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ABSTRACT

The respiratory system, including the lung and upper airways, succumbs to injury and disease through acute
or chronic exposures to adverse environmental agents, in particular, those that promote increased oxidative
or inflammatory processes. Cigarette smoke and other forms of particulate or gaseous air pollution, allergens,
microorganisms infections, and changes in inspired oxygen may contribute to lung injury. Among the intrin-
sic defenses of the lung, the stress protein heme oxygenase-1 constitutes an inducible defense mechanism that
can protect the lung and its constituent cells against such insults. Heme oxygenases degrade heme to biliverdin-
IXa, carbon monoxide, and iron, each with candidate roles in cytoprotection. At low concentrations, carbon
monoxide can confer similar cyto- and tissue-protective effects as endogenous heme oxygenase-1 expression,
involving antioxidative, antiinflammatory, antiproliferative, and antiapoptotic effects. Lung protection by
heme oxygenase-1 or its enzymatic reaction products has been demonstrated in vitro and in vivo in a number
of pulmonary disease models, including acute lung injury, cigarette smoke-induced lung injury/chronic ob-
structive pulmonary disease, interstitial lung diseases, ischemia/reperfusion injury, and asthma/airway in-
flammation. This review summarizes recent findings on the functions of heme oxygenase-1 in the respiratory
system, with an emphasis on possible roles in disease progression and therapies. Anrioxid. Redox Signal. 9, 2157—
2173.

INTRODUCTION

THE LUNG, a complex organ of multiple cell types, func-
tions primarily in gas exchange. This organ consists of bi-
furcating airways of decreasing diameter, which culminate in
small sacs termed alveoli, and, together with the nasopharyn-
geal and tracheobronchial regions that form the pathway of in-
spired air, constitute the respiratory system. In the alveoli, oxy-
gen diffuses from inspired air to the blood, resulting in the
oxygenation of circulating hemoglobin, ultimately reaching the
tissues for mitochondrial respiration. Through the same portal,
the metabolic byproducts carbon dioxide (CO,) and, to a lesser
extent, carbon monoxide (CO), pass for elimination in the ex-

haled air. The principal cell types of the lung include epithelial
cells of the airway, bronchi, and alveoli; interstitial fibroblasts,
endothelial cells of the pulmonary vasculature; smooth muscle
cells of the airway and pulmonary vasculature; and alveolar
macrophages (62).

The lung and its individual cellular constituents represent an
immediate target for injury arising from exposure to adverse
environmental agents, through the inhalation of particulates,
dusts, smokes, noxious gases, and fungal, viral, or bacterial
pathogens (Fig. 1). Pulmonary damage may also arise from ex-
posure to aberrant changes in O, concentration or pressure, as
may occur during mechanical ventilation, high-altitude expo-
sure, or deep-sea diving, as well as changes in perfusion dur-
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TOXIC INSULTS TO THE RESPIRATORY SYSTEM

FIG. 1. Toxic insults to the respiratory
system. The respiratory system with its
three constituent parts (nasopharyngeal, tra-
cheobronchial, and pulmonary regions) can
sustain injury through the inhalation of toxic
gases, particles, and microorganisms, or by
fluxes in inspired oxygen. Additionally, the
pulmonary vasculature can sustain injury
through ischemia/reperfusion episodes.

ing disorders of the circulation such as ischemic episodes or
transfusions (62).

As can be generalized to the other vital tissues, the lung pos-
sesses a number of innate defenses against the initiation and
propagation of such injuries incurred by adverse environmen-
tal stimuli. In addition to systemic inflammatory and immune
responses of the lung to invading microorganisms, the cellular
components of the lung possess intrinsic defense mechanisms
that include antioxidant systems and inducible stress protein re-
sponses. The antioxidants consist of water and lipid-soluble
compounds (e.g., glutathione, ascorbate, vitamin E, uric acid,
and B-caroteine), which scavenge or detoxify reactive oxygen
species (ROS) that arise through ordinary metabolism or as a
consequence of toxicant exposure. Furthermore, lung tissue
contains enzymatic antioxidant activities (e.g., superoxide dis-
mutases, catalases, and peroxidases) that catalyze the conver-
sion of ROS to derivative forms (88). The inducible stress re-

sponses include several classes of proteins whose transcription
and synthesis are increased by discrete classes of environmen-
tal stress, and that serve an endogenous protective function
against damage elicited by agents that triggered their synthesis.
These include the heat-shock proteins (which confer tolerance
to hyperthermia), glucose-regulated proteins, and the low-
molecular-weight stress response protein, heme oxygenase-1
(HO-1) (95). Although HO-1 is now known to confer tissue
protection in multiple models of organ injury and disease, this
review focuses on its relevance as an innate defense of the res-
piratory system against oxidative or inflammatory lung injury
and disease. Particular disease processes that will be highlighted
include chronic obstructive pulmonary disease (COPD) and its
relation to cigarette smoking, idiopathic pulmonary fibrosis
(IPF), asthma, acute lung injury, and ischemia/reperfusion (I/R)
injury. Transplantation medicine and oncology are two impor-
tant areas in which stress protein responses may influence the
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outcome of lung pathogenesis, and these topics have been re-
viewed elsewhere (9, 109).

HEME OXYGENASE

Heme oxygenase (HO), a metabolic enzyme, provides the
rate-determining step in the breakdown of heme. HO converts
heme, in the presence of O, and an electron donor (NADPH/cy-
tochrome p450 reductase), to the open-chain tetrapyrrole
biliverdin-IX«, with the release of ferrous iron and carbon
monoxide (CO) (115). Biliverdin-IX« is rapidly converted to
bilirubin-IXa by NAD(P)H/biliverdin reductase. Elevated
HO-1 levels occur in most cell types in response to harmful
stimuli, and represent a general cellular response to oxidative
stress (42). In addition to the natural HO substrate heme and
many xenobiotics, inducing agents of particular relevance to
lung physiology include nitric oxide (NO) (129), cigarette
smoke, airborne particulate matter (49, 54, 105), bacterial en-
dotoxins, and proinflammatory cytokines (14), as well as
change in ambient O, tension above and below the normal phys-
iologic range (26, 52, 94, 97). Cell-type and species-specific
variations can occur in the inducible HO-1 response. For ex-
ample, although hypoxic conditions appear to induce HO-1 in
cultured animal endothelial cells, hypoxia appears to inhibit
HO-1 expression in human endothelial cells (48, 73). In addi-
tion to the inducible form, HO-1, the HO system consists of a
major constitutively expressed isozyme, heme oxygenase-2
(HO-2) (59).

