
INTRODUCTION

ACUTE INFLAMMATORY REACTIONS, as they occur most
often during microbial infections, are essential to initi-

ate the immune responses that lead to microbial clearance
and restore normal tissue and organ function. To avoid tissue
injury and organ damage, inflammatory reactions must be
tightly regulated in a manner that they are terminated as soon
as microbial infections have been cleared. When this does not
occur, chronic inflammation develops, leading to tissue in-
jury, organ failure, and disease. Due to their localization and
function, endothelial cells (EC) play a pivotal role in regulat-
ing inflammatory reactions in a manner that prevents disease
associated with the development of chronic inflammation.

ENDOTHELIAL CELLS

In their normally quiescent state, EC perform a number of
critical functions, including maintenance of anticoagulation
and prevention of platelet aggregation, as well as trafficking
of cellular and soluble components within blood and neigh-

boring tissues. To achieve these functions, quiescent EC must
promote some level of vasorelaxation and inhibit leukocyte
adhesion and coagulation (for review, see 15). Generation of
basal levels of the gaseous molecules nitric oxide (NO), by
endothelial nitric oxide synthase (NOS-1), and carbon
monoxide (CO), by heme oxygenase (HO-2), contributes in a
critical manner to these functions.

When exposed to proinflammatory stimuli, EC become
“activated” and their phenotype changes to one that promotes
vasoconstriction, leukocyte adhesion, as well as thrombosis
(for reviews, see 15, 43). These changes are the direct result
of the induced expression of a series of early responsive pro-
inflammatory genes that encode cytokines/chemokines, adhe-
sion, and costimulatory as well as procoagulant molecules
(for reviews, see 15, 43). Expression of these proinflamma-
tory genes is regulated primarily at the level of transcription
through a mechanism requiring the activation of the tran-
scription factor nuclear factor-kB (NF-kB) (2, 16, 69, 80).

The NF-kB family of transcription factors consists of sev-
eral homo- or heterodimeric complexes formed by Rel family
members, e.g., p65/RelA, p50, and c-Rel (for review, see 31).
In quiescent EC, NF-kB dimers are bound to cytoplasmic
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ABSTRACT

It is well established that expression of heme oxygenase-1 (HO-1) acts in a cytoprotective manner in a variety
of cell types, including in endothelial cells (EC). We have recently shown that HO-1 expression protects EC
from undergoing apoptosis. We have also shown that the antiapoptotic effect of HO-1 is mediated through
heme catabolism into the gas carbon monoxide (CO). In this review, we discuss the possible molecular mecha-
nisms by which HO-1-derived CO suppresses EC apoptosis. We will review data suggesting that the antiapop-
totic effect of CO acts through the activation of the p38 mitogen-activated protein kinase signal transduction
pathway and requires the activation of the transcription factor nuclear factor-kB (NF-kB), as well as the ex-
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molecules of the inhibitor nuclear factor-kB (IkB) family,
i.e., IkBa, IkBb, and IkB e , which mask the nuclear localiza-
tion domain of NF-kB, thereby preventing its nuclear translo-
cation and transcription activity (7, 31). Once EC are stimu-
lated by proinflammatory stimuli, IkB molecules are rapidly
degraded through the 26S proteasome pathway and NF-kB
dimers translocate into the nucleus, where they bind to spe-
cific decameric recognition motifs in the promoter region of
NF-kB-dependent genes (7, 31). This results in up-regulation
of the transcription of NF-kB-dependent genes, including
proinflammatory genes associated with EC activation. Ex-
pression of these genes is transitory, suggesting that EC acti-
vation is regulated in a manner that limits the extent of NF-
kB activation and thus the expression NF-kB-dependent
proinflammatory genes (3, 31). This is a critical feature of EC
activation given that prolonged expression of proinflamma-
tory genes would exacerbate inflammatory reactions result-
ing in EC overstimulation and apoptosis.

