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Carbon Monoxide and Human Disease
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ABSTRACT

Carbon monoxide is produced endogenously in humans through the breakdown of hemoglobin by heme oxy-
genase. Although originally thought to be a superfluous by-product of heme catabolism, carbon monoxide is
now known to play a central role in many aspects of human health and disease. The functions of carbon
monoxide that have been described to date are myriad, including blood pressure regulation, maintenance of
organ-specific vascular tone, neurotransmission, stress response, platelet activation, and smooth muscle re-
laxation. This review outlines what is known to date about carbon monoxide as it relates to human disease.
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INTRODUCTION

THE ERA OF THE GASEOUS MOLECULE IN MEDICINE is upon
us. In 1990, when nitric oxide (NO) was celebrated as
the “molecule of the decade,” the concept of an evanescent
gaseous molecule playing a central role in processes as di-
verse as smooth muscle relaxation, platelet aggregation, neu-
rotransmission, and host response to infection was truly
novel. This represented a major shift in thinking for the med-
ical scientific community. Throughout the 1990s, as the NO
success story continued to unfold at a remarkable pace, a
question arose in the minds of investigators: “If nitric oxide is
so important to so many systems, could a structurally similar
molecule, carbon monoxide, be equally important?” The an-
swer is proving to be a resounding “Yes.”

HISTORY

The carbon monoxide (CO) that has occupied the thinking
of physicians since the time of Aristotle is derived from ex-
ogenous sources. Aristotle is credited with the first recogni-
tion of CO poisoning in the third century BC: “Coal fumes
lead to heavy head and death.” In 18th century England,
Priestley was the first to describe CO as a combustible gas
that burned with a bright blue flame. It was not until the 19th
century that a French physician, Leblanc, verified Aristotle’s

observation by identifying CO as the toxic substance in coal
gas. Numerous case reports of the ill effects of CO exposure
followed this recognition. The concept of CO as a scourge be-
came entrenched with good reason: CO has taken the lives of
countless individuals over the centuries, and it remains the
most common cause of poison-related deaths in the U.S.

The harmful effects of CO on humans have been exten-
sively studied. CO competitively binds to the oxygen-carrying
heme moiety of hemoglobin, dissociating oxygen and depriv-
ing tissues of their oxygen supply. The affinity of hemoglobin
for CO is ~240 times that for oxygen. The binding of two CO
molecules to hemoglobin also causes a change in the allosteric
conformation of the hemoglobin molecule, preventing oxygen
at the other two binding sites from being easily released. This
results in a leftward shift of the hemoglobin dissociation curve
and further exacerbates tissue hypoxia. It is possible that
CO also causes detrimental effects in humans by binding to
cytochrome P450, cytochrome ¢ oxidase, or myoglobin, al-
though this would likely occur only at very high levels of CO
exposure (27, 60, 83).

It was undoubtedly a great surprise to the medical commu-
nity when Sjorstrand reported in 1949 that CO is produced
endogenously in humans (69). The source of endogenous CO
remained occult for almost 20 years, until it was discovered
to be derived from heme degradation (11, 14, 33, 82). The
first rate-limiting step of heme degradation is accomplished
by heme oxygenase (HO) as it cleaves the a-meso carbon
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bridge of heme molecules to yield equimolar quantities of
biliverdin IXa, free iron, and CO (Fig. 1). Three isoforms of
HO, each the product of a separate gene, have been reported:
HO-1, HO-2, and HO-3. HO-1 is inducible by many stimuli,
whereas HO-2 is constitutively synthesized. HO-3 is struc-
turally similar to HO-2, but is a less efficient heme catalyst.

As might be expected, HO is abundant in sites responsible
for heme breakdown, such as the spleen. Perhaps less obvi-
ously, HO is also highly expressed in the brain and testes, and
its activity has been detected in every organ system where it
has been sought. In fact, both HO and its substrate, heme, are
highly conserved molecules across almost all forms of life.
Heme is a fundamental component of numerous enzymes, in-
cluding nitric oxide synthase (NOS), peroxidase, guanylate
cyclase, respiratory chain cytochromes, and cytochrome
P450s. HO has been detected in almost all species and all tis-
sues. Molecules that are so evolutionarily conserved and
ubiquitous generally serve a necessary and fundamental pur-
pose. When HO was discovered in the 1960s, however, this
purpose was obscure. The destruction of heme as an end in it-
self could not be easily explained, particularly as its resynthe-
sis is complex and energy-consuming for the organism.