The molecular regulation of HO-1 by diverse agents occurs
primarily at a transcriptional level. Two major upstream en-
hancers occurring at —4 and —10 kb relative to the transcrip-
tional start site have been identified through comprehensive
analysis of the murine ho-1 gene 5’ regulatory region (2, 3).
These enhancers consist of repeats of stress-response elements
(StRE), which bear homology to the antioxidant responsive el-
ement (ARE) consensus sequence, and mediate the transcrip-
tional response to many inducers of /o-1, such as lipopolysac-
charide (LPS), heme, and heavy metals (1-3). Among the many
transcription factors potentially involved with ho-1 regulation,
the NF-E2-related factor-2 (Nrf2) binds to StRE sequences as
stable heterodimers with small Maf proteins, and mediates the
induction response to heavy metals and polyphenolic com-
pounds (4-6, 39, 54). A redox-sensitive inhibitor molecule
(Keap-1), which anchors Nrf2 in the cytoplasm by direct bind-
ing and acts as an adaptor for ubiquitin ligases, promotes
the proteolytic degradation of Nrf2 (40). Cellular stimulation
with xenobiotics leads to the inhibition of Keap-1-dependent
ubiquitination of Nrf2, the dissociation of the Keap-1/Nrf2
complex, and the nuclear translocation of Nrf2 (40, 50). A
transcriptional repressor, Bach-1, antagonizes Nrf2-dependent
transactivation of ho-1 by heterodimerization and inactivation
of Maf proteins (111). Bach-1 DNA binding and repressor func-
tion are relieved by heme binding, which leads to the nuclear
exportation of Bach-1 (76). Certain stimuli, such as hypoxia,
may increase the expression of Bach-1 (48). Other transcrip-
tional regulators implicated in /0-/ regulation include hypoxia-
inducible factor (Hif-1), heat-shock factor-1 (HSF-1), activator
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protein-1 (AP-1), early growth-response factor-1 (Egr-1), ETS,
and nuclear factor kappa-B (NF-«B) (1, 4, 95).

GENERAL MECHANISMS OF
HO-INDUCED CYTOPROTECTION

The precise molecular mechanisms by which HO-1 confers
tissue protection remain unclear. Among the possibilities is the
accelerated removal of heme, to prevent exacerbation of ox-
idative stress by iron-dependent mechanisms. The end products
of the heme metabolic pathway, iron, CO, and biliverdin, have
all been implicated in cytoprotective mechanisms. This evi-
dence is largely based on pharmacologic application of CO and
biliverdin/bilirubin, with demonstrated protective effects in sev-
eral models of cytotoxicity or organ injury (93, 95). Biliverdin
and bilirubin can act as chain-breaking antioxidants in model
systems (110). Although iron is considered a catalyst of proox-
idant reactions, protective roles for HO-derived iron have been
discussed, related to secondary increases in ferritin levels after
HO-mediated iron release, as well as the direct coupling of
HO-1 to active iron-transport mechanisms (reviewed in 95).

The overall importance of HO-1 in systemic homeostasis is
emphasized by the only documented case of HO-1 deficiency
in humans, the subject of which displayed extensive endothe-
lial cell damage, anemia, and aberrant tissue iron deposition
(125). Furthermore, hepatic and renal iron deposition, anemia,
and increased susceptibility to oxidative stress were observed
in knockout mice bearing the ho-1~'~ genotype (86, 87).

CARBON MONOXIDE

The occurrence of CO within the respiratory system can orig-
inate from both exogenous (intake of contaminated air) and en-
dogenous (heme degradation, lipid and xenobiotic metabolism)
sources (Fig. 2) (96). In the absence of environmental exposure,
the majority of systemic CO arises from hemoglobin turnover,
which will circulate with existing hemoglobin, for eventual dif-
fusion through the lung and elimination in exhaled air (18). The
lethal properties of environmental CO have been described else-
where, and arise primarily from hypoxemia caused by hemoglo-
bin binding and competitive displacement of O,, leading to tissue
hypoxia and asphyxiation (31). Although NO presents a broader
spectrum of biologic reactivity because of its free radical charac-
ter, the reactivity of CO appears to be restricted to the liganding
of heme iron centers. Both NO and CO can act as ligands for sol-
uble guanylate cyclase, which stimulates the synthesis of guano-
sine 3',5" monophosphate (cGMP), although experimental evi-
dence indicates that NO activates this enzyme system in vitro and
corresponding vasodilatory action in vivo, with considerably more
potency (30). cGMP flux has been implicated in both the va-
soactive and neuromodulatory effects of both gases (reviewed in
24, 95). Exogenous or endogenous (HO-derived) CO can modify
cellular processes by acting on intracellular signaling pathways,
resulting in apparent antiinflammatory, antiapoptotic, and an-
tiproliferative effects (reviewed in 43, 95).
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Antiinflammatory effects of carbon monoxide

The antiinflammatory effects of CO were described in cultured
RAW264.7 murine macrophages (Fig. 3). Exogenous CO appli-
cation or HO-1 expression prevented the lipopolysaccharide
(LPS)-induced production of proinflammatory cytokines such as
tumor necrosis factor-a (TNF-«) interleukin-18 (IL-18) and
macrophage inflammatory protein-18 (MIP-1p) in cultured mac-
rophages, whereas it increased the production of the antiinflam-
matory cytokine interleukin-10 (IL-10) during LPS challenge.
The original characterization of these effects excluded cGMP sig-
naling and implicated differential activation of p38 mitogen-ac-
tivated protein kinase (p38 MAPK) in CO-treated cells (78).

Recent studies in this laboratory have identified a novel
mechanism by which CO may exert antiinflammatory effects
involving the downregulation of Toll-like receptor (TLR) traf-
ficking (Fig. 4) (71). The effects of CO on cytokine production
were investigated in RAW 264.7 cells induced with various
TLR ligands. CO inhibited TLR4 ligand (e.g., LPS) and TLR
(-2, -5, and -9) ligands induced TNF-« production, but did not
affect TLR3 ligand (e.g., poly[I:C])-induced signaling or TNF-
a production. The trafficking of TLRs to plasma membrane
lipid-raft domains represents an early upstream event in the ac-
tivation of TLR-dependent signaling pathways associated with
proinflammatory stimuli. Trafficking of TLR4 to lipid rafts in
response to LPS was ROS-dependent, because it was dimin-
ished by chemical inhibitors of NADPH oxidase, and in mac-
rophages deficient in the gp9I1”** component of the oxidase.
CO selectively inhibited LPS-induced recruitment of TLR4 to
lipid rafts, which was associated with the inhibition of NADPH
oxidase activity and LPS-inducible ROS production in macro-
phages. CO also inhibited the translocation of TLR adaptors to
the lipid raft, including MyD88 and TRIF, as well as their as-
sociation with TLR4. In summary, CO differentially regulated
TLR signaling pathways by inhibiting translocation of TLR4 to
lipid rafts through suppression of NADPH oxidase—dependent
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FIG. 2. Carbon monoxide cycle. Systemic CO
arises in the body by two mechanisms: the in-
halation of contaminated air, or through endoge-
nous heme oxygenase (HO) activity. Inspired CO
will enter the circulation through diffusion
through the lung and form complexes with circu-
lating hemoglobin (CO-Hb). CO-Hb can dissoci-
ate and exchange CO to the exhaled air, also
through the alveoli. Inhaled toxicants can poten-
tially induce HO-1 in the tracheobronchial and
alveolar epithelium, as well as in alveolar macro-
phages. Thus, HO activity may provide a major
source of CO in the respiratory system. Addition-
ally, HO activity in the systemic tissues, whether
induced by inflammation or engaged in hemoglo-
bin turnover (as in the spleen and liver), can con-
tribute to the CO appearing in the systemic and
pulmonary circulation as CO-Hb. CO can also
arise in the systemic circulation as the byproduct
of lipid peroxidation or metabolism of certain
xenobiotics.

ROS generation (71). Suppression of NADPH oxidase activity
in RAW 264.7 macrophages by HO-1 expression has also been
demonstrated through a mechanism involving reduced heme
bioavailability for cytochrome bssg synthesis (114).

