
       

INTRODUCTION

IN 1969, TENHUNEN AND COLLEAGUES described heme oxy-
genase (HO), a microsomal enzyme that hydrolyzes the

heme moieties of heme-containing proteins, such as hemo-
globin, myoglobin, and cytochromes (86). The tetrapyrrolic
ring of heme is cleaved by HO at the a-methene bridge
yielding equimolecular amounts of biliverdin (BV), ferrous
iron and carbon monoxide (CO). In mammals, BV is in turn
transformed by the cytosolic enzyme biliverdin reductase
(BVR) into bilirubin (BR), which is then conjugated with
glycuronic acid and excreted (34) (Fig. 1). During the fol-
lowing 20 years, many investigators focused their attention
on HO and its products in order to understand better their bi-
ological functions and regulation. In particular, in 1987
Stocker and colleagues described the antioxidant properties
of BR (81), and in 1993 Verma et al. proposed a role for CO
as an endogenous neuromodulator (89). Following these ob-
servations, many pieces of evidence arose in literature
demonstrating new and important roles for CO and BR in the
central nervous system either in physiologic conditions or in
pathologic situations.

The aim of this article is to review the literature on the role
played by HO and its products in modulating brain functions,
focusing attention on a particular aspect, such as the regula-
tion by CO of the hypothalamic neuroendocrine system.

HEME OXYGENASE

Until 1997, two HO isoforms had been described: an in-
ducible isoform, HO-1, and a constitutive enzyme, HO-2.
These isoforms are the products of different genes and share
only 43% homology. A 24-amino-acid segment, which forms
a hydrophobic pocket within the tertiary structure of the pro-
tein, is common to both isoforms and is considered the active
center of the enzyme (36). Metalloporphyrins such as Zn-
protoporphyrin IX and Sn-protoporphyrin IX (Zn-PP-IX and
Sn-PP-IX, respectively) bind to the hydrophobic pocket of
HO, but do not catalyze hydrolysis (or they do so at a much
lower rate than heme), thereby inhibiting HO activity (33,
41). In fact, Zn-PP-IX may be considered as an endogenous
inhibitor, because it is synthesized instead of heme in the case
of iron deficiency (47).
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Apart from the identity between the active centers of the
enzyme, HO-1 and HO-2 broadly differ in cell and tissue reg-
ulation and distribution.

Regulation of HO isozymes

HO-1, also referred as heat shock protein-32, is induced
by various stimuli, including oxidative and nitrosative stress,
ischemia, heat shock, bacterial lipopolysaccharide (LPS),
hemin, and the neuroprotective agent Neotrofin (35, 36, 90).
Furthermore, in cultured human cells, HO-1 expression can
be repressed by hypoxia or by treatment with interferon-g or
desferrioxamine (71); interestingly, the repression of HO-1
expression seems to be specific for human cells because the
same repressors of HO-1 expression could induce the expres-
sion of this isoform in cultured rodent cells (71). On the other
hand, HO-2, the constitutive form, is responsive to develop-
mental factors, opiates, adrenal glucocorticoids, and nitric
oxide (NO) (35, 36). Although HO-1 and HO-2 catalyze the
same reaction, they play different roles in protecting tissues
against injuries. Based on several lines of evidence, the more
convincing hypothesis suggests that HO-1 induction is one of
the earlier cellular responses to tissue damage and is respon-
sible for the rapid transformation of the prooxidant heme into
CO and BR, two molecules with antiinflammatory and an-
tioxidant activity. On the contrary, HO-2, constitutively ex-
pressed, is primarily involved in maintaining cell heme ho-
meostasis and preventing NO-mediated damage (37).

