobaric and hypobaric hypoxia
may cause similar changes in heme degradation in mice
and rats, despite the inter-species difference in the regula-
tion of HO-1 expression [5,27].

Here we have shown that the expression of HO-2 pro-
tein is increased and decreased in the heart and liver,
respectively, during acclimatization to normobaric hypox-
ia, despite the constant levels of HO-2 mRNA (Figs. 3
and 4). Thus, hypoxia may regulate the expression of
HO-2 protein at the post-transcriptional levels, such as
protein stability. Moreover, recent reports have shown
the decreased expression of HO-2 protein in the placental
tissues of abnormal pregnancies [36,37]. In cultured human
trophoblast cells, HO-2 protein is decreased by hypoxia,
whereas HO-1 protein and HO enzymatic activity were
unaffected by hypoxia [38]. It is therefore conceivable that
reduced expression of HO-2, a potential oxygen sensor,
may represent an important response under certain
conditions.

Hypoxia reduces the expression of HO-1 in several
types of cultured human cells [39,40]. The present study
has also shown the distinct hypoxic responses of HO-1
in the heart and liver; namely, normobaric hypoxia
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decreases or increases the expression of HO-1, depending
on the organs or the exposure time. Likewise, expression
of HO-2 protein is decreased or increased during acclima-
tization to hypoxia. We therefore propose that both HO-1
and HO-2 are involved in the adaptive responses to
hypoxia, thereby contributing to the maintenance of the
host homeostasis.
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