Pivotal role of CO/HO-1 in Inflammation

TLR2,4,5and 9

JNK1/2 NADPH oxidase
ERK1/2 =) 1(*) dependent ROS
/(f) generation
(=)
NF-xB ‘/(+) O™ Egr
/ (*\
p38 MAPK HSF-1/HSP70

Inhibition of pro-inflammatory cytokine production
Increase of IL-10 production
Increased survival in sepsis

FIG. 3. Pivotal role of HO-1/CO in inflammation. HO-1/CO
can downregulate inflammation by several possible mechanisms.
CO inhibits LPS-inducible proinflammatory cytokine production
in macrophages by modulation of p38 MAPK, and also through
inhibition of ERK1/2 and JNK-dependent pathways. Recent stud-
ies indicate that CO can downregulate NADPH:oxidase-depen-
dent ROS production, resulting in the inhibition of Toll-like-re-
ceptor trafficking (TLR -4, -6, -9), and early events in LPS-initiated
signaling (71). Furthermore CO may inhibit nuclear transcription
factor activities during inflammatory signaling such as NF-«B (71)
or EGR-1 (64). Upregulation of the heat-shock protein-70 (hsp70)
through heat-shock factor-1 (HSF-1) has also been implicated in
CO-mediated antiinflammatory tissue protection (45).
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FIG. 4. CO inhibits Toll-like-receptor trafficking. The trafficking of Toll-like receptors (TLRs) to specialized membrane
lipid raft domains represents an early upstream event in the activation of TLR-dependent signaling pathways associated with
proinflammatory stimuli (71). The activated receptors associate with multiple adaptor molecules (i.e., MyD88, TRIF). Proin-
flammatory signaling culminates in the activation of proinflammatory cytokine genes (e.g., TNF-a). TLR4 trafficking to lipid
rafts in response to LPS stimulation depended on the endogenous production of ROS. CO, which has known antiinflammatory
effects with respect to macrophage production of cytokines, specifically inhibited TLR4 trafficking to the lipid raft during LPS
stimulation, through a mechanism involving the downregulation of NADPH:oxidase-dependent ROS production (71).

Antiapoptotic effects of carbon monoxide

Apoptosis is a form of programmed cell death that requires
the regulated activation of proteases (i.e., caspases) and nucle-
ases. Apoptosis serves a critical function in the maintenance of
tissue homeostasis under physiologic conditions, as a compo-
nent of developmental programs, but may also contribute to dis-
ease pathogenesis. Two apoptotic pathways have been identi-
fied by which cells can initiate and execute the cell-death
process: an intrinsic (mitochondria-dependent) pathway and an
extrinsic (receptor-dependent) pathway (122).

The antiapoptotic effects of CO were originally described in
vitro (13, 85) and involve several potential mechanisms (Fig. 5).
Exogenous CO inhibited tumor necrosis factor-a (TNF-a)—ini-
tiated apoptosis in mouse fibroblasts (85) and endothelial cells
(13). In fibroblasts, an antiapoptotic effect also was observed
with HO-1 overexpression (85). In the endothelial cell model,
the inhibitory effect of CO on TNF-a—induced apoptosis could
be abolished with the selective p38a/B MAPK inhibitor,
SB203580, or a p38 MAPK dominant negative mutant, imply-
ing a critical role for the p38 MAPK pathway (13). Furthermore,
HO-1 or CO cooperated with NF-kB—dependent antiapoptotic
genes (c-IAP2 and A1) to protect against TNF-a—mediated en-
dothelial cell apoptosis (12). In mouse lung endothelial cells,
protection against TNFa/actinomycin-D—induced cell death
likewise involved p383 MAPK activation, in this instance lead-
ing to upregulation of HSF-1 and heat-shock protein-70 (hsp70)
expression (45). The cytoprotective effects of CO were dimin-
ished in heat-shock factor-1 knockout (hsfI /™) fibroblasts, in-

dicating a potential role of the heat-shock response in CO-me-
diated cytoprotection (45). The requirement for p38 MAPKs and
the participation of signal transducer and activator of transcrip-
tion (STAT) proteins in the antiapoptotic effects of CO were
recently described in several O,-dependent injury models (i.e.,
hyperoxia, and anoxia/reoxygenation), as discussed in the sub-
sequent sections (133, 134, 136, 137).

In contrast to the aforementioned studies, Thom et al. (116)
reported proapoptotic effects of CO in endothelial cells at low
concentrations (10-100 ppm) in the absence of other proapop-
totic stimuli.

Antiproliferative effects of carbon monoxide

CO also exerts antiproliferative effects on various cell types,
including fibroblasts, and vascular or airway smooth muscle
cells, and thus has potential application in preventing tissue
remodeling (Fig. 6) (67, 82, 106, 113). CO inhibits smooth
muscle proliferation by activation of soluble guanylate cyclase
and p38B8 MAPK, and increased expression of the cyclin-
dependent kinase inhibitor p21Wa/Cipl (44, 67, 82). In human
airway smooth muscle cells, the antiproliferative effects of
CO involved the increased production of mitochondrial ROS
or the downregulation of cytosolic ROS as a consequence of
NAD(P)H:oxidase inhibition, or both, leading to ERK1/2 down-
regulation and decreased cyclin D expression (113).

Additional mechanisms for antiproliferative effects of CO in-
clude the downregulation of endothelium-derived smooth mus-
cle mitogenic factors (66). Caveolin-1, a candidate tumor-sup-
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FIG. 5. Antiapoptotic mechanisms of HO-1/CO. Anti-
apoptotic effects of HO-derived CO (in endothelial cells) were
originally assigned to modulation of p38 MAPK, and the up-
regulation of NF-kB—dependent antiapoptotic genes (12, 13).
The p38 MAPK-dependent modulation of the STAT-3 pathway
was also implicated in antiapoptotic effects of CO (in the lung
I/R model) (134). Downstream activation of HSF-1, also p38
MAPK dependent, may contribute to antiapoptotic cytoprotec-
tion (in fibroblasts) (45). Recent studies using the hyperoxia
model demonstrate that CO, through downregulation of
ERK1/2-dependent ROS production, can inhibit the initiation
of the extrinsic apoptotic pathway in endothelial cells (122).

pressor protein, and the major structural component of plasma
membrane caveolae, serves an intermediate role in the antipro-
liferative effects of CO (44) (Fig. 7), and potentially in the an-
tiinflammatory effects of this gas as well (unpublished obser-
vations).

HO-1/CO IN CHRONIC OBSTRUCTIVE
PULMONARY DISEASE AND
CIGARETTE SMOKE-RELATED
LUNG INJURY/CELL DEATH

Chronic obstructive pulmonary disease (COPD) is defined as
“a preventable and treatable disease state characterized by air-
flow limitation that is not fully reversible. The airflow limita-
tion is usually progressive and is associated with an abnormal
inflammatory response of the lungs to noxious particles or
gases, primarily caused by cigarette smoking” (15). Restricted
breathing, leading to reduced efficiency of blood oxygenation,
may also precipitate cardiovascular disease. In the developed
nations, tobacco smoking remains a primary cause of COPD,
which develops in 15-20% of smokers. Environmental and oc-
cupational exposures to particulate air pollution, chronic mi-
crobiologic infections, and asthma may contribute to the dis-
ease process. Genetic deficiencies in «;j-antitrypsin, although
rare, also produce COPD (10).

