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Antioxidant Activities of Bile Pigments
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ABSTRACT

Biliverdin and bilirubin are reducing species and hence potential antioxidants formed by the action of heme
oxygenase and biliverdin reductase. Indeed, there is increasing evidence for the suggestion that a beneficial
role of the potentially toxic bilirubin may be to act as a powerful chain-breaking antioxidant in biological sys-
tems, and that bilirubin may contribute to the cellular and tissue protection seen with increased heme oxyge-
nase. This article reviews the in vifro antioxidant activities of the two bile pigments with emphasis on the dif-
ferent physiological forms of bilirubin and types of oxidants, and discusses these properties in light of the
presence and reactivity other nonproteinaceous antioxidants. Antioxid. Redox Signal. 6, 841-849.

INTRODUCTION

AEROBIC EUKARYOTIC CELLS AND ORGANISMS consume
most of the molecular oxygen by the mitochondrial res-
piratory chain via sequential reduction to water. However,
during normal intermediary metabolism, both the univalent
and bivalent reduction of molecular oxygen also occurs via
participation of a variety of enzymes [e.g., NAD(P)H oxi-
dases, lipoxygenases, and heme proteins], different respira-
tory chains, and autooxidation reactions. These pathways of
oxygen consumption give rise to the primary oxygen reduc-
tion products, i.e., superoxide anion radical and hydrogen
peroxide (12), that themselves have the potential to generate
other reactive oxygen species, such as hydroxyl, alkyl,
alkoxyl, and peroxyl radicals, singlet oxygen, hypochlorous
acid, and lipid hydroperoxides. Reactive oxygen species may
also interplay with transition metals (principally iron and
copper) and nitrogen oxides (24). For example, superoxide
anion and peroxyl radicals may react with nitric oxide to gen-
erate peroxynitrite and alkylperoxynitrites, respectively, that
together with additional reactive nitrogen species, such as ni-
trogen dioxide, nitryl chloride, and nitrosothiols, may partici-
pate in different biological processes.

It is increasingly recognized that various reactive oxygen
and nitrogen species (RONS) play important and useful roles
in diverse biological processes, such as DNA replication, cell
proliferation, antimicrobial reactions of the immune system,

and cell signaling. However, RONS can also damage DNA,
protein, and lipid, and may thereby contribute to the pathol-
ogy of cancer, aging, tumor promotion, chronic inflamma-
tion, heart disease, and parasitic infections (24). To control
the formation of RONS, as well as to repair oxidative damage
to macromolecules and tissues, aerobic organisms therefore
possess a complex armory of proteinaceous and nonproteina-
ceous antioxidants (24). The former principally include en-
zymes that scavenge RONS (e.g., superoxide dismutase and
catalase) or repair oxidized molecules (e.g., phospholipase
and glutathione peroxidase for phospholipid hydroperoxides),
as well as proteins that sequester transition metals to prevent
them from participation in inadvertent redox reactions (e.g.,
ferritin). Nonproteinaceous antioxidants may be divided into
antioxidants derived from the diet (e.g., vitamins C and E)
and those formed endogenously (e.g., reduced glutathione,
ubiquinol-10). An important aspect of antioxidants is their
complex makeup and compartmentalization. For example,
enzymatic antioxidants are important in cellular defense,
whereas transition metal-sequestering proteins and nonpro-
teinaceous antioxidants are comparatively more abundant in
the extracellular space (Table 1).

Work from the laboratory of Bruce Ames has suggested
that certain end products of oxidative intermediary metabo-
lism (e.g., uric acid and taurine) may serve as protective
agents in humans. It was in this context that Alexander Glazer
proposed bilirubin to also be an antioxidant of potential
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TABLE 1. ANTIOXIDANT DEFENSES
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Cellular

Extracellular

Enzymes

Superoxide dismutase, catalase, glutathione

Extracellular superoxide dismutase

peroxidases/glutathione reductase, glutathione
transferases, thioredoxin/thioredoxin reductase,
protein disulfide isomerase, glutaredoxin/
glutaredoxin reductase, heme oxygenase, phos-
pholipase A,, methionine sulfoxide reductase

Proteins Ferritin, metallothioneins

Nonproteinaceous compounds
ubiquinol-10

Dietary: vitamin C (ascorbate),
vitamin E (a-tocopherol)

Endogenous: reduced glutathione (GSH),

Transferrin, albumin, haptoglobin,
hemopexin, ceruloplasmin

Endogenous: ubiquinol-10,
bilirubin, urate
Dietary: vitamins C, E

physiological importance (59). Indeed, a growing body of ev-
idence now supports the view that the formation of this bile
pigment provides antioxidant protection in a variety of ad-
verse conditions (43).

HEME DEGRADATION

A major metabolic pathway in mammalian systems is the
degradation of protoheme derived from hemoproteins such as
hemoglobin and cytochrome P450s. This pathway is initiated
by heme oxygenase, which converts heme to biliverdin, car-
bon monoxide, and iron, and includes biliverdin reductase,
which reduces biliverdin to bilirubin at the expense of
NADPH (Fig. 1). As a result of this, an adult human produces
~300 mg of bilirubin per day. Because of its intramolecular
hydrogen bonding, the bilirubin produced is sparingly soluble
in water at physiological pH and ionic strength (36). Bilirubin
is tightly bound to albumin in order to be transported within
the blood circulation (8), from which it is removed mainly
through uptake by hepatocytes. In the liver, bilirubin is trans-

-~
A

Y
ENPZE NG N\
B< er’\ PE

ROOC COOH
i
\\\\/\(J\\
Fe, CO . \/é\\b 9 NADPH
N <,N N4 T4 NADP*
0, Heme ks \11 f/ Biliverdin
/ Oxygenase 00 Reductase
HOOC‘ C‘OOH Biliverdin HOOC COCH
N

/
W
N\ A\/~ Va
o
#
Heme Rilirnhin
FIG. 1. Oxidative heme metabolism by heme oxygenase

and biliverdin reductase giving rise to iron, carbon monox-
ide, biliverdin, and bilirubin.

formed to a family of water-soluble derivatives by conjugation
of one or both of its propionyl groups with glucuronic acid,
glucose, or xylose (19) before its excretion into bile. Conju-
gated bilirubin then reaches the intestine, where it is trans-
formed into urobilinogens and urobilins that are finally ex-
creted into the stool. Conjugated bilirubin in the bile and
intestine represents by far the biggest pool of the pigment in
the body of normal humans (3). Under physiological condi-
tions, plasma bilirubin concentrations in humans range from
~5 to 17 uM, practically all of which is unconjugated pigment
bound to albumin (36). Plasma concentrations of >300 pi/ are
associated with the risk of developing neurologic dysfunction
due to preferential deposition of bilirubin in brain and its toxic
effects on cell functions. While produced in essentially all
cells, the normal range of cellular concentrations of bilirubin
is unknown, although it is likely to be present at low concen-
trations in all cell membranes. In humans, biliverdin is nor-
mally not detectable at appreciable concentrations.

