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Abstract

Heme oxygenase-1 (HO-1), an inducible stress protein, confers cytoprotection against oxidative
stress in vitro and in vivo. In addition to its physiological role in heme degradation, HO-I may
influence a number of cellular processes, including growth, inflammation, and apoptosis. By virtue
of anti-inflammatory effects, HO-I limits tissue damage in response to proinflammatory stimuli and
prevents allograft rejection after transplantation. The transcriptional upregulation of HO-I
responds to many agents, such as hypoxia, bacterial lipopolysaccharide, and reactive oxygen/
nitrogen species. HO-I and its constitutively expressed isozyme, heme oxygenase-2, catalyze the
rate-limiting step in the conversion of heme to its metabolites, bilirubin IXa., ferrous iron, and
carbon monoxide (CO). The mechanisms by which HO-1 provides protection most likely involve
its enzymatic reaction products. Remarkably, administration of CO at low concentrations can
substitute for HO-| with respect to anti-inflammatory and anti-apoptotic effects, suggesting a role
for CO as a key mediator of HO-I function. Chronic, low-level, exogenous exposure to CO from
cigarette smoking contributes to the importance of CO in pulmonary medicine. The implications
of the HO-1/CO system in pulmonary diseases will be discussed in this review, with an emphasis
on inflammatory states.

Introduction

The heme oxygenase-1/carbon monoxide (HO-1/CO)
system has recently seen an explosion of research interest
due to its newly discovered physiological effects. This met-
abolic pathway, first characterized by Tenhunen et al.
[1,2], has only recently revealed its surprising cytoprotec-
tive properties [3,4]. Research in HO-1/CO now embraces
the entire field of medicine where reactive oxygen/nitro-
gen species, inflammation, growth control, and apoptosis
represent important pathophysiological mechanisms [3-
6]. Indeed, the number of publications in recent years
concerning HO-1 has increased exponentially, while the

list of diseases and physiological responses associated
with changes in HO-1 continues to expand [5].

Until now, relatively few studies have addressed the role
of HO-1/CO in pulmonary medicine. Several investiga-
tors have focused on the diagnostic application of the
HO-1/CO system, by measuring exhaled CO (E-CO) in
various pathological pulmonary conditions, such as
asthma or chronic obstructive pulmonary disease
(COPD) [7]. In another experimental approach, investiga-
tors have examined the expression of HO-1 in lung tissue
from healthy or diseased subjects [8,9]. This review will
highlight the actions of HO-1/CO in the context of
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Role of heme oxygenase and carbon monoxide in lung diseases. Heme oxygenase (HO) generates biliverdin IXa, fer-
rous iron, and carbon monoxide (CO) from the oxidation of heme. Exhaled CO reflects active heme metabolism. Inflamma-
tion, oxidative stress, and apoptosis represent an axis of disease, against which both endogenous HO activity and exogenous
CO exert protective effects. CO may inhibit both inflammation and apoptosis. The toxicological properties of CO imply
increased pro-oxidant activity; however, the pro-oxidant/and antioxidant consequences of CO in the physiological range
remain unclear. The bile pigments biliverdin IXa and bilirubin IXa have demonstrated antioxidant properties, though their pro-
spective roles in modulation of inflammation and apoptosis are currently under investigation. Iron (Fe) released from HO activ-
ity returns to a transient chelatable pool, where it may potentially promote oxidative stress and apoptosis. Induction of ferritin
synthesis and sequestration of the released iron into ferritin may represent one possible detoxification pathway that limits the
potential of iron in pro-apoptotic and pro-oxidative processes.

pulmonary diseases (Fig. 1), emphasizing potential pro-
tective effects against inflammation, allergic reactions,
oxidative stress, endotoxin shock, apoptosis, and tumor/
cell growth [10-17].

Review

Heme oxygenase-|

Heme oxygenase (HO, EC 1.14.99.3) catalyzes the first
and rate-limiting step in heme degradation. In the HO
reaction, the oxidation of heme generates equimolar fer-
rous iron, biliverdin IXa, and CO. NAD(P)H:biliverdin
reductase subsequently converts bilverdin IXo into
bilirubin IXa [1]. The bile pigments generated during
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heme degradation have antioxidant properties [18,19].
The liberated heme iron undergoes detoxification either
by extracellular efflux or by sequestration into ferritin, an
intracellular iron-storage molecule with potential cyto-
protective function [20-23]. Of the three known isoforms
of HO (HO-1, HO-2, and HO-3), only HO-1 responds to
xenobiotic induction [24-27]. Constitutively expressed in
many tissues, HO-2 occurs at high levels in nervous and
vascular tissues, and may respond to regulation by gluco-
corticoids [25,28,29]. HO-1 and HO-2 differ in genetic
origin, in primary structure, in molecular weight, and in
their substrate and kinetic parameters [25,26]. HO-3 dis-
plays a high sequence homology with HO-2 but has little
enzymatic activity [27]. This review will focus on the
inducible, HO-1, form.

