Red in Translation

Heme Oxygenase-1/Carbon Monoxide

From Metabolism to Molecular Therapy

Stefan W. Ryter' and Augustine M. K. Choi’

Division of Pulmonary and Critical Care Medicine, Brigham & Women'’s Hospital, Harvard Medical School, Boston, Massachusetts

Heme oxygenase-1 (HO-1), a ubiquitous inducible stress-response
protein, serves a major metabolic function in heme turnover. HO
activity cleaves heme to form biliverdin-IXe, carbon monoxide (CO),
and iron. Genetic experiments have revealed a central role for HO-1
in tissue homeostasis, protection against oxidative stress, and in the
pathogenesis of disease. Four decades of research have witnessed
not only progress in elucidating the molecular mechanisms un-
derlying the regulation and function of this illustrious enzyme, but
also have opened remarkable translational applications for HO-1 and
its reaction products. CO, once regarded as a metabolic waste, can
act as an endogenous mediator of cellular signaling and vascular
function. Exogenous application of CO by inhalation or pharmaco-
logic delivery can confer cytoprotection in preclinical models
of lung/vascular injury and disease, based on anti-apoptotic, anti-
inflammatory, and anti-proliferative properties. The bile pigments,
biliverdin and bilirubin, end products of heme degradation, have
also shown potential as therapeutics in vascular disease based on
anti-inflammatory and anti-proliferative activities. Further transla-
tional and clinical trials research will unveil whether the HO-1 system
or any of its reaction products can be successfully applied as
molecular medicine in human disease.
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Since its discovery four decades ago (1, 2), the heme oxygenase
(HO) enzyme system continues to fascinate researchers across
many areas of basic and clinical sciences, interconnecting basic
science fields (e.g., molecular cell biology and genetics, phar-
macology) with modern medical disciplines such as critical care
(3-5), pulmonology (6, 7), cardiology (8, 9), exercise physiology
(10), and transplant immunology (11-13). This diversity of
perspectives on a single enzyme is a reflection of the ubiquitous
nature of heme oxygenase-1 (HO-1) as an inducible stress
response and critical mediator of cellular homeostasis (14, 15).
The initial discovery (ca. 1968-1969) of the HO enzyme (heme,
hydrogen-donor:oxygen oxidoreductase [a-methene-oxidizing,
hydroxylating], EC: 1:14:99:3) revealed the precise molecular
mechanism for the rate-limiting step in the enzymatic conver-
sion of heme to the bile pigments, thus solving a major problem
in biochemistry of that era (1, 2). This discovery placed HO in
a central role of basic metabolism, replacing previous theories
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that heme degradation required cytochrome p-450, the major
mechanism for xenobiotic and steroid metabolism (1, 2, 16).

In parallel avenues of investigation, the last two decades
have also witnessed the emergence of the stress protein field,
which began with the observations that cells subjected to
elevated temperatures beyond the normal physiologic range
responded with the elevated synthesis of distinct proteins,
termed the heat shock proteins (HSPs) (17). The inducible
HSPs were in turn associated with acquired thermal tolerance
or cytoprotection (18). In contrast, the elevated synthesis of
a low-molecular-weight stress protein (p32) was observed in
human cells in response to a wider range of stimuli, including
arsenic, oxidants, ultraviolet-A radiation, and heavy metals (14,
19). The identity of p32 was resolved when research teams,
including Keyse and Tyrrell (14) and Kageyama and coworkers
(20), independently cloned p32 from human and mouse cells,
respectively, and established its molecular sequence identity as
HO-1 (14, 20). Although HO-1 was initially classified as a heat
shock protein in the rat, further study revealed that the thermal
response of HO-1 was generally restricted to rodents but not
humans (21-23).

Beyond its intrinsic role as a metabolic enzyme, HO-1 is now
recognized as a ubiquitous inducible cellular stress protein,
which, like its analogous HSPs, exerts a major role in cellular
defense mechanisms (24). Since the discovery of the stress
proteins, including HO-1, intensive research has focused on
the possible manipulation of these systems for therapeutic
benefit in organ injury and disease. The hypothesis that the
cytoprotective effects of HO-1 are dependent on the generation
of its enzymatic reaction products (i.e., carbon monoxide,
biliverdin), has led to much research aimed at developing the
therapeutic delivery of these substances (25-29). In this review,
we will highlight the steps in the transformation of the HO-1
field from its roots as an intriguing area of basic biochemistry to
its current status as a candidate for molecular medicine.