Clues to ulterior purposes for HO arose in the 1980s when
Keyse and Tyrell (28, 29) demonstrated that HO serves as a
cytoprotectant against oxidative stress. This led to increased
interest in HO and its catabolic products. In particular, the
similarity between NO and CO prompted investigators to
seek a physiologic role for CO. In 1991, CO was shown to
relax blood vessels (18). In 1993, Maines and Verma et al. re-
ported that CO might bind to activate guanylate cyclase in a
similar manner to NO (39, 77). In the subsequent decade, our
understanding of the role of CO in human health and disease
has further expanded to include the regulation of blood pres-
sure (13, 50), the maintenance of vascular tone and blood
flow to several organs (48, 57), uterine contractility (1), neu-
rotransmission, and reponse to stress, among other things.
CO has also been measured as a marker of disease activity.
What follows is a description of some of the human disease
states in which CO has been found to play a role.

CO AND THE CARDIOVASCULAR SYSTEM

Vascular tone

The effect of CO on coronary blood flow was noted in
1984, when McGrath and Smith exposed isolated perfused rat
hearts to exogenous CO (10%) and noted an increase in coro-
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FIG. 1. HO cleaves the a-meso carbon bridge of heme

molecules to yield equimolar quantities of biliverdin IXa,
free iron, and CO. BV, biliverdin; BVR, biliverdin reductase;
Fe, free iron.
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nary blood flow (43, 44). They concluded that CO caused di-
lation of the coronary arteries and that the effect was re-
versible because coronary flow returned to control levels
when the CO was removed. They noted that CO also reversed
the vasoconstrictive effects of the o-agonist methoxamine
and, importantly, that myocardial oxygen consumption did
not change significantly when the hearts were perfused with
CO. A direct relaxing effect of CO on coronary vascular
smooth muscle was further demonstrated on isolated porcine
coronary artery and vein (20), rabbit aorta (9, 18), and rat
thoracic aorta (36). A concentration-dependent relaxation of
rat-tail artery tissues precontracted with phenylephrine was
also demonstrated, with vasorelaxation occurring at a thresh-
old CO concentration of 1 wM (81). This effect was indepen-
dent of the presence of an intact endothelium. Convincing
evidence of the regulation of vascular resistance by CO came
from experiments on the isolated perfused rat liver, where all
three HO isoforms are expressed constitutively. Suematsu et
al. demonstrated that inhibition of HO activity, but not NOS
activity, increased hepatic vascular resistance, which was re-
versed by exogenous CO (1 wM) (72).

The vasorelaxation caused by CO may not be universal to
all vascular tissues. One study found that the vascular tone of
basilar and middle cerebral arteries from rabbits was not af-
fectedby CO (10-¢to 3 X 10-% M), whereas that of the aorta
was. Furthermore, the same cerebral arteries were sensitive to
the vasodilating effects of NO (9). The reason for this hetero-
geneity of response is not clear. Differential effects in various
organ systems may be important to the endogenous regula-
tory role of CO.

The physiologic importance of the vascular effects of CO
remains to be fully elucidated. Ischemia-reperfusion injury is
one condition in which HO-1 is up-regulated. In the rat kid-
ney, ischemia-reperfusion results in an eight- to 10-fold in-
crease in HO-1 mRNA and a corresponding increase in HO-1
protein level and total HO activity (40). This may provide a
defense against oxidant injury, but the CO generated by HO-1
may also serve to increase blood supply to the kidney. Simi-
larly, hypoxiais known to increase significantly the transcrip-
tion of HO-1 gene (49); this may represent the body’s attempt
to restore blood flow and oxygenation. In ischemic myocar-
dium, endogenous CO production appears to be increased
(42). CO appears to play a role in the regulation of blood
pressure as well. Heme, which is a potent inducer of HO-1,
lowers blood pressure in spontaneously hypertensive rats
(35). The inhibition of HO activity by administration of zinc
deuteroporphyrin-2,4-bisglycol (an HO inhibitor) increases
mean arterial blood pressure and total peripheral resistance in
rats (25). The effects of CO on blood pressure are both central
and peripheral: In the central nervous system, CO apparently
acts in the nucleus tractus solitarii, promoting changes in glu-
tamatergic neurotransmission and lowering blood pressure
(26). In the periphery, CO can directly promote vasodilation,
as described above.