There are three isoforms of heme oxygenase, i.e., constitutive
heme oxygenases-2 and -3, and inducible heme oxygenase-1
(HO-1), and it is the latter that is generally considered to
represent an adaptive and protective response of cells to
oxidative stress (30, 53, 64). From an antioxidant point of
view, protection may result principally from the removal of
reactive species or the formation of antioxidant(s). In the
case of HO-1, the situation is complicated in that removal of
a reactive species (i.e., heme iron) not only is accompanied
by the formation of antioxidant-active bile pigments, but
also generates another reactive species (i.e., iron). However,
at least under some conditions of oxidative stress, the HO-1-
dependent release of iron is linked to increased synthesis of
the intracellular iron storage protein ferritin (63), so that
iron-catalyzed free radical reactions would be expected to be
restricted during periods of subsequent oxidative stress.
Nevertheless, a fundamental yet unresolved question is
whether, in conditions where induction of HO-1 provides an-
tioxidant protection, this is achieved via elimination of
heme, formation of bile pigment(s), or a decrease in the cel-
lular pool size of redox-active iron. Similarly, another impor-
tant issue that awaits clarification is whether, and if so to
what extent, an increase in the antioxidant defense is respon-
sible for the increased protection resulting from HO-1 induc-
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tion. Important in this context, carbon monoxide has a num-
ber of potentially beneficial activities (43) that could con-
tribute to, or fully explain, the protection seen with HO-1 in-
duction, although it is presently unclear how precisely the
concentrations of endogenously produced carbon monoxide
relate to those required for the protective activities seen with
the exogenously added gaseous molecule. Keeping these po-
tentially important considerations in mind, let us now review
the evidence in support of an antioxidant role of bile pig-
ments, with particular emphasis on bilirubin.

ANTIOXIDANT ACTIVITIES OF BILIRUBIN

Early, indirect evidence for an antioxidant activity of
bilirubin and biliverdin comes from studies showing that
small quantities of the pigment stabilize vitamin A and
B-carotene during intestinal uptake (4), and that animals with
low plasma bilirubin show early symptoms of vitamin E defi-
ciency (28). There have also been early reports on the reac-
tion of bilirubin with reactive oxygen species (36, 47). Un-
conjugated bilirubin efficiently scavenges singlet oxygen
(52) and serves as a reducing agent for certain peroxidases,
including horseradish peroxidase and prostaglandin H syn-
thase in the presence of hydrogen peroxide or organic hy-
droperoxides (9, 27, 48). Similarly, bilirubin glucuronides are
oxidized by rat liver microsomes in the presence of lipid
peroxides (15).

Bilirubin in its free, albumin-bound, and conjugated forms
contains an extended system of conjugated double bonds and
a pair of reactive hydrogen atoms (depicted in Fig. 1), the lat-
ter of which are most likely involved in antioxidant activity
via H-donation to an incipient radical, such as lipid peroxyl
radical (LOO’), to form lipid hydroperoxide (LOOH) and
bilirubin radical (Bilirubin’):

LOO' + Bilirubin — LOOH + Bilirubin’ (@)

By contrast, biliverdin only contains an extended system of
conjugated double bonds, so that its antioxidant activity is
probably due to formation of a resonance-stabilized, carbon-
centered radical resulting from the addition of radicals such
as LOO' to biliverdin:

LOO' + Biliverdin — LOO-Biliverdin’ 2)

Unconjugated bilirubin, conjugated
bilirubin, and biliverdin

The first systematic studies on the in vitro antioxidant ac-
tivity of bilirubin utilized chemically defined and controlled
free radical chain oxidation of linoleic acid induced by ther-
molabile radical initiators as model systems (54, 58, 59).
These experiments demonstrated unambiguously that uncon-
jugated bilirubin, at micromolar concentrations, efficiently
scavenges peroxyl radicals in homogeneous solution or multi-
lamellar liposomes. The antioxidant activity of bilirubin in li-
posomes increases at physiologically relevant low oxygen
tension where it can surpass that of a-tocopherol (Fig. 2), bi-
ologically the most active form of vitamin E and commonly
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FIG. 2. Oxidation of linoleic acid (top) and soybean phos-
phatidylcholine (bottom) in aqueous dispersion under air
(left) and 2% O, and 98% N, (right) in the absence (O) or
presence of 10 pM trans-B-carotene (A), bilirubin (LJ), or
dl-a-tocopherol () at 50°C. Progression of lipid oxidation
was assessed by the accumulation of linoleic acid hydro-
peroxides (18:2-O0OH) and phosphatidylcholine hydroperox-
ides (PC-OOH). Adapted from reference 59.

considered the most important lipid-soluble antioxidant in
humans (10). Similarly, water-soluble, conjugated bilirubin
effectively inhibits peroxyl radical-induced oxidation of
lipids (54). Under these in vitro conditions, biliverdin scav-
enges peroxyl radicals more effectively than unconjugated
(59) or conjugated bilirubin (54): each molecule of bilirubin
and biliverdin scavenges 1.9 and 4.7 molecules of peroxyl
radicals, respectively.

In addition to direct scavenging of peroxyl radicals, biliru-
bin and biliverdin are capable of acting in synergy with
membrane-bound a-tocopherol. This can be shown with
phosphatidylcholine liposomes undergoing oxidation initi-
ated by a lipid-soluble azo-compound within the liposome
membranes in the absence and presence of membrane-bound
a-tocopherol and water-soluble bile pigments. In the absence
of a-tocopherol, lipid peroxidation proceeds linearly and
without delay, and micromolar amounts of conjugated biliru-
bin or biliverdin inhibit this oxidation (Fig. 3). Other water-
soluble antioxidants, such as ascorbate (the antioxidant active
form of vitamin C), reduced glutathione, or urate, are not pro-
tective under these conditions. The presence of a-tocopherol
in liposome membranes suppresses the oxidation initially al-
most completely, thereby producing a clear induction period.
However, in the combined presence of a-tocopherol and ei-
ther of the two bile pigments, this induction period is in-
creased substantially (Fig. 3A), and the vitamin is spared
from consumption during the oxidation of phosphatidyl-
choline liposomes (Fig. 3B). Similar to the situation with
liposome membranes and conjugated bilirubin, unconjugated
bilirubin can also synergize with «-tocopherol in the
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FIG. 3. Bile pigments interact in synergy with membrane-
bound «-tocopherol. Oxidation of soybean phosphatidyl-
choline liposomes was initiated under air and at 50°C by a
lipid-soluble azo-compound in the absence (open symbols) and
presence of membrane-bound a-tocopherol (filled symbols),
and the absence (circles) and presence of conjugated bilirubin
(triangles) or biliverdin (squares). Oxidation was followed as
the time-dependent (A) accumulation of phosphatidylcholine
hydroperoxides (PC-OOH) and (B) consumption of a-toco-
pherol. All antioxidants were used at 10 pM final concentra-
tions. Adapted from reference 57.