Airway inflammation is a major component of COPD, char-
acterized by the presence of macrophages, neutrophils, and in-
flammatory mediators. Cigarette smoke will react primarily on
alveolar macrophages and epithelial cells, which react to the
oxidative stress by producing proinflammatory cytokines and
chemokines, and releasing growth factors (92). The etiology of
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COPD involves two hypotheses, both of which relate to smoke
exposure: dysbalances in redox homeostasis and protease/an-
tiprotease equilibria (11, 89, 118). Proteases with tissue-de-
grading capacity (e.g., elastases and matrix metalloproteinases),
if insufficiently counterregulated by antiproteases, can induce
tissue damage, leading to emphysema. Oxidant stress, in addi-
tion to causing direct tissue damage, can inactivate antiproteases
and interfere with the repair of the extracellular matrix (89).
Apoptosis, a process not only triggered but also amplified by
oxidative stress, also potentially contributes to the pathogene-
sis of COPD/emphysema (84, 119).

Accumulating clinical, genetic, and in vitro evidence sug-
gests that HO-1 may play important roles in the development
of COPD. The protective potential of HO-1 against the devel-
opment of COPD is underscored by a recent report demon-
strating that ho-1 gene transfer protects against the development
of experimental elastase-induced emphysema (103). However,
apparent differences exist in endogenous HO-1 expression in
the lung in the context of chronic smoke exposure implicated
in COPD pathogenesis, versus the end state of COPD. Elevated
levels of HO-1 were reported in the alveolar spaces of chronic
smokers with and without COPD relative to nonsmokers (57).
However, a subsequent study found decreased HO-1 expression
in alveolar macrophages of severe COPD patients relative to
those of smokers without lung-function impairment (58). Fi-
nally, ex-smoking COPD patients were reported to have re-
duced HO-1 expression in alveolar macrophages relative to
healthy ex-smokers (104).

Systemic CO production and its evolution on the exhaled
breath have been explored as potential biomarkers of diseases
involving inflammation, and this has been studied in the con-
texts of asthma, smoking, and COPD (35, 36). The source of
increased exhaled or systemic CO or both during inflammatory
diseases of the lung and other tissues is not entirely clear and
may represent a net increase in heme metabolic activity in the
airways, lung, and systemic tissues contributed by inducible
HO-1 activity. Alveolar macrophages and airway epithelial
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FIG. 6. General antiproliferative mechanisms of HO-
1/CO. CO inhibits smooth muscle cell proliferation in a
cGMP-dependent manner. This has been associated with the
upregulation of caveolin-1, p21Wafl/Cipl "and the downregula-
tion of plasminogen activator inhibitor-1 (PAI-1) (28, 44, 67,
82). Additional mechanisms may involve the downregulation
of endothelial cell-derived mitogenic factors, and the down-
regulation of the NADPH oxidase-dependent ERK1/2 pathway
(66, 113).
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FIG. 7. Possible involvement of caveolin-1 in HO-1/CO-me-
diated protection. Caveolin-1, a tumor-suppressor protein
and major structural component of plasma membrane caveo-
lae, has recently been implicated as an intermediate in cellular
signaling initiated by CO. CO treatment upregulated caveolin-
1 in vascular smooth muscle, and this was required for an-
tiproliferative effects of CO in this cell type (44). Work in
progress implicates caveolin-1 in the antiinflammatory effects
of CO (unpublished studies). Although recent studies have im-
plicated caveolin-1 in preventing pulmonary hypertension and
fibrosis (60, 123), further studies are needed to examine the
possible relations with HO-1/CO.

———

cells, which can produce a strong HO-1 response to proin-
flammatory stimuli, may represent a major source of endoge-
nous CO production in the airways (22, 35, 36). These relations
are complicated by smoking, which may induce HO-1 in the
airways (57) but also introduces systemic CO by inhalation (20).
Thus, higher levels of exhaled CO appear on the breath of smok-
ers than nonsmokers in healthy subjects in the absence of lung
pathology and correlate with the degree of tobacco consump-
tion (20).

COPD patients that were smoking displayed higher exhaled
CO values than ex-smoking COPD patients, the values of whom
were also higher than those of healthy nonsmoking controls
(65). A recent study examined arterial carboxyhemoglobin (Hb-
CO) levels in 119 subjects consisting of COPD patients or
healthy normal patients. Patients with COPD displayed higher
Hb-CO levels than healthy controls, which furthermore corre-
lated with disease severity and increased during COPD exac-
erbations (128). Thus, although an apparent correlation between
exhaled CO and increased HO-1 production in the airways was
reported in asthmatics (35), the relations between exhaled CO
and HO-1 expression in severe COPD, in which lung HO-1 ex-
pression may be reduced, remains unclear, and further studies
that involve smoking status are needed to clarify these relations
(104).

Recent studies have explored the genetic basis of COPD. A
microsatellite (GT),, dinucleotide-length polymorphism can oc-
cur in the promoter region of the ho-1 gene, resulting in a lower
production of HO-1 in individuals that carry the long (L) allele
[(GT), = 30] of this polymorphism (126). This polymorphism
was linked with the development of COPD in a cohort of Japan-
ese men (126), and more recently, in a Chinese population (27).
In a retrospective study of French smokers, the L allele [(GT)n
=33] was associated with decreased lung-function parameters
relative to noncarriers. The greatest decline in lung function
was observed in heavy smokers that carried the L allele (32).
These observations suggest that a genetically dependent down-
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regulation of HO-1 expression may arise in subpopulations,
possibly linked to increased susceptibility to smoke-induced ox-
idative stress (126).

Expression-profiling experiments have demonstrated that
many of the antioxidant and redox-related molecules (e.g., cata-
lase, thioredoxin, glutaredoxin, heat-shock protein-70, and
HO-1) were downregulated in total lung tissue from COPD in-
dividuals when compared with control smokers (75). Although
these antioxidant and stress-responsive genes generally appear
upregulated in cellular and tissue-injury models in response to
specific stresses (e.g., cigarette smoke), the decreased expres-
sion of these stress-response molecules in human COPD sup-
ports a hypothesis of compromised oxidant/antioxidant balance
in COPD (75).

Of related importance, Nrf2, which regulates ho-1, as well
as a number of other genes encoding enzymes involved in xeno-
biotic detoxification (e.g., NADPH:quinone oxidoreductase and
glutathione-S-transferase) (39), appears to regulate tissue de-
fenses against emphysema (90). Genetic deletion of Nrf2, as in
nrf2~'~ mice, rendered the mice susceptible to experimental
emphysema induced by chronic smoke inhalation (90). In par-
allel with the compromised expression of >50 genes, nrf2~/~
mice displayed increased epithelial and endothelial cell apop-
tosis, increased markers of oxidative stress and pulmonary in-
flammation, relative to wild-type mice, after chronic smoke ex-
posure (90). These experiments further support the hypothesis
of compromised cellular defense in COPD.

HO-1 in cytoprotection against cigarette
smoke—induced cell death

Experimentally, cigarette smoke (CS) represents a complex
model of toxicant exposure, as it contains >4,500 distinct
chemical species. Because CS contains ROS, NO, and other
free radicals, electrophilic substances, and heavy metals, and
furthermore can trigger the intracellular production of ROS and
deplete natural antioxidants, CS is generally regarded to be an
oxidative cellular stress (88). Whereas inhalation studies with
animals are typically exposed to mainstream or sidestream CS,
cell-culture studies may also use aqueous cigarette smoke ex-
tract (CSE) or CS condensate (91). Although some reports have
suggested that CSE causes primarily necrotic cell death in
bronchial epithelial cells (56), apoptotic phenotypes have also
been observed, depending on cell model and experimental con-
ditions (37, 105). Lower dose and shorter kinetics of CSE ex-
posure generally favor apoptosis (105).