Atherosclerosis

Increasing interest in the role of oxidants in the pathogene-
sis of atherosclerosis has led to an examination of the signifi-
cance HO and CO in this disease process. HO-1 is induced
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in endothelial and smooth muscle cells by proatherogenic
agents, such as heme, oxidized low-density lipoprotein (LDL),
lipid metabolites, peroxynitrite, hypoxia, heavy metals, proin-
flammatory cytokines, and angiotensin II (68). HO-1 is highly
expressed in the endothelium and foam cells of intimal lesions
in both humans and apolipoprotein E-deficient mice (80). The
induction of HO-1 expression and activity in LDL receptor
knockout mice inhibits the formation of atherosclerotic lesions
(24). Shear stress, which is believed to be involved in the
pathogenesis of atherosclerosis, has been shown to increase
HO-1 expressionin vascular smooth muscle cells. The CO pro-
duced by this induction of HO-1 inhibits platelet aggregation
via activation of guanylyl cyclase in vitro (79).

There is mounting evidence that HO-1 and CO are important
factors in vascular remodeling. Vascular smooth muscle cell-
derived CO has been shown to inhibit endothelial cell platelet-
derived growth factor (PDGF) and endothelin-1 expression,
and thus inhibit smooth muscle cell growth (31). CO has also
been shown to inhibit hypoxia-induced vascular endothelial
growth factor induction in smooth muscle cells (37). In vivo,
the induction of HO by hemin administration has been demon-
strated to reduce neointimal thickness and medial wall thick-
ness in the carotid arteries of balloon-injured rats (75).

CO AND REPRODUCTION

Pregnancy

It has long been known that smoking protects pregnant
women against preeclampsia. A recent systematic review
concluded that women who smoke cigarettes during preg-
nancy have a 32% decrease in risk of preeclampsia (12).
Given the known vasorelaxant properties of CO, Baum et al.
hypothesized that CO might mediate the effect of smoking
(6). They measured exhaled CO levels in nonsmoking preg-
nant women with and without pregnancy-induced hyperten-
sion and found CO production to be significantly lower in the
hypertensive group than in the control group (6). This sug-
gests a role for CO in the maintenance of normal blood pres-
sure during pregnancy.

Others have sought evidence for the activity of HO and CO
in the placenta and umbilical cord. Production of CO by
human umbilical cord tissues has been demonstrated by gas
chromatography (78), and HO has been localized in the pla-
centa by immunohistochemistry. McLean et al. described a
wide distribution of HO in the human term placenta, includ-
ing the syncytiotrophoblast layer of placental villi, the endo-
thelium and smooth muscle cells of the umbilical-placental
blood vessels, and all layers of the fetal membranes (45).
Lyall et al. compared the expression of HO-1 and HO-2 in the
placenta at 8—19 weeks gestation and at term and found that
the expression was dynamic over time (38). HO-2 immuno-
staining increased in endothelial cells toward term, whereas
thatin the syncytiotrophoblastdiminished toward term. HO-1
immunostaining was low in the placenta, but intense in the in-
vading cytotrophoblast cells. Placental perfusion studies
demonstrated a dose-dependent increase in perfusion pres-
sure in the presence of zinc protoporphyrin, an inhibitor of
HO (38). In support of the hypothesis that HO is important in
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the pathogenesis of preeclampsia, Ahmed et al. demonstrated
that HO-1 protein expression is significantly reduced in
placentae from pregnancies complicated with preeclampsia
compared with normal pregnancies (3). More recently,
Navarra et al. described evidence for CO modulation of corti-
cotropin-releasing hormone release from trophoblast cells
(52). All of these findings strongly suggest a role for CO in
placental function and development.

As CO appears to be important in regulating vascular
smooth muscle cell tone, it also likely regulates uterine mus-
cle tone. Acevedo et al. demonstrated that the expression of
both HO-1 and HO-2 was >15-fold higher in pregnant myo-
metrium compared with nonpregnant myometrium, and that
the activation of HO completely inhibited spontaneous con-
tractility and oxytocin-stimulated contractions (1). They fur-
ther demonstrated that progesterone, but not estradiol-174,
stimulated increased HO synthesis and CO production in
term myometrial explants. They concluded that the HO—-CO
pathway maintains the uterus in a quiescent state during preg-
nancy (1).