HEME OXYGENASES: ENZYMOLOGY AND
REACTION PRODUCTS

Heme oxygenase activity serves an essential metabolic function
as the rate-determining step in heme degradation, by cleaving
heme-b at the a-methene bridge carbon, to generate carbon
monoxide (CO), biliverdin-IXa (BV), and ferrous iron (Scheme
1) (1). The reaction requires molecular oxygen as well as
reducing equivalents from NADPH cytochrome p450 reductase.
The BV generated in the HO reaction is reduced to bilirubin-
IXa (BR) by NADPH biliverdin reductase (BVR) (1). Two
major isoforms of HO (HO-1, HO-2) with heme catalytic activity
have been described (30, 31). The expression of HO-1 occurs at
low levels in most tissues under physiologic conditions, with the
exception of the spleen, the site of erythrocyte hemoglobin
turnover. In contrast, HO-2 is constitutively expressed under
basal conditions in most human tissues, including testes, spleen,
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liver, kidney, cardiovascular and nervous systems. HO-1 and
HO-2, the products of two genes, differ in primary amino acid
sequence and biochemical/biophysical properties (32, 33). HO-1
and HO-2 share a highly conserved heme catalytic domain as
well as hydrophobic regions at the carboxyl-terminus (34, 35).
Though initially characterized as a major component of the
smooth endoplasmic reticulum, recent studies have opened up
the intriguing possibility that HO-1 can localize to distinct
subcellular compartments, including plasma membrane caveolae
(36), mitochondria (37), and nucleus (38). The nuclear form
of HO-1 potentially functions as a transcriptional regulator (38).
The functional significance of HO-1 in these specialized com-
partments remains unclear, but early studies strongly suggest
that subcellular compartmentalization of HO-1 in the mitochon-
dria and caveolae confer important biological and physiologic
functions.

HEME OXYGENASE-1: GENE REGULATION

The transcriptional induction of the gene encoding HO-1
(Hmox1 in mice, HMOX1I in humans) and subsequent synthesis
of the corresponding HO-1 protein occurs as a general response
to cellular stress (14, 15). In addition to the substrate heme,
a broad spectrum of stimuli can induce HO-1 expression. Such
agents include nitric oxide (NO), cytokines, heavy metals,
hormones, growth factors, thiol-reactive substances, oxidants,
extreme oxygen environments, ischemia/reperfusion (I/R) in-
jury, and ultraviolet-A radiation (24). Since many of these
inducing conditions are associated with the stimulation of pro-
oxidant states, HO-1 is considered an inducible defense mech-
anism against oxidative cellular stress (14, 15). A subclass of

Figure 1. Carbon monoxide (CO) is pro-
duced endogenously in the body as a by-
product of heme degradation catalyzed
by the action of heme oxygenase (HO)
enzymes. Induction of HO-1 occurs as
a general cellular and tissue response to
stress, and can confer cytoprotection in
animal models of tissue injury. Recent
studies have described that application of
CO at low concentration in tissue injury
models can also confer protection. This
review highlights the evolution of the
HO-1/CO field from basic biochemistry
to translational applications. (Images adap-
ted from Refs. 26, 104, 111, and 125.)

inducing agents includes electrophilic antioxidant compounds,
many of which are plant-derived polyphenols, which generally
trigger the expression of several detoxification associated genes
(including Hmoxl, glutathione S-transferase A2 and NADPH:
quinone oxidoreductase) through common activation of tran-
scription factor nuclear factor erythroid 2-related factor-2 (Nrf2)
(39).