Several in vivo and in vitro studies have studied the regula-
tion of HO-1 by smoke exposure (105). We recently demon-
strated induction of ho-I mRNA in total lung after prolonged
CS exposure of AKR/J mice. HO-1 gene expression was in-
creased at 2 to 12 weeks’ exposure and declined to control val-
ues at 24 weeks (Fig. 8) (105). The induction of HO-1 by cig-
arette smoke or CSE was observed in a number of pulmonary
and nonpulmonary cell types, including fibroblasts, alveolar
macrophages, and epithelial cells (29, 49, 83, 105).

In our recent studies, human bronchial epithelial cells (Beas-
2b) subjected to CSE responded with a time- and dose-de-
pendent upregulation of HO-1 protein and enzymatic activity.
HO-1 protected against CSE-induced cell death and preserved
cellular ATP levels, which were depleted by the smoke treat-
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FIG. 8. Induction of HO-1 by prolonged smoke exposure in
rat lung. AKR/J mice were exposed to 24 weeks of cigarette
smoke exposure (black bars) or air (grey bars). At 2, 12, and
24 weeks’ exposure, lungs were excised. Relative heme oxy-
genase-1 gene expression in lung tissue was determined at each
indicated exposure time, by real-time PCR, in three to eight an-
imals per time point per exposure condition. *p < 0.01. Figure
reprinted from ref. 105, with permission from the American
Thoracic Society.

ment. Curiously, a portion of the HO-1 induced by the CSE
treatment, as well as by other types of stress (e.g., heme and
LPS) colocalized with mitochondria in this cell type. Mito-
chondrial localization of HO-1 was confirmed by cell fraction-
ation, as well as by electron microscopy and co-immunofluo-
rescence (105). Related studies in the liver model have
suggested that HO-1, which localizes in the mitochondrial in-
ner membrane, downregulates the synthesis of mitochondrial
hemoproteins by restricting heme bioavailability, although
other mechanisms of mitochondria-specific protection remain
to be explored (19).

PROTECTIVE EFFECTS OF HO-1/CO IN
ASTHMA/AIRWAY INFLAMMATION

Asthma is an inflammatory disease of the upper airways that
reduces airflow, which can be exacerbated by inhalation of al-
lergenic substances such as pollen or dusts. Increased airway
proinflammatory cell counts, mucus build-up, and bron-
choconstriction are major characteristics of asthma. Like other
chronic inflammatory diseases, asthma is associated with in-
creased prooxidant burden (89).

HO-1 expression has been examined in alveolar or airway
macrophages of human asthmatics (33, 35, 55). Increased HO-
1 expression occurred in alveolar macrophages of patients with
recent asthma exacerbations relative to healthy controls or pa-
tients undergoing steroid treatment (33, 35). This observation
was associated with increased bilirubin levels in the induced
sputum, as well as increased levels of CO on exhaled breath
of non-steroid-treated asthmatics relative to control subjects
(35). Patients with exacerbations of asthma, or patients from
whom inhaled steroids were discontinued showed higher ex-
haled CO levels, when compared with steroid-treated asth-
matics and healthy controls (132). Furthermore, exhaled CO
decreased in parallel with inflammatory markers in response
to prolonged therapy with inhaled corticosteroids (132). Higher
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levels of exhaled CO were also reported in children with per-
sistent asthma relative to healthy controls (120). Furthermore,
patients with asthma displayed an increased Hb-CO level at
the time of exacerbation, which declined to control levels in
response to oral steroid treatment (127). Despite these obser-
vations, conflicting reports exist on whether changes in ex-
haled CO occur in asthmatics, casting uncertainty on the rela-
tive usefulness of exhaled CO as a marker of airways
inflammation (55, 131). In one negative study, no change in
exhaled CO occurred in asthmatics after a 1-month treatment
of inhaled corticosteroids, despite decreases in airway
eosinophil content and bronchial responsiveness to meta-
choline (55). The same study also reported no change in HO-
1 expression in airway macrophages and epithelium of mild
asthmatics relative to normal patients, and no further change
with extended inhaled steroid treatment (55).

Given the known antiinflammatory properties of CO, several
studies examined the potential for inhalation CO in modulating
airway inflammation and reactivity in preclinical asthma mod-
els. Mice develop an airway hyperresponsiveness, similar to
that seen in human asthma, when challenged with aerosolized
ovalbumin after initial sensitization. In this model, ovalbum
in challenge increased HO-1 expression in the bronchial sub-
epithelium and in alveolar macrophages (46). CO treatment of
ovalbumin-challenged animals reduced inflammatory cell
counts, especially of eosinophils and macrophages, in the bron-
choalveolar lavage at 24 h after challenge. Exogenous CO ad-
ministration also significantly reduced interleukin-5 production
and proinflammatory mediator levels (IFN-vy, leukotriene B4,
and prostaglandin E2) (16). In further studies, an acute dose of
CO (500-1,000 ppm; 10 min) reduced metacholine-induced air-
way resistance in ovalbumin-challenged C57BL/6 mice and in
airway-hyperresponsive A/J mice. Repeated administrations of
low-dose CO (250-500 ppm) over a 5-day period in both naive
and inflamed A/J mice significantly reduced airway resistance
(8). Furthermore, heme preconditioning, which resulted in in-
creased HO-1 expression and activity, reduced airway hyper-
reactivity and inflammatory cell influx in ovalbumin-chal-
lenged mice as well as in guinea pigs (7, 124). In addition to
antiinflammatory effects (of HO-1/CO), as previously de-
scribed, involving enhanced IL-10 production, the heme pre-
conditioning in mice increased the number and activity of
CD4%CD25(high) regulatory T cells (Tregs), which are asso-
ciated with suppression of inflammation (124). In a murine
model of asthma, exogenous bilirubin application was also
shown to exert a protective effect by inhibiting VCAM-1-as-
sociated airway inflammation and lung leukocyte influx, as well
as inhibiting leukocyte migration in vitro (41).

Effects of HO-1/CO on respiratory smooth muscle
contractility and proliferation

Airway smooth muscle contractility, which can be increased
through ROS formation, was inhibited by HO-1 induction.
Specifically, the HO inducer and substrate heme decreased,
whereas metalloporphyrin inhibitors of HO (e.g., SnPPIX) in-
creased ROS production as well as the contractile response to
carbamylcholine in isolated guinea pig tracheal rings (98). Ap-
plication of exogenous bilirubin likewise reduced ROS pro-
duction and contractility in this system. These effects were at-
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tributed to decreased phosphorylation of the contractile protein
myosin light chain, after heme or bilirubin administration (98).

Exogenous CO application was demonstrated in several stud-
ies to inhibit the proliferation of cultured human airway smooth
muscle cells (HASMCs), through downregulation of ERK1/2
activation (106, 113). Conversely, heme treatment, which in-
creased HO activity, also inhibited HASMC proliferation,
which was attributed in this case to increased bilirubin pro-
duction, rather than to endogenous CO production. The authors
demonstrated that exogenous bilirubin application can inhibit
HASMC proliferation by downregulating ERK1/2 activation
(112).