Reproductive hormones

There is some evidence that CO may be important in en-
docrine aspects of reproduction. In in vitro studies, the forma-
tion of CO within the hypothalamus has been associated with
inhibition of the release of hormones such as corticotropin
releasing hormone, arginine vasopressin, and oxytocin in-
volved in hypothalamo-pituitary—adrenal axis activation. Con-
versely, CO stimulates luteinizing hormone-releasing hormone
release (41). This suggests that CO may prevent overexuberant
activation of the hypothalamo-pituitary-adrenal axis and pre-
vent the inhibition of reproductive processes within the hypo-
thalamus during stress, although these findings have not been
confirmed in vivo.

Male reproductive system

In the male reproductive system, HO has been demon-
strated in the endothelium lining penile arteries, and CO has
been shown to relax noradrenaline-contracted preparations of
human corpus cavernosumand spongiosum, suggesting a role
in penile erection (22). HO has also been demonstrated in
Sertoli cells in the human testis. Induction of HO-1 in iso-
lated seminiferous tubules with sodium arsenite or hematin
results in increased cyclic guanosine monophosphate (cGMP),
whereas the HO inhibition with zinc protoporphyrin IX re-
duces tubular cGMP generation (46).

CO AND THE LIVER

The liver is a good candidate organ for the study of HO.
As a site for degradation of senescenterythrocytes and catab-
olism of hemoglobin, the liver is rich in HO. Furthermore, he-
patic cytochrome P450 is a good substrate for HO and,
by virtue of containing ferroheme under normal metabolic
conditions, cytochrome P450 is also susceptible to regulation
by CO.

The isozymes of HO have distinct topographic patterns in
the liver: HO-1 is prominent in Kupffer cells, whereas HO-2
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is more abundant in hepatocytes (19). CO appears to be im-
portantin the maintenance of hepatic perfusion. Blocking HO
in isolated rat livers with a competitive inhibitor (zinc proto-
porphyrin) decreases CO production and increases baseline
vascular resistance (72). Oxyhemoglobin, which captures CO,
produces the same vasoconstrictor effect as zinc protopor-
phyrin, whereas methemoglobin, which captures only NO,
does not cause vasoconstriction. When the oxyhemoglobin is
liposome-encapsulated and therefore restricted to the sinu-
soids, vasoconstriction does not take place, suggesting that
the locus of the CO activity is extrasinusoidal (71).

CO produced in the liver may be important in bile excre-
tion as well. Elimination of constitutive CO production with
zinc protoporphyrin has been shown to stimulate bile acid-de-
pendent bile flow (71) and to increase the contractility of the
bile canaliculus (67). The addition of exogenous CO (1 uM)
reverses these changes.

HO-1 appears to be important in the hepatic reaction to
stress. Partial ligation of the portal vein in portal hypertensive
rats causes HO-1 induction in the liver (16). In HO-1-
deficient mice, the liver has heightened susceptibility to in-
jury by endotoxin (61). The only identified human case of
HO-1 deficiency demonstrated endothelial cell damage and
iron accumulation in the liver (84). In a model of compen-
sated hemorrhagic shock, Rensing et al. demonstrated that
HO-1 is markedly up-regulated at 5-11 h after resuscitation,
and that administration of a pharmacologic inhibitor of HO
increases centrilobular necrosis in the liver (62). The admin-
istration of an antioxidant (Trolox) failed to reverse this ef-
fect, and the authors postulated that the protection by HO in
this model may be mediated by the vasodilatory properties of
CO (62). More recently, Kyokane et al. examined the role
of CO in protection against hepatobiliary dysfunction in en-
dotoxin-treated rat liver (32). Isolated perfused livers of en-
dotoxemic rats were treated with either oxyhemoglobin or
methemoglobin as in the study by Suematsu above (71). The
livers treated with oxyhemoglobin evidenced vasoconstric-
tion and cholestasis not seen in the livers treated with methe-
moglobin. This effect was not seen with the addition of a NO
inhibitor alone, but was duplicated by the addition of the HO
inhibitor zinc protoporphyrin IX. CO supplementation re-
versed the vasoconstriction and cholestasis.