The multiplicity of inducing conditions has presented a chal-
lenge in determining the molecular mechanisms of HmoxI gene
regulation. The major discoveries in this area include the
identification of distinct DNA sequence-dependent enhancer
regions in the upstream regulatory regions of the mouse HmoxI
gene. The two major enhancer elements localize to —4 kb and
—10 kb relative to the mouse HmoxI transcriptional start site
and account for the majority of the HmoxI transcriptional
response to such agents as bacterial lipopolysaccharide (LPS),
phorbol ester, and heavy metals (40-42). The active cis-acting
DNA sequence element of the enhancers, termed the stress-
responsive element (StRE), contain sequences homologous to
antioxidant response element (ARE). While activator protein-1
(AP-1) has been previously shown to bind to these sequences
(42), the major positive transcriptional regulator of HmoxI
acting on the StRE/ARE is represented by Nrf2, a Cap’n’collar/
basic-leucine zipper transcription factor (43). Nrf2 is negatively
regulated by a cytoplasmic protein Kelch-like ECH-associated
protein (Keapl). Keapl facilitates the targeting of Nrf2 by
Cullin 3-based E3 ubiquitin ligase complex, which marks Nrf2
for proteasomal degradation (44-46). Under basal conditions,
Keapl complexes Nrf2 and prevents its nuclear translocation.
Due to the reversible oxidation state of critical cysteine
residues, Keapl has been proposed to act as a molecular sensor
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of oxidative stress (47). When cells are exposed to inducing
stimuli, such as heme, electrophiles, and oxidants, Nrf2 disso-
ciates from Keapl and translocates to the nucleus (43-45). Nrf2
transcriptional activity depends on heterodimerization with its
binding partners, the small Maf proteins (i.e., MafF, MafG),
which are b-zip proteins originally identified as cellular homo-
logs of the v-maf oncoprotein. A negative transcriptional
regulator of HmoxI (Bachl) forms complexes with the small
Maf proteins and competes against Nrf2 for binding at the
StRE. Heme can form a complex with Bachl, which impairs its
DNA-binding activity and promotes its nuclear export (48, 49).
The Nrf2/StRE system has been characterized extensively in
the mouse as the major stress-inducible operator of the HmoxI
gene. However, the rodent HmoxI or human HMOXI gene
promoters are known to contain additional functional cis-acting
elements that may contribute to transcriptional regulation in
a cell type— and inducer-specific fashion. Among these, those that
have been associated with functional significance in inducer-
specific responses include heat shock— and hypoxia-responsive
elements (in rodent HmoxI promoters) (reviewed in Ref. 24).
While the human HMOXI promoter contains regions analo-
gous to the upstream enhancer regions described in the mouse,
additional complexities include specific sequence variation in
heavy metal responsive elements at —4 kb (50), as well as
a metalloporphyrin-responsive element at —9.5 kb correspond-
ing to a binding site for early growth response-1 (Egr-1) (51).
The presence of numerous additional candidate regulatory seq-
uences and element-rich regions in the HmoxI or HMOXI genes
of rodents or humans suggest the possibility of complex cooper-
ative interactions between transcriptional factors in mediating
responses to specific agents, though the functional significance of
many these elements remain unclear at present (24, 52-54).
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Scheme 1. Heme oxygenase (HO) reaction. The HO
reaction catalyzes the oxidative degradation of the
heme molecule, to generate biliverdin, CO, and ferrous
iron. The HO reaction proceeds through three serial
monooxygenation cycles in which three molecules of
O, are consumed per heme molecule oxidized.
NADPH cytochrome p450 reductase provides electrons
for the reduction of the heme iron. The biliverdin
released from the HO reaction, which is specific for
the a isomer, is enzymatically reduced by NAD(P)H:
biliverdin reductase, to form bilirubin.

More recent advances in HO-1 genetics include the identi-
fication of microsatellite (GT), dinucleotide length polymor-
phisms in the regulatory regions of the human HMOXI gene,
which can result in the impaired transcriptional regulation and
decreased expression of HO-1 in individuals that carry the long
(L) allele (i.e., (GT)n = 30) of this polymorphism (55, 56).
Association between HMOXI polymorphisms and several dis-
ease conditions have been proposed, including chronic obstruc-
tive pulmonary disease, vascular restenosis, and rheumatoid
arthritis (56-60). A recent study has described an association
between HMOXI promoter length polymorphisms and renal
function after renal transplantation (61), though similar studies
report no associations in the outcome of cardiac or renal trans-
plantation (62, 63). Though additional studies are required before
a consensus can be reached, these observations suggest that
a genetically dependent down-regulation of HO-1 expression
may arise in subpopulations, possibly linked to increased suscep-
tibility to oxidative stress and associated disease conditions.

