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Abstract. Heme is a molecule that is synthesized by the sequential actions of eight
enzymes and is ubiquitous throughout nature. For many years it has been known that
heme is also catabolized to yield biliverdin (which is subsequently reduced to biliru-
bin), one atom of iron, and one molecule of carbon monoxide. There has been a recent
explosion of interest in this degradative process that Is catalyzed by the rate-limiting
enzyme, heme oxygenase. In particular, there has been a special interest in the po-
tential physiological and pathological roles that may be played by these breakdown
products. This minireview will examine some of these potential functional correlates,
with special emphasis on potential oxidant and antioxidant effects of the bilirubin,
carbon monoxide, and iron that result from the activity of heme oxygenase.
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eme oxygenase (HO) is an enzyme that catalyzes

the degradation of heme by opening its tetrapyrrole

ring structure to yield the linear tetrapyrrole bili-
verdin, and one atom each of iron and carbon monoxide
(CO). Under almost all circumstances there is an ample
quantity of biliverdin reductase to reduce biliverdin rapidly
to the more familiar bilirubin. The question that has puzzled
biologists for a long time is why?

Heme is a highly conserved molecule that is essential
for most forms of life and is the linchpin of useful redox
reactions. Its synthesis is complex, involving eight enzymes
that are both mitochondrial and cytosolic. Eight molecules
each of glycine and succinyl CoA are consumed to synthe-
size each molecule of heme. Once synthesized, heme forms
the catalytic unit of numerous proteins including the respi-
ratory chain cytochromes, numerous synthetic and degrada-
tive cytochrome P450 s, catalase, peroxidase, nitric oxide
synthase, guanylate cyclase, and tryptophan pyrrolase.
Heme, by virtue of its cardinal function of repetitive oxida-
tion/reduction cycles, is extraordinarily stable and is tightly
bound to its various protein partners or transport/scavenging
proteins such as ligandin, albumin, or hemopexin. It is true
that heme itself can act as a pro-oxidant and generate po-
tentially toxic moieties, but if there is a free heme pool, it
has evaded direct detection and must be vanishingly small.
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Based on these observations, the purpose of degrading heme
has seemed at best obscure.

This review will present the various potential functional
correlates of heme oxygenase activity and review the evi-
dence that underlies their potential physiological signifi-
cance. Special emphasis will be placed on potential oxidant
or antioxidant effects of the products of heme oxygenase:
bilirubin, CO, and iron. No attempts will be made to provide
an exhaustive review of the literature.

Historical Perspective

It is difficult to know when the products of the action of
heme oxygenase were first recognized and pondered be-
cause the chemistry of heme degradation, unlike most bio-
chemical functions, is color-coded and readily observable in
ourselves and others. Thus, the sequelae of a severe blow to
the skin invariably proceeds from a bruise that is black (the
color of heme), through green (the color of biliverdin) to
yellow (the color of bilirubin). Doubtless, the clinical jaun-
dice of hyperbilirubinemia, due for example to liver disease
or infections, was also recognized, as it was by Hippocrates,
but its significance and origin remained unknown for
centuries.

Serious attempts to understand the biochemistry of
heme degradation were not seen until the 19 century. In
1847, Virchow recognized the association between hemo-
globin breakdown and biliverdin (1). That association was
more formally established in 1926 (2) and then conclusively
in 1950 by London et al. (3). Interestingly, endogenous
formation of CO in man was reported in 1949 (4), and it was
only later that its production was shown to derive from
heme degradation (5-8).
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In vitro degradation of heme to biliverdin was first
demonstrated in 1964 (9), and this finding was confirmed
(10-12) and the enzyme activity named microsomal heme
oxygenase. The activity, dependent on NADPH and mo-
lecular oxygen, attacked the a-meso bridge of heme. Ac-
tivity was also shown to be inhibited by CO and reactivated
by light. The activity was therefore assumed to result from
the actions of cytochrome P450 (13). However, it was sub-
sequently clearly established that this activity was separate
and independent of cytochrome P450 (14-16) and further
characterization of the enzyme heme oxygenase began.

Heme oxygenase (EC 1:14:99:3, heme-hydrogen do-
nor: oxygen oxidoreductase) has now been well character-
ized. The salient features of its action are illustrated in Fig-
ure 1. Heme oxygenase activity has been detected in almost
all species and in almost all tissues. In mammals, it is high-
est in spleen, brain, and testes (17). In humans, 250-400 mg
of bilirubin are formed daily, and = 80% is derived from the
catabolism of heme in senescent erythrocytes (18), which
occurs mostly in the spleen. Generally, HO activity has been
measured by spectrophotometric estimation of bilirubin
generated from microsomal fractions in the presence of ex-
cess concentrations of biliverdin reductase (10, 11). Alter-
native methods include measurement of CO release (19,
20), [C'*]-bilirubin elaboration from C'*- labeled heme (21,
22), and high pressure liquid chromotography detection of
biliruhin and biliverdin (23, 24).

