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ABSTRACT

Observations of the effects of carbon monoxide (CO) on mammalian systems have been known for thousands
of years. To be sure, CO is deadly under certain conditions and concentrations, but perhaps as the data pre-
sented here will make clear, it also possesses other diverse functional and immunomodulatory properties. This
review, together with the other reviews in this issue, will detail that over the past three decades, fundamental
functional role(s) for this gas molecule are beginning to emerge. This review outlines that at low concentra-
tions, exogenously administered CO is a molecule involved in the regulation of the inflammatory response in a
variety of disease models. CO has been shown to modulate such cellular functions as cytokine production, cell
proliferation and apoptosis, protecting the lungs and hearts of rodents from such stressors as endotoxin, isch-
emia/reperfusion injury, cardiac xenograft rejection, and asthma. Although the mechanism by which this sim-
ple diatomic gas provides this protection remains obscure, the conclusions are the same: CO at low concentra-
tions, concentrations that are well below those that would otherwise create toxic effects, is proving beneficial
in models of acute injury. CO, akin to nitric oxide, is proving to be an extraordinary signaling molecule gener-

ated by the cell that is vital in the regulation of cellular homeostasis. Antioxid. Redox Signal. 4, 309-319.

INTRODUCTION

THE FIRST DETECTION OF A COMBUSTIBLE GAS in the blood
occurred in 1894 by Grehant (22). This gas was sup-
posed by de Saint Martin and Nicloux to be carbon monoxide
(CO) (14,55). Nicloux and others attempted to show that CO
was formed in the body and first asserted that the origins of
CO in the body arose via carbohydrate metabolism (56).
Other investigators are finding levels of this gaseous mole-
cule present in the central nervous system. The proof should
have been on the determination of the CO in inspired and ex-
pired air simultaneously combined with the measurement of
carboxyhemoglobin (COHb) in the blood. Unfortunately,
these measurements were not possible with the methods
available before 1940. With the onset of the industrial revolu-
tion and the invention of the combustion engine, it became
urgent to work out methods to measure and determine COHb
because it was rapidly discerned that CO levels in the atmo-

sphere were dangerous. It was discovered very early on that
the COHD levels in the blood reflected the CO concentration
in the alveolar air determined using rebreathing techniques. It
was not until 1949 that Sjorstrand, and later Coburn, discov-
ered that endogenously produced CO arose from the degrada-
tion of hemoglobinreleased from senescing erythrocytes (12,
13, 73). CO measurements via COHb or by rebreathing tech-
niques in the 1970s, were used by clinicians to determine the
life span of erythrocytes and the rate of heme turnoverin their
patients. Greater than 75% of CO produced in humans arises
from erythrocyte turnover generated as a by-product of heme
metabolism.

In 1969, the source of endogenous CO was discovered.
Tenhunen et al. described and characterized heme oxygenase
(HO) as the enzyme responsible for breaking down heme in
the body, demonstrating that heme catalysis resulted in the
subsequent release of CO and free iron as by-products (79).
This enzymatic cleavage also resulted in the production of
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biliverdin, which was subsequently found to be rapidly con-
verted to bilirubin via biliverdin reductase. Certainly the
products of HO activity have been observed for decades, if
not centuries, because unlike most biochemical functions,
heme catalysis is color-coded and readily observable. For in-
stance, a hematoma arising from a blow to the body is ini-
tially black, the color of heme. Over a number of days, the
color changes to green, the color of biliverdin, and finally to
yellow, the color of bilirubin. Use of these visual observa-
tions can be dated back to the time of Hippocrates, when pa-
tients with liver disease presented as hyperbilirubinemic, and
were recognized because their skin was yellow in color. The
generation of CO would also generate a pink skin hue as it
bound tightly to hemoglobin.

Similarly, the prsence of CO has also been observable well
before there were scientific “instruments” by which to test the
atmosphere. With the advent of fire, it is not hard to imagine
that primitive man, taking refuge in caves, brought fire inside
and learned rapidly that when some of his co-dwellers did not
survive the night, they should next time be sure to extinguish
the flames lest they not awaken to greet the following day. Per-
haps they recognized that if they began to turn bright red
(from CO’s binding to hemoglobin), it was time to get outside
for some fresh air. And thus the first CO monitor and/or spec-
trophotometric assay was created [adapted from Penney (65)].

This review will address many aspects regarding recent
findings demonstrating antiinflammatory aspects of CO in a
number of inflammatory models in rodents that implicate CO
as a functional biological mediator in numerous organ and
tissue systems. Clinical investigators have also begun to use
CO analysis of the exhaled breath as a biomarker related to
increase in levels of oxidative stress. It has clearly been dem-
onstrated that CO increases in the breath in correlation with
the severity of an inflammatory state, such as asthma and dia-
betes, and in critically ill intensive care patients. In an effort
to determine if this increase in exhaled CO is indicative of an
attempt by the cells of a given tissue and organ system to re-
instate homeostasis, or simply a waste product to be elimi-
nated, a series of investigations have been completed to ex-
amine a possiblerole for CO in modulating the inflammatory
response. By using both cellular and animal models of in-
flammation, including sepsis, hyperoxia, asthma, ischemia/
reperfusion, and xenotransplantation, exogenous CO was ad-
ministered at low concentrations that were well tolerated.
Markers of injury and inflammation were measured to assess
a functional role for CO in the cellular and molecular re-
sponses and found to be markedly attenuated when the ani-
mals were present in an atmosphere of CO (7, 8, 60, 61, 69).

It has been hypothesized that CO generated from the in-
creased activity of HO-1 is important in the modulation of
vascular smooth muscle tone (19, 50). In fact, it has been sug-
gested that the HO/CO pathway is critical in the regulation of
blood pressure under stress conditions (51, 67). The func-
tional role of the HO-1/CO axis has also been evidenced
in other tissue and organ systems, including the liver where it
is involved in the regulation of bile canalicular contractility in
hepatocytes, uterine contractions in the pregnant rat, and
leukocyte adhesion in venular endothelial cells. Other sys-
tems where the HO/CO pathway constitutes a regulatory role
is in the pancreatic islets of Langerhans where CO has been
shown to stimulate glucagon and insulin release (30, 31, 71).
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The interest in the functional role of this metabolite of heme
catalysis is continuing to expand with ever-increasing data
suggesting that, like nitric oxide (NO), CO possesses a cellu-
lar and molecular function and should not be simply classi-
fied as a toxic waste product.

HO has been well established as a stress response gene in-
duced by a diverse array of non-heme-induced cellular
stresses, including lipopolysaccharide (LPS), heat shock, hy-
peroxia, heavy metals, and UV irradiation. It was hypothe-
sized, based on the premise that HO-1 was induced by such
stress responses, that CO as a by-product would simultane-
ously be generated and could be quantitated. Because CO
does not undergo further metabolism in the body, its only
source of excretion is via exhalation as a gas. The Sasaki and
Barnes groups have plainly shown that not only is CO present
and measurable in the exhaled air of a normal subject, levels
of this gas increase correlatively with the severity of numer-
ous inflammatory disease states (1, 35, 49, 70). In inflamma-
tory conditions such as asthma, medical intervention such as
the use of inhaled glucocorticoids was shown to reduce bron-
choconstriction with subsequent correlative decreases in the
amount of exhaled CO measured in the breath (86). Exhaled
CO may also provide complementary data for assessment of
asthma control in children, where exhaled CO has also been
shown to increase during an episode of acute asthma (81). Pa-
tients with upper respiratory infections have increased levels
of CO in the exhaled breath, suggesting that perhaps HO-1
possesses an antiviral effect in the airway (87). Because of
the noninvasiveness of exhaled breath collection, it is being
proposed that increased CO levels may be an early and nonin-
vasive marker of airway and systemic inflammation and dis-
ease (34, 35, 64). It has been established that CO modulates
histamine release from mast cells in response to allergen, as
well as the immunological activation of human basophils (47,
48, 53). In cases of cystic fibrosis, CO measurements may be
clinically useful in the management and monitoring of oxi-
dation and inflammatory mediated lung injury (63). It has
been demonstrated that the generation of CO directly affects
cardiac output, vascular resistance, and subsequently blood
pressure (37). It has also become evident that CO is involved
in pathological conditions, including ischemia, endotoxic
shock/sepsis, and excitotoxicity, acting as a cytoprotective
agent (15, 46).

In light of the ever-increasing reports showing that CO is
responsible for numerous cellular and organ functions, there
are certainly more delineating the toxicity and lethality of CO
exposure (33, 40, 52, 80). Over the past 100 years, CO has
demonstrated its lethality again and again. In rigorous exami-
nations in scientific laboratories over the span of a century,
its deadly effects have been repeatedly and compellingly
demonstrated (12). Yet there are also numerous inconsisten-
cies throughout these research studies. In an extensive review
of the literature regarding CO effects on behavior and brain
injury, Benignus concludes:

Barring the advent of a very well documented and
replicable demonstration of COHb with behavioral ef-
fects, a physiological understanding of the mechanism
of CO effects appears to be the only hope of resolution
of the uncertainty of the effects of CO exposure. Too
little is known about the effects on average, normal,
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young, healthy, at rest subject and much less about
cases that do not fit into categories of toxicity and yet
are exposed to CO in their normal environment (3).

He goes on to state:

There is reason to believe that research done in the cli-
mate of environmental activism during which much of
the CO research was performed, an experiment that
producedno significant effect when others had already
reported such would not have been published. . . if this
were the case and many findings were never published
because of no statistical effects, a review of the litera-
ture could easily take on a different appearance (3).

From these conclusions, it could be possible that perhaps
CO has been labeled as toxic regardless of concentration and
exposure time. Ironically, although CO has been extensively
studied for over a century, the literature citings are a mere
fraction of what they might otherwise be, and it is clearly pos-
sible that critical data supporting other “nontoxic” effects of
CO may never be known.

