
Introduction
Heme oxygenase (HO) catalyzes the oxi-
dation of heme to carbon monoxide
(CO) and biliverdin, which is reduced
subsequently to bilirubin (1). CO, like
nitric oxide, is a gas molecule that stim-
ulates guanylyl cyclase and increases
intracellular levels of cGMP (1, 2).
cGMP is an important regulator of vas-
cular tone and smooth muscle develop-
ment (3, 4). By degrading the pro-oxi-
dant heme and generating the
antioxidant bilirubin (5, 6), HO may
also protect cells against oxidative
injury (1). Three HO isoforms have
been identified. HO-1, also known as
heat shock protein 32 (7, 8), is a 32-kDa
protein induced by heat, heme, heavy

metals, hypoxia, hyperoxia, shear stress,
stretch, ultraviolet light, cytokines, and
reactive oxygen species (1, 9). HO-2 is a
constitutive, 36-kDa isoform (10, 11).
HO-3, whose sequence is highly homol-
ogous to that of HO-2, has been cloned
recently but has not been characterized
fully (12).

Under normal physiological condi-
tions, HO-1 and HO-2 are both
expressed at low levels in vascular
smooth muscle cells (VSMCs) and car-
diomyocytes (13–15). Under pathophys-
iological conditions, however, HO-1, but
not HO-2, is induced in the heart and
blood vessels (13–17). For example, we
and others have reported that bacterial
endotoxin markedly increases HO-1

expression in VSMCs and cardiomy-
ocytes in vivo (15, 17, 18). HO-1 is upreg-
ulated at both the mRNA and the pro-
tein levels in cultured VSMCs exposed to
stretching and shear stress (19).

Hypoxia causes a remodeling of the
pulmonary vasculature that is charac-
terized by proliferation of VSMCs and
deposition of matrix. Hypoxia also
increases pulmonary vascular resistance
(leading to pulmonary hypertension)
and induces right ventricular hypertro-
phy in humans, rats, and mice (20–24).
CO released by HO-1 has been impli-
cated in the regulation of VSMC prolif-
eration and may regulate vascular
remodeling in response to hypoxia (13,
25). In addition, pressure overload of
the right ventricle, induced experimen-
tally by hypoxia or pulmonary artery
banding, increases HO-1 expression in
rat cardiomyocytes (26). Taken togeth-
er, these data suggest an important role
for HO-1 in cardiovascular adaptation
to hypoxic stress.

To gain insight into the biologic func-
tions of HO-1 in vivo, we generated HO-
1 null (HO-1–/–) mice by targeted muta-
tion. We subjected the mice to chronic
hypoxia, which induces pulmonary
hypertension, to study the function of
HO-1 in the cardiovascular system.

Methods
Targeted disruption of HO-1 in embryonic stem
cells and generation of HO-1–/– mice. To make
the HO-1 targeting construct, we isolated
genomic clones from a 129 SvJ mouse
λDASH II genomic library (Stratagene, La
Jolla, California, USA). Subcloning was per-
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Heme oxygenase (HO) catalyzes the oxidation of heme to generate carbon
monoxide (CO) and bilirubin. CO increases cellular levels of cGMP, which reg-
ulates vascular tone and smooth muscle development. Bilirubin is a potent
antioxidant. Hypoxia increases expression of the inducible HO isoform (HO-1)
but not the constitutive isoform (HO-2). To determine whether HO-1 affects
cellular adaptation to chronic hypoxia in vivo, we generated HO-1 null 
(HO-1–/–) mice and subjected them to hypoxia (10% oxygen) for five to seven
weeks. Hypoxia caused similar increases in right ventricular systolic pressure in
wild-type and HO-1–/– mice. Although ventricular weight increased in wild-type
mice, the increase was greater in HO-1–/– mice. Similarly, the right ventricles
were more dilated in HO-1–/– mice. After seven weeks of hypoxia, only HO-1–/–