Three isozymes of HO have been reported and named
HOIl, HO2, and HO3 (25, 26). They are products of three
different genes (27). HO1 is inducible in response to heme,
metals, stress, UV irradiation, chemicals, hyperthermia, and
drugs, and has been shown to be identical to heat shock
protein 32 (28). HO2 is biochemically and structurally dis-
tinct and appears to be either little regulated or constitutive
(28). HO3 is similar to HO2 and dissimilar to HO1 in struc-
ture, and, in contrast to both HO1 and HO2, is a poor heme
catalyst. It has been postulated to have a regulatory role in
heme-dependent processes (26).

Due to its inducibility, much has been learned concern-
ing the regulation of HO1 gene expression and resulting HO
activity. Structural motifs in the gene include an Sp1 site, a
GCN4 site, and sites for heat shock and metal-dependent
transcription factors (29). Induction of HO1 has also been
reported to be dependent on tyrosine phosphorylation (30),
AP-1 activation of regulatory elements (31, 32), c-jun N-
terminal kinase (33), protein kinase A (34), the MAP ki-
nases ERK and p38 (35), and nitric oxide (36). Interestingly,
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HO can reciprocally inhibit nitric oxide synthase by degrad-
ing heme (37). There is much work and interest in continued
study of the almost bewildering array of inducers and
mechanisms of induction of HO1. The recent crystallization
of recombinant human HO1 (38) may accelerate studies of
the mechanism of action of the protein. Meanwhile, recent
studies reporting the expression of alternative transcripts of
HO?2 (39) and the notion that HO2 binds heme through an
additional heme regulatory motif that is not involved
in heme catalysis (40) open the door to further insights
into HO2 regulation and function. HO3 awaits further
characterization.

Products in Search of Functions

A central question alluded to earlier is, What is the
purpose of activating the heme degradative pathway (illus-
trated in Fig. 2), which produces bilirubin, CO, and iron at
the expense of heme? One answer might be that the goal is
to deplete heme as a regulatory or protective maneuver, but
for the reasons previously discussed this is only sometimes
a satisfying explanation. Another alternative, and one which
we will now examine, is that heme is degraded to obtain
products that are intrinsically useful and that serve impor-
tant functions, an explanation that might justify the other-
wise wasteful destruction of heme.

Carbon Monoxide. The flurry of interest in and re-
ports about the physiological role of nitric oxide (NO) in the
1980s and the similarities between NO and carbon monox-
ide (CO), led Marks et al. (41) in 1991 to pose the question,
Does carbon monoxide have a physiological role? In 1993,
both Verma er al. (42) and Maines (43) suggested that the
answer to this question was in the affirmative and that CO
might bind to and activate guanylate cyclase as had been
previously demonstrated for NO. Literature implicating CO
as a physiological regulator has continued to grow.

Relaxation of blood vessels in response to exogenous
CO was reported in 1991 (44), and the existence of HO
activity, as measured by CO production, was reported in
arteries of rodents and humans in 1995 (45). Evidence has
accrued to suggest that vascular CO is involved in the main-
tenance of vascular tone in small and medium-sized arteries
(46) and aortas (47). CO regulation of blood pressure in
response to manipulations that acutely increase blood pres-
sure have also been reported (48), and such CO-dependent
pressure regulation is modified in response to salt ingestion
(49). Likewise, exogenous CO toxicity alters vascular tone,
but here the effects may be compounded by activation of
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NO-dependent processes (50). There is also evidence to
support a central role of CO in cardiovascular control by
altering glutamatergic transmission in the nucleus tractus
solitarius of the brain (51). Vascular resistance in the he-
patic circulation is also partially controlled by CO (52) and
under conditions of hemorrhagic shock, the contribution of
CO appears to outweigh that of NO (53). In parenchymal
cells, CO elaborated from HO2 activity appears to be the
physiologic mediator of vascular tone rather than that de-
rived from HO1 (54, 55).