One of the mechanisms by which EC are protected from
undergoing apoptosis relies on their ability to respond to a
large spectrum of inflammatory stimuli by up-regulating the
expression of antiapoptotic genes, also referred to as “protec-
tive genes” (5). Work by our colleague Christiane Ferran sug-
gests that these genes have a dual function in that they not
only protect EC from undergoing apoptosis, but also block
NF-kB activation, therefore limiting the extent of expression
of NF-kB-dependent proinflammatory genes associated with
EC activation (5). According to this “functional definition,”
protective genes include several genes of the bcl family, e.g.,
bcl-2, bcl-xL, and A1, the zinc finger protein A20, the antiox-
idant manganese superoxide dismutase (MnSOD), and the in-
ducible form of nitric oxide synthase (5).

There are, however, additional antiapoptotic/protective
genes that are expressed during EC activation and that can
limit the expression of proinflammatory genes without inter-
fering with the NF-kB signal transduction pathway. These in-
clude the heat shock protein (hsp)-70 and hsp-32, the latter
being also referred to as HO-1. We will review in this article
recent data emerging from several laboratories, including our
own, suggesting that hsp-32/HO-1 protects EC from undergo-
ing apoptosis and thus contributes in a critical manner to reg-
ulate inflammatory reactions.

THE HEME OXYGENASE SYSTEM

Heme oxygenases are the rate-limiting enzymes in the ca-
tabolism of heme to yield equimolar amounts of biliverdin,
free iron, and CO, with biliverdin being subsequently catabo-
lized into bilirubin by the enzyme biliverdin reductase (34; for
reviews, see 14, 42). In their quiescent state, EC express only
the noninducible HO-2 isoform. However, when exposed to
proinflammatory stimuli, EC up-regulate HO-1 expression,
which is critical to maintain EC integrity during inflammatory
reactions. The reason for this relates to the fact that reactive
oxygen species, generated during inflammatory reactions,
denature heme proteins, e.g., hemoglobin and myoglobin,
thereby releasing free prooxidant heme (see Fig. 1). As it ac-
cumulates, free heme intercalates into EC membranes and be-
comes internalized, acting as a cytotoxic prooxidant (8–10).

The ability of EC to up-regulate the expression of HO-1 under
these circumstances is the only known mechanism by which
free heme can be rapidly eliminated. In the process of degrad-
ing heme, HO-1 generates the gas CO, which others and we
have shown to act as a cytoprotective molecule that limits the
deleterious effects of inflammatory reactions (see Fig. 1).

CARBON MONOXIDE

CO is a signaling molecule that exerts a large spectrum
of biological functions in neurons (27, 74), smooth muscle
cells (17, 40), platelets (12, 75), monocyte/macrophages (55),
and EC (11). CO can modulate the activation of several sig-
nal transduction pathways, including guanylyl cyclase/cyclic
GMP (cGMP) (46, 74), and p38 mitogen-activated protein ki-
nase (MAPK) (11, 55) and regulate the expression of vaso-
constrictor, proinflammatory, and procoagulant molecules in
these cells (21, 55). Presumably this broad action accounts
for the ability of CO to promote vasodilation (17, 64), to in-
hibit inflammation (55), and to suppress apoptosis (11, 57),
cell-cycle progression (17, 37), as well as thrombosis (12, 21,
75).