Very recently, Shibahara et al. focused their attention on
HO-1 repression as a defense strategy developed in humans
(72). This idea was enforced by the concomitant discovery by
Igarashi and colleagues of Bach-1/Bach-2 as heme-regulated
repressors for transcription of the HO-1 gene (57). Bach-1 is

a transcription factor widely expressed in mouse and human
tissues, including brain, and Bach-1-deficient mice have HO-1
gene overexpressed in many tissues, including brain (82).
Furthermore, Bach-1 is induced in cultured human cells by
hypoxia, interferon-g, and desferrioxamine, each of which re-
presses HO-1 expression (57, 71). Therefore, Bach-1 has an
important role in heme metabolism as a controller of the
feedback regulation by sensing heme and repressing or acti-
vating transcription, depending on the heme availability. HO-1
repression may be useful in many situations because it de-
creases energy expenditure necessary for heme degradation
and prevents local accumulation of CO, iron, and BR; in addi-
tion, HO-1 repression may decrease the iron supply to cancer
cells or pathogens, such as bacteria and protozoa, which re-
quire iron as an essential cofactor for cell proliferation (71).

HO activity is regulated also by BVR because this latter re-
duces BV, the inhibitory product of the oxygenase activity,
into BR (20). The molecular mass of BVR ranges between
41 and 42 kDa (human) and 33 and 34 kDa (rat), is dual co-
factor and dual pH-dependent, and requires free-SH groups
(39). Until now, BVR was considered a noninducible protein,
but recent data showed that the reductase can be induced
by LPS and bromobenzene at a posttranscriptional level,
whereas heat shock has no effect (21, 40). In the rat brain,
BVR is coexpressed in cells that display HO-1 and/or HO-2
under normal conditions, as well as in regions and cell types
that have the potential to express heat shock-inducible HO-1
protein (21). Further evidence demonstrated that BVR exhib-
ited developmental changes with the activity increasing after
birth and reaching an adult level by day 28 post partum. Im-
munohistochemical analysis revealed an age-related pattern
of expression of BVR in select rat brain areas, such as the
cortex, substantia nigra, hippocampus, and cerebellum (20).
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FIG. 1. The main metabolic pathway
leading to CO formation. HO shunts re-
ducing equivalents from NADPH-cyto-
chrome P450 reductase to the a-methene
bridge of cellular heme moieties. By so
doing, HO cleaves the tetrapyrrolic ring
of heme and liberates CO plus equimolar
amounts of BV, which is then converted
into BR by the NAD(P)H-requiring cy-
tosolic enzyme BVR. The substituents on
the tetrapyrroles are methyl (M), vinyl
(V), and propionic (P) acid.
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Distribution of HO isozymes

HO-1 is ubiquitous and particularly abundant in reticu-
loendothelial organs, such as liver and spleen, whereas HO-2
is localized in specific organs, such as brain, kidney, and
testis (36). The central nervous system is endowed with very
high HO activity under basal conditions, mostly accounted
for by HO-2, the latter being expressed in neuronal popula-
tions in forebrain, hippocampus, hypothalamus, midbrain,
basal ganglia, thalamus, cerebellum, and brainstem. The in-
ducible isoform is instead present in very small amounts and
is localized in sparse groups of neurons, including the ventro-
medial and paraventricular nuclei of the hypothalamus (36).
This finding indicates that the activation of HO-1 and the fol-
lowing formation of CO can be induced by many noxious
stimuli within the nuclei that are primarily involved in the
central regulation of the stress response. In fact, neurons lo-
cated within the parvicellular part of the paraventricular nu-
cleus release both corticotropin-releasing hormone (CRH)
and arginine vasopressin (AVP), the neuropeptides that initi-
ate the endocrine response to a stressor stimulating the re-
lease of pituitary adrenocorticotropin hormone (ACTH). HO-1
is also found within cells of glial lineage, where its gene ex-
pression can be induced by oxidative stress (18).