CO has also been implicated in the control of cerebral
blood flow in the brain, a tissue with a great capacity to
generate CO from HO2 (56), and in which HO2 colocalizes
with and presumably helps regulate guanylate cyclase (42,
57, 58). However, in brain there is also evidence that CO is
involved in long-term potentiation (59-61), thought by
some to be a surrogate for memory. Lastly, CO has been
implicated in neuroendocrine control of corticotropin-
releasing hormone from the hypothalamus (62, 63).

HO2 has been detected in canine jejunum (64), mouse
small intestine (65), and rat stomach (66). The presumed
elaboration of CO in these locales may indicate a role for
CO in gut muscle activation. Both HO1 and HO2 have been
detected in guinea pig placenta (67) and may play a role in
the regulation of vascular tone. However, in human myo-
metrium, expression of HO1 and HO2 were both increased
greater than 15-fold during pregnancy, under which circum-
stances CO appeared to limit uterine contractility (68). Like-
wise, HO2 has been detected in rat kidney (69) where it also
may play a role in vascular tone. In the pancreas, CO has
been implicated in the release of insulin and glucagon, prob-
ably involving cGMP (70). However, in the lung CO release
has been proposed as a mediator for oxidative stress in
asthma (71) and bronchiectasis (72). CO has also been im-
plicated as a ¢cGMP-independent inducer of apoptosis in
thymocytes (73). Moreover, in tissues with limited antioxi-
dant reserves, CO may be associated with lipid peroxidation
(74).

Bilirubin. Since the recent observations that bilirubin
is an antioxidant of potential physiological importance (75)

CO

Fe

———> Bilirubin

Figure 2. The products of heme degradation. Fe: lron;
CO: carbon monoxide

and that HO1 and heat shock protein 32 are identical, the
literature has exploded with claims concerning the antioxi-
dant effects of HO-derived bilirubin (and biliverdin, also an
antioxidant). Examples have derived from studies of irra-
diation of the skin (76), endotoxin and ischemia in the liver
(77, 78), nephrotoxic nephritis (79), oxygen toxicity in fi-
broblasts (80), peroxynitrite and plasma proteins (81), and
hypoxia (82), atherosclerotic lesions (83), and cytokines
(84) in the cardiovascular system. In the central nervous
system, HO1 induction has been hypothesized or shown to
be protective against hydrogen peroxide-mediated injury in
astroglia (85) and transient forebrain ischemia (86-88), and
HO2 protein kinase C-dependent induction was protective
against hydrogen peroxide toxicity in neurons (89).

In many instances, it has been and remains difficult to
establish causality for the protective effect attributed to bil-
irubin, After all, heme and heme-protein function must also
be depleted, and CO and iron produced, in the same HO-
dependent activity that creates bilirubin so which factor(s) is
responsible for a given effect is unclear, More elegant evi-
dence has accrued through the use of transgenic knockouts
and overexpressers of HO, although the caveats above still
apply. Examples include protective effects against hypoxia
during HO1 overexpression in rat lung tissue (90, 91) and
neuroprotection against ischemia from middle cerebral ar-
tery occlusion in mice with HO1 overexpression (92). Con-
versely, wild-type cardiac xenografts survived longer in rats
than cardiac transplants from HO1 (+) and HOI1 (~/~) rats
(93), and HOI1 knockout mice displayed right ventricular
dilatation and infarction in response to hypoxia compared to
wild-type mice in which these effects were not seen (94).
Lastly, a 6-year-old boy with growth retardation, hemolytic
anemia, an abnormal coagulation system, endothelial and
renal damage, and increased iron deposition was found to
have complete HO deficiency (95). In vitro studies of his
lymphocytes revealed extreme sensitivity to hemin-induced
cell injury.

Bilirubin can also be detrimental to organisms. Such
detriments range from the relative inconvenience of itching
in jaundice through to the profoundly disabling and irre-
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versible brain damage of kernicterus in the newborn.
Clearly, concentration and localization of bilirubin are of
cardinal importance, but other factors such as binding and
transport proteins (96) and excretion will modulate the bal-
ance between the beneficial antioxidant effects and the del-
eterious toxic effects of bilirubin.