The only molecular target of CO identified so far is iron
such as it exists in heme and iron-sulfur clusters contained in
a variety of proteins, e.g., guanylyl cyclase, cytochromes,
peroxidases, catalase, and nitric oxide synthases. The biologi-
cal functions attributed to CO are thought to result directly or
indirectly from binding of CO to iron in these proteins. Pre-
sumably, when this occurs, the conformational structure of
these proteins is modified in a manner that modulates their
biological activity and thus mediates the different biological
functions of CO (see Fig. 1). The paradigm for CO-mediated
signal transduction is provided by the well described interac-
tion of CO with the heme moiety of guanylyl cyclase (32).
This results in conformational changes in guanylyl cyclase,
increasing by two- to fourfold its enzymatic activity and lead-
ing to the generation of cGMP (32). Generation of cGMP ac-
tivates the cGMP-dependent protein kinases (cGKI and II)
that act in smooth muscle cells to mediate vasodilation and in
platelets to prevent activation/aggregation (17, 58, 64). Pre-
sumably, this accounts for the vasodilatory and antithrom-
botic effects of CO, which are thought to contribute in a criti-
cal manner to the overall antiinflammatory effect of CO.
However, there are additional biological functions of CO that
may contribute to its antiinflammatory effect as well. These
include the ability of CO to modulate monocyte/macrophage
activation (55) (see accompanying article by Otterbein et al.)
and to suppress EC apoptosis (11, 57). We will focus in this
review on the possible mechanisms by which CO protects EC
from undergoing apoptosis and how this may contribute to
the overall cytoprotective effect of CO.

ANTIAPOPTOTIC ACTION OF
HO-1-DERIVED CO

EC express “death receptors” that can be triggered to initi-
ate signaling transduction pathways leading to apoptosis.
These include the tumor necrosis factor-a (TNF-a) receptor 1
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(TNFR1/CD120a), which is particularly relevant for EC given
the high levels of TNF-a generated by activated monocyte/
macrophages at sites of inflammation (59). The intracytoplas-
mic region of TNFR1 contains one or several sequence ho-

mology domains, referred to as “death domains” (for review,
see 4). Signaling via these death domains is constitutively re-
pressed through binding of the antiapoptotic protein SODD
(silencer of death domains) (30). Once TNFR1 is cross-linked,
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FIG. 1. HO-1-derived CO acts as a signaling molecule in EC. Acute inflammatory reactions are most often associated with tis-
sue necrosis and hemolysis and with release of heme proteins, e.g., myoglobin and/or hemoglobin from red blood cells and my-
ocytes, respectively (see panel 1). Once exposed to free radicals, these extracellular heme proteins become oxidized, generating
prooxidant free heme (see panel 2). Free heme can intercalate into EC membranes to become incorporated in the intracellular pool
of free heme (see panel 2). The ability of EC to up-regulate HO-1 expression when exposed to extracellular heme allows the levels
of intracytoplasmic prooxidant heme to decrease rapidly (see panel 3). Biliverdin generated through this enzymatic reaction is sub-
sequently converted into bilirubin, which acts as an antioxidant (see panel 3). Free Fe2+, also released through the action of HO-1 on
heme, can promote the generation of free radicals through the Fenton reaction and therefore act as a potent prooxidant (see panel 3).
However, the prooxidant action of free Fe2+ may be “neutralized” by the ability of HO-1 to induce the up-regulation of the iron
chelator ferritin, as well as the activation/up-regulation of iron pumps that release Fe2+ into the extracellular space. CO, the other
end product of heme catabolism by HO-1, may also contribute directly to neutralize the availability of Fe2+ to participate in the Fen-
ton reaction (see text). In addition, CO can interact with heme groups and iron sulfur clusters in several proteins to induce confor-
mational changes in these proteins and modulate their biological functions (see panel 4). Presumably, this is the molecular basis un-
derlining the different biological functions of CO, including its ability to suppress EC apoptosis.