prevention of lipoprotein lipid oxidation (41). This synergism
is based on the ability of bile pigments to chemically reduce
a-tocopheroxyl radical, the one-electron (1e)-oxidation prod-
uct of a-tocopherol, in a chemically clean system, as demon-
strated directly by electron paramagnetic resonance spec-
troscopy (68). Together, these studies demonstrate that one
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FIG. 4. Model of inhibition of membrane lipid peroxida-
tion by bile pigments. Membrane lipid peroxidation proceeds
via a chain reaction whereby the peroxidation chain-carrying
lipid peroxyl radical (LOO") abstracts a hydrogen atom from a
lipid molecule, producing a molecule of lipid hydroperoxide
(LOOH) and a carbon-centered lipid radical (L'). The latter
adds to molecular oxygen to regenerate LOO". The most abun-
dant lipid-soluble antioxidant, a-tocopherol (aTO), intercepts
with this chain reaction by scavenging LOO', producing LOOH
and a-tocopheroxyl radical (aTO"). The latter is then reduced
by water-soluble conjugated bilirubin (CBR) and biliverdin
(BV), or membrane-bound unconjugated bilirubin (BR) to gen-
erate the corresponding bile pigment-derived radical, CBR’,
BV, and BR, respectively. For simplicity, the model does not
include membrane-bound ubiquinol-10 and ascorbate in the
aqueous phase.
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way by which bile pigments may offer cellular protection is
by inhibiting membrane lipid peroxidation in synergy with
vitamin E (Fig. 4).

In addition to scavenging lipid peroxyl and a-tocopheroxyl
radical, bile pigments have been reported to scavenge a num-
ber of other RONS (Table 2), suggesting that bilirubin and
biliverdin can scavenge both le- and 2e-oxidants, similar to
ascorbate (11). By comparison, many other antioxidants are
effective against only one class of oxidants. For example, o-
tocopherol reacts rapidly with 1e-oxidants, but is a poor scav-
enger of 2e-oxidants (26). Examples of 2e-oxidants scav-
enged by bilirubin include singlet oxygen (52), hypochlorous
acid (56), quinones (36), and peroxynitrite (29, 62).

Hypochlorous acid is a powerful and the major oxidant
formed by activated neutrophils via the action of myeloperox-
idase on hydrogen peroxide and chloride (25). Conjugated
bilirubin and biliverdin are not able to inhibit the NADPH
oxidase-dependent production of superoxide anion radical
(the precursor of hydrogen peroxide), and they do not react
directly with hydrogen peroxide in vitro or act as substrate for
myeloperoxidase (56). This inability to react directly with hy-
drogen peroxide appears to contrast the protection against hy-
drogen peroxide-mediated damage in vascular endothelial cells
(39), smooth muscle cells (14), and hippocampal and cortical
neuronal cultures (18) seen with bilirubin added in vitro or
derived from inducing heme oxygenase activity. However, it
is important to note that hydrogen peroxide is a relatively
weak oxidant and that cell cytotoxicity is likely due to more
reactive oxidants derived from hydrogen peroxide that may be
intercepted by bilirubin. In contrast to hydrogen peroxide, the
pigments rapidly react with the powerful oxidant hypochlorous
acid and can efficiently protect other biological targets of this
oxidant, e.g., al-antiprotease, from oxidation (56).

Studies on the reaction of bilirubin with reactive nitrogen
species are limited largely to albumin-bound bilirubin (see
below). Initial studies (37, 62) showed that exposure of
human plasma to reagent peroxynitrite or 3-morpholinosyd-
nonimine, which simultaneously produces superoxide anion
radical and nitric oxide, and hence peroxynitrite (32), results
in the consumption of bilirubin, demonstrating that the pig-
ment scavenges peroxynitrite or oxidants derived from it. By

TABLE 2. REACTION OF (CONJUGATED) BILIRUBIN
AND BILIVERDIN WITH DIFFERENT RONS

RONS Scavenging Reference
Superoxide anion radical No 56
Hydrogen peroxide, alkyl No 56

hydroperoxides
Singlet oxygen Yes 52
Quinones Yes 36
Peroxyl radicals Yes 59
a-Tocopheroxyl radical Yes 68
Mixed function oxidase/ Yes 9,27
hydroxyl radical
Hypochlorous acid Yes 56
Nitric oxide Yes 29
Peroxynitrite Yes 29,37,62
Nitroxyl radical Yes 29
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contrast, it is less clear whether the bile pigments react di-
rectly with nitric oxide. In support of such a notion, a study
using aerobic culture medium containing 10% serum re-
ported oxidation of bilirubin and biliverdin by the nitric oxide
donor diethylamine NONOate, Angeli’s salt (which decom-
poses to give nitroxyl), and 3-morpholinosydnonimine (29).
Disappearance of the bile pigments was also seen under
anaerobic conditions with bilirubin and biliverdin added to
phosphate-buffered saline, pH 7.4, and using gaseous nitric
oxide (29), although the overall extent of this reaction was
limited, particularly in the case of bilirubin. These results
were interpreted as evidence for the ability of biliverdin and,
to a lesser extent, bilirubin to react directly with nitric oxide
(29). Unfortunately, such interpretation is complicated by the
fact that bilirubin is not soluble in aqueous solutions at physi-
ological pH, and that phosphate buffer contains contaminat-
ing metals that could have contributed to the oxidation of bile
pigments. Also, the experiments reported (29) did not include
controls where bilirubin and biliverdin were incubated in the
absence of gaseous nitric oxide. Therefore, additional studies
are required to establish unambiguously whether the bile pig-
ments can react directly with nitric oxide.