mice developed right ventricular infarcts with organized mural thrombi. No left
ventricular infarcts were observed. Lipid peroxidation and oxidative damage
occurred in right ventricular cardiomyocytes in HO-1–/–, but not wild-type, mice.
We also detected apoptotic cardiomyocytes surrounding areas of infarcted
myocardium by terminal deoxynucleotide transferase–mediated dUTP nick
end-labeling (TUNEL) assays. Our data suggest that in the absence of HO-1, car-
diomyocytes have a maladaptive response to hypoxia and subsequent pul-
monary hypertension.
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formed according to the published HO-1
restriction map (27). The plasmid pHO-neo
was constructed by inserting the XhoI-
BamHI neomycin resistance gene (neo)
expression cassette from pMC1neo polyA
(Stratagene) into pBluescript II SK (Strata-
gene), followed by an XhoI HO-1 genomic
fragment containing 3 kb of 5′ upstream
sequence at the XhoI site. A BamHI-EcoRI
HO-1 fragment containing 3 kb of 3′ down-
stream sequence was inserted into thymi-
dine kinase gene (TK) plasmid pPGK-TK. A
6-kb ClaI (filled in)-BamHI fragment con-
taining a TK expression cassette and the 3′
arm of the HO-1 genomic sequence was sub-
sequently subcloned into the XbaI (filled in)-
BamHI site of pHO-neo to generate the HO-
1 targeting construct.

The HO-1 targeting construct was lin-
earized with NotI before electroporation into
D3 embryonic stem (ES) cells. Clones were
selected in growth medium containing
G418 and ganciclovir (28), and correctly tar-
geted ES clones were identified by Southern
blot analysis. These targeted ES cells were
injected into BALB/c and C57BL/6 blasto-
cysts to generate chimeric mice (Core Trans-
genic Mouse Facility, Brigham and Women’s
Hospital). Male chimeras were mated to
BALB/c and C57BL/6 females, and het-
erozygous offspring were intercrossed to
generate HO-1–/– mice. Mice used for the

experiments were maintained on a 129 Sv ×
BALB/c mixed genetic background. All ani-
mal experiments were performed in accor-
dance with National Institutes of Health
guidelines, and all protocols were approved
by the Harvard Medical Area Standing Com-
mittee on Animals.

Southern and Northern blot analysis. Genom-
ic DNA was prepared from ES cells or
mouse-tail biopsies (29), digested with
BamHI, fractionated on 0.8% agarose gels,
and transferred to nylon membranes. The
membranes were then hybridized with a ran-
dom-primed, 32P-labeled 5′ external probe
(EcoRI-XhoI fragment, 5′ probe bar; Figure
1a). Total liver RNA was isolated from
embryonic day (E) 18.5 mice by using RNA-
zol B according to the manufacturer’s
instructions (Tel-Test Inc., Friendswood,
Texas, USA). RNA was fractionated on 1.3%
agarose (6% formaldehyde) gels and trans-
ferred to nitrocellulose filters. The filters
were hybridized with random-primed, 32P-
labeled HO-1 or HO-2 cDNA probes (13) as
described (15). Equal loading was verified by
hybridizing the filters to a 32P-labeled
oligonucleotide complementary to 18S ribo-
somal RNA.

Western blot analysis. Total protein was pre-
pared by homogenizing E18.5 liver in 25
mM Tris (pH 7.5), 50 mM NaCl, and 10 mM
EDTA containing Complete protease
inhibitors (Boehringer Mannheim Bio-

chemicals, Indianapolis, Indiana, USA).
Aliquots containing 25 µg of protein were
fractionated on 10% tricine-SDS-polyacry-
lamide gels and then transferred to nitrocel-
lulose filters. The filters were incubated with
a polyclonal anti–HO-1 antiserum (SPA-
895; StressGen Biotechnologies Corp., Vic-
toria, British Columbia, Canada) diluted
1:1,000 or with a polyclonal anti–HO-2 anti-
serum (OSA-200; StressGen Biotechnologies
Corp.) diluted 1:2,000, and then incubated
with horseradish peroxidase–conjugated
goat anti-rabbit serum. Membranes were
processed with an enhanced chemilumines-
cence reagent (Pierce Chemical Co., Rock-
ford, Illinois, USA) and exposed to film.