In addition to the physiological substrate heme, HO-1
responds to induction by a wide variety of stimuli associ-
ated with oxidative stress. Such inducing agents include
hypoxia, hyperoxia, cytokines, nitric oxide (NO), heavy
metals, ultraviolet-A (320-380 nm) radiation, heat shock,
shear stress, hydrogen peroxide, and thiol (-SH)-reactive
substances [3]. The multiplicity of toxic inducers suggest
that HO-1 may function as a critical cytoprotective mole-
cule [3,4]. Many studies have suggested that HO-1 acts as
an inducible defense against oxidative stress, in models of
inflammation, ischemia-reperfusion, hypoxia, and hyper-
oxia-mediated injury (reviewed in [3]). The mechanisms
by which HO-1 can mediate cytoprotection are still poorly
understood. All three products of the HO reaction poten-
tially participate in cellular defense, of which the gaseous
molecule CO has recently received the most attention
[30,31]. The administration of CO at low concentrations
can compensate for the protective effects of HO-1 in the
presence of competitive inhibitors of HO-1 activity [32-
34]. While HO-1 gene transfer confers protection against
oxidative stress in a number of systems, clearly not all
studies support a beneficial role for HO-1 expression.
Cell-culture studies have suggested that the protective
effects of HO-1 overexpression fall within a critical range,
such that the excess production of HO-1 or HO-2 may be
counterprotective due to a transient excess of reactive iron
generated during active heme metabolism [35,36]. Thus,
an important caveat of comparative studies on the thera-
peutic effects of CO administration versus HO-1 gene
delivery arises from the fact that the latter approach, in
addition to producing CO, may have profound effects on
intracellular iron metabolism.

HO-1 expression is primarily regulated at the transcrip-
tional level. Genetic analyses have revealed two enhancer
sequences (E1, E2) in the murine HO-1 gene located at -4
kb (E1) and -10 kbp (E2) of the transcriptional start site
[37,38]. These enhancers mediate the induction of HO-1
by many agents, including heavy metals, phorbol esters,
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endotoxin, oxidants, and heme. E1 and E2 contain
repeated stress-responsive elements, which consist of
overlapping binding sites for transcription factors includ-
ing activator protein-1 (AP-1), v-Maf oncoprotein, and the
cap'n'collar/basic-leucine zipper family of proteins (CNC-
bZIP), of which Nrf2 (NF-E2-related factor) may play a
critical role in HO-1 transcription [39]. The promoter
region of HO-1 also contains potential binding sites for
nuclear factor kB (NF-xB), though the functional signifi-
cance of these are not clear [40]. Both NF-xB and AP-1
have been identified as regulatory elements responsive to
oxidative cellular stress [40,41]. In response to hyperoxic
stress, AP-1 factors mediated the induction of HO-1 in
cooperation with signal-transducer and activator of tran-
scription (STAT) proteins [41]. Furthermore, a distinct
hypoxia-response element (HRE), which mediates the
HO-1 response to hypoxia, represents a binding site for
the hypoxia-inducible factor-1 (HIF-1) [42].

Carbon monoxide

The toxic properties of CO are well known in the field of
pulmonary medicine. This invisible, odorless gas still
claims many victims each year by accidental exposure. CO
evolves from the combustion of organic materials and is
present in smoke and automobile exhaust. The toxic
actions of CO relate to its high affinity for hemoglobin
(240-fold greater than that of O,). CO replaces O, rapidly
from hemoglobin, causing tissue hypoxia [43-45]. At
high concentrations, other mechanisms of CO-induced
toxicity may include apoptosis, lipid peroxidation, and
inhibition of drug metabolism and respiratory enzyme
functions [44].

Only recently has it become known that, at very low con-
centrations, CO participates in many physiological reac-
tions. Where a CO exposure of 10,000 parts per million
(ppm) (1% by volume CO in air) is toxic, 100-250 ppm
(one hundredth to one fortieth as much) will stimulate
the physiological effects without apparent toxicity [4]. The
majority of endogenous CO production originates from
active heme metabolism (>86%), though a portion may
be produced in lipid peroxidation and drug metabolism
reactions [46]. Cigarette smoking, still practiced by many
lung patients, represents a major source of chronic low-
level exposure to CO. Inhaled CO initially targets alveolar
macrophages and respiratory epithelial cells.