ron. The proverbial fly in the antioxidant ointment
discussed above is iron, which is stoichiometrically released
with each molecule of CO and bilirubin produced. The pres-
ence of free iron in biological systems can lead to the rapid
formation of damaging reactive oxygen metabolites like the
hydroxyl radical and the superoxide radical (Fenton and
Haber-Weiss reactions). It has been suggested that the pro-
oxidant tendencies of iron are rapidly neutralized by the
synthesis of ferritin, a cellular storage system for iron. Fer-
ritin is itself an acute-phase reactant. Certainly, cells pre-
treated with hemin have been shown to have induced levels
of ferritin and increased resistance to oxidative stress (97)
but the effect was seen 16-20 hr after hemin exposure.
Similarly, ferritin is highly induced in skin 24 hr after ul-
fraviolet irradiation (98). Iron regulatory proteins bind to
iron-responsive elements in ferritin mRNA, and such bind-
ing is modulated by iron, nitric oxide, oxidative stress, and
hypoxia/reoxygenation (99, 100). In lung tissue, hyperoxia
leads to HO1 induction, but in the presence of free iron, the
HO1 induction is dramatically increased (101); however,
the aciion of induced HO would lead to the accumulation of
even more iron. In HO2 knockouts, despite increased HO1
expression, there was increased sensitivity to hyperoxia and
increased iron accumulation without a concomitant increase
in ferritin (102). There is also evidence that reduced iron
uptake can prevent oxidative stress (103) or be decreased in
oxidatively imbalanced cells (104). However, it is hard to
see how ferritin can be upregulated fast enough to obviate a
rise in free iron which, itself, is a likely candidate for the
initial signal for upregulation. Lastly, iron and hydrogen
peroxide have been reported to cleave DNA by Fenton re-
actions in sequence-specific sites often found in telomere
repeats (105). At lower concentrations of hydrogen perox-
ide, preferential cleavage occured in sequences often found
in the promoters for normal responses of many genes to iron
Or oxygen stress.

Summary

What is clear, from the review of the literature, is that
all the products of the activity of heme oxygenase (bilirubin,
CO, and iron) are biologically active and display both ben-
eficial and deleterious effects under different circumstances.
In the case of bilirubin and iron, the majority of effects,
whether beneficial or detrimental, are either mediated by or
attributable to redox chemistry and the balance between
oxidants and antioxidants. This is probably true for CO, but
the mechanism is less direct, being mediated by the binding
of CO to the heme component of a variety of cellular heme
proteins. Furthermore, the bulk of the literature supporting
the activity of the products of heme degradation in altering
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oxidant/antioxidant balance has been reported from studies
in the cardiovascular and central nervous systems.

What is unclear is how heme oxygenase activity is
regulated temporally and spacially, and whether or not there
is specificity in promoting certain actions of individual
products of heme metabolism. It is relatively straightfor-
ward to envisage that under physiological circumstances
(e.g., senescent erythrocytes) where there is an unwanted
increase in heme concentrations, it would be highly desir-
able to metabolize and neutralize any potential pro-oxidant
effects of the released heme. Likewise, in pathological
states (e.g., cardiovascular hemorrhage) the resulting rapid
increase in heme concentrations could be neutralized by the
rapid induction of HO activity. In these examples, the pri-
mary goal would appear to be to abrogate heme toxicity by
its degradative removal. However, it is considerably harder
to imagine how the activity of HO could be controlled and
regulated so that heme is catabolized specifically to produce
a biological effect secondary to an increased concentration
of a specific product, either bilirubin, carbon monoxide, or
iron. Is there a heme pool sequestered for just such an event
or must heme be degraded at the expense of other heme-
dependent processes? How would it be possible to use CO
as a neurotransmitter without concomitantly exposing the
brain to unwanted and potentially toxic concentrations of
iron? How could beneficial antioxidant effects of bilirubin
be isolated from unwanted oxidant effects of iron and CO-
dependent changes in cGMP and vascular tone? Similarly,
what are the relative contributions of HO1 and HO2 to these
processes, and what are the as yet totally undefined roles of
HO3?

Extensive use has been made in experimental systems
of competitive inhibitors of HO activity, and some of them
have been proposed for clinical use in hyperbilirubinemia.
However, they all suffer from the same potential drawbacks
described above in that inhibition of HO activity not only
inhibits the production of bilirubin, but also of CO and iron,
which may be required for the maintenance or regulation of
other physiological processes. Further complications arise
from the observation that small quantities of heme may also
be degraded nonenzymatically under certain circumstances
and that increased concentrations of CO have been reported
secondary to the use of drugs such as volatile anesthetics
(106). There is clearly no shortage of interesting questions
that need to be answered in understanding the complexities
of the sequelae of heme degradation in biological systems.
The answer to the starting question, “Heme Oxygenase:
Who needs it?” is clearly practically all of us. The questions
that remain are, Under what circumstances and can detri-
mental effects be diminished and beneficial effects aug-
mented? We hope that the great attention this subject has
gamered in the last few years bodes well for our future
understanding of the area.
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