And so, despite its demonstrable life-ending effects, CO in
more recent studies is emerging as a functional molecule in an
innumerable number of life-sustainingorgan and cellular activ-
ities as described above, dependable, ubiquitous, and inexplic-
able, a role that has both bemused and dismayed scientists. In
the late 19th century, it was Haldane who used CO to discover
that hemoglobin was the blood protein that carried and deliv-
ered oxygen to the tissues (24). Perhaps it is this enigmatic na-
ture of CO that has prompted some investigators, in recent re-
search efforts, to begin to pay more attention to CO, if for no
other reason than to explain the mechanisms of its toxicity and
perhaps to turn its aberrant behavior into something compre-
hensible. CO insists on being attended to—and understood and
appreciated. But that explication requires a context, one that
provides the conceptual framework within which the mecha-
nisms of CO’s beneficial effects may be most precisely de-
scribed. Since the late 19th century, scientists have known that
CO was present in the blood of normal man and animals.
Claude Bernard described CO’s affinity for hemoglobin; this
initial research became grounding for an essentially universal
scientific tenet assigning CO to the category of poisons and
toxins, which later included arsenic, nicotine, and opium (4, 5).

With the discovery of the enzyme HO, however, the sole
origin of endogenously generated CO was identified. Al-
though these revelations have indeed provoked much re-
search, the mechanism by which HO-1 provides protection
against injury remains unanswered. In an effort to address
this question, it was hypothesized that CO was subserving a
unique functional role in the mechanisms that generate the
effects seen with induction of HO-1 itself. The investigation
of CO’s functions in acute lung pathology, including both en-
dogenous and exogenous determinants, is currently being in-
vestigated in models of sepsis, asthma, xenotransplantation,
ischemia/reperfusion, and hyperoxia, all well established
models of acute inflammation and injury.

Additionally, studies have demonstrated that, far from
being “waste” by-products of heme metabolism, bilirubin,
ferritin, and CO are perhaps products serving a function. In
fact, bilirubin, ferritin, and CO are all now accepted as being
able to exercise other critical physiologic functions.

311

There is strong evidence in the literature to support the
emerging paradigm that HO-1 plays a vital role in maintain-
ing cellular and tissue homeostasis in various in vitro and in
vivo models of oxidant-induced injury. Despite these con-
vincing data indicating the protective role of HO-1 in oxidant
stress, the precise mechanism(s) by which HO-1 serves as a
potent cytoprotectant remains elusive. Although many inves-
tigators have speculated as described above that the catalytic
by-products of heme catabolism, including bilirubin, and fer-
ritin, generated by released iron, may mediate the protective
function of HO-1, the evidence remains unresolved (2, 43,
76). CO, the remaining major end product of heme catalysis
by HO, has been implicated as a chemical messenger in neu-
ronal transmission and as a potent vasodilator. However, little
is known regarding its functional role in potential cytoprotec-
tion against oxidative stress.

Recent reports by a number of investigators are beginning
to show a functional role for CO in models of inflammation.
Ndisang et al. showed that CO can modulate the guinea pig
mast cell release of histamine, supporting the idea that in-
creases in exhaled CO, such as during an asthmatic response,
are perhaps an effort by the lung to immunomodulate hista-
mine release and subsequent bronchoconstriction (53). In ro-
dent models of hemorrhagic shock and sepsis, CO, albeit via
indirect measurements, has been shown to provide protection
against hepatic dysfunction (62).

To address the hypothesis that the by-product CO was poten-
tially the mechanism of cytoprotection observed with HO-1, in
vivo and in vitro exposure systems were developed to adminis-
ter directly low concentrations of CO exogenously. Although it
is difficult to correlate exogenously administered concentra-
tions with that of endogenously generated CO from HO-1, the
correlation between cytoprotection with HO-1 versus CO is
striking. In other words, in models where HO-1 has been
shown to be protective,low concentrations of CO administered
exogenously show similar, if not identical, protection.

Subsequent studies unraveled an important function of ex-
ogenously administered CO in mammalian systems. This re-
view will serve to provide evidence that CO, when adminis-
tered exogenously at low concentrations, can exert potent
antiinflammatory effects in both in vivo and in vitro models
of LPS-induced inflammation, hyperoxic lung injury in ro-
dents, allergen-induced inflammation, apoptosis, ischemia/
reperfusion injury, and cardiac xenotransplantaion that other-
wise mimic effects seen with HO-1. The concentration of CO
(<0.03%) used in these studies is one twentieth of the lethal
dose of CO and significantly less than the concentration ad-
ministered to humans (0.3%), albeit the exposures are continu-
ous and ranged from 1 h to 4 weeks of exposure. A novel and
intriguing aspect of these observations is that CO, even at low
concentrations, selectively modulated the proinflammatory/
anti-inflammatory cascade of cytokines and mediators.

ENDOTOXIC SHOCK

CO exposure selectively inhibited in a concentration-
dependent fashion LPS-induced tumor necrosis factor-a
(TNF-a) production and augmented interleukin (IL)-10 pro-
duction measured in the same cells and mice. Surprisingly,
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these biological effects of CO did not involve the guanylate
cyclase/cyclic GMP (cGMP) pathway, which has been impli-
cated in the biological effects of CO in the neuronal and vas-
cular systems akin to NO (50, 81). Rather, the anti-inflammatory
effects of CO appear to involve the mitogen-activated protein
(MAP) kinase signaling pathway, in particular the MKK3/p38
MAP kinase pathway (see Fig. 1).

The precise biochemical mechanism by which CO can
modulate the MAP kinases is not clear at this time. Based on
current knowledge that none of the upstream kinases in the
MAP kinase pathway contain a heme moiety (a common tar-
get of CO), and the current observation that CO mediates the
antiinflammatory effects via a cGMP-independent pathway, it
is plausible that CO could be modulating the upstream ki-
nases through an unknown or unidentified intermediate mole-
cule. This speculation is supported by observations that the
protective effects of CO require new protein synthesis in
TNF-a-induced apoptosis (unpublished observations). Our
findings demonstrating the CO-induced augmentation of IL-
10 production and induction of the p38 MAP kinase are con-
sistent with previous reports that the p38 MAP kinase is criti-
cal in regulating IL-10 production (17).

There have been a number of reports showing that inhibi-
tion of TNF-a independent of augmented IL-10 release can
occur following increases in cyclic AMP, decreased intracel-
lular Ca?, or B-adrenoceptor stimulation (29, 54, 78). These
studies suggest that CO inhibits LPS-induced TNF-a produc-
tion via an IL-10 independent pathway, by affecting posttran-
scriptional synthesis of TNF-a. The data raised the immedi-
ate question as to how there could be augmentation in the
activation of p38—a potent intermediate signal transducer in-
volved in the production of TNF-a following LPS administra-
tion (27)—while simultaneously showing decreased produc-
tion of TNF-a by enzyme-linked immunosorbent assay. To
address this fundamental question, we looked at TNF-a
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mRNA and protein levels. Results found that CO was regulat-
ing LPS-induced TNF-a production posttranscriptionally.
Western blot analysis of both cellular protein and secreted
protein in the media indicated decreased amounts of TNF-a
protein in the presence of normal transcription of the TNF-a
gene as seen by Northern blot analysis. Conclusions from
these studies are that CO is acting directly on posttranscrip-
tional processes, or a more intriguing possibility is that CO is
somehow acting indirectly via the increased activation of p38
in the posttranscriptional regulation of this cytokine. A third
possibility is that there exists a delicate balance in the actions
of p38; subtle cellular activation (as with LPS alone) stimu-
lates TNF-a synthesis, whereas a hyperstimulation (as seen in
the CO/LPS treated-cells) somehow becomes inhibitory, re-
sulting in posttranscriptional regulation of the TNF-a protein.
Taken together, it appears that CO is exerting posttranscrip-
tional or secretional regulation of LPS-induced TNF-a ex-
pression. The regulation of LPS-induced TNF-a expression
by CO exemplifies the accumulating evidence in the litera-
ture highlighting the complexity of the molecular regulation
of TNF-a (25). Complex transcriptional and translational
control of TNF-a expression has also been reported in similar
studies (6, 20, 26). Studies of mechanism and localization are
included as studies to investigate in the future. This study re-
vealed a novel physiological function of the gaseous molecule
CO in a model of LPS-induced inflammation.

CARDIAC XENOTRANSPLANTATION
IN RODENTS

The ability of HO-1 and CO to suppress proinflammatory
responses in macrophage activation may also contribute to
the suppression of xenograft rejection, as demonstrated in a
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Potential pathways for anti-inflammatory effects of CO. cGMP, cyclic GMP; MKK3, MAP kinase kinase 3; NF«B,
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recent study by Sato et al. (69). In this study, the authors
demonstrate the beneficial effects of CO in avoiding rejection
of a cardiac xenograft, which was similar to their previously
published work showing that HO-1 can provide protection
against acute rejection (74). Exposure to 400 ppm for only 2
days following transplant prevented rejection for up to 50
days, whereas air-treated control hearts were rejected in 5-7
days. CO likely mediates these protective effects, in part by
modulating platelet function, by causing vasodilatation,
and/or by inhibiting the proinflammatory responses of mono-
cytes as described above. Activated monocytes are present in
rejecting xenografts, and there are data suggesting that they
may well play a role in rejection (41, 42). In unpublished ob-
servations by Sato et al., the time of exposure required to ob-
serve protective effects of CO was only 2 days. In other
words, 2 days of exposure was sufficient to protect the graft
over the following weeks as the animals subsisted in room air.
These data begin to address the functional mechanisms by
which CO exerts its effects and are leading us toward the iden-
tification of potential cellular and molecular targets. Moreover,
the time requirements for exposure to CO appear to be shrink-
ing and thus minimalizing the toxicity issues associated with
this gas molecule. Additionally, the anti-inflammatory effects
of CO explain how exogenous administration of HO-1 by gene
transfer or CO inhalation protected against hyperoxia-induced
lung injury and inflammation as described below (59, 60). De-
spite the long-standing accepted paradigm that CO in our envi-
ronment is toxic or even lethal, the data presented here, as well
as the Sato data, make clear that CO can serve as a potent anti-
inflammatory molecule. It is tempting to speculate that CO
might be used therapeuticallyby (over)expressingHO-1, by in-
ducing HO-1 by genetic engineering, or by local CO adminis-
tration in areas of inflammation. CO might therefore be used
therapeutically not only in sepsis and xenotransplantation, but
in other inflammatory conditions.