The exact mechanisms by which CO acts at the molecular
level remain incompletely understood. CO potentially
exerts its physiological effects by influencing at least three
known pathways (Fig. 2). By complexation with the heme
moiety of the enzyme, CO activates soluble guanylate
cyclase (sGC), stimulating the production of cyclic 3":5'-
guanosine monophosphate (cGMP) [47]. The sGC/cGMP
pathway mediates the effects of CO on vascular
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Possible mechanism(s) of carbon monoxide action. Endogenous carbon monoxide (CO) arises principally as a product
of heme metabolism, from the action of heme oxygenase enzymes, although a portion may arise from environmental sources
such as pharmacological administration or accidental exposure, or other endogenous processes such as drug and lipid metabo-
lism. The vasoregulatory properties of CO, including its effects on cellular proliferation, platelet aggregation, and vasodilation,
have been largely ascribed to the stimulation of guanylate cyclase by direct heme binding, leading to the generation of cyclic
GMP. The anti-inflammatory properties of CO are associated with the downregulation of proinflammatory cytokine produc-
tion, dependent on the selective modulation of mitogen-activated protein kinase (MAPK), such as the 38 kilodalton protein
(p38MAPK). In addition to these two mechanisms, CO may potentially interact with any hemoprotein target, though the func-
tional consequences of these interactions with respect to cellular signaling remain poorly understood.

relaxation, smooth muscle cell relaxation, bronchodila-
tion, neurotransmission, and the inhibition of platelet
aggregation, coagulation, and smooth muscle prolifera-
tion [48-51]. Furthermore, CO may cause vascular relax-
ation by directly activating calcium-dependent potassium

channels [52-54]. CO potentially influences other intrac-
ellular signal transduction pathways. The mitogen-acti-
vated protein kinase (MAPK) pathways, which transduce
oxidative stress and inflammatory signaling (i.e. response
to lipopolysaccharide), may represent an important target
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of CO action [32,34,55,56]. An anti-apoptotic effect of
CO and its relation to MAPK has recently been described.
The overexpression of HO-1 or the exogenous administra-
tion of CO prevented tumor necrosis factor a. (TNF-a)-
induced apoptosis in murine fibroblasts [57]. In endothe-
lial cells, the anti-apoptotic effect of CO depended on the
modulation of the p38 (38 kilodalton protein) MAPK
pathway [34]. The role of the remaining heme metabo-
lites, (i.e. Fe and biliverdin IXa) in the modulation of
apoptosis is currently being investigated and is beyond
the scope of this review. Recent studies have reported a
potent anti-inflammatory effect of CO, involving the inhi-
bition of proinflammatory cytokine production after
endotoxin stimulation, dependent on the modulation of
p38 MAPK [32]. The clinical relevance of p38 MAPK lies
in the possibility of modulating this pathway in various
clinical conditions to downregulate the inflammatory
response [58].

Involvement of HO-1 and CO in lung disease

Oxidative stress arising from an imbalance between oxi-
dants and antioxidants plays a central role in the patho-
genesis of airway disease [59]. In lung tissue, HO-1
expression may occur in respiratory epithelial cells,
fibroblasts, endothelial cells, and to a large extent in alve-
olar macrophages [41,60,61]. HO-1 induction in these tis-
sues, in vitro and in vivo, responds to common causes of
oxidative stress to the airways, including hyperoxia,
hypoxia, endotoxemia, heavy metal exposure, bleomycin,
diesel exhaust particles, and allergen exposure [4,41,61].
Induction of HO-1 or administration of CO can protect
cells from these stressful stimuli [10,41]. In one of the
experiments that best illustrate the protective role of CO
in vivo, rats were exposed to hyperoxia (>98% O,) in the
absence or presence of CO at low concentration (250
ppm). The CO-treated rats showed increased survival and
a diminished inflammatory response to the hyperoxia
[11]. As demonstrated in a model of endotoxin-induced
inflammation, the protection afforded by CO most likely
resulted from the downregulated synthesis of proinflam-
matory cytokines (i.e. TNF-o, IL-1B) and the upregulation
of the anti-inflammatory cytokine interleukin-10 (IL-10)
[32]. Furthermore, increases in exhaled CO (E-CO) have
been reported in a number of pathological pulmonary
conditions, such as unstable asthma, COPD, and infec-
tious lung disease; these increases may reflect increased
endogenous HO-1 activity [7]. Elevated carboxyhemo-
globin (Hb-CO) levels have also been reported in these
same diseases in nonsmoking subjects, where both the E-
CO and Hb-CO levels decrease to normal levels in
response to therapy [62].

E-CO in humans originates primarily from both systemic
heme metabolism, which produces CO in various tissues,
and localized (lung) heme metabolism, as a result of the
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combined action of inducible HO-1 and constitutive HO-
2 enzymatic activity. Endogenously produced or inspired
CO is eliminated exclusively by respiration [63]. Elevation
of E-CO may also reflect an increase in exogenous sources
such as smoking or air pollution. In addition to changes
in environmental factors, elevations of E-CO in lung dis-
eases may reflect an increase in blood Hb-CO levels in
response to systemic inflammation, as well as an increase
in pulmonary HO-1 expression in response to local
inflammation [9,62,64].