Albumin-bound bilirubin

As indicated earlier, most of the extracellular unconju-
gated bilirubin is bound to albumin. Binding of bilirubin di-
anion to the primary binding site on albumin is thought to in-
volve ion pairing, hydrogen bonding, and w-interaction
between amino acid side chains and the pigment, thereby fix-
ing the two planar dipyrrole moieties of the pigment in an
out-of-plane position (8). Such asymmetric positioning of the
bilirubin molecule on albumin is expected to expose the reac-
tive hydrogen atoms at C-10 for initial hydrogen abstraction
by radicals (Fig. 5). Indeed, albumin-bound bilirubin at con-
centrations found in human plasma of healthy adults is a very
efficient peroxyl radical scavenger, and it protects fatty acids
transported on albumin from oxidative damage (58). In fact,
the rate constant for the reaction of albumin-bound bilirubin
with alkylperoxyl radicals has been estimated as ~1.7 X 103
M-1s-1(58), or ~30 times higher than the rate constant cal-
culated for the reaction of peroxyl radicals with unconjugated
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bilirubin, i.e., 5 X 103 M~1s-1(59). Thus, binding to albumin
appears to confer increased reactivity to bilirubin. In addition,
it confers increased specificity, as peroxyl radical-induced oxi-
dation of albumin-bound bilirubin results in the stoichiometric
conversion of the pigment into biliverdin (58). By comparison,
little biliverdin is formed when unconjugated bilirubin is oxi-
dized with peroxyl radicals (59).

In addition to protecting albumin-bound fatty acids from ox-
idation, several studies have shown that albumin-bound biliru-
bin also protects the protein against damage by different types
of RONS. Thus, photooxidation of albumin-bound bilirubin re-
sults in the initial oxidation of bilirubin, without detectable ox-
idation of the protein as judged by amino acid analysis (45).
Furthermore, exposure of albumin to radiolytically generated
hydroxyl and superoxide anion radicals results in the loss of
~15 amino acids for each radical generated, and the presence of
bilirubin decreases amino acid consumption about fourfold
(42). A protective effect of albumin-bound bilirubin is also
seen as inhibition of both y-irradiation-induced cleavage of the
carrier protein and formation of carbonyls and dityrosine (40).
Similarly, albumin-bound bilirubin protects plasma protein
amino acids from oxidation induced by peroxynitrite (37, 62).
This protective action appears to be due predominantly to scav-
enging of secondary radicals rather than to intercepting of hy-
droxyl radical (42) or peroxynitrite itself (37). Finally, and sim-
ilar to the situation with unconjugated and conjugated bilirubin
(see above), albumin-bound bilirubin can interact with a-toco-
pherol by reducing a-tocopheroxyl radical (68), including that
incorporated in lipoproteins (7, 41). This may be biologically
important as lipoprotein-associated a-tocopheroxyl radical has
prooxidant activity and can promote lipoprotein oxidation (5,
6), and lipoprotein oxidation has been linked to atherosclerosis
(51).

The above studies show that binding of bilirubin to albumin
confers the pigment with increased specificity and reactivity
against a variety of RONS, and this can lead to increased pro-
tection of plasma proteins and lipids. This antioxidant activity
of bilirubin may not be limited to plasma, as ~60% of human
albumin is located in the extracellular space (50) and extra-
hepatic, extravascular pool of bilirubin correlates with extra-
hepatic albumin (8). Interestingly, albumin appears to leave
the blood stream and to appear in inflammatory exudate,

FIG. 5. Half-domain model of serum albumin
with two binding sites for bilirubin and one for
two molecules of fatty acid (FA). In this model,
both dipyrrole moieties of bilirubin, when bound
to its primary and secondary binding sites within
half-domains 2AB/1C and 3AB/2C, respectively,
are out-of-plane. This exposes the pair of reactive
hydrogen atoms (H) at the C-10 position of biliru-
bin for participation in redox reactions.

Half-domains

Bilirubin I

Fatty acids I+]
3C

3AB ————
Bilirubin II
2C
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raising the possibility that the pigment also provides antioxi-
dant protection at sites of increased production of RONS by
phagocytic cells. However, there are limitations to the extent
of antioxidant protection by albumin-bound bilirubin. For ex-
ample, in its bound form, the pigment is not able to protect al-
bumin effectively against oxidative damage induced by
hypochlorous acid (60). Albumin is thought to contribute
largely to the protective effect of serum toward hypochlorous
acid (66). These findings suggest that albumin’s methionine,
cysteine, cystine, tryptophan, and lysine residues, i.e., the
most reactive amino acids toward hypochlorous acid (44), out-
compete albumin-bound bilirubin for this oxidant.

In vivo antioxidant activity

As we have seen in the preceding sections, bilirubin and
biliverdin are effective reducing agents and possess antioxi-
dant activity in a number of different in vitro systems and
against various RONS. What is less clear is whether, and if so
to what extent, this antioxidant activity extends to in vivo sit-
uations. At present, there is only indirect evidence in support
of bilirubin as an antioxidant in vivo. For example, HO-1 is
induced by a number of conditions known to exert an oxida-
tive stress, such as exposure of animals to certain metal ions
(33), sulthydryl reactive agents (31, 34), and endotoxin (23).
Also, heme oxygenase activity is increased in mice deprived
of selenium (49), a cofactor of glutathione peroxidases, and
in guinea pigs deprived of ascorbate (65). Furthermore, mice
deficient in HO-1 show an increased vulnerability to endo-
toxin challenge, and HO-1-deficient cells have increased sus-
ceptibility to hydrogen peroxide (46). These and other find-
ings are consistent with, although do not prove, an in vivo
antioxidant activity of bilirubin, particularly in situations of
heightened oxidative stress or when other antioxidant de-
fenses are compromised. As we have learned, changes in
heme oxygenase activity also impact on cellular heme and
iron status (Fig. 1), and it is presently not possible to distin-
guish these changes from those in bilirubin concentration as
the underlying basis for observed differences in oxidant sen-
sitivity resulting from altered heme oxygenase activity.