ALLERGEN-INDUCED
INFLAMMATION IN MICE

CO concentrations are increased in the exhaled breath of
asthmatic patients (49). These levels subside following admin-
istration of anti-inflammatory nonsteroidal agents. Barnes and
colleagues clearly demonstrate this phenomenon (34). The fun-
damental question asked by investigators was this: why would
this “toxic” gas molecule be increased in the inflammatory
state? Perhaps it serves as a defense mechanism in the lungs to
counteract the bronchoconstrction, mediator release, and mu-
cous production illicited by the allergen. To address this possi-
bility, Chapman et al. examined the role of CO administrated
to allergen-challenged mice (8). They found that CO at similar
concentrations (0.025%; 250 ppm) used in the above models
was able to block eosinophil influx and reduce the production
of IL-5. Furthermore, the effects of CO in this model were se-
lective, having no effect on other allergen-induced cytokine
production such as eotaxin and IL-12. CO was also able to re-
duce increases in airway resistance in response to metha-
choline challenge in allergen-sensitzed mice (unpublished ob-
servations). These data provide further credence to the notion
that CO has a functional role in models of inflammation.
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HYPEROXIA-INDUCED LUNG
INJURY IN RATS

In these studies, it was hypothesized that a possible mech-
anism subserving HO-1-induced protection is through one of
its by-products, CO. By using low concentrations of CO pre-
viously shown to be nontoxic (77), rats were exposed to lethal
hyperoxia in the presence of low amounts of CO (similar to
that used in the endotoxin and transplantation studies) to de-
termine if protection was similar to that observed with HO-1
when administered intratracheally expressed in an adenovirus
(59). Exogenous administration of low CO concentrations did
indeed provide protection against oxidative stress in models
of inflammation. It should be noted that the concentration of
CO used in these studies, in the order of 50-500 ppm, corre-
sponds to 0.005-0.05% CO. As differences in arterial pO,
levels have been implicated in other models of tolerance to
hyperoxia (9), the pO, content was measured in the experi-
mental groups. No difference was observed between rats ex-
posed to hyperoxia and rats exposed to hyperoxiain the pres-
ence of a low concentration of CO.

The precise mechanism(s) by which CO mediates protec-
tion in this model is not clear. The observation that CO atten-
uated hyperoxia-induced influx of neutrophils into the air-
ways is interesting in that it is well established that neutrophil
influx in the bronchoalveolar lavage is of paramount impor-
tance in the development of hyperoxia-induced lung injury in
in vivo models and in human patients with adult respiratory
distress syndrome (ARDS) (9, 11, 75). Moreover, identical
experiments were performed using a second model of oxi-
dant-induced lung injury and inflammation. LPS adminis-
tered to rats induces profound neutrophil influx into the air-
ways; however, this neutrophil influx was significantly
inhibited in the lungs of rats given LPS and exposed to CO.
Willis et al. recently reported that HO-1 modulates the in-
flammatory response in vivo, and a recent report by Soares et
al. also showed that HO-1 modulates the inflammatory re-
sponse and apoptosis in vivo in a model of cardiac xenotrans-
plantation (74, 84). These findings support a mechanism to
explain the anti-inflammatory properties observed with HO-1,
which have been demonstrated in our laboratories and others
(57, 59, 74, 84). However, in this study the use of exogenous
CO did not directly prove that it is mimicking endogenous CO,
and therefore cannot be compared meaningfully with CO pro-
duced during heme metabolism by endogenous HO-1. De-sign-
ing experiment(s) to show that endogenous CO from
HO-1 actually mediates the protective effect of HO-1 in vivo is
technically very difficult, perhaps not feasible because current
available technology to measure CO in vivo (COHDb) is not sen-
sitive enough to detect increased CO levels after HO-1 induc-
tion. However, observations that exogenous CO could com-
pletely ablate or reverse the increased pleural effusion in rats
treated concomitantly with a selective inhibitor of HO-1, tin
protoporphyrin, suggested that exogenous CO could provide
cytoprotective effects even in conditions where endogenous
HO activity is completely inhibited. Nevertheless, the marked
protection against hyperoxia-induced lung injury by exoge-
nous CO at low concentrations observed here provides an-
other suitable in vivo model to investigate further the func-
tional physiologic role of CO in oxidant-induced lung injury.
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Furthermore, oxygen exposure results in an increase in
programmed cell death or apoptosis in the lung as demon-
strated by Mantell (45). Exposure to hyperoxia in the pres-
ence of CO showed an inhibition in apoptosis, which may
represent an additional mechanism by which CO provides
protection against oxidant-induced injury and inflammation.
Although the precise physiological function of apoptosis in
the lung has yet to be established, emerging data strongly sug-
gest that the total lung apoptotic index can serve as a useful
marker of lung injury in response to oxidative stress such as
hyperoxia (38, 58). Studies by Soares and Petrache also
showed that HO-1 and CO may function as an antiapoptotic
molecule in in vitro models of TNF-a-induced apoptosis (7).

The known observations that CO can avidly bind to heme
moieties such as guanylyl cyclase and thereby increase
c¢GMP, similar to the action of NO, may provide clues for fu-
ture studies (39) (see Fig. 1). However, CO could also act via
a pathway not involving cGMP, as has recently been de-
scribed in other in vitro models examining HO-1 regulation
by NO (25).

Presented here is evidence demonstrating that exogenous
CO at low concentrations provides protection against hyper-
oxia-induced lung injury. The concentrations of CO needed to
achieve these dramatic protective effects are far less than the
known toxic concentrations, and even lower than the concen-
trations used in pulmonary function tests in humans.
Although the precise mechanism by which CO exerts its pro-
tective effects has yet to be established, the inhibition of neu-
trophil inflammation and attenuation of total lung apoptotic
index represent potential avenues to investigate in the future.
This work continues to raise the intriguing possibility for the
potential therapeutic use of low concentrations of CO in clin-
ical settings not only in lung disorders such as ARDS and
sepsis but also in a variety of other inflammatory disease
states.

In a second model of acute lung injury and inflammation in
mice, a low concentration of CO when mixed with >98% O,
protects the lungs of mice when compared with those ex-
posed to O, alone. Of obvious concern is the toxicity associ-
ated with this gas molecule. The concentration (<0.03%) of
CO used, however, is one twentieth the lethal dose, and when
administered at this concentration mixed with air produced
no untoward effects on the mice. Stupfel and Bouley have
shown that mice exposed to 500 ppm of CO for up to 2 years
showed no untoward effects on multiple physiological or bio-
chemical parameters (77). This concentration is 10-fold
lower than that used in the measurement of lung diffusing ca-
pacity (D; CO), a standard pulmonary function test used in
humans. Here, in a clinically relevant model of ARDS, we
show that not only was CO cytoprotective as it reduced
markers of lung injury, but also and more importantly at this
low concentration selective inhibition of hyperoxia-induced
TNF-a, IL-1B, and IL-6 occurred at the tissue level. At a
more functional level, survival was extended in those ani-
mals exposed to O, and CO.

There is increasing evidence that the MAP kinases are
strong regulators of proinflammatory cytokines, in particular
the p38 MAP kinase pathway (68). In the endotoxin model,
the MKK3/p38 pathway proved to be an important variable in
enabling CO to modulate cytokine production (see Fig. 1).
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The data collected in this study showed that CO prevented the
increased transcription of TNF-a, IL-1f3, and IL-6 in re-
sponse to hyperoxia exposure requiring the MKK3/p38 path-
way. It is therefore a formal possibility that modulation of
these cytokines is perhaps the mechanism subserving the
ability of CO to extend the survival of mice exposed to hyper-
oxia. Numerous studies have shown that if TNF-a and IL-1§
are inhibited, the inflammatory response is reduced (23, 66).
In fact, clinical trials are under way to treat sepsis and
rheumatoid arthritis by interfering with TNF-a production
(44). We took this approach a step further and showed that the
ability of CO to modulate these cytokines involves the MAP
kinase signaling cascades, in particular the MKK3/p38 MAP
kinase pathway.

The precise molecular target(s) for CO is not clear at this
juncture, but based on our current knowledge that it preferen-
tially binds heme moieties present in numerous proteins we
gain some insight into potential cellular target(s). In this
model, CO modulates proinflammatory cytokine production
through the MAP kinase MKK3/p38, so a plausible cellular
target is an upstream intermediate involved in the modulation
of these pathways. Obvious targets in the lung would include
guanylyl cyclase or NADPH oxidase, both heme-containing
enzymes that lie upstream of the p38 MAP kinase. Inhibition
of NADPH oxidase has been shown to protect against oxi-
dant-induced injury (36). In unpublished observations, CO
inhibits the production of free radicals generated by NADPH
oxidase. CO in this instance is most likely interfering with
NADPH oxidase-induced superoxide production by binding
to the heme moiety contained in the p47 subunit of the com-
plex and thereby preventing the increased reactive oxygen
species (ROS) generated in the above models, ROS that have
been shown to initiate cytokine expression. Furthermore, the
specificity of CO fails to modulate significantly a number of
other hyperoxia-induced cytokines such as the transforming
growth factor-p3 family members. Although some of these are
also regulated by the MAP kinases, these cytokines are also
dependent on other transcriptional activators, including the
Stat and Smad family members (10, 32, 83).

These studies reveal a novel physiologic function of the
gaseous molecule CO in a murine model of acute respiratory
distress. Despite the long-standing and widely accepted para-
digm that CO is toxic and even lethal, these data suggest
otherwise. First, we demonstrate here that in a model of acute
lung injury, CO at low concentrations is anti-inflammatory.
Second, we show that it does so in part through inhibition of
proinflammatory cytokines. Third, we demonstrate that it
somehow modulates these cytokines via the MKK3/p38 MAP
kinase axis.