In 1997, Mahin Maines and her group described a third HO
isoform called HO-3. It is a protein of ~33 kDa encoded by a
single transcript of 24 kb and constitutively expressed in rat
liver, spleen, kidney, and brain (49). In a very recent article,
Scapagnini et al. investigated the regional brain expression of
HO-3 and found that this isoform is expressed mainly in as-
trocytes of hippocampus, cerebellum, and cortex (68). The
regulation of HO-3 gene expression and its synthesis is
poorly understood, and its possible role in physiology and pa-
thology remains to be further clarified.

HO and neuroprotection

The mechanism(s) responsible for neuronal death is not
completely elucidated, even if many studies suggest that reac-
tive oxygen species (ROS) are primarily involved in the gene-
sis of neurodegenerative disorders (59, 67, 73, 75). Due to its
abundance in brain tissue and prompt and robust response to
oxidative stress, HO-1 has been studied for its possible activ-
ity in preventing brain injury. Panahian et al. using transgenic
(Tg) mice overexpressing HO-1 in neurons demonstrated the
neuroprotective effect of this enzyme in an experimental
model of ischemic brain damage (58). When compared with
non-Tg mice, Tg mice exhibited significant neuroprotection
with decreased dimensions of ischemic penumbra when ex-
amined at both 6 and 24 h after induction of ischemia. The
authors conclude that the neuroprotective effect of overex-
pressed HO-1 can be related to: (a) increase in both cyclic
GMP (cGMP) and bcl-2 levels in neurons; (b) inactivation of
p53, a protein involved in promoting cell death; (c) increase
in antioxidant sources, as suggested by the strong reduction
in the formation of lipid peroxidation products; and (d) in-
crease in the iron-sequestering protein, ferritin (58). In addi-
tion, Takeda et al. explored the relationship between HO-1
and tau protein, the latter being the major component of neu-
rofibrillary tangles, the intraneuronal lesion of Alzheimer
disease (84). In transfected neuroblastoma cells overexpress-

ing HO-1, the activity of this enzyme was increased and, con-
versely, the level of tau protein was significantly decreased
when compared with antisense HO-1 or vector transfected
cells. The suppression of tau protein expression was almost
completely counteracted by zinc-deuteroporphyrin, a specific
inhibitor of HO activity. The activated forms of extracellular
signal-regulated kinases (ERKs) were also decreased in cells
overexpressing HO-1, although no changes in the expression
of total ERKs were observed (84). Taken together, all these
findings do not allow a product of HO activity to be singled
out as the main neuroprotective factor; rather a complex puz-
zle of regulatory interactions between heme degradation
products and cellular pathways involved in cell death/survival
is hypothesized.

CARBON MONOXIDE

Since the early 1960s, the endogenous formation of CO
via HO activity became a matter of fact. For almost 30 years,
scientists tried to address the following question: Why does
the human body produce relatively high concentrations of
such a toxic molecule? Cui prodest?. This point remained ob-
scure until the early 1990s, when Verma et al. raised the hy-
pothesis of a biological role of CO as a neuromodulator (89).

Mechanism(s) of action

It is generally agreed that endogenous CO exerts its bio-
logical effects through the activation of the cytosolic soluble
guanylyl cyclase (sGC), which in turn increases intracellular
cGMP levels (36). Many studies showed that CO is a weak
activator of sGC; in fact, the gas increases cGMP production
by a mere one- to twofold (7, 28). Therefore, CO modulation
of sGC leading to significant increases in cGMP levels can
only occur in those brain areas, such as the hippocampus and
olfactory bulb, both endowed with high levels of sGC and HO
(25, 89). Alternative signal-transduction mechanism(s) must
be postulated in different brain areas, such as the hypothala-
mus, where a high rate of CO production by HO is associated
with quite low sGC levels (5, 48). Indeed in vitro studies from
our laboratory suggest that the activation of another hemo-
protein, cyclooxygenase, plays a significant role in CO
signaling in the rat hypothalamus. In these studies, we dem-
onstrated that (a) hemin dose-dependently increases prosta-
glandin (PG) E2 production from rat hypothalamus in vitro,
and (b) this effect is specifically due to CO because it is
counteracted by the HO inhibitor Sn-mesoporphyrin-IX and
oxyhemoglobin, the latter being a well-known scavenger for
CO (42). The direct evidence about the stimulatory role of
CO on PG production was obtained by incubating hypothal-
ami directly in CO-saturated solutions and measuring signifi-
cantly increased PGE2 levels with respect to control tissue
(44). On the basis of these results and keeping in mind the
chemical structure of CO, it is possible to consider all the he-
moproteins as potential CO “receptors.” The type of biologi-
cal response ensuing from CO binding would then depend on
whether or not the gas activates such hemoproteins; the ef-
fects of CO that are associated with protein activation are
those mediated by sGC and, perhaps, cyclooxygenase; on the
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contrary, other biological effects of endogenous CO seem to
be caused by the inhibition of hemoproteins such as cy-
tochrome P-450 (13).