Antiinflammatory effects of HO-1/CO in cultured
airway cells

Primary cultured airway epithelial cells produced a strong
HO-1 response when challenged in vitro with IL-18, TNF-a,
and IFN-vy (cytomix) or NO donors and were also positive for
constitutive HO-2 expression. This observation led the authors
to propose that HO activity in the epithelium may represent a
significant source of CO production in the airways (22). The
antiinflammatory potential of CO has been tested in vitro, with
respect to the regulation of the granulocyte—macrophage
colony-stimulating factor (GM-CSF). Elevated GM-CSF levels
appear in asthma and other chronic inflammatory pulmonary
diseases. Treatment of cultured human airway smooth muscle
cells with cytomix, or IL-183 alone, stimulated the release of
GM-CSF, whereas pretreatment of these cells with CO inhib-
ited the induction of GM-CSF protein in response to these stim-
uli, through a mechanism involving increased cGMP levels and
downregulation of the ERK1/2 MAPK pathway (107). CO treat-
ment also attenuated the production of GM-CSF by macro-
phages in response to LPS treatment, involving downregulation
of the NF-«B pathway (99).

PROTECTIVE EFFECTS OF HO-1/CO IN
ACUTE LUNG INJURY

Inflammatory lung injury

Bacterial lipopolysaccharide (LPS) exposure in animals rep-
resents a model of acute lung injury. LPS challenge promotes
a massive inflammatory response associated with lung tissue
injury, lung cell apoptosis, and necrosis. Intratracheal adminis-
tration of LPS into the lungs of mice caused epithelial cell in-
jury within 1 day of application, associated with increases in
apoptotic markers in lung macrophages, neutrophils, and in the
alveolar wall within 24 h (47). CO exposure can exert a potent
antiinflammatory effect in murine models of endotoxemia. CO
preconditioning at low concentration (250 ppm) reduced the
production of serum TNF-«, IL-3, IL-6, and prolonged survival
after LPS challenge (68, 78). Antiinflammatory effects of CO
in vivo, with respect to modulation of pro- or antiinflammatory
cytokine production, were diminished in heat-shock factor-1
knockout (hsfI ~/~) mice, indicating a role of the heat-shock re-
sponse (45). Furthermore, adenoviral-mediated #o-1 gene trans-
fer protected against LPS-induced lung injury in mice by en-
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hancing IL-10 production (38) and also protected against acute
lung injury after influenza virus infection (34). Administration
of biliverdin, a product of HO activity, to rats also protected
against systemic inflammation and lung injury, and prolonged
survival after exposure to a lethal dose of LPS. The protection
afforded by biliverdin was associated with a reduction of proin-
flammatory cytokines in the serum (e.g., IL-6) and upregula-
tion of serum IL-10 levels, as well as reduction of lung-injury
markers. This protection against LPS-induced injury also ex-
tended to cultured lung endothelial cells and macrophages
(100).

Oxidative lung injury

Mechanical ventilation with high oxygen tension (hyperoxia,
>95% O5) is frequently used in critical care situations as sup-
portive care for acute, severe respiratory failure. Unfortunately,
this treatment can cause cell and organ injury, involving the in-
creased generation of ROS (138). The lung damage resulting
from hyperoxia exposure occurs predominantly in the respira-
tory endothelium and epithelium (51). Rats and mice subjected
to hyperoxia (>95% O,) develop inflammatory lung injury,
characterized by neutrophil influx in the airways, pulmonary
edema, pleural effusion, and increased lung cell apoptotic mark-
ers. Elevated HO-1 protein expression was reported in lungs of
mice subjected to hyperoxia (52). The expression of ho-1 in rat
lungs by intratracheal adenoviral-mediated gene transfer, which
increased HO-1 expression in the bronchiolar epithelium, pro-
tected against the development of pulmonary damage during
hyperoxia exposure (79). Rats infected with ho-1 before hy-
peroxia displayed reductions in lung-injury markers, neutrophil
infiltration, and apoptosis, and a marked increase in survival
against hyperoxic stress when compared with control infected
rats (79). Similarly, the inclusion of CO at a concentration of
250 ppm in the hyperoxic environment also prolonged the sur-
vival time of rats and mice subjected to a lethal dose of hy-
peroxia, and dramatically reduced histologic markers of lung
injury, including airway neutrophil infiltration, fibrin deposi-
tion, alveolar proteinosis, pulmonary edema, and total apoptotic
index, relative to animals exposed to hyperoxia alone (80, 81).

In the mouse model, hyperoxia exposure induced the ex-
pression of proinflammatory cytokines including TNF-«, IL-
18, and IL-6, and activated major MAPK in lung tissue, in-
cluding the extracellular regulated kinase-1/2 (ERK1/2), c-Jun
amino terminal kinase (JNK), as well as p38 MAPK and its up-
stream kinases MKK3/6. The protection afforded by CO treat-
ment against the lethal effects of hyperoxia correlated with the
inhibited release of the proinflammatory cytokines in bron-
choalveolar lavage fluid. Genetic studies in the mice revealed
that the antiinflammatory effect of CO was associated primar-
ily with the upregulation of p383 MAPK and its upstream reg-
ulator, mitogen-activated protein kinase kinase (MKK3) (81).
Deletion of MKK3 (mkk3~/~) accelerated the expression of
proinflammatory cytokines in response to hyperoxia. CO failed
to inhibit the expression of proinflammatory cytokines or pro-
tect against hyperoxia-induced lung injury and death, in
mkk3~/~ mice. Similar results were reported in wild-type mice
treated with the selective chemical inhibitor of p38a/8 MAPK
(81). Recent studies demonstrate comparable antiinflammatory
effects of inhaled CO in rats subjected to experimental venti-
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lator-induced lung injury (21). Rats ventilated with an injuri-
ous ventilator setting in the presence of intraperitoneal LPS ex-
hibited increased expression of HO-1 in the lung. The inclusion
of CO (250 ppm) in the ventilation protocol reduced the in-
flammatory cell count in bronchoalveolar lavage fluid. In the
absence of significant cardiovascular effects, CO dose-depen-
dently decreased TNF-a and increased IL-10 in the bron-
choalveolar lavage. Lung tissue extracts displayed increased ac-
tivation of p38 MAPK after ventilation with CO, whereas
chemical inhibition of p38 MAPK in vivo attenuated IL-10 pro-
duction. These experiments suggested that mechanical ventila-
tion in the presence of CO may provide protection in animal
models of ventilator-induced lung injury (21).

Hyperoxia induces the HO-1 response in vitro, as demon-
strated in several cell types including endothelial cells and fi-
broblasts (26, 52). The protective effects of HO-1/CO against
hyperoxia-induced lung cell injury and death have been stud-
ied in vitro. For example, HO-1 overexpression protected A549
alveolar epithelial cells against cell killing by exposure to hy-
peroxia (53). CO treatment of A549 epithelial cells inhibited
hyperoxia-induced cell death. Treatment with the p38 MAPK
inhibitor or transient transfection with dominant negative mu-
tants of p38B or MKK3 abolished the cytoprotective effect of
CO against hyperoxia (81). Recent studies have added STAT3
as a candidate mediator of CO-dependent antiapoptotic protec-
tion in hyperoxic lung cell injury (136).

Recently, we showed that low-dose CO (250 ppm) speci-
fically inhibited the initiation and propagation of extrinsic
apoptosis pathways in mouse lung endothelial cells (MLECs)
subjected to hyperoxia (122). CO cotreatment inhibited hyper-
oxia-induced plasma membrane assimilation of the death-in-
ducing signal complex (DISC) as well as downstream caspase-
8 and Bid activation. Antiapoptotic cytoprotection culminated
with the inhibition of caspase-9/3 activation and protection
against cell death. Inhibitors of NADPH oxidase activation, as
well as CO, diminished hyperoxia-induced ROS production, as
well as the activation of the DISC, its association with the epi-
dermal growth factor receptor, and its plasma membrane as-
similation. Furthermore, the protective effects of CO in this
model depended on downregulation of the ERK1/2 MAPK
pathway, which regulated ROS production in this cell type dur-
ing hyperoxia (122).