It is tempting to speculate that CO might be used therapeu-
tically by overexpressing HO-1, by inducing it via genetic en-
gineering, or by local administration of a low concentration
of CO in areas of inflammation. CO might prove therapeutic
in not only acute respiratory distress syndrome, but also other
inflammatory conditions. CO at low concentrations provides
cytoprotection and acts as an anti-inflammatory agent. The
evidence in support of CO as an anti-inflammatory agent con-
tinues in the mouse hyperoxia model with functional poten-
tial. TNF-a and IL-1f expressionis once again inhibited, and
suggests that the improved survival with decreased lung in-
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jury is reflective of this phenomenon. Furthermore, survival
in the Mkk3 null mice could not be extended with CO, nor did
CO have any effect on the same injury markers that were oth-
erwise inhibited in the wild-type mice exposed to O, in the
presence of CO. Interestingly, in whole tissue, message levels
of the proinflammatory cytokines were decreased by CO, un-
like that seen in the RAW 264.7 macrophages, where inhibi-
tion occurred posttranscriptionally. This might point to cell-
type specificity or cell versus tissue effects or even model
differences where the milieu is different. Future studies will
examine these phenomena.

SUMMARY

Although heme catalysis liberates three by-products, the
only gaseous by-product, CO, was examined as a possible
mechanism by which HO-1 provides beneficial cytoprotec-
tive properties. In identical models in which HO-1 showed
protective effects, CO produced the same effects. What has
been observed and described herein is that CO was able not
only to mimic these protective effects, but also to do so at
very low concentrations. At the same time, intracellular tar-
gets (MAP kinase) were identified that could be responsible
for the cytoprotective response.

These studies also investigated derivative issues related to
possible mechanisms by which CO was able to exercise its
cytoprotective effects. Obvious research choices included
downstream gene products including cytokines, which play
importantroles in the sequelae of tissue, and organ injury that
occurred in the models of shock and hyperoxic lung injury
used in these studies. On the other hand, upstream molecular
targets involved in signal transduction and gene regulation,
and responsible for the observed downstream effects, were
examined to understand better the potential mechanism(s) by
which CO behaved. To be sure, there are numerous pathways
to consider. Certainly, the effects of CO in any given system
could also vary. Any heme-containing protein of the hundreds
that exist could potentially be a target or at least participate
indirectly in the cellular response to any given stress.

Fortunately, the models of inflammation described in this
review represent clinically relevant research models. Each
provides pertinent insights that advance our understanding of
clinical disease because although they diverge in terms of
their relative cytotoxic etiologies and tissue injury dynamics,
they are closely intertwined at the intracellular level. All gen-
erate enormous amounts of ROS that represent the fundamen-
tal underlying mechanisms by which they generate pathology.
Ironically, a large percentage of patients with sepsis end up
with ARDS, and the only common treatment for these pa-
tients is high levels of inspired oxygen. Despite the necessity
of such a therapy to maintain normal arterial oxygen tensions
for delivery to distal tissues, these high levels of inspired
oxygen exacerbate the oxidative burden on lung tissue. Un-
derstanding the mechanisms of injury and the role of the
stress response, including that of HO-1, will better enable the
design of treatment regimens by which to treat both sepsis
and ARDS, without resorting to the counterproductive oxy-
genation therapies. In animal studies, it is apparent that HO-1
is involved in the defense against these syndromes and is
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therefore a potential therapeutic target. The unanswered ques-
tion is how and why HO-1, an enzyme simply designed to
break down heme, and CO, an inert gas, are involved in these
complex disease states.

Although the gaseous molecule CO has been studied for
>100 years, those investigations have almost universally fo-
cused on its toxic features and effects, and CO remains, quite
understandably, a molecule to be avoided. Despite those re-
peated indictments of CO as an exceptionlessly lethal agent,
studies are under way perhaps suggesting otherwise. Put sim-
ply, CO possesses potent beneficial properties based on the
findings presented here, properties that offer potentially
enormous benefits in the treatments of sepsis, ARDS, asthma,
and transplantation, disease states for which no substantial
improvements in treatment have occurred over the past 30
years. The mechanisms of CO’s toxicity are in theory well un-
derstood—it binds to hemoglobin and causes life-threatening
hypoxia, resulting in brain damage and acute cardiovascular
collapse. It also binds to cytochrome oxidase and prevents
life-sustaining generation of ATP. Among these almost mono-
lithic truths about CO, however, dwell uncertainties. Why is it
that when blood is saturated with CO and administered to an-
imals intravenously, they suffer no adverse effects despite the
fact that COHb levels rise to magnitudes that would other-
wise create serious, if not lethal, consequences (16, 21)? Why
is it that there are reports of CO regulating carotid body sig-
naling and neurotransmission? Why is it that HO-2 exists, a
constitutively expressed isoform present in the body relent-
lessly producing CO, releasing it into the bloodstream to reg-
ulate vasomotor tone and/or into the brain to support long-
term potentiation or memory (89)? Certainly, these would
seem important functions for survival. But in the end, there is
the most fundamental question: if CO is so toxic, why is it
constantly generated in the body and, most paradoxical of all,
increased in inflammatory states as measured in exhaled
breath, creating a hypoxic environment limiting O, delivery
to tissues and interfering with ATP synthesis?

Of course, CO may simply be a by-product that, like
others, is waste that must be eliminated. But it may indeed
possess a functional role in the maintenance of normal cellu-
lar homeostasis. It does seem coincidental that in mice and
humans deficient in HO-1, there is profound inflammation
that supercedes all other abnormalities (85). This inflamma-
tion does not appear to occur as a result of infection or other-
wise exogenously determined sources; rather the inflamma-
tion exists from birth ultimately leading to death (of those
who are born). In light of these observations, CO via HO-1
based on data presented here would appear to be the antidote,
as it were, for this dysfunctional inflammatory, response, as
the data in this dissertation strongly suggest. When HO-1 and
therefore CO are present, perhaps these molecules lead to
homeostatic regulation of the inflammatory response. HO-1
is induced via a variety of inflammatory stimuli, some no
more stressful than the normal oxidative stress present in all
O,-breathing organisms. It is believed that oxidative stress
caused by reactive radicals is an essential, if not exclusive,
determinant of the aging process, and that it is involved in
most, if not all, disease states (16a).

Perhaps CO acts as an antioxidant. Weinstock first hypoth-
esized that CO could react with the hydroxyl radical to form
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CO, and H* and thereby eliminate a potent free radical. Simi-
larly, many of the ROS originate via the mitochondrial cy-
tochrome oxidases, NADPH oxidases, xanthine oxidases, and
cyclooxygenases, to name a few, present in most cells. Each
of these enzymes contains a heme moiety, reactive with both
O, and certainly CO. Hence, it is certainly a possibility that
CO is acting as a potent antioxidant interfering with the gen-
eration of ROS. The potent antioxidant enzyme catalase also
contains a heme moiety, and perhaps the binding of CO re-
sults in an increase in its activity level.

Future studies will examine this issue and, if confirmed,
help explain most, if not all, of the cellular and tissue re-
sponses. Blockade of radicals has been shown to prevent cy-
tokine release, inhibit apoptosis, and certainly prevent oxy-
gen-mediated cellular injury like lipid peroxidation that
leads, of course, to changes in permeability and increases in
leukocyte trafficking.

Other formal possibilities would include indirect actions of
CO on other non-heme-containing proteins or its possible
gene-regulating function acting as a regulator of gene expres-
sion, a transcription factor generated endogenously via HO-1
during a stress response that modulates gene expression re-
sponsible for regulation of the downstream cellular re-
sponses. One obvious cellular target is the MAP kinase path-
way. It appears that CO, by augmenting p38, could be acting
via signaling of downstream events. Perhaps CO via p38 is
increasing the expression of other cytoprotective genes. Aug-
mented release of IL-10 would suggest as much.

CO has been studied for >100 years, and until the last few
years has been touted as a molecule to avoid. During the indus-
trial revolution, miners used canaries to detect CO levels, as-
suming that their higher metabolic rates would predispose
them to CO poisoning well before a worker would succumb to
such. Shortly thereafter, the Japanese waltzing mouse was used
in mines for much the same purpose and reason. It was argued
that by the time the bird died or the mouse began to convulse
(hence the waltzing), a miner had been exposed only to sub-
lethal CO concentrations and had time therefore to escape. It is
ironic that the mouse once used to predict toxicity is now, 100
years later, acting in much the same capacity. Now, however, it
offers itself the same, in experimental tests designed to deter-
mine whether and by what means CO exposure might be bene-
ficial to man. Presented here, and confirmed by other vascular
and neurobiologists, is a compelling reason for a renewed ef-
fort to understand this most extraordinary molecule.

ABBREVIATIONS

ARDS, adult respiratory distress syndrome; cGMP, cyclic
GMP; CO, carbon monoxide; COHb, carboxyhemoglobin;
HO, heme oxygenase; IL, interleukin; LPS, lipopolysaccha-
ride; MAP, mitogen-activated protein; NO, nitric oxide; ROS,
reactive oxygen species; TNF-a, tumor necrosis factor-a.

REFERENCES

1. Antuni JD, Kharitonov SA, Hughes D, Hodson ME, and
Barnes PJ. Increase in exhaled carbon monoxide during

OTTERBEIN

exacerbations of cystic fibrosis. Thorax 55: 138-142,
2000.

2. Balla J, Jacob HS, Balla G, Nath KA, Eaton JW, and Ver-
cellotti G. Endothelial-cell heme uptake from heme pro-
teins: induction of sensitization and desensitization to oxi-
dant damage. BrgeNatldcad ScillSed 90: 9285-9289,
1995.

. Benignus VA. Behavior effects of carbon monoxide. In:
Carbon monoxide, edited by Penney DG. Boca Raton, FL:
CRC Press, 1996, pp. 211-238.