A novel pathway for CO signaling transduction has been re-
cently proposed by Jaggar et al., who studied the vasodilating
effect of the gas in cerebral arterioles (26) (Fig. 2). These au-
thors, in a very elegant article, demonstrated that exogenous
or endogenously produced CO dilates cerebral arterioles by
directly activating large-conductance Ca2+-activated K+ (KCa)
channels primarily by increasing the coupling ratio and ampli-
tude relationship between Ca2+ sparks and KCa channels. Al-
though CO is a potent and effective activator of KCa channels,
the gas does not dilate arterioles in the absence of Ca2+ sparks.
Therefore, CO appears to act by priming KCa channels for acti-
vation by Ca2+ sparks, and this ultimately leads to arteriole di-
lation via membrane hyperpolarization (26).

The neuroendocrine effects of CO: in vitro studies

The first studies on the neuroendocrinology of CO at-
tempted to clarify the possible role of this gas in the central
control of the stress response. In 1994, Pozzoli et al. showed
that the treatment of rat hypothalamic explants with hemin,
considered the precursor of CO, inhibited the release of CRH
stimulated by KCl or interleukin-1b. Such an effect was at-
tributed to CO rather than hemin itself because it was signifi-
cantly counteracted by the HO inhibitor Zn-PP-IX (62). This
first report was strengthened by other studies that consis-
tently showed that (a) hemin is effectively transformed into
BV and CO in the hypothalamus and (b) this increase in CO
formation is responsible for the inhibition of KCl-stimulated
AVP and oxytocin release in hypothalamic explants in vitro.
This effect on neuropeptide release is effectively due to CO
formation because it is counteracted by HO inhibitors and
mimicked by the incubation of the hypothalami directly in

CO-saturated medium (30, 41). In addition, neither BV nor
BR was able to modify basal or stimulated release of CRH,
AVP, and oxytocin (30, 41, 62). Although the overall effect of
CO on the hypothalamic drive controlling stress responses
appears to be by the inhibition of stimulated hormone release,
experiments carried out to investigate the influence of CO
on the hypothalamo–pituitary–gonadal (HPG) axis showed
that hemin increases basal gonadotropin-releasing hormone
(GnRH) release in a dose-dependent fashion in both hypo-
thalamic explants and immortalized cells, these effects being
specifically inhibited by Zn-PP-IX (4). Although the mecha-
nism of action of CO on GnRH release has not been fully in-
vestigated, it is possible to hypothesize that PGs are involved,
because CO has been shown to increase PGE2 production
from the rat hypothalamus (42, 44) and this prostanoid is
known to be a major physiological stimulus of GnRH release
(43, 65).

Taken together, these results show opposing effects of CO
on the control of GnRH, on the one hand, and CRH and the
neurohypophyseal hormones, on the other. It is well known
that an inverse relationship exists between stress and repro-
ductive function. Interleukin-1b, a well-known mediator of in-
flammatory stress, shifts this balance by increasing CRH and
neurohypophyseal hormone release while blunting GnRH se-
cretion by a direct action at the hypothalamic level (65).
Within this framework, the role of CO appears to be physio-
logically consistent, as the gas would damp down exaggerated
activation of the hypothalamo–pituitary–adrenal (HPA) axis
and, at the same time, enhance reproductive processes (Fig. 2).