PROTECTIVE EFFECTS OF HO-1/CO IN
LUNG ISCHEMIA/REPERFUSION INJURY

Pulmonary dysfunction may arise as a result of ischemia/
reperfusion (I/R) injury to the lung sustained during cardiac surg-
eries. I/R, which generates cytotoxic ROS and promotes the re-
cruitment of inflammatory leukocytes, causes lung injury and cell
death involving both necrosis and apoptosis. Endothelial cells
appear to represent the primary target for ROS-dependent injury
during I/R. Latent but potentially lethal ischemic damage may
cause cells in different regions of the lung to sustain reperfusion
injury on restitution of blood flow. Cell death may also arise as
a secondary consequence of inflammation (74).

Homozygous ho-1 null mice (ho-17'") were highly suscep-
tible to lung I/R injury. CO inhalation compensated for the HO-
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1 deficiency in ho-1~'~ mice and improved survival after lung
I/R (28). The protection provided by CO involved the stimula-
tion of fibrinolysis by the cGMP-dependent inhibition of plas-
minogen activator inhibitor-1, a macrophage-derived activator
of smooth muscle cell proliferation (28). CO also inhibited fi-
brin deposition and improved circulation in an ischemic lung
model (64). These protective effects were recently associated
with downregulated expression of EGR-1, a multifunctional
transcription factor, with the concomitant downregulation of
EGR-1 target genes, many of which contribute to inflammatory
or prothrombotic processes. The downregulation of EGR-1 de-
pended on the enhancement of cGMP signaling by CO treat-
ment, leading to the downregulation of the ERK1/2 MAPK
pathway (64). In addition to inflammation and thrombosis, pul-
monary I/R induced biochemical features of apoptosis in lung
tissue (133). The protective effect of CO pretreatment on mice
subjected to lung I/R injury in vivo was associated with the in-
hibition of apoptosis markers, including caspase-3 activation,
and depended on activation of p38a MAPK (133, 137). Recent
studies indicate that s0-1 knockdown using siRNA dramatically
increased lung apoptosis during I/R (135).

Oxidative lung cell injury (hypoxia/reoxygenation)

In vitro experiments using pulmonary endothelial cells dem-
onstrated that exogenously applied CO at low concentrations
inhibited anoxia/reoxygenation—induced apoptosis, associated
with the CO-dependent activation of the p38a MAPK isoforms,
with parallel suppression of ERK and JNK activation (133,
137). Chemical inhibition of p38 MAPK, or the use of the
mkk3™/~ mice, abolished the antiapoptotic effects of CO in this
model (133). In addition to activation of p38a MAPK and its
upstream MAPK kinase (MKK3), the antiapoptotic effect of
CO involved inhibition of Fas/FasL expression, and other apop-
tosis-related factors, including caspases (-3, -8, -9), mitochon-
drial cytochrome c release, Bcl-2 proteins, and poly(ADP-ri-
bose) polymerase cleavage (133). Further studies demonstrated
that antiapoptotic functions of CO after anoxia/reoxygenation
in vitro also depended on activation of the PI3K/Akt and the
p38a MAPK-dependent STAT3 pathway (134).

PROTECTIVE EFFECTS OF HO-1/CO
IN INTERSTITIAL LUNG
DISEASE (FIBROSIS)

Idiopathic pulmonary fibrosis (IPF) is a terminal disease
characterized by scarring or thickening of lung tissues associ-
ated with fibroblast hyperproliferation and extracellular matrix
remodeling, with no known etiology or effective treatment
(102). IPF affects primarily the lower respiratory tract, result-
ing in compromised efficiency of alveolar gas exchange (102).
What is currently known about the role of HO-1/CO in IPF is
limited to experimental models of fibrotic lung injury (Fig. 9).
Bleomycin, a redox cycling compound that generates O, and
H,0,, causes lesions in mouse lung after intratracheal admin-
istration, similar to IPF. Tsuburai ef al. (117) demonstrated that
HO-1 expression by adenovirus-mediated gene transfer to the
lung protected against bleomycin-induced pulmonary fibrosis
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FIG. 9. Possible mechanisms of the antifibrotic ef-
fects of CO. CO inhibits bleomycin-induced lung in-
jury (fibrosis) in vivo. Several mechanisms have been
proposed (141), including general antiinflammatory
protection to the lung, as well as the inhibition of fi-
broblast proliferation and matrix deposition.

co

in the mouse model. The protection was associated with de-
creased epithelial cell apoptosis and increased IFN-y produc-
tion.

Exogenous CO treatment can also provide protection against
bleomycin-induced fibrotic lung injury in mice (141). In mice
treated with bleomycin intratracheally and then exposed to CO
or ambient air, the lungs from CO-treated animals displayed re-
duced lung hydroxyproline, collagen, and fibronectin levels rel-
ative to air-treated bleomycin-injured controls. The protective
effect of CO in this model was associated with an antiprolifer-
ative effect of CO on fibroblast proliferation associated with
the upregulation of p21Wafl/Cipl and inhibition of cyclins A/D
expression (141).

Furthermore, rats that were infused with bilirubin, an HO
pathway end product, were also resistant to bleomycin-induced
pulmonary fibrosis relative to control animals. The bilirubin-
treated rats displayed reduced lung damage in response to
bleomycin, as indicated by hydroxyproline content, and reduced
proinflammatory cell counts, as well as transforming growth
factor-@ levels in bronchoalveolar lavage fluid (121).

Protective effects of HO-1 have also been proposed in par-
ticle-induced fibrosis, or pneumoconiosis (e.g., asbestosis, sil-
icosis). In rats acutely exposed to crocidolite asbestos by intra-
tracheal instillation, HO-1 increased in the lung and alveolar
macrophages (70). Increased HO-1 expression was detected in
the serum of patients with silicosis relative to age-matched
healthy normal patients. In silicosis patients, the expression
level of serum HO-1 positively correlated to lung function and
negatively correlated to DNA-damage markers, suggesting a
beneficial role for HO-1 in this type of injury. Elevated HO-1
expression also occurred in the lungs of mice after prolonged
silica exposure, coincident with the focal sites of particle ac-
cumulation (101). Preconditioning the mice with heme reduced
silica-induced lung inflammation, whereas treatment with tin-
protoporphyrin-IX, a competitive inhibitor of HO activity, ex-
acerbated the injury (101).

PROTECTIVE EFFECTS OF HO-1/CO IN
CYSTIC FIBROSIS

Cystic fibrosis is an inherited disorder characterized by ab-
normal mucus buildup in the airways, which can cause pul-
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monary damage associated with secondary infections. In cystic
fibrosis patients, elevated HO-1 levels were detected in mac-
rophages. Consistent with a protective role of HO-1 in this
disease state, cultured airway epithelial cells overexpressing
HO-1 were resistant to apoptosis and injury caused by Pseudo-
monas aeruginosa infection (140).