4. Bernard C. Lecons sur les effects des substances toxiques
et medicamenteuses. Paris, France: J.B. Bailliere et Fils,
1857.

5. Bernard C. Sur la quantité d’oxygene que contient le sang
veineux des organes glandulaires, a 1’état de repos; sur
I’emploi de I’oxyde carbone pour determiner les propor-
tions d’oxygene du sang. Compt Rend 48: 393400, 1858.

6. Beutler B, Krochin N, Milsark IW, Luedke C, and Cerami
A. Control of cachectin (tumor necrosis factor) synthesis:
mechanisms of endotoxin resistance. Science 232: 977—
980, 1986.

7. Brouard S, Otterbein LE, Anrather J, Tobiasch E, Bach FH,
Choi AM, and Soares MP. Carbon monoxide generated by
heme oxygenase 1 suppresses endothelial cell apoptosis. J
Exp Med 192: 1015-1026, 2000.

8. Chapman JT, Otterbein LE, Elias JA, and Choi AMK. Car-
bon monoxide attenuates aeroallergen-induced inflamma-
tion in mice. Am J Physiol 281: L.209-L.215,2001.

9. Choi AM, Sylvester S, Otterbein L, and Holbrook NIJ.
Molecular responses to hyperoxia in vivo: relationship to
increased tolerance in aged rats. diliminidspibaellMalBigl
13: 74-82,1995.

10. Christian JL and Nakayama T. Can’t get no SMADisfac-
tion: Smad proteins as positive and negative regulators of
TGF-beta family signals. Bioessays 21: 382-390, 1999.

11. Clerch LB and Massaro D. Tolerance of rats to hyperoxia.
Lung antioxidant enzyme gene expression. J_Clin _Invest
91: 499-508, 1993.

12. Coburn RE Mechanisms of carbon monoxide toxicity.
Prev Med 8:310-318, 1979.

13. Coburn RF, Williams WJ, White P, and Kahn SB. Produc-
tion of carbon monoxide from hemoglobin in vivo. J Clin
Invest46: 346-356, 1967.

14. De Saint-Martin L. Sur le dosage de petites quantités
d’oxyde de carbone dans I’air et dans le sang normal. CR
Acad Sci (Paris) 126: 1036-1039, 1898.

15. Downard PJ, Wilson MA, Spain DA, Matheson PJ, Siow Y,
and Garrison RN. Heme oxygenase-dependent carbon
monoxide productionis a hepatic adaptive response to sep-
sis. J Surg Res 71: 7-12, 1997.

16. Drabkin DL, Lewey FH, Bellet S, and Ehrlich WH. The ef-
fect of replacement of normal blood by erythrocytes satu-
rated with carbon monoxide. Am J Med Sci 205: 755760,
1943.

16a.Finkel T and Holbrook N. Oxidants, oxidative stress and
the biology of ageing. Nature 408:239-247, 2000.

17. Foey AD, Parry SL, Williams LM, Feldman M, Foxwell
BM, and Brennan FM. Regulation of monocyte IL-10 syn-
thesis by endogenous IL-1 and TNF-alpha: the role of the
p38 and p42/44 mitogen-activated protein kinases. J Im-
munol 160: 920-928, 1998.

M)




CARBON MONOXIDE

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fujita T, Toda Karimova A, Yan SF, Naka Y, Yet SF, and
Pinsky DJ. Paradoxical rescue from ischemic lung injury
by inhaled carbon monoxide driven by derepression of fi-
brinolysis. Nat Med 7: 598-604,2001.

Gaine SP, Booth G, Otterbein L, Flavahan NA, Choi AM,
and Wiener CM. Induction of heme oxygenase-1 with he-
moglobin depresses vasoreactivity in rat aorta. J Vasc Res
36:114-119,1999.

Geppert TD, Whitehurst CE, Thompson P, and Beutler B.
Lipopolysaccharide signals activation of tumor necrosis
factor biosynthesis through the ras/raf-1/MEK/MAPK
pathway. Mol Med 1: 93-103, 1994.

Goldbaum LR, Orellano T, and Dergal E. Studies on the
relation between carboxyhemoglobin concentration and
toxicity. AuigtSngeelupign Med 48: 969-975,1977.
Grehant N. Les gas du sang. Paris: 1894.

Hack CE, Aarden LA, and Thijs LG. Role of cytokines in
sepsis. Ady Immunol 66: 101-195, 1997.

Haldane JBS. Carbon monoxide as a tissue poison.
Biochem J 21: 1068-1075, 1927.

Han J, Brown T, and Beutler B. Endotoxin-responsive se-
quences control cachectintumor necrosis factor biosyn-
thesis at the translational level. J Exp Med 171: 465475,
1990.

Han JH, Beutler B, and Huez G. Complex regulation of
tumor necrosis factor mRNA turnover in lipopolysaccha
ride-activated macrophages. Bigchim Bionhvs Acig 1090:
22-28,1991.

Han J, Lee JD, Bibbs L, and Ulevitch RJ. A MAP kinase
targeted by endotoxin and hyperosmolarity in mammalian
cells. Science 265: 808-811, 1994.

Hartsfield CL, Alam J, Cook JL, and Choi AMK. Regula-
tion of heme oxygenase gene expression in vascular
smooth muscle cells by nitric oxide. Am_J Physiol 273:
L980-L988, 1997.

Hasko G, Szabo C, Nemeth ZH, Salzman AL, and Vizi ES.
Suppression of IL-12 production by phosphodiesterase in-
hibition in murine endotoxemia is interleukin-10 indepen-
dent. Eur J Immunol 28: 468-472, 1998.

Hayashi S, Takamiya R, Yamaguchi T, Matsumoto K, Tojo
SJ, Tamatani T, Kitajima M, Makino N, Ishimura Y, and
Suematsu M. Induction of heme oxygenase-1 suppresses
venular leukocyte adhesion elicited by oxidative stress:
role of bilirubin generated by the enzyme. Circ Res 85:
663-671, 1999.

HenningssonR, Alm P, Ekstrom P, and Lundquist I. Heme
oxygenase and carbon monoxide: regulatory roles in
islet hormone release: a biochemical, immunohistochemi-
cal, and confocal microscopic study. Diabetes 48: 6676,
1999.

Hill CS. Signalling to the nucleus by members of the trans-
forming growth factor-beta (TGF-beta) superfamily. Cell
Signal 8: 533-544,1996.

Horowitz AL, Kaplan R, and Sarpel G. Carbon monoxide
toxicity: MR imaging in brain. Radiology 162: 787-788,
1987.

Horvath I and Barnes PJ. Exhaled monoxides in asympto-
matic atopic patients. Clin Lap Allergy 29: 1276-1280,
1999.

Horvath I, Loukides S, Wodehouse T, Kharitonov SA, Cole
PJ, and Barnes PJ. Increased levels of exhaled carbon

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

317

monoxide in bronchiectasis: a new marker of oxidative
stress. Thorax 53: 867-870, 1998.

Hsu ME Raung SL, Tsao LT, Lin CN, and Wang JP. Exam-
ination of the inhibitory effect of norathyriol in formyl-
methionyl-leucylphenylalanine-induced respiratory burst
in rat neutrophils. Ege Radic Bigl Med 23: 1035-1045,
1997.

Johnson RA, Kozma E and Colombari E. Carbon monox-
ide: from toxin to endogenous modulator of cardiovascular
functions. Brgz J Med Biol Res 32: 1-14, 1999.

Kazzaz JA, Xu J, Palaia TA, Mantell LL, Fein AM, and
Horowitz S. Cellular oxygen toxicity. Oxidant injury with-
out apoptosis. J Biol Chen 271: 15182-15186, 1996.
Kharitonov VG, Sharma VS, Pilz RB, Magde D, and Koes-
ling D. Basis of guanylate cyclase activation by carbon
monoxide. Rree NarlAcgd Sl IZS A 97:2568-2571, 1995.
Lapresle J and Fardeau M. The central nervous system and
carbon monoxide poisoning. Anatomical study of brain le-
sions following intoxication with carbon monoxide. Prog
Brain Res 24:31-37,1967.

Lin Y, Vandeputte M, and Waer M. Contribution of acti-
vated macrophages to the process of delayed xenograft re-
jection. Trgnsplantation 64: 1677-1683,1997.

Lin Y, Vandeputte M, and Waer M. Natural killer cell and
macrophage-mediated rejection of concordant xenografts
in the absence of T and B cell responses. J Immunol 158:
5658-5667,1997.

Llesuy S and Tomoro M. Heme oxygenase and oxidative
stress. Evidence of involvement of bilirubin as physiologi-
cal protector against oxidative damage. Biochim Biophvs
Acta 1223:9-14, 1994.

Maini RN, Breedveld FC, Kalden JR, Smolen JS, Davis D,
Macfarlane JD, Antoni C, Leeb B, Elliott MJ, Woody JN,
Schaible TE, and Feldmann M. Therapeutic efficacy of
multiple intravenous infusions of anti-tumor necrosis fac-
tor alpha monoclonal antibody combined with low-dose
weekly methotrexate in rheumatoid arthritis. Arthritis
Rheum 41: 1552-1563, 1998.

Mantell LL. Unscheduled apoptosis during acute inflam-
matory lung injury. Cell Degth Differ 4: 600-607, 1997.
Marilena G. New physiological importance of two classic
residual products: carbon monoxide and bilirubin. Biochem
Mol Med 61:136-142, 1997.

Mirabella C, Baronti R, Berni LA, Gai P, Ndisang JE,
Masini E, and Mannaioni PF. Hemin and carbon monoxide
modulate the immunological response of human basophils.
Lerdrch Allcroy Juguuuel 118:259-260, 1999.

Mirabella C, Ndisang JE Berni LA, Gai P, Masini E, and
Mannaioni PE. Modulation of the immunological activa-
tion of human basophils by carbon monoxide. Inflamm Res
48(Suppl 1): S11-S12, 1999.