HO-1 IN HOMEOSTASIS AND TISSUE PROTECTION

The central role of HO-1 in vascular and tissue homeostasis is
exemplified by a unique case of human HO-1 deficiency, the
subject of which died before reaching adulthood (64). The
subject suffered from persistent hemolytic anemia characterized
by marked erythrocyte fragmentation and intravascular hemo-
lysis, with increased serum haptoglobin and low serum bilirubin.
An abnormal coagulation/fibrinolysis system, associated with
elevated thrombomodulin and von Willebrand factor, indicated
the presence of severe, persistent endothelial damage (64).
Analysis of HO-1 gene deleted (Hmox1~/~) mice also support
the notion that HO-1 is an important molecule in systemic
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responses to stress, as well as iron homeostasis (65, 66). Both the
HmoxI~"~ mice and the HO-1-deficient child displayed hepatic
and renal iron deposition and anemia (64, 65). Furthermore,
endothelial cells derived from Hmox1~/~ were more susceptible
to cytotoxicity induced by pro-oxidant stimuli, such as heme or
hydrogen peroxide, and produced more intracellular reactive
oxygen species (ROS) when challenged with such stimuli (66).
The largely protective role of HO-1 in injury and disease is
evident from phenotypic studies of HmoxI™/~ mice in pre-
clinical disease models. For example, HmoxI ~/~ mice subjected
to arterial injury displayed increased vascular cell proliferation
and developed hyperplastic lesions in comparison to wild-type
mice (67). The HmoxI '~ mice also displayed increased mor-
tality during pulmonary I/R injury (68). During chronic hypoxia
exposure, Hmoxl1~/~ mice suffered right ventricular dilation
and right myocardial infarction relative to wild-type mice that
sustained no cardiac defect (69).

A number of studies using HO-1 transgenic mice are also
supportive of HO-1-mediated protection. For example, cardiac-
specific overexpression of human HO-1 protected against car-
diac I/R injury in the transgenic mice (70), as well as improved
functional recovery after reperfusion, and limited cardiomyocyte
apoptosis (9). Lung-specific overexpression of human HO-1 in
transgenic mice protected against the development of pulmo-
nary hypertension and vascular hypertrophy induced by chronic
hypoxia, and conferred anti-inflammatory protection by down-
regulating proinflammatory cytokine and chemokine expression
(7). Lung-specific HO-1 expression also conferred anti-inflam-
matory protection against acute hypoxic and LPS challenge (71).
Recent studies using keratinocyte-specific human HO-1 trans-
genic mice indicate that targeted overexpression of HO-1 in the
skin promoted cutaneous wound healing and neovascularization
(72). These studies, taken together, have implicated HO-1 as
a critical defense against tissue injury.

HO-1 GENE DELIVERY AND GENE THERAPY

The protective phenotypes observed with HO-1 expression in
transgenic mice in models of tissue injury suggest potential
translational application through “gene therapy” approaches.
Gene therapy refers to the targeted delivery of a gene for
therapeutic gain by restoring an inherent deficiency or enhanc-
ing the natural expression of the gene product (73). The safety
and efficacy of gene delivery systems (i.e., vectors) for human
application remains an important general consideration (73).
Adenovirus and retroviral-based vectors have been the most
widely tested for HO-1 delivery in vivo. HO-1 expression by
adenovirus-mediated gene transfer (Ad-HO-1) has been shown
to confer cytoprotection in a number of studies. Ad-HO-1
(human) infection protected against heme-mediated cellular
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injury in rabbit corneal endothelial cells (74). Microinjection
of the human HO-1 transgene to rabbit eyes resulted in site-
specific expression of human HO-1 protein in rabbit ocular
tissue (75). Ad-HO-1 reduced lung cell injury in response to
hyperoxia in vivo after intratracheal administration, and pro-
tected epithelial cells against hyperoxa-mediated cell killing
in vitro (76, 77). Delivery of the human HO-1 cDNA using
a replication-deficient retroviral vector to spontaneously hyper-
tensive rats reversed the hypertensive phenotype (78).