Hypoxic exposure. Wild-type and HO-1–/–

littermates (11–12 weeks old) were exposed
to normobaric hypoxia (a 10% oxygen envi-
ronment) for five to seven weeks as
described (30). Age-matched control mice
were maintained in ambient oxygen. Five to
six animals were studied in each group in
each experiment.

Hemodynamic measurements. Mice were
anesthetized with chloral hydrate (0.54
mg/g body weight). The trachea was cannu-
lated with a tubing adapter, and the mouse
was placed on a ventilator (fractional
inspired oxygen concentration 21%; tidal
volume 0.01 ml/g). The thoracic cavity was
then opened, and PE-50 polyethylene tubing
(Clay Adams, Parsippany, New Jersey, USA)
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Figure 1
Targeted disruption of the mouse
HO-1 gene. (a) Diagram of the
mouse HO-1 locus (top), the target-
ing construct (middle), and the pre-
dicted mutated allele (bottom). The
position of the 5′ probe, external to
the targeting construct and internal
to the BamHI sites used to character-
ize the targeted locus, is shown at the
bottom. (b) Southern blot analysis of
BamHI–digested genomic DNA from
offspring of HO-1 heterozygote mat-
ings. The 5′ probe was hybridized to
a 6-kb endogenous fragment and a 5-
kb mutated fragment. (c) Northern
blot analysis of liver RNA from E18.5
mice that were wild-type (+/+), het-
erozygous (+/–), or homozygous
(–/–) for the targeted HO-1 allele.
The blots were probed sequentially
for expression of HO-1, HO-2, and
18S (to verify equivalent loading). (d)
Total liver protein was extracted from
E18.5 mice. Aliquots (25 µg) were
subjected to Western blotting with a
polyclonal anti–HO-1 antiserum (α-
HO-1, left) or a polyclonal anti–HO-
2 antiserum (α-HO-2, right).



was inserted into the right ventricle. Right
ventricular systolic pressure was measured
with MacLab monitoring equipment from
CB Sciences (Dover, New Hampshire, USA)
as described (15).

Ventricular weight measurements. Hearts were
excised, atria were removed, and ventricles
were blotted and weighed. Ventricular weight
was normalized to total body weight (grams).

Histological analysis, immunocytochemistry,
and TUNEL assay. Ventricles were fixed in 4%
paraformaldehyde overnight at 4°C and
embedded in paraffin. Sections were stained
with hematoxylin and eosin or Masson’s
trichrome. To detect oxidation-specific lipid-
protein adducts, we immunostained heart
sections with polyclonal antibody MAL-2
(anti–malondialdehyde-lysine; generously
provided by J. Witztum, Immunology Core
of the La Jolla SCOR Program in Molecular
Medicine and Atherosclerosis, La Jolla, Cali-
fornia, USA) as described (31) and counter-
stained them with methyl green. Terminal
deoxynucleotide transferase–mediated dUTP
nick end-labeling (TUNEL) was used to
detect DNA breaks in apoptotic cells in situ
(32). Red staining in the nuclei indicated a
positive reaction. These tissues were also
counterstained with methyl green. Pul-
monary vascular remodeling was assessed in
lungs that had been perfused with saline
through the pulmonary artery and fixed
with 4% paraformaldehyde instilled through
the trachea (30). Muscularization of periph-
eral vessels was determined as described (24).

Results
Generation of HO-1–/– mice. To generate a
null mutation at the HO-1 locus, we
constructed a targeting vector in which
HO-1 exon 3 had been replaced with