To substantiate an in vivo antioxidant activity of bilirubin,
it may be useful in the future to examine the effect of altered
pigment concentrations on established in vivo markers of ox-
idative damage, such as oxidized lipids. Such approach has
been used successfully to demonstrate in vivo antioxidant ac-
tivity of other nonproteinaceous antioxidants. For example,
supplementing guinea pigs with ascorbate decreases hepatic
concentrations of F -isoprostanes (13), a nonenzymatic oxi-
dation product of arachidonic acid commonly used as an
index of in vivo oxidative damage (38). Similarly, increasing
the concentration of ubiquinol-10 in atherosclerosis-prone,
apolipoprotein E-deficient mice by dietary supplements de-
creases the concentration of lipid hydroperoxides in affected
blood vessels (69). Unfortunately, such studies have not been
carried out to date with bilirubin. However, Dennery et al.
(17) reported plasma concentrations of thiobarbituric acid
and lipid hydroperoxides to be decreased in hyperbili-
rubinemic Gunn rats after exposure to =95% oxygen for
3 days compared with nonjaundiced littermates. The Gunn rat
is a mutant Wistar strain with an autosomal recessive defi-
ciency of glucuronyl transferase, the enzyme responsible for
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conjugation of bilirubin, resulting in high levels of unconju-
gated bilirubin in homozygous animals. In this study, expo-
sure of the animals to hyperoxia substantially increased
plasma bilirubin (17), indicative of induction of heme oxyge-
nase. Thus, in addition to increased bilirubin concentrations,
altered (heme) iron metabolism may have affected the para-
meters used to assess oxidative damage. In addition, a poten-
tial problem is that the thiobarbituric acid assay used is an in-
direct measure of lipid oxidation that, when applied to
plasma, bilirubin can interfere with. Similarly, lipid hy-
droperoxides were determined indirectly via hemoglobin-
mediated metabolism coupled to the oxidation of a methylene
blue derivative, the latter reaction of which could conceivably
be inhibited by bilirubin. Therefore, although the studies of
Dennery et al. (17) are generally supportive of an in vivo an-
tioxidant activity of bilirubin, it would be interesting to test
this more directly, e.g., by using Gunn rats both without and
with oxidant exposure, as well as using more direct measures
of oxidative damage.

Keeping the above-mentioned limitations in mind, let
us briefly consider different factors that likely determine
whether bile pigments act as in vivo antioxidants. These fac-
tors include the local concentrations and oxidant reactivity of
bile pigments relative to that of other antioxidants. Regarding
availability, there is little evidence that in humans biliverdin
accumulates to significant concentrations, so that its role as a
physiological antioxidant is questionable. The situation may
be different, however, in species such as birds, amphibians,
and reptiles that do not appear to efficiently convert bili-
verdin to bilirubin.

As we have learned, albumin-bound bilirubin is present in
the extracellular space at concentrations up to 15 pM. Re-
garding radical scavenging in the aqueous environment of the
extracellular space, the main “competitors” of albumin-
bound bilirubin are ascorbate (=50 uM) and urate (=300 pM)
(55). Thus, from a quantitative point of view, albumin-bound
bilirubin is not a major radical scavenger in the extracellular
space, as has been verified experimentally in the case of
human plasma undergoing controlled lipid peroxidation
initiated by aqueous peroxyl radicals (67). However, the bio-
logical relevance of such quantitative consideration is ques-
tionable as even under the most pathologic situation nonpro-
teinaceous, low-molecular-weight antioxidants are rarely
depleted. Arguably more important are qualitative considera-
tions, such as which antioxidant is consumed first, and hence
may become limiting, during conditions of increased oxidant
production. To address this issue, Frei ef al. exposed freshly
obtained human plasma to a constant flux of peroxyl radicals
and followed the time-dependent consumption of antioxi-
dants in conjunction with the accumulation of lipid hydroper-
oxides, the latter as an index of oxidative damage (20). This
and additional studies (21, 22, 41, 61) revealed that albumin-
bound bilirubin represents a second line antioxidant defense
against peroxyl radical-induced lipid peroxidation in the
extracellular space; the first lines of aqueous and water-
soluble antioxidant defense are provided by ascorbate and
ubiquinol-10, respectively (Fig. 6). A common feature of
ascorbate, ubiquinol-10, and albumin-bound bilirubin is
that they all scavenge peroxyl radicals and are able to re-
duce a-tocopheroxyl radical. Importantly, albumin-bound
bilirubin is able to inhibit lipoprotein lipid peroxidation in
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FIG. 6. Time-dependent consumption of antioxidants and
accumulation of lipid hydroperoxides during oxidation of
human plasma induced by lipid-soluble peroxyl radicals.
Plasma was supplemented with 2 mM 2,2'-azobis(2,4-
dimethylvaleronitrile) and incubated under air at 37°C for the
indicated periods of time before the concentrations of
ubiquinol-10 (A), ascorbate (L), bilirubin (), uric acid (),
a-tocopherol (O), and hydroperoxides of cholesterylesters (H)
were determined as described. Adapted from reference 41.

the absence of ascorbate and ubiquinol-10 (41), so that it
has the capability to act as “backup” for these antioxidants.
However, ascorbate and ubiquinol-10 react faster with per-
oxyl and phenoxyl radicals compared with albumin-bound
bilirubin, and this explains their preferred consumption
under these oxidizing conditions.

Based on the above observations, it may be argued that for
cell membranes, too, unconjugated bilirubin represents a
“backup” line of antioxidant defense, behind that of ascorbate
and ubiquinol-10. This notion is supported by the observation
that, compared with albumin-bound bilirubin, the unconju-
gated pigment is a less efficient radical scavenger, as judged
by the respective rate constants for their reaction with peroxyl
radicals (see above). In biological membranes, a-tocopherol
is likely far more abundant than unconjugated bilirubin, so
that radical scavenging by the pigment will be limited largely
to intercepting a-tocopheroxyl radical, and this will take
place in competition with ascorbate and ubiquinol-10, both of
which are also abundant and ubiquitous (1). The importance
of bilirubin as a membrane antioxidant increases as the first
line antioxidants become limited or depleted. In this context,
it is perhaps important to note that cultured cells are com-
monly deficient in ascorbate and a-tocopherol, so that under
these conditions the importance of bilirubin as an antioxidant
probably increases and extends to the scavenging of primary
radicals. This may contribute to the protection seen with in-
duction of HO-1 in cultured cells exposed to oxidation stress.

It has been argued recently that bilirubin is a powerful cy-
toprotective antioxidant on the basis that cellular depletion of
bilirubin by RNA interference with HO-1 markedly augments
tissue levels of reactive oxygen species and causes apoptotic
cell death, and that biliverdin reductase recycles bilirubin
after its oxidation to biliverdin (2). As mentioned earlier,
however, it is not possible to attribute a beneficial antioxidant
activity to the bile pigment under conditions where heme
oxygenase activity is interfered with. Regarding recycling of
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bilirubin, it is worth noting that biliverdin is not always pro-
duced upon oxidation of bilirubin. In fact, and as noted ear-
lier, oxidative conversion of bilirubin to biliverdin is largely
limited to the albumin-bound form of the pigment, and this is
likely due to the specific orientation of the molecule when
bound to its carrier protein (Fig. 5). In apparent contrast to
the results reported by Baranano et al. (2), oxidation of free
bilirubin by peroxyl (59) or tocopheroxyl radicals (41) yields
predominantly nonspecific oxidation products. Even if cellu-
lar recycling of bilirubin from biliverdin were taking place,
the pigment would still have to compete with the first line an-
tioxidants ascorbate and ubiquinol-10, for which efficient re-
cycling mechanisms also have been reported (16, 35). Thus,
it seems important that future studies use cells with physio-
logical concentrations of ascorbate, ubiquinol-10, and -
tocopherol to evaluate the precise role and contribution of
bilirubin as a cellular antioxidant.