Monma M, Yamaya M, Sekizawa K, Tkeda K, Suzuki N,
Kikuchi T, Takasaka T, and Sasaki H. Increased carbon
monoxide in exhaled air of patients with seasonal allergic
rhinitis. Clin Fxp Allergy 29: 1537-1541, 1999.

Morita T, Mitsialis SA, Koike H, Liu Y, and Kourembanas
S. Carbon monoxide controls the proliferation of hypoxic
vascular smooth muscle cells. J Biol Chem 272: 32804—
32809; 1997.

Motterlini R, Gonzales A, Foresti R, Clark JE, Green CJ,
and Winslow RM. Heme oxygenase-1-derived carbon




318

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

monoxide contributes to the suppression of acute hyper-
tensive response in vivo. Circ Res 83: 568-577, 1998.
Nabeshima T, Katoh A, Ishimaru H, Yoneda Y, Ogita K,
Murase K, Ohtsuka H, Inari K, Fukuta T, and Kameyama
T. Carbon monoxide-induced delayed amnesia, delayed
neuronal death and change in acetylcholine concentration
in mice. LRAgrmgcollan Ther 256: 378-385,1991.
Ndisang JE, Gai P, Berni L, Mirabella C, Baronti R, Man-
naioni PF, and Masini E. Modulation of the immunological
response of guinea pig mast cells by carbon monoxide. Im-
wunepharmacolooy 43: 65-73; 1999.

Nemeth ZH, Hasko G, Szabo C, and Vizi ES. Amrinone
and theophylline differentially regulate cytokine and nitric
oxide production in endotoxemic mice. Shock 7: 371-375,
1997.

Nicloux M. Sur I’oxyde de carbone contenu normalement
dans le sang. CR Acad Sci (Paris) 126: 1526-1528, 1898.
Nicloux M and Nebenzahl H. Etude de 1’oxydation des su-
cres en solution alcaline par 1’oxygene gazeux. CR Soc
Biol (Paris) 101: 189-202, 1929.

Otterbein L, Sylvester SL, and Choi Am. Hemoglobin pro-
vides protection against lethal endotoxemiain rats: the role
of heme oxygenase-1. diliemimidsiinalldalRigl 13:
595-601, 1995.

Otterbein LE, Chin BY, Mantell LL, Stansbury L,
Horowitz S, and Choi AMK. Pulmonary apoptosis in aged
rats and oxygen-tolerant rats exposed to hyperoxia. Am_J
Physiol275: L14-1.20, 1998.

Otterbein LE, Kolls JK, Mantell LL, Cook JL, Alam J, and
Choi Am. Exogenous administration of heme oxygenase-1
by gene transfer provides protection against hyperoxia-
induced lung injury J Clin Invest 103: 1047-1054; 1999.
Otterbein LE, Mantell LL, and Choi AMK. Carbon
monoxide provides protection against hyperoxic lung in-
jury. Am J Physiol 276: L688-L694, 1999.

Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H,
Wysk M, Davis RJ, Flavell RC, and Choi AM. Carbon
monoxide has anti-inflammatory effects involving the mi-
togen-activated protein kinase pathway. Nat Med 6: 422—
428,2000.

Pannen BH, Kohler N, Hole B, Bauer M, Clemens MG,
and Geiger KK. Protective role of endogenous carbon
monoxide in hepatic microcirculatory dysfunction after
hemorrhagic shock in rats. J Clin Invest 102: 1220-1228,
1998.

Paredi P, Shah PL, Montuschi P, Sullivan P, Hodson ME,
Kharitonov SA, and Barnes PJ. Increased carbon monox-
ide in exhaled patients with cystic fibrosis. Thorax 54:
917-920, 1999.

Paredi P, Biernacki W, Invernizzi G, Kharitonov SA, and
Barnes PJ. Exhaled carbon monoxide levels elevated in di-
abetes and correlated with glucose concentration in blood:
a new test for monitoring the disease? Chest 116: 1007—
1111, 1999.

Penney DG. Carbon monoxide analysis. In: Carbon
Monoxide, edited by Penney DG. Boca Raton, FL: CRC
Press, 1996, pp. 1-24.

Read RC. Experimental therapies for sepsis directed
against tumour necrosis factor. J Antimicrob Chemother
41(Suppl A:): 6569, 1998.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

OTTERBEIN

Sammut IA, Foresti R, Clark JE, Exon DJ, Vesely MJ,
Sarathchandra P, Green CJ, and Motterlini R. Carbon
monoxide is a major contributor to the regulation of vascu-
lar tone in aortas expressing high levels of heme oxyge-
nase-1. BrJ Pharmacol 125: 1437-1444, 1998.

Sanghera JS, Weinstein SL, Aluwalia M, Girn J, and
Pelech SL. Activation of multiple proline-directed kinases
by bacterial lipopolysaccharide in murine macrophages. J
Immunol 156: 4457-4465, 1996.

Sato K, Balla J, Otterbein L, Smith RN, Brouard S, Lin Y,
Csizmadia E, Sevigny J, Robson SC, Vercellotti G, Choi
AM, Bach FH, and Soares MP. Carbon monoxide generated
by heme oxygenase-1 suppresses the rejection of mouse-to-
rat cardiac transplants. J Immunol 166: 4185-4194, 2001.
Scharte M, Bone HG, Van Aken H, and Meyer J. Increased
carbon monoxide in exhaled air of critically ill patients.
Bisehei R ian s R gl 767: 423-426, 2000.
Shinoda Y, Suematsu M, Wakabayashi Y, Suzuki T, Goda
N, Saito S, Yamaguchi T, and Ishimura Y. Carbon monox-
ide as a regulator of bile canalicular contractility in cul-
tured rat hepatocytes. Hepatology 28: 286295, 1998.
Siow RC, Sata H, and Mann GE. Heme oxygenase-carbon
monoxide signalling pathway in athersclerosis: anti-
atherogenic actions of bilirubin and carbon monoxide?
Cardigvasc Res 41:385-394, 1999.

Sjorstrand T. Endogenous formation of carbon monoxide
in man under normal and pathological conditions. Scand J
Clin Lab Invest 1: 201-214, 1949.

Soares MP, Lin Y, Anrather J, Csizmadia E, Takigami K,
Sato K, Grey ST, Colvin RB, Choi AM, Poss KD, and Bach
FH. Expression of heme oxygenase-1 can determine car-
diac xenograft survival. Nat Med 9: 1073-1077, 1998.
Steinberg KP, Milberg JA, Martin TR, Maunder RJ, Cock-
rill BA, and Hudson LD. Evolution of bronchoalveolar cell
populationin the adult respiratory distress syndrome. Am J
Respir Crir Care Med 150: 113-122, 1994.

Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, and
Ames BN. Bilirubin is an antioxidant of possible physio-
logical importance. Science 235: 1043-1046, 1987.
Stupfel M, and Bouley G. Physiological and biochemical
effects on rats and mice exposed to small concentrations of
carbon monoxide for long periods. Aun NY Acgd Sci 174:
342-368, 1970.

Szabo C, Hasko G, Nemeth ZH, and Vizi ES. Calcium
entry blockers increase interleukin-10 production in endo-
toxemia. Shock 7: 304-307, 1997.

Tenhunen R, Marver HS, and Schmid R. Microsomal
heme oxygenase. Characterization of the enzyme. J Biol
Chem 244: 6388-6394, 1969.

Thom SR. Carbon monoxide mediated brain lipid peroxi-
dation in the rat. JApp!l Physiol 68: 997-1002, 1990.
Uasuf CG, Jatakanon A, James A, Kharitonov SA, Wilson
NM, and Barnes PJ. Exhaled carbon monoxide in child-
hood asthma. J Pediatr 135: 569-574, 1999.

Verma A, Hirsch DJ, Glatt CE, Ronnett GV, and Snyder
SH. Carbon monoxide: a putative neural messenger. Sci-
ence 259:381-384, 1993.

Visser JA and Themmen AP. Downstream factors in trans-
forming growth factor-beta family signaling. Mol Cell En-
docrinol 146: 7-17, 1998.




CARBON MONOXIDE

84. Willis D, Moore AR, Frederick R, and Willoughby DA.
Heme oxygenase-1. A novel target for the modulation of
the inflammatory response. Nat Med 2: 87-90, 1996.

85. Yachie A, Niida'Y, Wada T, Igarasshi N, Kaneda H, Toma T,
Ohta K, Kasahara Y, and Koizumi S. Oxidative stress
causes enhanced endothelial cell injury in human heme
oxygenase-1deficiency. J Clin Invest 103: 129-135, 1999.

86. Yamara M, Sekizawa K, Ishizuka S, Monma M, and Sasaki
H. Exhaled carbon monoxide levels during treatment of
acute asthma. Eur RespirJ 12: 757-760, 1999.

87. Yamaya M, Sekizawa K, Ishizuka S, Monma M, Mizuta K,
and Sasaki H. Increased carbon monoxide in exhaled air of
subjects with upper respiratory tract infections. Am_J
Bespir Crir Care Med 158: 311-314, 1998.

88. Zhuo M, Laitinen JT, Li XC, and Hawkins RD. On the re-
spective roles of nitric oxide and carbon monoxide in

319

long-term potentiation in the hippocampus. Learn Mem 6:
63-76, 1999.

Address reprint requests to:

Leo E. Otterbein, Ph.D.

Research Assistant Professor

Division of Pulmonary and Critical Care Medicine
University of Pittsburgh School of Medicine

3459 5th Avenue

Montifiore University Hospital, Room 628 NW
Pittsburgh, PA 15213

E-mail: lotterbein @usa.net

Received for publication June 15, 2001; accepted August 15,
2001.