the neomycin resistance gene (neo). The
thymidine kinase gene (TK) was includ-
ed as a negative selection marker to pre-
vent nonhomologous recombination
(Figure 1a). ES cells heterozygous for
the targeted HO-1 allele were used to
generate chimeric mice. The breeding of
chimeras with wild types resulted in
transmission of the mutation through
the germline. Heterozygotes were inter-
crossed to generate HO-1–/– homozy-
gotes, as determined by Southern blot
analysis (Figure 1b). To confirm the
null mutation, we performed Northern
blot analysis on RNA isolated at E18.5.
HO-1 mRNA levels were lower in het-
erozygotes than in wild-type mice, and
HO-1 mRNA was undetectable in
HO-1–/– mice (Figure 1c). HO-2 mRNA
levels, in contrast, did not differ signif-
icantly among the three genotypes (Fig-
ure 1c). We confirmed the null muta-
tion further by Western blot analysis for
HO-1 protein. Consistent with the
Northern blot analysis, HO-1 protein
was not detectable in HO-1–/– mice (Fig-
ure 1d). The level of HO-2 protein did
not change in HO-1–/– mice (Figure 1d).

Genotyping of three-week-old mice
from HO-1 heterozygote matings
revealed that the survival rate of HO-1–/–

mice was ∼ 7%, consistent with the
observations of Poss and Tonegawa (33)
about their line of HO-1–/– mice,
described while our work was in
progress. Among the newborn mice
from heterozygote breedings, ∼ 20%
were homozygous mutants, indicating

partial embryonic or neonatal lethality.
We are currently investigating the
mechanism of lethality. Surviving 
HO-1–/– mice were grossly normal and
were used for subsequent experiments.

Chronic hypoxia increases right ventricular
systolic pressure and ventricular weight in
wild-type and HO-1–/– mice. To investigate
the role of HO-1 in the response to
hypoxia, we housed mice (five to six
mice in each group) in a 10% oxygen
environment for five to seven weeks. As
expected, seven weeks of hypoxia
caused hematocrit values to increase
from 44.0 ± 1.4% to 73.0 ± 8.2% in wild-
type mice. Similarly, hematocrit values
increased from 40.0 ± 2.8% to 78.0 ±
5.9% in HO-1–/– mice. In contrast to rats
(20, 30, 34), mice subjected to chronic
hypoxia sustained rather modest pul-
monary vascular remodeling (defined
as an increase in peripheral muscular-
ized vessels) (24, 35). Moreover, in our
study, there was no significant differ-
ence in hypoxia-induced remodeling
between wild-type and HO-1–/– mice at
seven weeks (51% vs. 52.5% partially and
completely muscularized peripheral
vessels). We then determined the effect
of hypoxia on right ventricular systolic
pressure, which is an indicator of pul-
monary arterial systolic pressure. Right
ventricular systolic pressure in wild-
type and HO-1–/– mice did not differ
under normoxic conditions (P = 0.80;
Figure 2a, open bars). Although five
weeks of hypoxia increased right ven-
tricular systolic pressure, it did so to a
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Figure 2
Chronic hypoxia increases right ventricular systolic pressure and ventricular weight in wild-type and
HO-1–/– mice. Wild-type (+/+) and HO-1 null (–/–) mice were exposed to normoxia or chronic hypox-
ia (10% oxygen). (a) Right ventricular systolic pressure was measured under normoxic conditions
(open bars) or after five weeks of hypoxia (filled bars). Error bars indicate standard deviations. *P <
0.05 vs. animals exposed to normoxia within the same group (n = 5 in each group). (b) Ventricular
weight in wild-type and HO-1–/– mice was measured under normoxic conditions (n = 6 in each group)
or after seven weeks of hypoxia (n = 5 in each group) and expressed as a ratio of ventricular weight
(milligrams) to total body weight (grams). The value obtained for normoxic wild-type mice (4.46 ±
0.52) was set as 100%. The ventricular weight index for mice housed under normoxic (open bars) or
hypoxic (filled bars) conditions is expressed relative to the value for normoxic wild-type mice. Error
bars indicate standard deviations. *P < 0.05 vs. animals exposed to normoxia within the same group.
#P < 0.05 vs. wild-type animals exposed to hypoxia.



similar degree in wild-type
and HO-1–/– mice (P = 0.43;
Figure 2a, filled bars).