The diagnostic value of measuring E-CO remains contro-
versial due to many conflicting reports (i.e. some reports
indicate differences in E-CO measurements between dis-
ease activity and controls, and some reports do not). The
possible explanations for these discrepancies include large
differences in patient populations and in the methods
used for measuring E-CO, and undefined corrections for
background levels of CO. Furthermore, remarkable differ-
ences arise between studies in the magnitude of the E-CO
levels in the control groups as well as in treated or
untreated asthma patients. When active or passive smok-
ing occurs, or in the presence of high background levels of
CO, the measurement of E-CO is not particularly useful
for monitoring airway inflammation. In patients who
smoke, E-CO can be used only to confirm the smoking
habit [65,66]. Comparable to the beginning era of meas-
urements of exhaled NO, a standardization in techniques
and agreement on background correction should be
reached for E-CO measurements, to allow proper conclu-
sions to be drawn in this area of investigation.

Asthma and allergy

Asthma, a form of allergic lung disease, features an accu-
mulation of inflammatory cells and mucus in the airways,
associated with bronchoconstriction and a generalized
airflow limitation. Inflammation, a key component of
asthma, involves multiple cells and mediators where an
imbalance in oxidants/antioxidants contributes to cell
damage. Several pathways associated with oxidative stress
may participate in asthma. For example, the redox-sensi-
tive transcription factors NF-xB and AP-1 control the
expression of proinflammatory mediators [59,67-69].

In light of the potential protective effects of HO-1/CO on
inflammatory processes, the study of HO-1 in asthma has
gained popularity. In a mouse model of asthma, HO-1
expression increased in lung tissue in response to ovalbu-
min aerosol challenge, indicating a role for HO-1 in
asthma [70]. In a similar model of aeroallergen-induced
asthma in ovalbumin-sensitized mice, exposure to a CO
atmosphere resulted in a marked attenuation of eosi-
nophil content in bronchoalveolar lavage fluid (BALF)
and downregulation of the proinflammatory cytokine IL-
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5 [10]. This experiment showed that exogenous CO can
inhibit asthmatic responses to allergens in mice.

Recent human studies have revealed higher HO-1 expres-
sion in the alveolar macrophages and higher E-CO in
untreated asthmatic patients than in healthy nonsmoking
controls [71,72]. Patients with exacerbations of asthma
and patients who were withdrawn from inhaled steroids
showed higher E-CO levels than steroid-treated asthmat-
ics or healthy controls [73]. Higher levels of E-CO may
also occur in children with persistent asthma than in
healthy controls [74]. E-CO levels may correlate with
functional parameters such as peak expiratory flow rate. A
low rate in asthma exacerbations correlated with high E-
CO, whereas normalization of the rate with oral glucocor-
ticoid treatment resulted in a reduction of E-CO [75]. Fur-
thermore, increased E-CO was associated with greater
expression of HO-1 in airway alveolar macrophages
obtained by induced sputum in untreated asthmatic
patients than in controls. These asthma patients also
showed higher bilirubin levels in the induced sputum,
indicating higher HO activity [71]. Furthermore, patients
with asthma show an increased Hb-CO level at the time of
exacerbation, with values decreasing to control levels after
oral glucocorticoid treatment [62]. In human asthmatics,
E-CO and airway eosinophil counts decreased in response
to a one-month treatment with inhaled corticosteroids
[73]. In direct contrast to such studies promoting E-CO as
a useful noninvasive tool for monitoring airway inflam-
mation, other studies reported no difference in E-CO lev-
els of asthma patients versus healthy controls, or between
patients with stable and unstable asthma. In one such
report, no further change in E-CO occurred in asthma
patients after a one-month treatment of inhaled corticos-
teroids, despite observed decreases in airway eosinophil
content and bronchial responsiveness to metacholine
[76]. A recent study accentuates this finding in asthma
excerbations, where no decrease in E-CO of children with
asthma could be detected after oral prednisolone treat-
ment [77]. In human allergic responses, results on eleva-
tion of E-CO are also inconclusive. A clear elevation of E-
CO after allergen exposure occurred in patients with
asthma during the late response, and during the early
response immediately after the inhalation [78]. However,
another report showed that no elevation of E-CO occurred
in allergen-induced asthma within 48 hours after allergen
challenge [79]. Finally, increases in E-CO were measured
in allergic rhinitis, correlating with seasonal changes in
exposure to allergen (pollen) [80].

Chronic obstructive pulmonary disease

Airway inflammation plays an important role in the
development of COPD, characterized by the presence of
macrophages, neutrophils, and inflammatory mediators
such as proteinases, oxidants, and cytokines. Further-
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more, the inflammatory consequences of chronic micro-
biological infections may contribute to the progression of
the disease. The current paradigm for the pathogenesis of
COPD involves imbalances in protease/antiprotease
activities and antioxidant/pro-oxidant status. Proteases
with tissue-degrading capacity, (i.e. elastases and matrix
metalloproteinases), when insufficiently inhibited by
antiproteases, can induce tissue damage leading to
emphysema. Oxidants that supersede cellular antioxidant
defenses can furthermore inactivate antiproteases, cause
direct injury to lung tissue, and interfere with the repair of
the extracellular matrix. Smoking plays an important role
in both hypotheses. Cigarette smoke will act primarily on
alveolar macrophages and epithelial cells, which react to
this oxidative stress by producing proinflammatory
cytokines and chemokines and releasing growth factors.
Nevertheless, smoking cannot be the only factor in the
development of COPD, since only 15-20% of smokers
develop the disease [81,82].