The neuroendocrine effects of CO: in vivo studies

Although the results of in vitro studies strongly suggest a
role for CO in modulating neuroendocrine function, the same
encouraging results have not been obtained by in vivo studies,
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FIG. 2. Summary of the most important interactions
between HO products and brain. Note that glucocorti-
coids may positively feedback on CO generation because
they increase HO-2 expression in the brain (36). This phe-
nomenon becomes very important in the event of sustained
stress-induced adrenocortical activation. Thus, glucocorti-
coids may induce CO in the brain, which in turn acts as part
of a negative feedback mechanism to decrease CRH and
AVP release from hypothalamus, and hence eventually glu-
cocorticoid secretion. As for the regulation of GnRH re-
lease, CO is able to increase the release of this hormone ei-
ther directly (perhaps using PGE2 as a second messenger) or
by inhibiting CRH release, which is able to down-regulate
GnRH synthesis (85). For further details, see text.
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mainly because of the relative inability of most of HO in-
hibitors to cross the blood–brain barrier (43). In addition,
when hemin is administered to rats subcutaneously at the sub-
lethal dose of 25 mg/kg twice a day over 2 days, which
strongly increases HO-1 activity in many organs (31), it in-
duces only a negligible change in brain HO activity. Despite
these difficulties, we performed in vivo studies using a differ-
ent approach, and the HO inhibitor Sn-PP-IX was given to
rats by the intracerebroventricular route (i.c.v.) (60). An im-
munoinflammatory challenge, such as LPS, was used to in-
crease the circulating levels of stress hormones. Our results
showed that the inhibition of the HO–CO pathway by i.c.v.
Sn-PP-IX significantly potentiates the LPS-induced increase
in AVP circulating levels while reducing the hypothalamic
content of this neuropeptide (45). Collectively, these results
are consistent with the notion that HO products (probably
CO) exert an inhibitory influence on the AVP release from
specific hypothalamic neurons. The removal of this inhibition
by HO blockers enhances the release of AVP leading to the
activation of the stress response (45). In 1998, Turnbull et al.
demonstrated that the inhibition of HO activity by Sn-PP-IX
is able to reduce the rise in plasma ACTH induced in rats by
foot-shock stress (87). This apparent conflict between our re-
sults and those of Turnbull et al. in which HO inhibition re-
flects a blockade of the stress response, may be due to either
the different stressor stimulus used (physico-emotional ver-
sus immunological) or the different routes of Sn-PP-IX ad-
ministration. In fact, these authors administered by the subcu-
taneous route a very high dose of HO inhibitor to increase its
passage through the blood–brain barrier, and this fact may
have influenced the response of the HPA axis (38).

A particular aspect of the activation of the HPA axis is the
increase in body temperature. Rats exposed to a variety of
stress stimuli, such as restraint, handling, and cage switching,
have a rise in body temperature, and this phenomenon has
been called stress fever (55). During the last few years, many
studies have demonstrated that CO is a mediator of the pyro-
genic response to stressors. In support of this hypothesis, the
i.c.v. administration of HO inhibitors decreases LPS-induced
fever in the rats (78, 79), whereas heme overload causes a rise
in body temperature (77–79). In the light of these findings,
Steiner et al. in a very recent article studied the relationship
between the HO–CO system and the physico-emotional stress
using an experimental system of restraint-induced stress in
the rats. In this article, the authors showed that i.c.v. adminis-
tration of the HO inhibitor Zn-deuteroporphyrin-bis-glycol
does not affect the body temperature of euthermic rats, but
markedly attenuates the restraint-induced fever (80). These
results confirm that the HO–CO pathway is not involved in
the tonic regulation of body temperature, but once this en-
zyme is activated by a specific stimulus CO becomes a pyro-
genic neuromodulator.