CO AND THE NEUROLOGIC SYSTEM

In the late 1980s, a neural role for NO was discovered (7,
8), and this led to the investigation of CO as a potential
neural messenger. The localization of HO-2 in the brain is
strikingly similar to that of soluble guanylyl cyclase (77),
suggesting that CO and NO bind guanylyl cyclase in a like
fashion. The function of NO as a neurotransmitter is well es-
tablished in the myenteric plexus of the intestine, and there is
good evidence that CO also acts as a neurotransmitter in the
myenteric plexus (85). The intestines of HO-2 gene-deleted
mice have impaired nonadrenergic, noncholinergic relax-
ation, as do those of neuronal NOS gene-deleted mice. HO
inhibitors cause intestinal contraction in the neuronal NOS-
deficient mice, and NOS inhibitors do the same in the HO-2-
deficient mice (85). Based on these observations, it would ap-
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pear that NO and CO function as cotransmitters in the same
neurons.

In the brain, NO and CO appear to act on the hypothalamus
to increase adrenocorticotropic hormone (ACTH) levels in
response to stress. Kim and Rivier demonstrated that intra-
cerebroventricular injection of NOS or HO inhibitors de-
creased NOS and HO activity and inhibited the production of
ACTH in response to electroshocks. The action of the in-
hibitors appeared to be specific to the brain and not to the pi-
tuitary gland (30).

There is evidence that oxidative stress is central to the
pathogenesis of Alzheimer’s disease and Parkinson’s disease.
HO-1 immunoreactivity has been shown to be greatly en-
hanced in regions with senile plaques and neurofibrillary tan-
gles in subjects with Alzheimer’s disease and in astrocytes in
the nigra of patients with Parkinson’s disease (65). The amy-
loid precursor protein, which is postulated to participate in the
neurotoxicity of Alzheimer’s disease, has been shown to bind
to, and inhibit, HO. Moreover, transgenic mice expressing mu-
tant amyloid precursor protein have lower HO activity (as
measured by bilirubin production) and more oxidative neuro-
toxicity than wild-type mice (74). Paradoxically, it seems
that individuals with Alzheimer dementia have lower plasma
and cerebrospinal fluid HO-1 protein and lymphocyte HO-1
mRNA levels than control elderly subjects (66). The mecha-
nism of involvement of HO-1 in these aging-related neurode-
generative disorders has not been fully explored, and it is not
clear what role CO may play in these disorders, if any.

CO AND THE BLOOD

NO is known to induce inhibitory effects on platelet acti-
vation and neutrophil migration via cGMP (47). It has now
been demonstrated that CO plays a similar role. Van Uffelen
et al. demonstrated that exogenous CO enhances random mi-
gration of human neutrophils, and that CO causes an increase
in cGMP. The enhancing effect on migration was largely
blocked by inhibitors of cGMP accumulation (76). In plate-
lets, CO has been shown to decrease platelet aggregation, an
effect mediated by cGMP (10).

There is evidence that platelet and vascular smooth muscle
cell interactions involve CO. PDGF can increase the expres-
sion of HO-1 in vascular smooth muscle cells. Furthermore,
incubation of platelets with PDGF-treated smooth muscle
cells results in an increase in platelet cGMP concentration.
This effectis reversed by treatment of the smooth muscle cells
with an inhibitor of HO-1 (tin protoporphyrin-IX) or by the
addition of a CO scavenger (hemoglobin) to the platelets (15).

COAND THE LUNG

A great deal of work has been done to investigate the
cytoprotective effects of HO-1 in the lung. As an organ that
provides an interface between the environment and the circu-
lation, the lung affords access for measurement of CO pro-
duction, for gene transfer, and potentially for administration
of CO. The lung is also an ideal environment for studying the
effects of oxidative stress.
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Stress response

One common model of oxidative stress is exposure to hy-
peroxia. Increased HO-1 activity has been observed in the
lungs of rodents exposed to hyperoxic conditions (34). Over-
expression of HO-1 in isolated pulmonary epithelial cells
(34) and rat fetal lung cells (73) has been shown to confer
protection against hyperoxic cell injury. This same protective
phenomenon has been demonstrated in vivo with adenoviral
transfer of HO-1 into rat lungs (54); rats overexpressing HO-
1 demonstrated marked resistance to hyperoxic lung injury
and a longer survival time in a hyperoxic environment. There
may, however, be a threshold effect for cytoprotection by HO-
1. Suttner et al. observed that whereas moderate overexpres-
sion of HO-1 in fibroblasts conferred protection against ox-
idative injury, higher levels of HO-1 were detrimental (73).