SODD is released and the death domains of TNFR1 are ex-
posed (30). The exposed domains recruit other signaling
molecules containing additional death domains, e.g., FADD
(Fas-associated death domain), TRADD (TNF receptor-
associated death domain), and RIP (receptor-interacting pro-
tein) (47; for review, see 4). This process results in the genera-
tion of a catalytic protein complex referred to as DISC
(death-inducing signaling complex) (56), which activates cys-
teine proteases referred to as caspases (for review, see 73).
Interaction between the DISC and the caspase signal transduc-
tion pathway occurs via FADD-dependent proteolytic cleav-
age of the inactive zymogen of caspase 8 and/or caspase 10
and subsequent dimerization of the “active” fragments of
these caspases (47). Once activated, these initiator caspases
act as cysteine proteases to activate additional caspases, e.g.,
caspases 2, 3, 6, and 7, that cleave a series of cellular sub-
strates (for review, see 73). In addition to the caspase signal
transduction pathway, TNFR1 also activates a signal transduc-
tion pathway that results in depolymerization of the mitochon-
dria membrane (81) and release of the proapoptotic proteins,
e.g., cytochrome c (33), apaf-1 (83), caspase 2 and 9 (70),
apoptosis-inducing factor (AIF) (71), and the direct inhibitor
of apoptosis (IAP) binding protein with low pI (DIABLO)
from the mitochondria into the cytosol (13). These proapop-
totic proteins amplify the signal transduction pathway leading
to the activation of effector caspases, e.g., caspase 3, thus pro-
moting apoptosis (for review, see 73). Whether or not release
of these proapoptotic molecules by the mitochondria is essen-
tial for TNF-a-mediated EC apoptosis is not clear. However,
the observation that bcl family members that act at the level of
the mitochondria, e.g., bcl-2, bcl-xL, or A1, can suppress TNF-
a-mediated EC apoptosis (6) suggests that this is the case.

We have analyzed whether CO modulates the TNF-a-
derived signal transduction pathways leading to EC apopto-
sis. Cultured EC undergo apoptosis when exposed to either
high levels of TNF-a or low levels of TNF-a in the presence
of the transcription inhibitor actinomycin D (67, 69). When
exposed to extracellular heme, EC up-regulate the expression
of HO-1 and develop resistance to TNF-a-mediated apoptosis
(11). That HO-1 is directly responsible for the protective ef-
fect of heme is supported by the observation that overexpres-
sion of HO-1 protects EC from TNF-a-mediated apoptosis
(11, 68). The protective effect of HO-1 requires its enzymatic
activity, indicating that its antiapoptotic effect requires the
generation of one or several end products of heme catabolism
by HO-1, i.e., Fe2+, biliverdin, and/or CO (11). Because
heme-derived Fe2+ up-regulates the expression of the iron
chelator ferritin (18), we tested whether Fe2+ chelation per se
could account for the antiapoptotic effect of HO-1 in EC. Our
data (11), as well as those of others (20), indicate that this is
the case: the antiapoptotic effect of HO-1 can be mimicked by
the exogenously administered iron chelator deferoxamine
(11, 20) and/or by overexpressing the heavy chain of ferritin
(P. Berberat et al., unpublished observations), which supports
the iron chelation activity of ferritin (25). There is also evi-
dence to suggest that HO-1 up-regulates the expression/activ-
ity of an “iron pump” that decreases the levels of intracyto-
plasmic Fe2+ (20). The exact nature of this iron pump remains
to be fully characterized. However, these data indicate that
the combined effect of ferritin expression and expression/ac-

tivation of this iron pump decreases the intracytoplasmic pool
of free Fe2+ available to promote the generation of free radi-
cals through the Fenton reaction (20). Given that antioxidants
such as N-acetylcysteine and pyrrolidine dithiocarbamate can
suppress TNF-a-mediated EC apoptosis (C. Ferran, unpub-
lished observations), it would be reasonable to suggest that
one of the main mechanisms by which HO-1 exerts its anti-
apoptotic function relates to its antioxidant properties and, in
particular, to its ability to limit the levels of free Fe2+ avail-
able to generate reactive oxygen species through the Fenton
reaction. This hypothesis, however, remains to be tested.
Based on this assumption, others have suggested that reduc-
tion of the levels of free intracytoplasmic Fe2+, associated
with HO-1 expression, is the main mechanism accounting for
the antiapoptotic effect of HO-1 (20). Our recent data, how-
ever, provide a more complex picture in that we found that
HO-1-derived CO may be equally important for the antiapop-
totic effect of HO-1 in EC (11). This is illustrated by the ob-
servation that when the action of HO-1-derived CO is inhib-
ited by hemoglobin, HO-1 is no longer able to prevent
TNF-a-mediated EC apoptosis (11). Furthermore, exposure
of EC to exogenous CO also suppresses TNF-a-mediated EC
apoptosis (11). Similar results have been observed in f ibrob-
lasts (57), as well as in islet b-cells (21a) and hepatocytes (L.
Otterbein et al., unpublished observations). Based on these
data, we have concluded that HO-1-derived CO is a cytopro-
tective molecule that can act in several cell types, including
EC, to suppress apoptosis. Others, however, have suggested
that levels of CO similar to the ones we have used in our stud-
ies can induce EC apoptosis (72). The reason for this discrep-
ancy is not clear at this point. Most likely, this is due to differ-
ences in methodology used to evaluate EC apoptosis.