With regard to the HPG axis, only one study using an in
vivo approach has been performed. Alexandreanu and Law-
son showed that the modulation of endogenous CO produc-
tion alters the secretion of pituitary gonadal hormones. In
particular, the chronic administration of the HO inibitor Cr-
mesoporphyrin-IX advanced the estradiol-induced afternoon
surge of plasma luteinizing hormone, this effect being
effectively counteracted by the concurrent administration of

hemin (1). These findings suggest that CO may be considered
as a positive modulator of in vivo luteinizing hormone, secre-
tion. On the contrary, CO seems not to be involved in the cir-
cadian regulation of follicle-stimulating hormone release
from rat anterior pituitary.

CO and the peripheral nervous system

The effective role played by CO in the modulation of pe-
ripheral nervous system functions has been extensively stud-
ied. Most of the evidence came from studies on gastrointesti-
nal nonadrenergic noncholinergic transmission (NANC)
using several preparations, including the internal anal sphinc-
ter (64), lower esophageal sphincter (54), jejunum (22), and
gastric fundus (14). Endogenous or exogenously applied CO
induced smooth muscle relaxation in all the preparations
tested, and this effect was related to sGC activation and
cGMP formation. Due to the well-known lower potency of
CO in activating sGC compared with NO (7, 28) (the main
mediator of NANC inhibitory neurotransmission), many in-
vestigators questioned whether CO has a physiologic function
in gastrointestinal physiology. Xue et al. recently tried to
overcome this dualism and proposed that CO and NO are both
coneurotransmitters in NANC-induced relaxation. According
to this theory, CO per se does not have any effect on intestinal
smooth muscle relaxation, but it might sensitize intestinal
smooth muscle cells to the effects of NO or, alternatively, CO
may increase neuronal NO synthase (NOS) catalytic activity
or facilitate NO release from enteric neurons (91).

CO may also have a neurotransmitter role in the vas defer-
ens, where it is involved in the regulation of ejaculation.
Burnett et al. described HO-2 localization in neuronal struc-
tures regulating copulatory reflexes and showed that ejacula-
tion is significantly reduced in mice with targeted deletion of
HO-2 (6).

HO-2-derived CO is also important in blood vessel func-
tion. Immunohistochemical studies showed that HO-2 is lo-
calized to endothelial layers of blood vessels, in analogy with
endothelial NOS (76). This finding, together with the evi-
dence that specific HO inhibitors reverse the component of
endothelial-derived relaxation of porcine distal pulmonary
arteries, which is not reversed by an inhibitor of NOS, im-
plies a synergistic role for CO and NO in maintaining vessel
tone (76).

BILIRUBIN

BR is the final product of heme catabolism. In mammals,
~80–90% of the total BR formed originates from the degrada-
tion of heme moieties of hemoglobin, whereas 10–20% de-
rives from the catabolism of other hemoproteins (34). As a
consequence of this catabolism, at least 300 mg of BR is pro-
duced per day in normal adult humans (81). In the blood
stream, BR is bound primarily to serum albumin at concentra-
tions ranging between 5 and 15 µM (50); therefore, the vascu-
lar wall is continuously in contact with the albumin–BR com-
plex. Interestingly, at concentrations between 5 and 25 µM,
BR has been shown to exert a concentration-dependent cyto-
protective effect against hydrogen peroxide-mediated dam-
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age in aortic endothelial cells (51). The bile pigment may
become toxic for many tissues if the concentration exceeds
300 µM, resulting in pathological states, such as jaundice and
kernicterus (50).