Thisarticle has been cited by:

1. Said Nemmiche, Daoudi Chabane-Sari, Malika Kadri, Pascale Guiraud. 2012. Cadmium-induced
apoptosis in the BJAB human B cell line: Involvement of PKC/ERK1/2/INK signaling pathways in
HO-1 expression. Toxicology 300:3, 103-111. [CrossRef]

2.R. Dale Rimmer, Agustin E. Pierri, Peter C. Ford. 2012. Photochemically activated carbon monoxide
release for biological targets. Toward developing air-stable photoCORMSs labilized by visible light.
Coordination Chemistry Reviews 256:15-16, 1509-1519. [ CrossRef]

3. Taddesse Y ayeh, Mei Hong, Qi Jia, Y oung-Chul Lee, Hyun-Jin Kim, Eujin Hyun, Tae-Wan Kim, Man
Hee Rhee. 2012. Pistaciachinensis Inhibits NO Production and Upregulates HO-1 Induction via Pl-3K/
Akt Pathway in LPS Stimulated Macrophage Cells. The American Journal of Chinese Medicine 40:05,
1085-1097. [CrossRef]

4. Adam B. Stein, Roberto Bolli, Buddhadeb Dawn, Santosh K. Sanganalmath, Yanqging Zhu, Ou-
Li Wang, Yiru Guo, Roberto Motterlini, Yu-Ting Xuan. 2011. Carbon monoxide induces a late
preconditioning-mimetic cardioprotective and antiapoptotic milieu in the myocardium. Journal of
Molecular and Cellular Cardiology . [ CrossRef]

5.Qi Zheng, Qian Meng, Yuan Yuan Wei, Zhi Min Yang. 2011. Alleviation of Copper-Induced
Oxidative Damage in Chlamydomonas reinhardtii by Carbon Monoxide. Archives of Environmental
Contamination and Toxicology 61:2, 220-227. [ CrossRef]

6. Makoto Mikami, Ippei Takahashi, Masashi Matsuzaka, Kazuma Danjo, Kiyonori Yamai, Ryo Inoue,
Kaori Iwane, Takashi Umeda, Shigeyuki Nakaji. 2011. The relationship between exhaled carbon
monoxide and human neutrophil function in the Japanese general population. Luminescence 26:3,
162-166. [ CrossRef]

7.A. Nakao, C.-S. Huang, D. B. Stolz, Y. Wang, J. M. Franks, N. Tochigi, T. R. Billiar, Y. Toyoda,
E. Tzeng, K. R. McCurry. 2011. Ex vivo carbon monoxide delivery inhibits intimal hyperplasia in
arterialized vein grafts. Cardiovascular Research 89:2, 457-463. [ CrossRef]

8. Mohamed Lamine Freidja, Emilie Vessieres, Nicolas Clere, Vaerie Desquiret, Anne-Laure Guihot,
Bertrand Toutain, Laurent Loufrani, Alain Jardel, Vincent Procaccio, Sebastien Faure, Daniel Henrion.
2011. Heme oxygenase-1 induction restores high-blood-flow-dependent remodeling and endothelial
function in mesenteric arteries of old rats. Journal of Hypertension 29:1, 102-112. [ CrossRef]

9. Abdulla K. Salahudeen, Ming Y ang, Hong Huang, Sylvain Dore, David E. Stec. 2011. Fenoldopam
Preconditioning: Role of Heme Oxygenase-1 in Protecting Human Tubular Cells and Rodent Kidneys
Against Cold-Hypoxic Injury. Transplantation 91:2, 176-182. [ CrossRef]

10. Vittorio Calabrese , Carolin Cornelius, Albena T. Dinkova-Kostova , Edward J. Calabrese , Mark P.
Mattson . 2010. Cellular Stress Responses, The Hormesis Paradigm, and Vitagenes. Novel Targets
for Therapeutic Intervention in Neurodegenerative Disorders. Antioxidants & Redox Sgnaling 13:11,
1763-1811. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

11. Atsunori Nakao, David J. Kaczorowski, Yinna Wang, Jon S. Cardinal, Bettina M. Buchholz, Ryujiro
Sugimoto, Kimimasa Tobita, Sungsoo Lee, Y oshiyaToyoda, Timothy R. Billiar, Kenneth R. McCurry.
2010. Amelioration of rat cardiac cold ischemia/reperfusion injury with inhaled hydrogen or carbon
monoxide, or both. The Journal of Heart and Lung Transplantation 29:5, 544-553. [ CrossRef]

12. Chiara Bernardini, Augusta Zannoni, Maria Laura Bacci, Monica Forni. 2010. Protective effect of
carbon monoxide pre-conditioning on L PS-induced endothelial cell stress. Cell Sress and Chaperones
15:2, 219-224. [ CrossRef]

13. Subhamay Ghosh, Janos Gal, Nandor Marczin. 2010. Carbon monoxide: Endogenous mediator,
potential diagnostic and therapeutic target. Annals of Medicine 42:1, 1-12. [CrossRef]

14. Muntaser D Musameh, Colin J Green, Brian E Mann, Roberto Motterlini, Barry J Fuller. 2010.
CO Liberated From a Carbon Monoxide-Releasing Molecule Exerts a Positive Inotropic Effect


http://dx.doi.org/10.1016/j.tox.2012.05.003
http://dx.doi.org/10.1016/j.ccr.2011.12.009
http://dx.doi.org/10.1142/S0192415X12500802
http://dx.doi.org/10.1016/j.yjmcc.2011.11.005
http://dx.doi.org/10.1007/s00244-010-9602-6
http://dx.doi.org/10.1002/bio.1199
http://dx.doi.org/10.1093/cvr/cvq298
http://dx.doi.org/10.1097/HJH.0b013e32833db36e
http://dx.doi.org/10.1097/TP.0b013e3181fffff2
http://dx.doi.org/10.1089/ars.2009.3074
http://online.liebertpub.com/doi/full/10.1089/ars.2009.3074
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.3074
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.3074
http://dx.doi.org/10.1016/j.healun.2009.10.011
http://dx.doi.org/10.1007/s12192-009-0136-7
http://dx.doi.org/10.3109/07853890903482877

in Doxorubicin-Induced Cardiomyopathy. Journal of Cardiovascular Pharmacology 55:2, 168-175.
[CrossRef]

15. LarsH. Breimer, Dimitri P. Mikhailidis. 2010. Could carbon monoxide and bilirubin be friends aswell
asfoesof thebody?. Scandinavian Journal of Clinical & Laboratory Investigation 70:1, 1-5. [ CrossRef]

16. Lindsay Hewison, Sian H. Crook, Tony R. Johnson, Brian E. Mann, Harry Adams, Sarah E. Plant,
Philip Sawle, Roberto Motterlini. 2010. Iron indenyl carbonyl compounds: CO-releasing molecules.
Dalton Transactions 39:38, 8967. [ CrossRef]

17. Patrick Schober, Melanie Kalmanowicz, Lothar A. Schwarte, Stephan A. Loer. 2009. Cardiopulmonary
Bypass | ncreases Endogenous Carbon Monoxide Production. Journal of Cardiothoracic and Vascular
Anesthesia 23:6, 802-806. [ CrossRef]

18. Emil Zeynaov, Sylvain Doré. 2009. Low Doses of Carbon Monoxide Protect Against Experimental
Focal Brain Ischemia. Neurotoxicity Research 15:2, 133-137. [CrossRef]

19.Qi-fang Li, Ye-sen Zhu, Hong Jiang, Hui Xu, Yu Sun. 2009. Heme oxygenase-1 mediates
the anti-inflammatory effect of isoflurane preconditioning in LPS-stimulated macrophages. Acta
Pharmacologica Snica 30:2, 228-234. [ CrossRef]

20.Brian S Zuckerbraun. 2008. Therapeutic delivery of carbon monoxide: W0O2008/003953. Expert
Opinion on Therapeutic Patents 18:11, 1321-1325. [ CrossRef]

21. Claude A. Piantadosi. 2008. Carbon monoxide, reactive oxygen signaling, and oxidative stress. Free
Radical Biology and Medicine 45:5, 562-569. [ CrossRef]

22.L BELLNER, M VITTO, K PATIL, M DUNN, R REGAN, M LANIADOSCHWARTZMAN. 2008.
Exacerbated corneal inflammation and neovascularization in the HO-2 null mice is ameliorated by
biliverdin. Experimental Eye Research 87:3, 268-278. [ CrossRef]

23.K D Vandegriff, M A Young, J Lohman, A Bellelli, M Samgja, A Malavalli, R M Winslow. 2008.
CO-MP4, a polyethylene glycol-conjugated haemoglobin derivative and carbon monoxide carrier that
reduces myocardial infarct sizein rats. British Journal of Pharmacology 154:8, 1649-1661. [ CrossRef]

24. K. Guo, K. Xia, Z.-M. Y ang. 2008. Regulation of tomato lateral root devel opment by carbon monoxide
and involvement in auxin and nitric oxide. Journal of Experimental Botany 59:12, 3443-3452.
[CrossRef]

25. Gaetano Faleo, Joao Seda Neto, Junichi Kohmoto, Koji Tomiyama, Hiroko Shimizu, Toru Takahashi,
YinnaWang, Ryujiro Sugimoto, Augustine M. K. Choi, DonnaB. Stolz, Giuseppe Carrieri, Kenneth R.
McCurry, Noriko Murase, Atsunori Nakao. 2008. Carbon Monoxide Ameliorates Renal Cold Ischemia-
Reperfusion Injury With an Upregulation of Vascular Endothelial Growth Factor by Activation of
HypoxiaInducible Factor. Transplantation 85:12, 1833-1840. [ CrossRef]

26. Roberta Foresti, Mohamed G. Bani-Hani, Roberto Motterlini. 2008. Use of carbon monoxide as
atherapeutic agent: promises and challenges. Intensive Care Medicine 34:4, 649-658. [ CrossRef]

27.Atul Bagul, Sarah A. Hosgood, Monika Kaushik, Michad L. Nicholson. 2008. Carbon
Monoxide Protects Against |schemia-Reperfusion Injury in an Experimental Model of Controlled
Nonheartbeating Donor Kidney. Transplantation 85:4, 576-581. [ CrossRef]