Exposure to reactive oxygen species (from cigarette smoke
or chronic infections) and an imbalance in oxidant/anti-
oxidant status are the main risk factors for the develop-
ment of COPD. To defend against oxidative stress, cells
and tissues contain endogenous antioxidant defense sys-
tems, which include millimolar concentrations of the
tripeptide glutathione (GSH). A close relation exists
between GSH concentration and HO-1, whereby deple-
tion of GSH augments the transcriptional regulation of
HO-1 by oxidants, suggesting that the HO-1/CO system
acts as a secondary defense against oxidative stress [83-
86]. Accumulating clinical evidence suggests that HO-1/
CO may also play an important part in COPD. Alveolar
macrophages, which produce a strong HO-1 response to
stimuli, may represent the main source of CO production
in the airways [60,64]. Patients with COPD have dis-
played higher E-CO than healthy nonsmoking controls
[87]. Furthermore, much higher levels of HO-1 have been
observed in the airways of smokers than in nonsmokers
[64]. Among subjects who formerly smoked, patients with
COPD have lower HO-1 expression in alveolar macro-
phages than healthy subjects [88]. A microsatellite poly-
morphism that is linked with the development of COPD
may occur in the promoter region of HO-1, resulting in a
lower production of HO-1 in people who have the poly-
morphism. Thus, a genetically dependent downregulation
of HO-1 expression may arise in subpopulations, possibly
linked to increased susceptibility to oxidative stress [89-
91]. Future studies on both genetic predisposition and
possible therapeutic modalities will reveal the involve-
ment of the HO-1/CO system in COPD.

Cystic fibrosis
Cystic fibrosis (CF) involves a deposition of hyperviscous
mucus in the airways associated with pulmonary dysfunc-
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tion and pancreatic insufficiency, which may be accompa-
nied by chronic microbiological infections. E-CO
readings were higher in untreated versus oral-steroid-
treated CF patients [92]. Furthermore, E-CO increased in
patients during exacerbations of CF, correlating to deteri-
oration of the forced expiratory volume in one second
(FEV,), with normalization of the E-CO levels after treat-
ment [93]. E-CO levels may correlate with exhaled ethane,
a product of lipid peroxidation that serves as an indirect
marker of oxidative stress. Both E-CO and exhaled ethane
were higher in steroid-treated and untreated CF patients
than in healthy controls [94]. E-CO was higher in children
with CF than in control patients. In addition to the
inflammatory and oxidative stress responses to continu-
ous infectious pressure in these patients, E-CO may possi-
bly respond to hypoxia. E-CO increased further in CF
children following an exercise test, and correlated with the
degree of oxyhemoglobin desaturation, a finding sugges-
tive of an increased HO-1 expression in CF patients during
hypoxic states induced by exercise [95].

Infectious lung disease

In patients with pneumonia, higher Hb-CO levels can be
measured at the onset of illness, with values decreasing to
control levels after antibiotic treatment [62]. E-CO levels
were reported to be higher in lower-respiratory-tract infec-
tions and bronchiectasis, with normalization after antibi-
otic treatment [96,97]. Furthermore, E-CO levels in
upper-respiratory-tract infections were higher than in
healthy controls [74,80]. The relationship between higher
measured E-CO in these infectious states and higher Hb-
CO levels cannot be concluded from these studies.

Interstitial lung disease

The role of HO-1 in the development of interstitial lung
disease remains undetermined. Comparative immunohis-
tochemical analysis has revealed that lung tissue of con-
trol subjects, patients with sarcoidosis, usual interstitial
pneumonia, and desquamative interstitial pneumonia, all
showed a high expression of HO-1 in the alveolar macro-
phages but a weak expression in the fibrotic areas [98].
The antiproliferative properties of HO-1 suggest a possible
beneficial role in limiting fibrosis; however, this hypothe-
sis is complicated by a newly discovered relation between
IL-10 and HO-1. IL-10 produced by bronchial epithelial
cells promotes the growth and proliferation of lung
fibroblasts [99]. HO-1 expression and CO treatment have
been shown to increase the production of IL-10 in macro-
phages following proinflammatory stimuli [32].
Conversely, IL-10 induces HO-1 production, which is
apparently required for the anti-inflammatory action of
IL-10 [100].

A recent report clearly shows the suppression of bleomy-
cin-induced pulmonary fibrosis by adenovirus-mediated
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HO-1 gene transfer and overexpression in C57BL/6 mice,
involving the inhibition of apoptotic cell death [101].
Overall, more research is needed to elucidate the mecha-
nisms of HO-1 in interstitial lung disease and its possible
therapeutic implications.