The mechanistic details underlining the antiapoptotic effect
of CO in EC are presently unclear. It is possible that this effect
of CO may be related to its potential antioxidant properties
and, in particular, to the ability of CO to limit the generation
of reactive oxygen species (see accompanying article by
Otterbein et al.). It is well established that CO is a strong p-
acceptor and as such might participate and contribute to the
formation of cellular d-metal–protein clusters. There is such a
precedent in cells. Cytochrome P-450 forms mixed (CO/
peptide) ligand–Fe2+ clusters. This phenomenon is easily iden-
tified as it is responsible for the absorption at 450 nm, which
gives the protein family its name (44). Further, for example,
by changing the Fe2+/3+ or Cu+/2+ coordination equilibrium in
reactions of free metal ions with CO and cellular protein lig-
ands, CO might lower the presence of free metal ions. There-
fore, redox reactions would be less likely to complicate the
free metal ion behavior, and there will be little risk of generat-
ing free radicals that might contribute to TNF-a-mediated EC
apoptosis. The idea that CO might participate in the formation
of intracellular mixed ligand–metal clusters is echoed in
organometallic chemistry, where it has been demonstrated that
metal clusters with mixed ligands including CO exist (35).

Another property of CO that may contribute to suppress
EC apoptosis relates to its ability to down-regulate the activ-
ity of the mitochondrial electron transport chain through di-
rect binding to heme or iron-sulfur clusters in proteins (com-
plexes) of the electron transport chain. This could have at
least two important implications. First, CO might inhibit the
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generation of free radicals, generated through basal activity
of the electron transport chain. Second, CO has been shown
in cells other than EC to suppress ATP synthesis, an event re-
quired for apoptosis to occur (38). Whether CO acts in such a
manner in EC remains to be established.

INTERACTION OF CO WITH
ANTIAPOPTOTIC SIGNAL

TRANSDUCTION PATHWAYS

The antiapoptotic action of CO in EC seems to be strictly
dependent on the activation of the p38 MAPK signal trans-
duction pathway (11). This notion is supported by the obser-
vation that expression of HO-1 in EC or exposure of EC to
exogenous CO enhances the activation of p38 MAPK and that
specific inhibition of p38 MAPK activation abrogates the an-
tiapoptotic effect of HO-1 and/or CO (11). How HO-1 de-
rived CO acts to modulate the activation of p38 MAPK and
how the activation of this specific signal transduction path-
way acts to suppress EC apoptosis remain to be elucidated.