Further progress in gene therapy, as it may apply to HO-1
delivery, has required the development of site- or organ-
specific gene delivery systems. Progress in this area has included
the identification of promoter sequences that can express the
target gene specifically in heart, lung, kidney, smooth muscle
cells, endothelial cells, keratinocytes, or neurons (73). Recent
studies have also explored the possibility of using the HMOX-1
promoter in lentiviral vectors as a means of conferring stress-
inducible regulation to any transgene for gene therapy applica-
tions (79).

HO-1: MECHANISMS OF CYTOPROTECTION

The protective phenotypes observed in association with the
expression of HO-1 have prompted intensive investigation on
the general mechanism of acquired cytoprotection. The pre-
cise molecular mechanisms by which HO-1 confers tissue
protection remain incompletely understood. HO-1 activity
provides a possible antioxidative function by accelerating the
removal of heme to limit oxidative stress sustained through
heme-iron dependent mechanisms (14, 80). Elevations of
cellular heme bioavailability, however, have not necessarily
been documented under all conditions that induce this en-
zyme. Thus, the source and abundance of the substrate heme
for conversion into HO catalytic by-products remain unclearly
defined. Nevertheless, the current view of HO-dependent
protection is that the reaction products of HO activity (i.e.,
biliverdin, CO, iron), each contribute, alone or in concert, to
the restoration of cellular homeostasis under inducing con-
ditions (Scheme 2) (24, 81). Stocker and colleagues suggested
that antioxidative function of HO-1 could be transduced
through the elevated production of the bile pigments (82).
This group showed that biliverdin and bilirubin, the end
products of heme degradation, can act as chain-breaking
antioxidants in vitro (82). Pharmacologic application of these
pigments can protect cultured cells against injury by oxidative
or nitrosative stress (83).

Iron released from the HO-1 reaction may potentially act as
a catalyst of deleterious pro-oxidant reactions, such as the
metal-catalyzed Haber-Weiss cycle, or iron-dependent lipid
peroxidation (79). Potential pro-oxidant effects of HO-1 or

B

Scheme 2. Multimodal effects of HO end-products
on tissue protection. The three end-products of HO
activity can contribute to cytoprotective mecha-
nisms. CO has been implicated in anti-inflammatory,

TISSUE anti-apoptotic, and anti-proliferative pathways.

PROTECTION  Biliverdin-IXa and bilirubin-IXa, potent antioxidants,
can exert anti-inflammatory and anti-proliferative
effects. Iron released from HO activity stimulates
a cytoprotective pathway involving the synthesis of
ferritin.
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HO-2 activity, related to transient accumulation of heme-
derived reactive iron, have been described (84, 85). These
effects, which likely occur under conditions of excessive HO-1
expression, suggest that there is a toxic threshold for HO-1
overexpression, and raise a potentially important consideration
for gene therapy applications. On the other hand, HO-derived
iron, despite its inherent toxicity, can potentially contribute to
cytoprotection through indirect mechanisms, such as by the
stimulation of ferritin synthesis, which sequesters reactive iron
(80). Vile and coworkers demonstrated an association between
iron released from HO activity and the synthesis of ferritin,
which protected cells from ultraviolet A-induced oxidative
stress by iron sequestration (86, 87).

CO, the elimination product of the heme degradation,
initially attracted little attention as an endogenous physiologic
mediator. The discoveries surrounding NO, a similar low-
molecular-weight gas, as an endogenous regulator of vascular
function, rekindled interest in biological CO. In 1993, Verma
and colleagues proposed a neurotransmitter function for HO-
derived CO in olfactory neurotransmission (88). Subsequently,
Suematsu and coworkers demonstrated a vascular role for
endogenous CO in regulating hepatic perfusion (89). Otterbein
and colleagues demonstrated that exogenous CO conferred
anti-inflammatory effects in cultured macrophages challenged
with lipopolysaccharide (LPS) (25). Application of low concen-
tration CO (e.g., 250 ppm) inhibited the LPS-dependent pro-
duction of macrophage-derived proinflammatory cytokines (i.e.,
TNF-a, IL-1B, and macrophage inflammatory protein-13)
whereas it increased the LPS-induced expression of the anti-
inflammatory cytokine IL-10 (25). Brouard and coworkers (90)
and subsequent studies as reviewed in Ref. 91 have described an
anti-apoptotic effect for CO in cultured cells stimulated with
cytokines, or pro-oxidant stimuli. An anti-proliferative effect of
exogenous or HO-derived CO, was first described by Morita
and coworkers in cultured vascular smooth muscle cells (92).
These reports and many subsequent studies have now pointed
to physiologic roles of endogenous CO, as well as pleiotropic
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pharmacologic effects of applied CO, despite the known toxicity
of this gas at elevated concentrations.