The ventricular weight
index did not differ between
wild-type and HO-1–/– mice
under normoxic conditions
(Figure 2b, open bars). Expo-
sure to hypoxia for seven
weeks caused a 32% increase
in the ventricular weight
index in wild-type mice. In
HO-1–/– mice, however, the
ventricular weight index after
seven weeks of hypoxia
increased 100% in compari-
son with that in normoxic
wild-type mice (Figure 2b, filled bars).
Studies in a subgroup of mice revealed
that the changes in ventricular weight
reflected mainly a right ventricular
effect, as the RV/(LV + septum) increased
in HO-1–/– mice in comparison with
wild-type mice exposed to hypoxia for
seven weeks (data not shown).

Hypoxia induces right ventricular infarcts
and mural thrombi in HO-1–/– mice. Under
normoxic conditions, there were no
obvious histological differences
between wild-type and HO-1–/– mice
(Figure 3, a and b). After five weeks of
hypoxia, HO-1–/– mice showed increased
right ventricular dilatation (Figure 3d)
in comparison with wild-type mice (Fig-
ure 3c). After seven weeks of hypoxia,
the right ventricles in HO-1–/– mice were
even more dilated (Figure 3f) than
those in similarly treated wild-type mice
(Figure 3e). Note that the right ventric-
ular free wall from the HO-1–/– mouse
(Figure 3f) does not appear thicker than
the one from the wild-type mouse (Fig-
ure 3e). Remarkably, a large organized
thrombus, attached to the infarcted
right ventricular wall, is visible in the
HO-1–/– mouse (Figure 3f). Four of six

HO-1–/– hearts exposed to seven weeks
of hypoxia showed evidence of right
ventricular infarcts, and mural throm-
bi were present in all four infarcted
right ventricles. Sections from one ani-
mal in each group (n = 5–6) are shown
in Figure 3 because the histological
analyses were similar under normoxic
and hypoxic conditions within a partic-
ular group.

Chronic hypoxia induces right ventricular
infarction in HO-1–/– mice. To search for
additional evidence of infarcts in the
right ventricle, we examined the tissue
sections at higher magnifications. Car-
diomyocytes were intact in ventricular
sections from wild-type mice exposed
to seven weeks of hypoxia (Figure 4, a
and c). In contrast, ventricular sections
from HO-1–/– mice exposed to seven
weeks of hypoxia (Figure 4, b and d)
showed mononuclear inflammatory
cell infiltration and extensive car-
diomyocyte degeneration and death
with focal calcification (indicated by an
arrow in Figure 4d); these characteris-
tics are consistent with infarcts one to
two weeks old. Moreover, the right ven-
tricular infarcts did not appear to result

from vascular occlusion, because the
coronary arteries supplying blood to
the right ventricle were patent in 
HO-1–/– mice (data not shown). To
detect collagen accumulation indicative
of fibrosis, we stained ventricular sec-
tions with Masson’s trichrome. After
seven weeks of hypoxia, cells surround-
ing blood vessels stained positive for
collagen in hearts from wild-type mice
(Figure 4e). In hearts from HO-1–/– mice
exposed to seven weeks of hypoxia,
however, early collagen deposition was
present throughout the lesion (Figure
4f, beneath the thrombus). This degree
of fibrosis is consistent with early scar
formation and a lesion one to two
weeks old.

Two of the six hearts examined in the
HO-1–/– mice exposed to seven weeks of
hypoxia did not exhibit gross right ven-
tricular infarcts; however, close exami-
nation of these hearts revealed focal
areas of myocardial degeneration with-
out evidence of extensive inflammatory
cell infiltration. These hearts showed
early evidence of myocardial damage.
Hearts from wild-type and HO-1–/– mice
examined after five weeks of exposure
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Figure 3
Right ventricular dilatation and
thrombus formation in HO-1–/–

mice in response to hypoxia. Heart
cross-sections (at the papillary
muscle level) from wild-type (+/+)
and HO-1 null (–/–) mice were
stained with hematoxylin and eosin
(n = 5–6 in each group). Mice were
exposed to normoxia (a, +/+; b,
–/–), five weeks of hypoxia (c, +/+;
d, –/–), or seven weeks of hypoxia
(e, +/+; f, –/–). RV, right ventricle;
LV, left ventricle; T, thrombus. Orig-
inal magnification: ×15.