Mechanism of action

Whereas BR serum concentrations are high enough to pro-
vide a substantial portion of the total antioxidant capacity of
serum, the low concentrations of BR in tissues (20–50 nM)
would suggest a negligible role of this bile pigment in pre-
venting oxidative damage (3). Nonetheless, in the last few
years, several reports have shown that BR contributes to the
prevention of cell damage mediated by ROS, as well as reac-
tive nitrogen species (RNS) (10, 11, 16, 27, 81). The first hy-
pothesis about the mechanism of action of BR as antioxidant
was proposed in 1987 by Stocker et al., who showed that BR
is able to scavenge peroxyl radicals (81). These authors ar-
gued that the antioxidant mechanism was based on the ex-
tended system of conjugated double bonds and a reactive hy-
drogen atom that BR can donate, transforming itself into a
carbon-centered radical (BR·) with resonance stabilization
extending over the entire molecule (81). More recent studies,
based on the evidence that there is not a stoichiometry be-
tween BR and molecules with prooxidant activity, proposed a
novel mechanism of action for BR based on an amplification
cycle whereby the bile pigment is itself oxidized to BV by
ROS or RNS and recycled by BVR back to BR. This redox
cycle could explain how low concentrations of BR can protect
against the cytotoxicity caused by 10,000-fold higher concen-
trations of the oxidant (3). This hypothesis becomes more in-
triguing in the light of the evidence that neurons have very
high levels of BR (19, 76) as compared with relatively low
concentrations of glutathione (63, 74), a tripeptide involved
in detoxification of ROS and very abundant in almost all
mammalian tissues, suggesting a possible role of BR as an al-
ternative endogenous antioxidant molecule in neurons (2).

BR and brain: in vitro and in vivo studies

The potential neuroprotective role of BR was hypothe-
sized in a series of articles by Solomon Snyder and his group.
In 1999, Doré et al. reported that (a) hydrogen peroxide toxic-
ity is much higher in hippocampal neurons from HO-2-
knockout mice (which have decreased BR production in neu-
rons) compared with wild-type mice and (b) the exogenous
administration of free BR (25–50 nM) or albumin-conjugated
BR (10–250 nM) improves neuronal survival (16). The same
authors later showed that following ischemia–reperfusion or
excitotoxic injuries, the extent of the cerebral damage was
greater in HO-2-knockout mice than in wild-type mice,
which is consistent with a protective role of HO products in
brain damage (15). In the follow-up study, it was demon-
strated that cultured cerebellar granule neurons from both
wild-type and HO-2-knockout mice exposed to serum with-
drawal or potassium deprivation undergo apoptotic death;
however, apoptosis was about twofold greater in wild-type
compared with HO-2-knockout mice, giving further evidence
of a protective role of HO products (17). In line with these
findings are the studies of Takahashi et al., who found that
cortical neurons cultured from mice expressing the Swedish

mutation of Alzheimer’s disease had defects in BR production
with subsequent increase of hydrogen peroxide toxicity (83).
Taken together, these studies corroborate the notion that BR
is an efficient scavenger of oxygen free radicals and suggest
that the protective role of this pigment might be extended to
other reactive species originated within the cellular milieu
(Fig. 2).

IRON

Iron is a very important element in mammals because it is
cofactor for several enzymes. Particularly important is heme
iron, which is involved in the regulation of many cellular
functions, such as respiration, proliferation, and differentia-
tion (61). Iron plays a key role in modulating specific brain
functions because it increases the release and the turnover
rate of dopamine and other neurotransmitters (9). However,
when present in excess, iron triggers the formation of very
toxic oxygen radicals that ultimately cause lipid peroxidation
and cell death (9, 24, 88). Many studies reported that exces-
sive sequestration of redox-active iron is a characteristic fea-
ture of many neurodegenerative disorders, such as Alzheimer
disease and Parkinson disease (for details, see 69), but the
mechanisms responsible for this pathological iron sequestra-
tion need to be further addressed. Although much evidence
considers HO-1 an enzyme with cytoprotective function (58,
84), other studies suggest that this enzyme can be involved in
neurodegenerative disorders (29, 70). This opinion is corrob-
orated by the findings that HO-1 is up-regulated in astrocytes
of the Parkinson disease substantia nigra, as well as in Alz-
heimer disease brain (70). In this light, free iron liberated
during heme catabolism may exacerbate intracellular oxida-
tive stress and mediate brain injury.