The family of p38 MAPK groups comprises several kinases,
i.e., p38a (CSBP-1 and CSBP-2; 38 kDa) (36), p38b (p38-
2/P38b1 and p38b2; 39 kDa) (19, 28), p38g (ERK6/SAPK3;
43 kDa) (29, 39), and p38d (SAPK4; 40 kDa) (26, 76) (for re-
view, see 49). These p38 MAPK share sequence homology
ranging from 74% (p38a versus p38b) (28) to 98% (p38b ver-
sus p38b2) (19) and have a canonical dual phosphorylation site
(Thr-Gly-Tyr) (for review, see 49). Activation of p38 MAPK is
associated with the phosphorylation of Thr and Tyr residues in
the Thr-Gly-Tyr canonical site (61; for review, see 49). The sig-
nal transduction pathways leading to the phosphorylation of
Thr and/or Tyr residues in these kinases are diverse, but are
mostly associated with cell stress (61). In addition, most of the
proinflammatory stimuli that lead to EC activation also acti-
vate p38 MAPK, e.g., bacterial lipopolysaccharides, inter-
leukin-1a, and TNF-a (11, 79). The signal transduction path-
ways initiated by these stimuli converge into the activation     of
one or several MAPK kinases (MAPKK) that
phosphorylate/activate p38 MAPK directly (for review, see
49). These MAPKK include MKK3 (19, 62), MKK4 (49),
MKK6 (45, 62), and probably MKK7 (26), but MKK3 and
MKK6 are thought to play a predominant role in activating p38
MAPK (62, 79). MKK3 can activate all p38 isoforms, whereas
MKK6 activates p38a, g, and d preferentially (19).

Given that the antiapoptotic effect of CO in EC is depen-
dent on the activation of p38 MAPK, it becomes important to
understand how CO modulates the activation of this specific
signal transduction pathway. One hypothesis is that CO inter-
acts directly with one or several upstream kinases and/or
phosphatases involved in the activation of p38 MAPK. Con-
sidering this, one would expect that these kinases and/or
phosphatases contain iron-sulfur clusters and/or heme groups
with which CO could interact to modulate their activity. An-
other possibility would be that CO modulates this signal
transduction pathway indirectly, such as by interfering with
the generation of reactive oxygen species that can modulate
the expression/activation of kinases and/or phosphatases in-
volved in p38 MAPK activation.

The mechanism by which CO-derived p38 MAPK activa-
tion suppresses EC apoptosis is also not clear. Activation of
p38 MAPK can either promote or suppress apoptosis in sev-
eral cell types, including L929 f ibroblasts (63), myocytes (41,
48), HeLa kidney epithelial embryonic cells, or Jurkat T cells
(48, 63), as well as other cell types. These opposing effects
may be explained by the fact that distinct p38 isoforms seem
to have opposite effects in terms of regulating apoptosis. For
example, activation of p38a induces apoptosis of cardiac my-
ocytes, HeLa epithelial cells, and Jurkat T cells, whereas acti-
vation of p38b suppresses apoptosis in the same cell types
(77, 82). The fact that different cell types express different
profiles of p38 isoforms (23) and that different signal trans-
duction pathways can lead to specific activation of different
p38 isoforms (for review, see 49) may explain the apparent
discrepancy of p38 MAPK in controlling apoptosis. One pos-
sibility to explain the ability of CO to suppress EC apoptosis
would be that somehow CO promotes the activation of p38b,
but not that of the p38a isoform. This hypothesis however re-
mains to be tested. It should be noticed that at least in EC, ac-
tivation of the p38 MAPK g and d isoforms does not seem to
be required for the protective effect of CO. This notion is sup-
ported by the observation that the pyridinyl imidazol
SB203580, which blocks the activation of the p38 MAPK a
and b isoforms, but not that of the g and d isoforms, inhibits
the antiapoptotic effect of CO in EC (11).

The mechanism(s) underlining the antiapoptotic effect of
CO are probably cell-specific. This notion is supported by the
observation that the antiapoptotic effect of CO in fibroblasts
is not dependent on the activation of the p38 MAPK signal
transduction pathway but instead requires the activation of a
signal transduction pathway, that involves the activation of
guanylyl cyclase and the generation of cGMP (57). Activation
of this cGMP-dependent signal transduction pathway is not
required for the antiapoptotic effect of CO in EC (11).