Lung cancer

HO-1 action may be of great importance in solid tumors,
an environment that fosters hypoxia, oxidative stress, and
neovascularization. HO-1 may have both pro- and antag-
onistic effects on tumor growth and survival. HO-1 and
CO cause growth arrest in cell-culture systems and thus
may represent a potential therapeutic modality in modu-
lating tumor growth [16]. The overexpression of HO-1 or
administration of CO in mesothelioma and adenocarci-
noma mouse models resulted in improved survival
(>90%) as well as reduction in tumor size (>50%) [17].
Furthermore, HO-1 expression in oral squamous cell car-
cinomas can be useful in identifying patients at low risk of
lymph node metastasis. High expression of HO-1 was
detected in groups without lymph node metastasis in this
report [102]. In contrast to growth arrest, HO-1 may pro-
tect solid tumors from oxidative stress and hypoxia, possi-
bly by promoting neovascularization. In one study, zinc
protoporphyrin, a competitive inhibitor of HO-1 enzyme
activity, suppressed tumor growth [103].

Pulmonary vascular disease

CO may represent a critical mediator of the body's adap-
tive response to hypoxia, a common feature in pulmonary
vascular disease [104]. Since CO can modulate vascular
tone by inducing cGMP and large, calcium-dependent
potassium channels, HO-1 and CO probably play impor-
tant roles in pulmonary vascular diseases [54]. A NO-
mediated HO-1 induction occurred in the hepatopulmo-
nary syndrome during cirrhosis, associated with enhance-
ment of vascular relaxation [105]. In portopulmonary
hypertension, elevated levels of cGMP and inducible
nitric oxide synthase (iNOS) expression in the vascular
endothelium, and HO-1 expression in macrophages and
bronchial epithelium have been described [106]. In trans-
genic mice models, ho-1-/-and ho-1+/+ mice did not differ in
their development of pulmonary hypertension following
chronic hypoxia treatment, despite the development of
right ventricular dilation and right myocardial infarction
in ho-1-/- mice [107]. The preinduction of HO-1 protein
with chemical inducers, however, prevented the develop-
ment of pulmonary hypertension in the rat lung as a con-
sequence of chronic hypoxia treatment [108]. Transgenic
mice overexpressing HO-1 in the lung were resistant to
hypoxia-induced inflammation and hypertension [109].
Further research is needed to elucidate the potential role
of HO-1 and CO in primary human lung vascular diseases
such as primary pulmonary hypertension.
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Hyperoxic lung injury and acute respiratory distress
syndrome

Supplemental oxygen therapy is often used clinically in
the treatment of respiratory failure. Exposure to high oxy-
gen tension (hyperoxia) may cause acute and chronic lung
injury, by inducing an extensive inflammatory response in
the lung that degrades the alveolar-capillary barrier, lead-
ing to impaired gas exchange and pulmonary edema
[110,111]. Hyperoxia-induced lung injury causes symp-
toms in rodents that resemble human acute respiratory
distress syndrome [112].

Hyperoxia induced HO-1 expression in adult rats but
apparently not in neonatal rats, in which the expression
and activities of HO-1 and HO-2 are developmentally
upregulated during the prenatal and early postnatal
period [113].

Both HO-1 and HO-2 potentially influence pulmonary
adaptation to high O, levels. In one example, the adeno-
viral-mediated gene transfer of HO-1 into rat lungs pro-
tected against the development of lung apoptosis and
inflammation during hyperoxia [114]. In vitro studies
showed that the overexpression of HO-1 in lung epithelial
cells or rat fetal lung cells caused growth arrest and con-
ferred resistance against hyperoxia-induced cell death
[15,16]. An oxygen-tolerant variant of hamster fibroblasts
that moderately overexpressed HO-1 in comparison with
the parent line resisted oxygen toxicity in vitro. The treat-
ment of this oxygen-tolerant strain with HO-1 antisense
oligonucleotides reduced the resistance to hyperoxia. In
contrast, additional, vector-mediated, HO-1 expression
did not further increase oxygen tolerance in this model
[115].