to hypoxia displayed no cardiomyocyte
degeneration or death and no extensive
mononuclear inflammatory cell infil-
tration (data not shown). Cells sur-
rounding blood vessels stained positive
for collagen in hearts from wild-type
and HO-1–/– mice housed for five weeks
under normoxic and hypoxic condi-
tions (data not shown). However, in
contrast with the right ventricular free
walls from HO-1–/– mice exposed to
seven weeks of hypoxia, which showed
deposition of collagen, no collagen dep-
osition was evident in the right ventric-
ular free walls from HO-1–/– mice
exposed to five weeks of hypoxia. Taken
together, these data confirm that in the
HO-1–/– mice exposed to seven weeks of
hypoxia, myocardial infarcts were less
than two weeks old.

To assess oxidative damage in HO-1–/–

hearts with infarcts, we immunostained
ventricular sections with polyclonal
antibody MAL-2, which recognizes oxi-
dation-specific lipid-protein adducts. In
contrast to the minimal MAL-2 stain-
ing in hearts from wild-type mice (Fig-
ure 4g), MAL-2 staining was intense in
cells (predominantly cardiomyocytes)
beneath the infarcted area of the right
ventricle in HO-1–/– mice (Figure 4h).
This difference suggests the presence of
severe oxidative damage within and
around the infarct site. We also per-
formed TUNEL assays to detect the
presence of DNA fragmentation and
apoptosis in the hearts of HO-1–/– mice

exposed to hypoxia. No TUNEL-posi-
tive cardiomyocytes were detected in
right ventricles from wild-type mice
(Figure 4i). In right ventricles from 
HO-1–/– mice, however, a significant
number of TUNEL-positive cells sur-
rounded the infarct site (Figure 4j).

Discussion
We show by gene-deletion experiments
in vivo that HO-1 plays an important,
protective role in the adaptation of the
cardiovascular system to hypoxia. Right
ventricles from HO-1–/– mice exposed to
chronic hypoxia were severely dilated
and contained right ventricular infarcts
with mural thrombi (Figures 3 and 4).

The three characteristic responses of
humans and animals to hypoxia are

pulmonary vascular remodeling, pul-
monary hypertension, and hypertrophy
of the right ventricle (20–24). Hypoxia
induces HO-1 expression in the lung
(36), and CO generated by hypoxic
VSMCs inhibits proliferation of these
cells in culture (13, 25, 37). These links
have suggested an important role for
HO-1 in the regulation of hypoxia-
induced pulmonary vascular remodel-
ing. Our results indicate that chronic
hypoxia–induced pulmonary vascular
remodeling and pulmonary hyperten-
sion were similar in HO-1–/– and wild-
type mice (Figure 2). Thus, the loss of
HO-1 appears to have had little effect
on these two responses after prolonged
hypoxia. Perhaps CO released by HO-2
is sufficient to inhibit excessive pul-
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Figure 4
Histological analysis of wild-type and HO-1–/–

mouse hearts after seven weeks of hypoxia. Six
animals were examined in each group. Hema-
toxylin and eosin–stained right ventricular free
wall from wild-type (+/+) mouse (a and c) and
infarcted area of right ventricle (underneath
thrombus) from HO-1 null (–/–) mouse (b and
d). Original magnifications: ×200 (a and b)
and ×400 (c and d). The dense areas of blue
nuclei in b and d, not visible in a and c, repre-
sent mononuclear cell infiltrate. Wild-type (e)
and HO-1–/– (f) heart sections were stained with
Masson’s trichrome to reveal collagen (blue).
RV, right ventricle; T, thrombus. Original mag-
nification: ×49. MAL-2–immunostained (pink)
right ventricular free wall from wild-type mouse
(g) and area of infarcted right ventricle (under-
neath thrombus) from HO-1–/– mouse (h).
Original magnification: ×200. TUNEL assay for
apoptotic cardiomyocytes in right ventricular
free wall from wild-type mouse (i) and free wall
(surrounding infarcted region) from HO-1–/–

mouse (j). TUNEL-positive cardiomyocytes
stained red. Original magnification: ×400.



monary vascular remodeling and hyper-
tension in response to hypoxia. Alter-
natively, multiple vasoactive agents
released within the pulmonary vascula-
ture in the setting of chronic hypoxia
may compensate for the lack of 
HO-1–derived CO.