Besides the p38 MAPK signal transduction pathway, 
HO-1-derived CO also interacts with signal transduction
pathways initiated through the activation of the transcription
factor NF-kB and that suppress EC apoptosis (11a). This is
supported by the observation that inhibition of NF-kB activa-
tion by overexpression of the natural inhibitor of NF-kB, i.e.,
IkBa, suppresses the antiapoptotic effect of CO (11a). Al-
though CO does not activate NF-kB directly, it requires basal
NF-kB activity to suppress EC apoptosis. Coexpression of
IkBa with basal levels of the NF-kB family members
p65/RelA or p65/RelA and c-Rel, but not with p65/RelA and
p50, at levels that per se do not suppress apoptosis, restores
the antiapoptotic effect of CO. Coexpression of IkBa with
the NF-kB-dependent antiapoptotic genes A1 or c-IAP2, at
levels that per se do not suppress apoptosis, also restores the
antiapoptotic effect of CO (11a). These data indicate that HO-
1-derived CO interacts with a subset of NF-kB-dependent an-
tiapoptotic genes, i.e., A1 and c-IAP-2, to suppress EC apop-
tosis. The ability of CO to interact with NF-kB-dependent
antiapoptotic genes is highly selective in that it does not
occur with the NF-kB-dependent antiapoptotic genes A20 or
MnSOD. This excludes the possibility that CO would interact
randomly with any given set of antiapoptotic genes to pro-
mote EC survival and points to a rather selective type of in-
teraction between CO and a restricted subset of antiapoptotic
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genes. The antiapoptotic genes A1 and c-IAP2 belong to this
group, which does not exclude that other antiapoptotic genes
may have similar effects as well.

The physiological significance of the “cross-talk” between
CO and NF-kB-dependent antiapoptotic genes in preventing
EC apoptosis is not clear. One possibility is that this would
act as a mechanism of controlling the antiapoptotic action of
CO. In the light of this hypothesis, one should consider that
expression of HO-1 and subsequent generation of CO are the
immediate reaction of most cell types exposed to oxidative
stress (for reviews, see 14, 42). If there were to be no addi-
tional mechanisms to control the antiapoptotic action of CO,
one would expect that all cells that are exposed to oxidative
stress would become resistant to apoptosis, based on their
ability to express HO-1 and generate CO. As this is clearly
not the case, there must be strict mechanisms by which the
antiapoptotic action of CO is controlled. Our hypothesis is
that one of such mechanisms relies on the ability to activate
additional signal transduction pathways leading to NF-kB ac-
tivation. In EC, these additional stimuli can be provided
through a multitude of sources, including integrin-mediated
signaling (66) and/or proinflammatory stimuli such as TNF-a,
interleukin-1, and/or lipopolysaccharide (for review, see 43).
When this occurs, EC express a subset of NF-kB-dependent
antiapoptotic genes, e.g., A1 and c-IAP2, that interact with
CO to suppress apoptosis.

CONCLUDING REMARKS

Expression of HO-1 suppresses inflammatory responses as-
sociated with endotoxic shock (50, 51, 60), hyperoxia (53, 54),
acute pleurisy (78), ischemia/reperfusion injury (1), and rejec-
tion of transplanted organs (24, 68). The current data emerging
from several laboratories would suggest that these effects of
HO-1 are largely mediated through the generation of CO. In
several instances, CO alone (in the absence of HO-1 function)
will mediate the same effects as HO-1: inhaled CO prevents in-
flammatory reactions associated with hyperoxia (52), isch-
emia/reperfusion injury (21), and graft rejection (65) in a man-
ner that mimics that of HO-1. The ability of HO-1-derived CO
to prevent EC apoptosis may account in large measure for its
cytoprotective function because EC apoptosis is a proinflam-
matory event that contributes in a critical manner to the patho-
genesis of these inflammatory reactions (22). We believe that
the data reviewed here, which reveal the potent antiapoptotic
effect of CO, will contribute to the development of new ap-
proaches to overcome pathologic conditions associated with
acute and/or chronic inflammation, including septic shock, ath-
erosclerosis, and/or the rejection of immediately vascularized
transplanted organs, as well as cell transplants.
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