CONCLUSIONS AND PERSPECTIVES

Several lines of evidence developed in the last 10 years
demonstrated the importance of HO and its products, includ-
ing BR, in the regulation of brain functions. The role of CO in
modulating the release of hypothalamic neuropeptides clearly
emerged from in vitro and in vivo studies. In particular, the
ability of this gas to blunt the increase of CRH and AVP in re-
sponse to different stimuli puts CO in the “proinflammatory”
molecules arena as the final outcome is a reduction in gluco-
corticoid production by the adrenal gland (43) (Fig. 2). This
proinflammatory action of CO seems to be rather specific for
the brain because recent progress indicates that, in other or-
gans and tissues, CO exerts antiinflammatory and antiapop-
totic effects dependent on the modulation of the p38 mitogen-
activated protein kinase signaling pathway (56, 92). By virtue
of these effects, CO confers protection in oxidative lung in-
jury models, and likely plays a role in HO-1-mediated tissue
protection (66). The recent discovery by Motterlini and his
group of a new class of substances that release CO [CO-
releasing molecules (CORMs)] will open new frontiers in the
study of CO actions (12, 52). In particular, CORMs will be
very useful tools for in vivo studies because they allow the
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direct administration of this gas to animals, thus overcoming
all the problems related to the apparent inability of hemin to
cross the blood–brain barrier, as well as the toxicity of hemin
when administered in vivo to animals (43).

Very interesting also is the role played by BR in the preven-
tion of oxidative damage in the brain. In particular, Minetti et
al. (50) have shown that BR is able to reduce the propagation
of cell damage triggered by the prooxidant peroxynitrite, sug-
gesting that the bile pigment could also prevent cellular in-
jury elicited by RNS. In addition, Kaur et al. and our group
demonstrated that BR also interacts with other RNS and 
S-nitrosothiols (27, 46). The ability of BR to scavenge not
only ROS, but also NO and its congeners, is quite important
in the brain, because brain cells are very sensitive to damage
elicited by NO and RNS (Fig. 2). In fact, many studies show
that excessive production of NO in the brain, as a conse-
quence of NOS induction in activated glia, participates in
neurodegeneration (8, 32), and it is in the light of these find-
ings that BR could exert its role as a neuroprotective agent.
The full characterization of nitrosated BR is now required,
and its possible physiologic role needs to be clarified. How-
ever, the consistent evidence showing that the HO-1/BR path-
way is very sensitive to activation by nitrosative reactions in-
volving NO and its redox-activated forms (23, 53) suggests a
role for bile pigments as important intracellular metabolites
with antinitrosative capacities.
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vasopressin; BR, bilirubin; BV, biliverdin; BVR, biliverdin
reductase; cGMP, cyclic GMP; CO, carbon monoxide;
CORMs, carbon monoxide-releasing molecules; CRH,
corticotropin-releasing hormone; ERK, extracellular signal-
regulated kinase; GnRH, gonadotropin-releasing hormone;
HO, heme oxygenase; HPA, hypothalamo–pituitary–adrenal;
HPG, hypothalamo–pituitary–gonadal; i.c.v., intracerebro-
ventricular; KCa, Ca+-activated K+; LPS, bacterial lipopoly-
saccharide; NANC, nonadrenergic noncholinergic transmis-
sion; NO, nitric oxide; NOS, nitric oxide synthase; PG(s),
prostaglandin(s); RNS, reactive nitrogen species; ROS, reac-
tive oxygen species; sGC, soluble guanylyl cyclase; Sn-PP-
IX, Sn-protoporphyrin IX; Tg, transgenic; Zn-PP-IX, Zn-
protoporphyrin IX.
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