CO SIGNALING

The findings that CO can confer protective (i.e., anti-inflammatory,
anti-apoptotic, anti-proliferative) effects at low concentration in
cells led to much intensive investigation as to the underlying
molecular mechanisms involved. The primary known molecular
target of CO is the heme iron center of hemoproteins. By this
mechanism, high CO concentrations cause hypoxemia by com-
petitive binding to the oxygen-binding sites of hemoglobin to
form carboxyhemoglobin (CO-Hb), with an affinity approxi-
mately 245 times that of oxygen (93). In humans, prolonged or
elevated CO exposures can cause a number of acute clinical
effects, including nausea, dizziness, and loss of consciousness.
Symptoms of CO poisoning begin to appear at 20% CO-Hb,
while death occurs between 50 and 80% CO-Hb (93). In
contrast, CO exposures associated with cytoprotective effects
in rodents (i.e., against the injurious effects of mechanical
ventilation) resulted in attained CO-Hb levels typically within
the 15 to 20% range (4, 94).

CO, when applied at low concentrations, can influence
a number of signaling pathways in cultured cells, including
those regulated by soluble guanylate cyclase (sGC) and/or
mitogen-activated protein kinases (MAPK) (Scheme 3) (95-
99). At a cellular level, CO can stimulate sGC to increase the
production of guanosine 3’,5'-monophosphate (cGMP), which
has been demonstrated in vascular smooth muscle cells (SMC)
(98). HO-derived CO and its effects on cGMP formation have
been implicated in several neuronal signaling processes, as well
as in the regulation of vascular functions (i.e., vessel tone,
smooth muscle proliferation and platelet aggregation) (24, 97).
CO treatment can modulate the activation of MAPK pathways
that are critical for cellular signal transduction in response to
stress and inflammation. In particular, the p38 MAPK signaling
pathway has been implicated in the anti-inflammatory, anti-

Systemic toxicity

Metabolic toxicity
ROS production
Cellular signaling
(Primary targets) Scheme 3. Molecular targets of CO, and
proposed signaling pathways. CO modu-
Vasodilation lates intracellular signaling pathways involv-
ing hemoproteins, as well as downstream
effectors. The primary targets include gua-
nylate cyclase and calcium-dependent po-
. . tassium  channels (KCa) involved in
Cellular signaling vasoregulation. NADPH oxidase, a putative
(Secondary targets) target of CO, regulates intracellular ROS

production. Downstream pathways include
mitogen-activated protein kinases (MAPK),
caveolin-1, and transcription factors such as

Downstream effectors  eat shock factor-1 (HSF-1), NF-«B, and Egr-1.

Downregulation of proinflammatory cytokines

Inhibition of apoptosis

Inhibition of smooth muscle proliferation, coagulation
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apoptotic, and anti-proliferative effects of CO (25, 26, 90, 99).
The integration of these pathways appears to vary in a cell type—
specific fashion (24). In one example, CO inhibits smooth
muscle cell proliferation by activation of sGC, downstream
activation of p388 MAPK, leading to increased expression of
the cyclin-dependent kinase inhibitor p21Watl/Cipl (26). On the
other hand, the activation of p38 MAPK by CO has been
reported to be independent of sGC with respect to macro-
phages, indicating that the proximal target, presumably a heme
protein, remains incompletely understood (25).

The modulation of cellular ROS production from membrane
or mitochondria-dependent sources has been implicated in CO-
dependent signaling. Inhibition of membrane NADPH: oxidase
by CO and subsequent down-regulation of O, production, has
been implicated in the antiproliferative and anti-inflammatory
effects of CO (100, 101). Recent observations from this laboratory
and others reveal additional candidate molecules that function as
downstream effector molecules of CO signaling, including the
70-kD heat shock protein (Hsp-70), peroxysome proliferator-
activated receptor-y (PPAR-y), an anti-inflammatory nuclear
regulator, Egr-1, and caveolin-1 (102-105). Our recent studies
have also identified novel mechanisms by which CO may exert
anti-inflammatory effects involving the down-regulation of Toll-
like receptor (TLR) trafficking and activation (100, 105).