PROTECTIVE EFFECTS OF HO-1/CO IN
PULMONARY HYPERTENSION

Pulmonary arterial hypertension (PAH) is a terminal disease
characterized by a progressive increase in pulmonary vascular
resistance, leading to right ventricular failure. A number of stud-
ies have demonstrated that HO enzymes or CO, or both, can
exert a protective function against the formation of pulmonary
hypertension and in the regulation of hypoxic pulmonary vaso-
constriction. The ho-1~'~ null mice displayed an exaggerated
response to chronic hypoxia relative to wild-type mice, in par-
ticular, dramatic right heart hypertrophy, which included right
ventricular infarcts and the formation of mural thrombi (130).
The induction of HO-1 protein with chemical inducing agents
such as heme and NiCl, prevented the development of PAH in
the rat lung in response to chronic hypoxia treatment (17). Fur-
thermore, transgenic mice with the targeted overexpression of
HO-1 in the lung, displayed reduced lung inflammation, pul-
monary hypertension, and vascular hypertrophy as a function
of treatment for chronic hypoxia, relative to wild-type mice
(63). In monocrotaline-induced hypertension, protective effects
were observed by treatment with the antiproliferative agent ra-
pamcyin, associated with the induction of HO-1 (139). In vitro,
the antiproliferative effect of rapamycin on smooth muscle
cells, also depended in part on HO-1 expression, as it was di-
minished in smooth muscle cells derived from ho-17/~ mice
(139).

CO provided protection in rodent models of monocrotaline-
induced and hypoxia-induced PAH (Fig. 10). Exposure to CO
(1 h/day) reversed established PAH and right ventricular hy-
pertrophy, and restored right ventricular and pulmonary arterial
pressures, as well as pulmonary vascular morphology, to that
of controls. The ability of CO to reverse PAH required endo-
thelial nitric oxide synthase (NOS3) and NO generation, be-
cause CO failed to reverse chronic hypoxia-induced PAH in
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FIG. 10. Potential role of HO-1/CO in pulmonary arterial
hypertension. HO-1 and CO have been demonstrated to ex-
ert protective effects against the development of pulmonary hy-
pertension, as discussed in recent studies (17, 63, 139, 142).
Exogenous or HO-derived CO potentially exerts these effects
through vasodilatory effects, inhibition of thrombosis, and in-
hibition of smooth muscle cell (SMC) proliferation. The va-
soactive effects of CO in PAH have been assigned to cGMP-
dependent effects, modulation of potassium (K¥) channel
activities, and secondary effects on NO generation (23, 142).
The antiproliferative effects and antithrombotic effects of CO
involve cGMP, and/or MAPK signaling (67, 142). Although the
precise mechanisms for the protective effects of CO likely in-
volve a combination of these mechanisms, further work is
needed to clarify these relations.

eNOS-deficient (nos3~/~) mice. The protective effect of CO
was endothelial cell dependent, and associated with increased
apoptosis and decreased cellular proliferation of vascular
smooth muscle cells (142). Recent studies have demonstrated
that CO decreased pulmonary artery vascular resistance and in-
hibited hypoxic vasoconstriction, by mechanisms potentially in-
volving cGMP, and the hyperpolarization of potassium chan-
nels (23).

Interestingly, antiproliferative effects of biliverdin/bilirubin
on vascular smooth muscle have been described, and these may
also have therapeutic benefit in hyperproliferative disorders (72,
77).

THERAPEUTIC IMPLICATIONS OF HO-1
AND HEME METABOLITES IN THE LUNG

Elevated expression of HO-1, an inducible response to ox-
idative stress, can occur in the context of several pulmonary
disease states involving lung inflammation, including chronic
smoke exposure and asthma. In such cases, HO-1 elevation is
generally regarded as an endogenous defense against oxidative
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or inflammatory injury. Conversely, in COPD, which is asso-
ciated with persistent inflammation, in which antioxidant re-
sponses may be compromised, a reduced or impaired HO-1
expression may contribute to disease progression. Direct pro-
tective effects of HO-1 expression by gene transfer in the lung
have been observed in several animal models, including endo-
toxemia, I/R injury, oxidative lung injury, and more recently in
fibrotic lung diseases and emphysema. In this light, gene-ther-
apy approaches have been proposed for manipulating HO-1 ex-
pression for therapeutic gain. As an alternative to genetic ap-
proaches, preconditioning with chemical inducers of HO-1 can
be used with similar intent. Unfortunately, many agents used
experimentally for HO-1 preconditioning, (e.g., cobalt proto-
porphyrin, hemin) are not well suited for clinical application.
Therefore, further development of nontoxic and specific ago-
nists may be required.

The mechanisms by which HO-1 confers tissue protection
remain incompletely understood, but likely involve downstream
effects of the reaction products on intracellular signaling path-
ways. Recent studies demonstrate that the pharmacologic ap-
plication of the heme metabolites to cells and animals can con-
fer tissue protection in stress/injury models. Protective effects
of biliverdin or bilirubin, involving antiinflammatory and an-
tiproliferative effects, have been reported in lung endotoxine-
mia, vascular injury, as well as in I/R injury of various other
organs (95). The protective properties of CO have been dem-
onstrated in lung and other organ I/R injury models, lung and
vascular transplantation, endotoxemia, and recently, in special-
ized lung-disease models such as ventilator-induced lung injury
and bleomycin-induced pulmonary fibrosis. These relate to
antiinflammatory and antiapoptotic (as in endotoxinemia, ox-
idative lung injury, and I/R injury) or antiproliferative effects
(as in vascular injury or PAH), as well as possible vasodilatory
effects (as in I/R injury).

The demonstrated efficacy of low-dose CO as a therapeutic
agent in multiple models of tissue injury and disease continues
to herald a possible therapeutic use in humans, with applica-
tions ranging from the improved efficacy of organ transplanta-
tion to the critical care of terminal diseases. Although some
concerns of safety or therapeutic efficiency have been raised
(25, 61), a recent study demonstrated that the application of CO
to animals at low concentrations approximating cigarette-smoke
exposure caused no apparent lung pathology (108). Like all new
potential therapeutic modalities, we must continue to pursue
with commitment and excitement the novel therapeutic appli-
cation of inhaled CO in human diseases. The recently devel-
oped carbon monoxide-releasing molecules (CORMs) (i.e.,
transition metal carbonyls) may provide an alternative vehicle
for the localized pharmacologic delivery of CO (69). Currently
progressing and future “Investigational New Drug” approved
clinical trials will determine the future of this gas and its donor
compounds as clinically useful therapeutic tools.
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c¢GMP, guanosine 3',5’-monophosphate; CO, carbon monox-
ide; COPD, chronic obstructive pulmonary disease; CS, ciga-
rette smoke; CSE, cigarette smoke extract; DISC, death-induc-
ing signal complex; ERK1/2 MAPK, extracellular regulated
kinase-1/2 (mitogen-activated protein kinase); GM-CSF, gran-
ulocyte-macrophage colony-stimulating factor; Hb-CO, car-
boxyhemoglobin; HO-1, heme oxygenase-1; HO-2, heme oxy-
genase-2; IFN-vy interferon-y IL-18 interleukin-18 IL-6,
interleukin-6; IL-10, interleukin-10; IPF, idiopathic pulmonary
fibrosis; I/R, ischemia/reperfusion; JNK, c-jun-NH2-terminal
kinase; p38 MAPK, p38 mitogen-activated protein kinase;
MKK3, mitogen-activated protein kinase kinase-3; MLEC,
mouse lung endothelial cells; NF-«B, nuclear factor kappa-B;
Nrf2, NF-E2-related factor 2; PAH, pulmonary arterial hyper-
tension; ROS, reactive oxygen species; TNF-a tumor necrosis
factor-a.
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