ACKNOWLEDGMENTS

The author’s work referred to here was supported by
grants from the Australian Research Council and National
Health and Medical Research Council, and the author is sup-
ported by a Senior Principal Research Fellowship from the
National Health and Medical Research Council of Australia.

ABBREVIATIONS

le and 2e, one- and two-electron; HO-1, heme oxygenase-1;
LOO, lipid peroxyl radical; LOOH, lipid hydroperoxide;
RONS, reactive oxygen and nitrogen species.

REFERENCES

1. Aberg F, Appelkvist EL, Dallner G, and Ernster L. Distri-
bution and redox state of ubiquinones in rat and human tis-
sues. Arch Biochem Biophys 295: 230-234, 1992.

2. Baranano DE, Rao M, Ferris CD, and Snyder SH. Bili-
verdin reductase: a major physiologic cytoprotectant. Proc
Natl Acad Sci U S 4 99: 16093-16098, 2002.

3. Berk PD, Howe RB, Bloomer JR, and Berlin NI. Studies of
bilirubin kinetics in normal adults. J Clin Invest 48:
2176-2190, 1969.

4. Bernhard K, Ritzel G, and Steiner KU. Uber eine biologische
Bedeutung der Gallenfarbstoffe. Bilirubin und Biliverdin
als Antioxydantien fiir das Vitamin A und die essentiellen
Fettsduren. Helv Chim Acta 37: 306-313, 1954.

5. Bowry VW and Stocker R. Tocopherol-mediated peroxida-
tion. The pro-oxidant effect of vitamin E on the radical-
initiated oxidation of human low-density lipoprotein. J Am
Chem Soc 115: 6029-6044, 1993.

6. Bowry VW, Ingold KU, and Stocker R. Vitamin E in
human low-density lipoprotein. When and how this antiox-
idant becomes a pro-oxidant. Biochem J 288: 341-344,
1992.

7. Bowry VW, Mohr D, Cleary J, and Stocker R. Prevention
of tocopherol-mediated peroxidation of ubiquinol-10-free


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2004.6.841&iName=master.img-005.png&w=215&h=144

848

10.

11.

12.

13.

14.

15.

19.

20.

21.

22.

23.

24.

25.

26.

human low density lipoprotein. J Biol Chem 270: 5756—
5763, 1995.

. Brodersen R. Binding of bilirubin to albumin. CRC Crit

Rev Clin Lab Sci 11: 305-399, 1980.

. Brodersen R and Bartels P. Enzymatic oxidation of biliru-

bin. Eur J Biochem 10: 468-473, 1969.

Burton GW and Ingold KU. Vitamin E: application of the
principles of physical organic chemistry to the exploration
of its structure and function. Acc Chem Res 19: 194-201,
1986.

Carr AC, Zhu BZ, and Frei B. Potential antiatherogenic
mechanisms of ascorbate (vitamin C) and alpha-
tocopherol (vitamin E). Circ Res 87: 349-354, 2000.
Chance B, Sies H, and Boveris A. Hydroperoxide metabo-
lism in mammalian organs. Physiol Rev 59: 527-605, 1979.
Chen K, Suh J, Carr AC, Morrow JD, Zeind J, and Frei B.
Vitamin C suppresses oxidative lipid damage in vivo, even
in the presence of iron overload. Am J Physiol Endocrinol
Metab 279: E1406-E1412, 2000.

Clark JE, Foresti R, Green CJ, and Motterlini R. Dynamics
of haem oxygenase-1 expression and bilirubin production
in cellular protection against oxidative stress. Biochem J
348: 615-619, 2000.

Cuypers HT, Ter Haar EM, and Jansen PL. Microsomal
conjugation and oxidation of bilirubin. Biochim Biophys
Acta 758: 135-143, 1983.

. Dallner G and Sindelar PJ. Regulation of ubiquinone me-

tabolism. Free Radic Biol Med 29: 285-294, 2000.

. Dennery PA, McDonagh AF, Spitz DR, Rodgers PA, and

Stevenson DK. Hyperbilirubinemia results in reduced ox-
idative injury in neonatal Gunn rats exposed to hyperoxia.
Free Radic Biol Med 19: 395-404, 1995.

. Doré S, Takahashi M, Ferris CD, Hester LD, Guastella D,

and Snyder SH. Bilirubin, formed by activation of heme
oxygenase-2, protects neurons against oxidative stress in-
jury. Proc Natl Acad Sci U S 4 96: 2445-2450, 1999.
Fevery J, Van de Vijver M, Michiels R, and Heirwegh KP.
Comparison in different species of biliary bilirubin-IX
alpha conjugates with the activities of hepatic and renal
bilirubin-IX alpha-uridine diphosphate glycosyltrans-
ferases. Biochem J 164: 737-746, 1977.

Frei B, Stocker R, and Ames BN. Antioxidant defenses and
lipid peroxidation in human blood plasma. Proc Natl Acad
Sci US A4 85:9748-9752, 1988.

Frei B, England L, and Ames BN. Ascorbate is an out-
standing antioxidant in human blood plasma. Proc Natl
Acad Sci U S 4 86: 6377-6381, 1989.

Frei B, Kim M, and Ames BN. Ubiquinol-10 is an effective
lipid-soluble antioxidant at physiological concentrations.
Proc Natl Acad Sci U S A 87: 48794883, 1990.

Gemsa D, Woo CH, Fudenberg HH, and Schmid R. Stimu-
lation of heme oxygenase in macrophages and liver by en-
dotoxin. J Clin Invest 53: 647-651, 1974.

Halliwell B and Gutteridge JMC. Free Radicals in Biology
and Medicine. New York: Oxford University Press, 1999.
Hampton MB, Kettle AJ, and Winterbourn CC. Inside the
neutrophil phagosome: oxidants, myeloperoxidase, and
bacterial killing. Blood 92: 3007-3017, 1998.