In vivo studies with gene-deleted mouse strains have pro-
vided much information on the roles of HO-1 and HO-2
in oxygen tolerance. Dennery et al. demonstrated that
heme oxygenase-2 knockout mice (ho-2-/-) were more sen-
sitive to the lethal effects of hyperoxia than wild-type mice
[116]. In addition to the absence of HO-2 expression,
however, the mice displayed a compensatory increase in
HO-1 protein expression, and higher total lung HO activ-
ity. Thus, in this model, the combination of HO-2 dele-
tion and HO-1 overexpression resulted in a hyperoxia-
sensitive phenotype. Recent studies of Dennery et al. have
shown that HO-1- deleted (ho-1-/-) mice were more resist-
ant to the lethal effects of hyperoxia than the correspond-
ing wild type [117]. The hyperoxia resistance observed in
the ho-1-/- strain could be reversed by the reintroduction of
HO-1 by adenoviral-mediated gene transfer [117]. In con-
trast, mouse embryo fibroblasts derived from ho-1-/- mice
showed increased sensitivity to the toxic effects of hemin
and H,0, and generated more intracellular reactive oxy-
gen species in response to these agents [118]. Both ho-1-/-
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and ho-2-/- strains were anemic, yet displayed abnormal
accumulations of tissue iron. Specifically, ho-1-/- accumu-
lated nonheme iron in the kidney and liver and had
decreased total iron content in the lung, while ho-2-/- mice
accumulated total lung iron in the absence of a compen-
satory increase in ferritin levels [116,119]. The mecha-
nism(s) by which HO-1 or HO-2 deletions result in
accumulation of tissue iron remain unclear. These studies,
taken together, have indicated that animals deficient in
either HO-1 and HO-2 display altered sensitivity to oxida-
tive stress conditions. Aberrations in the distribution of
intra- and extra-cellular iron, may underlie in part, the dif-
ferential sensitivity observed [116,117].

Otterbein et al. have shown that exogenous CO, through
anti-inflammatory action, may protect the lung in a rat
model of hyperoxia-induced lung injury. The presence of
CO (250 ppm) prolonged the survival of rats in a hyper-
oxic (>95% O,) environment, and inhibited the appear-
ance of markers of hyperoxia-induced lung injury (i.e.
hemorrhage, fibrin deposition, edema, airway protein
accumulation, and BALF neutrophil influx) [11]. Further-
more, in a mouse model, CO inhibited the expression of
proinflammatory cytokines (TNF-a, IL-1B, and IL-6) in
mice induced by the hyperoxia treatment. Using gene-
deleted mice, Otterbein and colleagues also observed that
the protection afforded by CO in this model, similar to a
lipopolysaccharide-induced model of lung injury,
depended on the p38 MAPK pathway (Otterbein et al.,
unpublished observation, as reviewed in [3]).

In direct contrast to these studies, the group of Piantadosi
and colleagues reported no significant difference in the
hyperoxia tolerance of rats at CO doses between 50 and
500 ppm [120]. In their model, CO did not alter the accu-
mulation of fluid in the airway. Furthermore, CO, when
applied in combination with hyperoxia, increased the
activity of myeloperoxidase, a marker of airway neu-
trophil influx. This study also suggested that inhalation of
CO (50-500 ppm) did not alter the expression of HO-1 or
other antioxidant enzymes such as Manganese superoxide
dismutase (MnSOD) in vivo[120]. Furthermore, Pianta-
dosi and colleagues were able to induce oxygen tolerance
in rats and HO-1 expression with hemoglobin treatment,
but this tolerance also occurred in the presence of HO
inhibitors, thereby not supporting a role for HO activity in
oxygen tolerance [121]. Although no consensus has been
reached as to the protective role of CO inhalation and/or
HO-1 induction in hyperoxic lung injury, human studies
will be required to show if CO will supersede NO in pro-
viding a significant therapeutic benefit in the context of
severe lung diseases [122]. While antioxidant therapies
have been examined, until now no human studies exist on
the role of HO-1 and CO in acute respiratory distress syn-
drome (ARDS) and bronchopulmonary dysplasia [123].
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Lung transplantation

Lung transplantation is the ultimate and often last thera-
peutic option for several end-stage lung diseases. After
lung transplantation, there remains an ongoing hazard-
ous situation in which both acute and chronic graft fail-
ure, as well as complications of the toxic
immunosuppressive regimen used (i.e. severe bacterial,
fungal, and viral infections; renal failure; and Epstein-
Barr-virus-related lymphomas), determine the outcome
[124]. The development of chronic graft failure, oblitera-
tive bronchiolitis (OB), determines the overall outcome
after lung transplantation. OB, which may develop during
the first months after transplantation, is the main cause of
morbidity and death following the first half-year after
transplantation, despite therapeutic intervention. Once
OB has developed, retransplantation remains the only
therapeutic option available [124,125]. Little is known
about the pathophysiological background of OB. The pos-
sible determinants of developing OB include ongoing
immunological allograft response, HLADR mismatch,
cytomegalovirus infection, acute rejection episodes,
organ-ischemia time, and recipient age [125]. OB patients
displayed elevated neutrophil counts in the BALF, and evi-
dence of increased oxidant activity, such as increased
methionine oxidation in BALF protein and decreases in
the ratio of GSH to oxidized glutathione (GSSG) in epi-
thelial lining fluid. [126,127].