As it does in rats (26), hypoxia increas-
es HO-1 protein abundance (by approx-
imately threefold in hearts of wild-type
mice after seven weeks; data not
shown). Our data show that the
absence of HO-1 results in a maladap-
tive response in cardiomyocytes
exposed to hypoxia-induced pulmonary
hypertension. Although the myocardi-
um in HO-1–/– mice appears to be nor-
mal under normoxic conditions, under
hypoxic conditions, severe right ven-
tricular dilatation and infarcts with
mural thrombi develop in HO-1–/–, but
not wild-type, mice — despite exposure
to similar hypoxia and pulmonary
hypertension. These results are sup-
ported by reports indicating that HO-1
is induced in the heart after exposure to
hypoxia and increased pulmonary arte-
rial pressure and that HO-1 may have a
protective effect on cardiomyocytes
subjected to stress (1, 16, 17, 26). Mural
thrombi can be detected in 28–40% of
patients with acute myocardial infarc-
tion (38, 39). We observed mural
thrombi in every mouse that had a right
ventricular infarct. This high percent-
age of mural thrombi may be related to
a combination of marked dilatation of
the right ventricle and high hematocrit
and blood viscosity values (even though
the hematocrit value was similar in
wild-type and HO-1–/– mice exposed to
hypoxia). The absence of HO-1 may
also increase platelet aggregation and
predispose to thrombus formation,
because CO has been shown to inhibit
platelet aggregation (19, 40).

Our results demonstrate that car-
diomyocytes in HO-1–/– mice die in
response to hypoxia/pulmonary hyper-
tension. Although some cardiomyocyte
death appears to be due to necrosis, we
did detect TUNEL-positive cells in the
zone around the infarct (Figure 4j),
which suggests apoptosis as one of the
mechanisms leading to cardiomyocyte
death. Hypoxia and elevated pul-
monary arterial pressure increase car-
diac production of reactive oxygen
species (41, 42), which play a significant
role in myocardial cell death during
ischemia/reperfusion (43, 44). Also,
overexpression of HO-1 protects

against damage caused by oxidative
stress in several cell types in vitro (45,
46). Thus, it is likely that the absence of
HO-1 in cardiomyocytes leads to an
accumulation of reactive oxygen species
that causes cardiomyocyte death. This
conclusion is supported by our finding
of extensive lipid peroxidation in the
zone of right ventricular infarction
(Figure 4h) and by the findings of Poss
and Tonegawa (47), who showed that
HO-1–/– embryonic fibroblasts are more
sensitive to cytotoxicity caused by
hydrogen peroxide. Although myocar-
dial infarction has been shown to
increase oxidative stress (48, 49), we
have found a two- to threefold increase
in the nitration of protein tyrosine
residues, which indicates the presence
of the potent oxidant peroxynitrite, in
noninfarcted HO-1–/– hearts exposed to
seven weeks of hypoxia (data not
shown). Thus, an increase in oxidative
stress may precede gross myocardial
infarction.

In summary, our results show that
HO-1 is essential for cardiomyocytes to
adapt to stresses such as hypoxia and
subsequent pulmonary hypertension.
The protective effect of HO-1 may be
related to its antioxidant activity. The
absence of coronary occlusion in 
HO-1–/– mice in combination with
myocardial infarction and severe ven-
tricular dilatation limited to the right
side of the heart suggests a maladaptive
response of cardiomyocytes to
increased pulmonary arterial pressure.
On the basis of these findings, we pos-
tulate that HO-1 may play a central role
in cardiac physiology by protecting car-
diomyocytes from pressure-induced
injury and secondary oxidative damage.
Our findings may lead to novel
approaches for preventing cardiomy-
ocyte damage due to hemodynamic
stress or ischemia/reperfusion.
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