CO AND BV/BR: TISSUE PROTECTION IN
PRECLINICAL MODELS

Experimental evidence has mounted over recent years that
application of HO-1 reaction products (ie., CO or BV/BR) can
confer tissue protection in preclinical animal models of injury
and disease (Table 1). These now include various models of
acute lung injury, vascular injury, pulmonary hypertension, liver
injury, organ I/R injury, organ transplantation, and numerous
others (reviewed in Refs. 24, 81, 91). Enthusiasm and clinical
potential for CO-based inhalation therapies initially arose from
several in vitro and preclinical observations. CO conferred anti-
inflammatory effects in a murine model of endotoxemia, in-
duced by systemic injection of LPS in male C57BL/6 mice (25).
Exposure to CO at low ambient concentration (e.g., 250 ppm)
inhibited the LPS-inducible expression of pro-inflammatory cyto-
kines in serum, whereas it increased the LPS-induced expression
of the anti-inflammatory cytokine IL-10, similar to those effects
observed in vitro with cultured macrophages (25). Furthermore,

TABLE 1. THERAPEUTIC APPLICATIONS OF HO-1 END-PRODUCTS

2009

low concentrations of CO prevented histologic and biochemical
manifestations of tissue injury in rodents subjected to high oxygen
stress (hyperoxia) and prolonged survival under these conditions
(106). CO application reduced lung cell apoptosis in vivo during
lung I/R injury in C57BL/6J mice (107).

In more specialized applications, CO inhibited the tissue
injury during mechanical ventilation in mice, by reducing
inflammation and preventing alveolo-capillary barrier dysfunc-
tion (4, 94, 108). Low concentration CO can reverse established
pulmonary hypertension in rats, induced by chronic hypoxia
or monocrotaline administration (109). Observations of CO-
mediated tissue protection have also been described in trans-
plantation of heart, lung, kidney, liver, and intestinal allografts
or xenografts, whereby application of CO to the recipient or to
the graft reduced inflammation and apoptosis associated with I/
R injury, thus reducing the probability of graft rejection (12,
110-114). More recent advances include observations that
pharmacologic application of BV/BR can also confer protection
in vascular injury and transplantation models (27-29, 113, 115).
These studies collectively have provided a rationale for pursu-
ing the translational applications of CO and BR/BV as potential
therapies for human disease.

CO: CLINICAL TRIALS

The successful demonstration of CO-dependent protection in
numerous animal models of disease has evoked the intriguing
proposition that CO may be applicable as a molecular medicine
in corresponding human disease states. While progress in this
area has been slow due to regulatory and safety concerns
associated with human experimentation with inhalation gases,
we are now closer to the prospect of directly examining the
therapeutic potential of inhaled CO at low concentration in
human disease. In an initial study, inhalation of CO for 1 hour at
500 ppm, which raised CO-Hb levels to 7%, had no demonstrat-
able anti-inflammatory effect, with respect to modulation of
cytokines production, against an LPS infusion (116). An ongoing
phase II trial has addressed the safety of inhaled CO during renal
transplantation (Clinicaltrials.gov #NCT00531856). A report on
a recently completed clinical trial demonstrates the feasibility of
administering a low dose of inhaled CO to humans with chronic
obstructive pulmonary disease (COPD) (Clinicaltrials.gov
#NCTO00122694) (117). In this study, ex-smoking patients with
stable COPD were subjected to CO inhalation (100-125 ppm for

Molecule Injury/Disease Model Protection Phenotype References
Carbon monoxide (gas) Systemic endotoxemia (mice) Decreased proinflammatory cytokine production 25
Hyperoxia-induced acute lung injury (mice) Decreased proinflammatory cytokine production, 99, 106
increased survival
Lung ischemia/reperfusion injury (mice) Reduced apoptosis 107
Decreased proinflammatory cytokine production 4, 94, 108
Ventilator-induced lung injury Reduced inflammation, inhibition of vascular 26
(rats and mice) smooth muscle proliferation
Vascular injury (rats and mice) Inhibition of smooth muscle proliferation, 109
Pulmonary hypertension (rat) increased smooth muscle apoptosis
Cytokine-induced liver injury (mice) Organ preservation, reduced apoptosis 120