So far, only very limited research data are available on the
possible role for HO-1 in allograft rejection after lung
transplantation. Higher HO-1 expression has been
detected in alveolar macrophages from lung tissue in lung
transplant recipients with either acute or chronic graft fail-
ure than in stable recipients [128]. The protective role of
HO-1 against allograft rejection has been shown in other
transplantation models, in which solid organ transplanta-
tion typically benefits from HO-1 modulation. A higher
expression of protective genes such as HO-1 has been
observed in episodes of acute renal allograft rejection
[129]. Furthermore, the induction of HO-1 alleviates
graft-versus-host disease [130]. Adenoviral-HO-1 gene
therapy resulted in remarkable protection against rejec-
tion in rat liver transplants [131]. The upregulation of
HO-1 protected pancreatic islet cells from Fas-mediated
apoptosis in a dose-dependent fashion, supporting an
anti-apoptotic function of HO-1 [132,133]. HO-1 may
confer protection in the early phase after transplantation
by inducing Th2-dependent cytokines such as IL-4 and IL-
10, while suppressing interferon-y and IL-2 production, as
demonstrated in a rat liver allograft model [134].

Beneficial effects of HO-1 modulation have also been
described in xenotransplantation models, in which HO-1
gene expression appears functionally associated with
xenograft survival [135]. In a mouse-to-rat heart trans-
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plant model, the effects of HO-1 upregulation could be
mimicked by CO administration, suggesting that HO-
derived CO suppressed the graft rejection [136]. The
authors proposed that CO suppressed graft rejection by
inhibition of platelet aggregation, a process that facilitates
vascular thrombosis and myocardial infarction.

HO-1 may also contribute to ischemic preconditioning, a
process of acquired cellular protection against ischemia/
reperfusion injury, as observed in guinea pig transplanted
lungs [137]. HO-1 overexpression provided potent pro-
tection against cold ischemia/reperfusion injury in a rat
model through an anti-apoptotic pathway [138,139]. The
induction of HO-1 in rats undergoing liver transplanta-
tion with cobalt-protoporphyrin or adenoviral-HO-1
gene therapy resulted in protection against ischemia/
reperfusion injury and improved survival after transplan-
tation, possibly by suppression of Th1-cytokine produc-
tion and decreased apoptosis after reperfusion [140,141].
Until now, no reports have addressed E-CO measure-
ments in lung transplantation, where it is possible that
differences in E-CO will be found in patients with acute
and chronic allograft rejection.

Conclusion and future implications

The evolution of CO in exhaled breath may serve as a gen-
eral marker and diagnostic indicator of inflammatory dis-
ease states of the lung, though more research will be
required to verify its reliability. Increases in exhaled CO
presumably reflect changes in systemic and airway heme
metabolic activity from the action of HO enzymes. Evi-
dence from numerous in vitro and animal studies indi-
cates that HO-1 provides a protective function in many, if
not all, diseases that involve inflammation and oxidative
stress. Thus, the exploitation of HO-1 for therapeutic gain
could be achieved through the modulation of HO-1
enzyme activity or its up- and downstream regulatory fac-
tors, either by gene transfer, pharmacological inducers, or
direct application of CO by gas administration or chemi-
cal delivery [142-145]. The CO-releasing molecules (tran-
sition metal carbonyls) developed by Motterlini et al.
[144] show promise in the pharmacological delivery of
CO for therapeutic applications in vascular and immune
regulation. The CO-releasing molecules have been shown
to limit hypertension in vivo and promote vasorelaxation
in isolated heart and aortic rings [144].

Ultimately, the challenge remains in applying the thera-
peutic potentials of HO-1 to the treatment of human dis-
eases. In vivo models of transplantation have shown that
HO-1 gene therapy protects against allograft rejection
[129,134]. Given the toxic therapy that every transplant
patient receives, especially after lung transplantation, the
field of transplantation medicine may bring the first fron-
tier for human applications of HO-1 gene therapy or
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exogenous CO administration. The potential use of inha-
lation CO as a clinical therapeutic in inflammatory lung
diseases has also appeared on the horizon. In one prom-
ising study, an inhalation dose of 1500 ppm CO at the
rate of 20 times per day for a week produced no cardiovas-
cular side effects [146]. Cigarette smoking and CO inhala-
tion at identical intervals produced comparable Hb-CO
levels of approximately 5%. The question of whether or
not CO can be used as an inhalation therapy will soon be
replaced by questions of "how much, how long, and how
often?" The fear of administering CO must be weighed
against the severe toxicity of the immunosuppressive
agents in current use, and the often negative outcome of
solid organ transplantation.

Abbreviations
AP-1 = activator protein-1

BALF = bronchoalveolar lavage fluid

CF = cystic fibrosis

¢GMP = cydlic 3":5'-guanosine monophosphate
CO = carbon monoxide

COPD = chronic obstructive pulmonary disease
E-CO = exhaled carbon monoxide

GSH = glutathione, reduced form

Hb-CO = carboxyhemoglobin

HO-1 = heme oxygenase-1

IL = interleukin

kb = kilobase

MAPK = mitogen-activated protein kinase
NF-kB = nuclear factor kB

NO = nitric oxide

OB = obliterative bronchiolitis

p38 = 38 kilodalton protein

ppm = parts per million

sGC = soluble guanylate cyclase

TNF-a = tumor necrosis factor a
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