Hazell LJ and Stocker R. a-Tocopherol does not inhibit
hypochlorite-induced oxidation of apolipoprotein B-100

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

STOCKER

of low-density lipoprotein. FEBS Lett 414: 541-544,
1997.

Jacobsen J and Fedders O. Determination of non-albumin-
bound bilirubin in human serum. Scand J Clin Lab Invest
26: 237241, 1970.

Kaufmann HP and Garloff H. Pro- und Antioxydantien auf
dem Fettgebiet 1I: Uber natiirlich vorkommende Antioxy-
dantien, 1. Mitteilung. Fette Seifen Anstrichm 63: 334-344,
1961.

Kaur H, Hughes MN, Green CJ, Naughton P, Foresti R, and
Motterlini R. Interaction of bilirubin and biliverdin with
reactive nitrogen species. FEBS Lett 543: 113-119, 2003.
Keyse SM and Tyrrell RM. Heme oxygenase is the major
32-kDa stress protein induced in human skin fibroblasts by
UVA radiation, hydrogen peroxide, and sodium arsenite.
Proc Natl Acad Sci U S A 86: 99-103, 1989.

Kikuchi G and Yoshida T. Function and induction of the
microsomal heme oxygenase. Mol Cell Biochem 53-54:
163-183, 1983.

Kissner R, Nauser T, Bugnon P, Lye PG, and Koppenol
WH. Formation and properties of peroxynitrite as studied
by laser flash photolysis, high-pressure stopped-flow
technique, and pulse radiolysis. Chem Res Toxicol 10:
1285-1292, 1997.

Maines MD and Kappas A. Metals as regulators of heme
metabolism. Science 198: 12151221, 1977.

Maines MD and Kappas A. Regulation of heme pathway
enzymes and cellular glutathione content by metals that do
not chelate with tetrapyrroles: blockade of metal effects by
thiols. Proc Natl Acad Sci U S A 74: 1875-1878, 1977.
May JM, Mendiratta S, Qu ZC, and Loggins E. Vitamin C
recycling and function in human monocytic U-937 cells.
Free Radic Biol Med 26: 1513-1523, 1999.

McDonagh AF. Bile pigments: bilatrienes and 1,15-
biladienes. In: The Porphyrins, edited by Dolphin D. New
York, NY: Academic Press, 1979, pp. 293—491.

Minetti M, Mallozzi C, Di Stasi AM, and Pietraforte D.
Bilirubin is an effective antioxidant of peroxynitrite-
mediated protein oxidation in human blood plasma. Arch
Biochem Biophys 352: 165—-174, 1998.

Morrow JD and Roberts LJ. Quantification of noncy-
clooxygenase derived prostanoids as a marker of oxidative
stress. Free Radic Biol Med 10: 195-200, 1991.

Motterlini R, Foresti R, Intaglietta M, and Winslow RM.
NO-mediated activation of heme oxygenase: endogenous
cytoprotection against oxidative stress to endothelium. Am
J Physiol 270: H107-H114, 1996.

Neuzil J and Stocker R. Bilirubin attenuates radical-
mediated damage to serum albumin. FEBS Lett 331: 281—
284, 1993.

Neuzil J and Stocker R. Free and albumin-bound bilirubin
is an efficient co-antioxidant for a-tocopherol, inhibiting
plasma and low density lipoprotein lipid peroxidation. J
Biol Chem 269: 16712-16719, 1994.

Neuzil J, Gebicki JM, and Stocker R. Radical-induced
chain oxidation of proteins and its inhibition by chain-
breaking antioxidants. Biochem J 293: 601-606, 1993.
Otterbein LE, Soares MP, Yamashita K, and Bach FH.
Heme oxygenase-1: unleashing the protective properties of
heme. Trends Immunol 24: 449455, 2003.



ANTIOXIDANT ACTIVITIES OF BILE PIGMENTS

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Pattison DI and Davies MJ. Absolute rate constants for the
reaction of hypochlorous acid with protein side chains and
peptide bonds. Chem Res Toxicol 14: 1453—1464, 2001.
Pedersen AO, Schenheyder F, and Brodersen R. Photooxi-
dation of human serum albumin and its complex with
bilirubin. Eur J Biochem 72: 213-221, 1977.

Poss KD and Tonegawa S. Reduced stress defense in heme
oxygenase 1-deficient cells. Proc Natl Acad Sci U S A 94:
10925-10930, 1997.

Pryor WA. The role of free radical reactions in biological
systems. In: Free Radicals in Biology, edited by Pryor WA.
New York, NY: Academic Press, 1976, pp. 1-49.

Reed GA, Lasker JM, Eling TE, and Sivarajah K. Perox-
idative oxidation of bilirubin during prostaglandin biosyn-
thesis. Prostaglandins 30: 153—165, 1985.

Reiter R and Wendel A. Selenium and drug metabolism-I.
Multiple modulations of mouse liver enzymes. Biochem
Pharmacol 32: 3063-3067, 1983.

Rothschild MA, Bauman A, Yalow RS, and Berson SA.
Tissue distribution of 1131 labeled human serum albumin
following intravenous administration. J Clin Invest 34:
1354-1358, 1955.

Steinberg D, Parthasarathy S, Carew TE, Khoo JC, and
Witztum JL. Beyond cholesterol: modifications of low-
density lipoprotein that increase its atherogenicity. N Engl
J Med 320: 915-924, 1989.

Stevens B and Small RD Jr. The photoperoxidation of unsat-
urated organic molecules—XV. O,'A  quenching by biliru-
bin and biliverdin. Photochem Photobiol 23: 33-36, 1976.
Stocker R. Induction of haem oxygenase as a defence
against oxidative stress. Free Radic Res Commun 9: 101—
112, 1990.

Stocker R and Ames BN. Potential role of conjugated
bilirubin and copper in the metabolism of lipid perox-
ides in bile. Proc Natl Acad Sci U S A 84: 8130-8134,
1987.

Stocker R and Frei B. Endogenous antioxidant defenses in
human blood plasma. In: Oxidative stress: Oxidants and
Antioxidants, edited by Sies H. London: Academic Press,
1991, pp. 213-243.

Stocker R and Peterhans E. Antioxidant properties of con-
jugated bilirubin and biliverdin: biologically relevant scav-
enging of hypochlorous acid. Free Radic Res Commun 6:
57-66, 1989.

Stocker R and Peterhans E. Synergistic interaction be-
tween vitamin E and the bile pigments bilirubin and
biliverdin. Biochim Biophys Acta 1002: 238-244, 1989.
Stocker R, Glazer AN, and Ames BN. Antioxidant activity
of albumin bound bilirubin. Proc Natl Acad Sci U S A 84:
5918-5922, 1987.

Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, and
Ames BN. Bilirubin is an antioxidant of possible physio-
logical importance. Science 235: 1043—-1046, 1987.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

849

Stocker R, Lai A, Peterhans E, and Ames BN. Antioxidant
properties of bilirubin and biliverdin. In: Medical, Bio-
chemical and Chemical Aspects of Free Radicals, edited
by Hayaishi O, Niki E, Kondo M, and Yoshikawa Y. Ams-
terdam: Elsevier, 1988, pp. 465—468.

Stocker R, Bowry VW, and Frei B. Ubiquinol-10 protects
human low density lipoprotein more efficiently against
lipid peroxidation than does a-tocopherol. Proc Natl Acad
Sci US A 88: 1646-1650, 1991.

Thomas SR, Davies MJ, and Stocker R. Oxidation and an-
tioxidation of human low-density lipoprotein and plasma
exposed to 3-morpholinosydnonimine and reagent peroxy-
nitrite. Chem Res Toxicol 11: 484—494, 1998.

Vile GF and Tyrrell RM. Oxidative stress resulting from
ultraviolet A irradiation of human skin fibroblasts leads to
a heme oxygenase-dependent increase in ferritin. J Biol
Chem 268: 14678-14681, 1993.

Vile GF, Basu-Modak S, Waltner C, and Tyrrell RM. Heme
oxygenase 1 mediates an adaptive response to oxidative
stress in human skin fibroblasts. Proc Natl Acad Sci U S 4
91:2607-2610, 1994.

Walsch S and Degkwitz E. Activity of microsomal heme
oxygenase in liver and spleen of ascorbic acid-deficient
guinea pigs. Hoppe Seylers Z Physiol Chem 361: 1243—
1249, 1980.

Wasil M, Halliwell B, Hutchison DCS, and Baum H. The
antioxidant action of human extracellular fluids. Effect of
human serum and its protein components on the inactiva-
tion of al-antiproteinase by hypochlorous acid and by hy-
drogen peroxide. Biochem J 243: 219-223, 1987.

Wayner DDM, Burton GM, Ingold KU, and Locke S.
Quantitative measurement of the total, peroxyl radical-
trapping antioxidant capability of human blood plasma
by controlled peroxidation. FEBS Lett 187: 33-37,
1985.

Witting PK, Westerlund C, and Stocker R. A rapid and
simple screening test for potential inhibitors of tocopherol-
mediated peroxidation of LDL lipids. J Lipid Res 37:
853-867, 1996.

Witting PK, Pettersson K, Letters J, and Stocker R. Anti-
atherogenic effect of coenzyme Q,, in apolipoprotein E
gene knockout mice. Free Radic Biol Med 29: 295-305,
2000.

Address reprint requests to:
Dr. Roland Stocker

Centre for Vascular Research, University of New South Wales

Department of Haematology, Prince of Wales Hospital
UNSW Sydney NSW 2052, Australia

E-mail: r.stocker@unsw.edu.au

Received for publication June 10, 2004; accepted June 13, 2004.



Thisarticle has been cited by:

1. Nitin Puri , Fan Zhang , Sumit R. Monu , Komal Sodhi , Lars Bellner , Brian D. Lamon, Yilun Zhang , Nader G. Abraham ,
Alberto Nagjletti . Antioxidants Condition Pleiotropic Vascular Responses to Exogenous H202: Role of Modulation of
Vascular TP Receptors and the Heme Oxygenase System. Antioxidants & Redox Signaling, ahead of print. [Abstract] [Full
Text HTML] [Full Text PDF] [Full Text PDF with Links]

2. KarenF.S. Bell , GilesE. Hardingham . 2011. CNS Peroxiredoxins and Their Regulation in Health and Disease. Antioxidants
& Redox Sgnaling 14:8, 1467-1477. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

3. Jian Cao, Komal Sodhi , Kazuyoshi Inoue, John Quilley , RitaRezzani , Luigi Rodella, LucaVanella, LucreziaGerminario,
David E. Stec , Nader G. Abraham , Attallah Kappas . 2011. Lentiviral-Human Heme Oxygenase Targeting Endothelium
Improved Vascular Function in Angiotensin 1l Animal Model of Hypertension. Human Gene Therapy 22:3, 271-282.
[Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

4. Dick Brown , Gaétan Chevalier , Michael Hill . 2010. Pilot Study on the Effect of Grounding on Delayed-Onset Muscle
Soreness. The Journal of Alternative and Complementary Medicine 16:3, 265-273. [Abstract] [Full Text HTML] [Full Text
PDF] [Full Text PDF with Links]

5. Rafal Olszanecki, Anna Gebska, Ryszard Korbut. 2007. The Role of Haem Oxygenase-1 in the Decrease of Endothelial
Intercellular Adhesion Molecule-1 Expression by Curcumin. Basic & Clinical Pharmacology & Toxicology 101:6, 411-415.
[CrossRef]

6. Vittorio Calabrese, Mahin D. Maines. 2006. Antiaging Medicine: Antioxidants and Aging. Antioxidants & Redox Signaling
8:3-4, 362-364. [Citation] [Full Text PDF] [Full Text PDF with Links]

7.Prof. Mahin D. Maines . 2005. The Heme Oxygenase System: Update 2005. Antioxidants & Redox Signaling 7:11-12,
1761-1766. [Citation] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1089/ars.2012.4587
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4587
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4587
http://online.liebertpub.com/doi/pdf/10.1089/ars.2012.4587
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4587
http://dx.doi.org/10.1089/ars.2010.3567
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3567
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3567
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3567
http://dx.doi.org/10.1089/hum.2010.059
http://online.liebertpub.com/doi/full/10.1089/hum.2010.059
http://online.liebertpub.com/doi/pdf/10.1089/hum.2010.059
http://online.liebertpub.com/doi/pdfplus/10.1089/hum.2010.059
http://dx.doi.org/10.1089/acm.2009.0399
http://online.liebertpub.com/doi/full/10.1089/acm.2009.0399
http://online.liebertpub.com/doi/pdf/10.1089/acm.2009.0399
http://online.liebertpub.com/doi/pdf/10.1089/acm.2009.0399
http://online.liebertpub.com/doi/pdfplus/10.1089/acm.2009.0399
http://dx.doi.org/10.1111/j.1742-7843.2007.00151.x
http://dx.doi.org/10.1089/ars.2006.8.362
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.362
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.362
http://dx.doi.org/10.1089/ars.2005.7.1761
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.1761
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1761