Organ transplantation (lung, heart, liver,
kidney, small intestinal) (rat)
Systemic endotoxemia (pigs)

Carbon monoxide (CORM) Systemic endotoxemia (mice)

Organ transplantation

Biliverdin/Bilirubin Vascular Injury (rats)

Transplantation (rats)

Decreased inflammation, apoptosis, reduced
graft rejection

Improved organ function, decreased 122
proinflammatory cytokine production

12, 110-114, 121

Decreased inflammation 123
Improved organ function 124
Inhibition of smooth muscle proliferation 115

Decreased inflammation, apoptosis,
reduced graft rejection

113, 27-29
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2 h/d on 4 consecutive days), which produced a maximal in-
dividual CO-Hb level of 4.5%. Inhalation of CO by patients with
stable COPD led to trends in reduction of sputum eosinophils
and improvement of methacholine responsiveness (117). Further
studies are required to confirm the safety and efficacy of CO
inhalation as a treatment for inflammatory lung diseases.

FUTURE DIRECTIONS

The characterization of the complex HO reaction still cur-
rently attracts the attention of structural biologists and bio-
chemists and may eventually lead to the rational design of
pharmaceuticals or chemical inhibitors of HO for therapeutic
gain in cases in which down-regulation of HO-1 is required
(118). The analysis of the transcriptional regulation of HO-1
continues today with major progress in elucidating the com-
plexities of human gene regulation. New exciting areas are
emerging in mechanisms of post-translational HO-1 regula-
tion, including functional subcellular compartmentalization
and trafficking of HO-1 (24). These new areas will further
the understanding of how HO-1 is regulated and delivered to
cellular sites of action.

The functional significance of HO-1 continues to open new
perplexing questions as more pathways and mechanisms are
proposed. Unanswered questions include the distribution and
concentration of the molecular substrate heme, which drives the
production of HO end-products. While the protective effects of
HO-1 have been documented in multiple animal models of
tissue injury, a frontier for development continues in the search
for optimal delivery systems for harnessing the therapeutic
actions of HO-1 in human disease. Pharmaceuticals, in partic-
ular those with low inherent toxicity, may be used to induce
HO-1 therapeutically. Optimization and organ targeting of
vectors for gene therapy approaches involving HO-1 represents
another avenue of active development (73). A preventive
medicine approach may involve the screening of individuals
for HMOXI1 promoter polymorphisms to identify those indi-
viduals who may have an increased risk of disease.

With respect to the direct delivery of HO end-products, the
use of bile pigments as pharmaceuticals has gained recent
momentum from preclinical studies showing protective effects
in vascular disease (115). CO, which mimics the protective
effects of HO-1, is currently under development as an in-
halation therapeutic. The success of this line of research will
depend on the initiation and completion of ongoing and/or
future carefully conducted and controlled human clinical trials.
As an alternative to inhalation of CO, pharmacologic applica-
tion of CO with the transition-metal carbonyl CO-releasing
molecules (CORMs) may provide an additional therapeutic
avenue (119). Whether direct application of CO by either
pharmacologic administration or inhalation will provide a safe
and effective modality for the treatment of human disease
requires further research directed at understanding the phar-
macokinetics and toxicology of CO application in humans.

CONCLUSIONS

o« Heme oxygenase-1 serves a dual function as a major
metabolic enzyme and inducible stress protein in mamma-
lian cells.

o Cytoprotection conferred by HO-1 is related to heme
catalytic activity and generation of end-products: biliver-
din, CO, and iron.

o Manipulation of HO-1 expression through pharmacologic
or “gene-therapy” approaches may be used for therapeutic
gain in specific applications (e.g., organ transplantation).
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« Pharmacologic application of bile pigments show potential
as therapies for vascular disorders.

« Inhalation or pharmacologic application of CO may po-
tentially be used as a clinical therapy for inflammatory lung
injury/sepsis pending the outcome of additional clinical
trials.
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