28. Mathieu Desmard , Jorge Boczkowski , Juan Poderoso , Roberto Motterlini . 2007. Mitochondrial and
Cellular Heme-Dependent Proteins as Targets for the Bioactive Function of the Heme Oxygenase/
Carbon Monoxide System. Antioxidants & Redox Sgnaling 9:12, 2139-2156. [Abstract] [Full Text
PDF] [Full Text PDF with Links]

29. PEDRO CABRALES, BEATRIZ Y. SALAZAR VAZQUEZ, ADOLFO CHAVEZ NEGRETE,
MARCOS INTAGLIETTA. 2007. Perfluorocarbons as gas transporters for O 2, NO, CO and volatile
anesthetics. Transfusion Alternatives in Transfusion Medicine 9:4, 294-303. [ CrossRef]

30.KIM D. VANDEGRIFF, MARK A. YOUNG, PETER E. KEIPERT, ROBERT M. WINSLOW. 2007.
The safety profile of Hemospan ® : anew oxygen therapeutic designed using mal eimide poly(ethylene)

glycol conjugation to human hemoglobin. Transfusion Alternatives in Transfusion Medicine 9:4,
213-225. [CrossRef]


http://dx.doi.org/10.1097/FJC.0b013e3181ca4bbc
http://dx.doi.org/10.3109/00365510903494252
http://dx.doi.org/10.1039/c0dt00203h
http://dx.doi.org/10.1053/j.jvca.2009.03.001
http://dx.doi.org/10.1007/s12640-009-9014-4
http://dx.doi.org/10.1038/aps.2008.19
http://dx.doi.org/10.1517/13543776.18.11.1321
http://dx.doi.org/10.1016/j.freeradbiomed.2008.05.013
http://dx.doi.org/10.1016/j.exer.2008.06.007
http://dx.doi.org/10.1038/bjp.2008.219
http://dx.doi.org/10.1093/jxb/ern194
http://dx.doi.org/10.1097/TP.0b013e31817c6f63
http://dx.doi.org/10.1007/s00134-008-1011-1
http://dx.doi.org/10.1097/TP.0b013e318160516a
http://dx.doi.org/10.1089/ars.2007.1803
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1803
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1803
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1803
http://dx.doi.org/10.1111/j.1778-428X.2007.00085.x
http://dx.doi.org/10.1111/j.1778-428X.2007.00083.x

31. Chrigtian Fowelin, Anna Matyja, Michael Schmidt, Jirgen Heck. 2007. Diamino Monosaccharide
Ligands in Group 6 Carbonyl Complexes. Zeitschrift fur anorganische und allgemeine Chemie
633:13-14, 2395-2399. [CrossRef]

32. Byung-Chul Kim, Woo-Kwang Jeon, Hye-Y oung Hong, Kyung-Bum Jeon, Jang-Hee Hahn, Y oung-
Myeong Kim, Satoshi Numazawa, Takemi Yosida, Eun-Hee Park, Chang-Jin Lim. 2007. The anti-
inflammatory activity of Phellinus linteus (Berk. & M.A. Curt.) is mediated through the PK C#/Nrf2/
ARE signaling to up-regulation of heme oxygenase-1. Journal of Ethnopharmacology 113:2, 240-247.
[CrossRef]

33. Patrick Schober, Melanie Kalmanowicz, Lothar A. Schwarte, Joerg Weimann, Stephan A. Loer. 2007.
Changes in Arterial Oxygen Tension Correlate with Changes in End-expiratory Carbon Monoxide
Level. Journal of Clinical Monitoring and Computing 21:2, 131-135. [CrossRef]

34. Tony R. Johnson, Brian E. Mann, lan P. Teasdale, Harry Adams, Roberta Foresti, Colin J. Green,
Roberto Motterlini. 2007. Metal carbonyls as pharmaceuticals? [Ru(CO)3Cl(glycinate)], a CO-
releasing molecule with an extensive agueous solution chemistry. Dalton Transactions :15, 1500.
[CrossRef]

35. Jorge Boczkowski, Juan J. Poderoso, Roberto Motterlini. 2006. CO—metal interaction: vital signaling
from alethal gas. Trends in Biochemical Sciences 31:11, 614-621. [CrossRef]

36. Byung-Chul Kim, Joung-Woo Choi, Hye-Young Hong, Sin-Ae Lee, Suntaek Hong, Eun-Hee
Park, Seong-Jin Kim, Chang-Jin Lim. 2006. Heme oxygenase-1 mediates the anti-inflammatory
effect of mushroom Phellinus linteus in LPS-stimulated RAW264.7 macrophages. Journal of
Ethnopharmacology 106:3, 364-371. [ CrossRef]

37.Vittorio Calabrese , D. Allan Butterfield , Giovanni Scapagnini , A.M. Giuffrida Stella, Professor
Mahin D. Maines . 2006. Redox Regulation of Heat Shock Protein Expression by Signaling Involving
Nitric Oxide and Carbon Monoxide: Relevance to Brain Aging, Neurodegenerative Disorders, and
Longevity. Antioxidants & Redox Sgnaling 8:3-4, 444-477. [Abstract] [Full Text PDF] [Full Text PDF
with Links]

38. Alexandra Kadl , Norbert Leitinger . 2005. The Role of Endothelial Cells in the Resolution of Acute
Inflammation. Antioxidants & Redox Sgnaling 7:11-12, 1744-1754. [Abstract] [Full Text PDF] [Full
Text PDF with Links]

39. Sylvain Dore, Abdullah Shafigue Ahmad, Sofiyan SaleemProtective Effects of Resveratrol in Age-
Related Neurodegenerative Diseases and Gene Regulatory Action 20051449, 499-517. [ CrossRef]

40. David W Laight. 2005. Therapeutic approaches to organ preservation injury. Expert Opinion on
Therapeutic Patents 15:11, 1489-1496. [ CrossRef]

41.R ULLRICH, M EXNER, M SCHILLINGER, A ZUCKERMANN, M RAITH, D DUNKLER, R
HORVAT, M GRIMM, O WAGNER. 2005. Microsatellite Polymorphism in the Heme Oxygenase-1
Gene Promoter and Cardiac Allograft Vasculopathy. The Journal of Heart and Lung Transplantation
24:10, 1600-1605. [ CrossRef]

42. Fernando Lopez-Neblina, Alexander H. Toledo, Luis H. Toledo-Pereyra. 2005. Molecular Biology of
Apoptosis in Ischemia and Reperfusion. Journal of Investigative Surgery 18:6, 335-350. [ CrossRef]

43. Sylvain Dor& eacute;. 2005. Unique Properties of Polyphenol Stilbenesin the Brain: More than Direct
Antioxidant Actions;, Gene/Protein Regulatory Activity. Neurosignals 14:1-2, 61-70. [ CrossRef]

44, Weizheng W. Wang, Darcey L. H. Smith, Stephen D. Zucker. 2004. Bilirubin inhibitsiNOS expression
and NO production in response to endotoxin in rats. Hepatology 40:2, 424-433. [ CrossRef]

45. RaobertaForesti, Jehad Hammad, JamesE Clark, Tony R Johnson, Brian E Mann, Andreas Friebe, Colin
J Green, Roberto Motterlini. 2004. Vasoactive properties of CORM-3, a novel water-soluble carbon
monoxide-rel easing molecule. British Journal of Pharmacology 142:3, 453-460. [ CrossRef]

46. Atsunori Nakao, Kei Kimizuka, DonnaB. Stolz, Joao SedaNeto, Takashi Kaizu, Augustine M.K. Choi,
Takashi Uchiyama, Brian S. Zuckerbraun, Michael A. Nalesnik, Leo E. Otterbein, Noriko Murase.


http://dx.doi.org/10.1002/zaac.200700331
http://dx.doi.org/10.1016/j.jep.2007.05.032
http://dx.doi.org/10.1007/s10877-007-9067-y
http://dx.doi.org/10.1039/b613629j
http://dx.doi.org/10.1016/j.tibs.2006.09.001
http://dx.doi.org/10.1016/j.jep.2006.01.009
http://dx.doi.org/10.1089/ars.2006.8.444
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.444
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.444
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.444
http://dx.doi.org/10.1089/ars.2005.7.1744
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.1744
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1744
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1744
http://dx.doi.org/10.1201/9781420026474.ch20
http://dx.doi.org/10.1517/13543776.15.11.1489
http://dx.doi.org/10.1016/j.healun.2004.11.009
http://dx.doi.org/10.1080/08941930500328862
http://dx.doi.org/10.1159/000085386
http://dx.doi.org/10.1002/hep.20334
http://dx.doi.org/10.1038/sj.bjp.0705825

2003. Carbon Monoxide Inhalation Protects Rat Intestinal Grafts from Ischemia/Reperfusion Injury.
The American Journal of Pathology 163:4, 1587-1598. [ CrossRef]

47.HEAN ZHUANG, YUN-SOOK KIM, KHODADAD NAMIRANIAN, SYLVAIN DORE. 2003.
Prostaglandins of J Series Control Heme Oxygenase Expression. Annals of the New York Academy of
Sciences 993:1, 208-216. [ CrossRef]

48. HEAN ZHUANG, YUN-SOOK KIM, RAYMOND C. KOEHLER, SYLVAIN DORE. 2003. Potential
Mechanism by Which Resveratrol, a Red Wine Constituent, Protects Neurons. Annals of the New York
Academy of Sciences 993:1, 276-286. [ CrossRef]

49. Augustine M.K. Choi , Leo E. Otterbein . 2002. Emerging Role of Carbon Monoxide in Physiologic
and Pathophysiologic States. Antioxidants & Redox Signaling 4:2, 227-228. [Abstract] [Full Text PDF]
[Full Text PDF with Links]


http://dx.doi.org/10.1016/S0002-9440(10)63515-8
http://dx.doi.org/10.1111/j.1749-6632.2003.tb07531.x
http://dx.doi.org/10.1111/j.1749-6632.2003.tb07534.x
http://dx.doi.org/10.1089/152308602753666271
http://online.liebertpub.com/doi/pdf/10.1089/152308602753666271
http://online.liebertpub.com/doi/pdfplus/10.1089/152308602753666271