Postulating that CO may be mediating the protective effect of
HO-1, Otterbein et al. tested the effect of CO on hyperoxic lung
injury (55). Rats were exposed to hyperoxiain the presence of a
low concentration of CO (250 ppm). The protective effect of
CO alone proved to be equivalent to that of HO-1 overexpres-
sion (55). The mechanism by which CO provides cytoprotection
has not been entirely elucidated, but down-regulation of proin-
flammatory cytokines, such as tumor necrosis factor-a and in-
terleukin- 1@, along with augmentation of the antiinflammatory
cytokine interleukin-10appears to play a role (56).

Exhaled marker

As CO is excreted in the breath, disease processes affecting
organs remote from the lung can potentially be monitored
through the measurement of breath CO. Indeed, it has been dem-
onstrated that exhaled CO levels are increased in asthma (23,
86), cystic fibrosis (59), diabetes (58), and critically ill patients
(64). It is presumed that the exhaled CO reflects increased activ-
ity of HO due to a disease process. It has been noted that during
exacerbations of chronic disease, CO production may increase
over what is already an elevated baseline. For instance, Antuni et
al. demonstrated that although cystic fibrosis patients have an el-
evated baseline exhaled CO level, the level rises even further
with episodes of worsening respiratory symptoms and lung
function (4). They also demonstrated that the CO levels decrease
toward baseline levels after treatment with intravenous antibi-
otics (4). Similarly, Paredi et al. studied a small group of diabetic
patients versus normal controls and discovered that not only
were their levels of exhaled CO higher, but that the levels corre-
lated with the incidence of glycemia and the duration of the dis-
ease (58). In addition, five normal control subjects underwent
oral glucose tolerance testing and were found to have elevated
breath CO coinciding with maximal serum glucose levels. The
authors concluded that oxidative stress due to advanced glyca-
tion end products was inducing HO in the diabetic subjects.

There is growing interest in the measurement of exhaled CO
levels in diverse conditions as it may allow for prediction of dis-
ease exacerbations and evaluation of therapeutic interventions.

CO AND THE KIDNEY

There has been one reported case of congenital human HO-1
deficiency, and this child manifested persistent proteinuria and
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hematuria. Renal biopsies revealed tubulointerstitialinjury, inter-
stitial fibrosis, and inflammatory cell infiltration,as well as endo-
thelial swelling and subendothelialdeposits in the glomeruli (53).
HO-1 is inducedin the kidney in several models of injury, includ-
ing rhabdomyolysis (51), glycerol-induced acute renal failure
(51), and cisplatin nephrotoxicity (2). Chemical inhibitors of
HO-1 worsen tubular injury in these models (2, 51). The mecha-
nism by which CO mediates these protective effects is unclear.

CO AND TRANSPLANTATION

HO-1 expression has been convincingly linked to the sur-
vival of transplanted organs. Hancock et al. demonstrated
that the induction of protective genes such as HO-1 protects
allografts from chronic rejection (21). Soares et al. have fur-
ther shown that when hearts from HO-1 gene-deficient mice
are transplanted into rats immunosuppressed with cyclo-
sporin A and cobra venom factor, the xenografts undergo
acute vascular rejection, whereas hearts from wild-type mice
survive long-term (70). They went on to show that the ability
of HO-1 to suppress the rejection of mouse-to-rat cardiac
grafts depends on the generation of CO. By inhibiting HO-1
activity with tin protoporphyrin, the investigators were able
to provoke acute graft rejection. This effect was completely
reversed with the addition of exogenous CO, restoring long-
term graft survival. The mechanism of graft protection by CO
appears to involve the inhibition of platelet aggregation and
the suppression of endothelial cell apoptosis (63).

CONCLUSION

There is now ample evidence that CO is a vital molecule
in human health and disease. Every passing week brings new
knowledge about the systems in which CO acts and the mech-
anisms by which it performs its myriad functions. Although
the toxicological effects of high concentrations of exogenous
CO fueled most of the research for nearly a century, observa-
tions over the last decade of the effects of lower concentra-
tions have led to a remarkable rehabilitation of this gas, from
poison to physiological effector and, perhaps, pharmacologi-
cal agent. Nevertheless, the gaps in our current knowledge
are large and will provide ample work for investigators; as
Barinaga commented in Science in 1993, “... this gas is
likely to provide fuel to run plenty of labs” (5).

ABBREVIATIONS

ACTH, adrenocorticotropic hormone; cGMP, cyclic guano-
sine monophosphate; CO, carbon monoxide; HO, heme oxyge-
nase; LDL, low density lipoprotein; NO, nitric oxide; NOS, ni-
tric oxide synthase; PDGF, platelet-derived growth factor.
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