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Background: Lipid oxidation and formation of oxygen
radicals are important elements of arterial plaque for-
mation and atherosclerosis, and are involved in the
pathophysiology of coronary artery disease (CAD). Be-
cause bilirubin has antioxidant properties, it has been
suggested that it may have a protective role in the
atherosclerotic process.
Approach: This review examines in vitro and in vivo
studies indicating that bilirubin inhibits lipid oxidation
and oxygen radical formation. Experimental and epide-
miological evidence is presented that suggests that bil-
irubin may serve as a physiological antioxidant provid-
ing protection against atherosclerosis and CAD. Special
attention is focused on studies that noted an inverse
relationship between plasma bilirubin concentration
and cardiovascular morbidity.
Content: Serum bilirubin concentrations in the upper
portion of the reference interval reportedly reduce
atherogenic risk and provide protection against CAD. In
contrast, serum bilirubin concentrations in the lower
portion of the reference interval may be associated with
increased risk of ischemic heart disease.
Summary: Taken together, the evidence presented in
this review supports the concept that bilirubin, via its
antioxidant potential, has antiatherogenic properties
and that an inverse relationship exists between circulat-
ing bilirubin concentrations and risk of CAD.
© 2000 American Association for Clinical Chemistry

For many years, the bile pigment bilirubin was considered
a toxic waste product formed during heme catabolism.
However, more recent evidence suggests that bilirubin is
a potent physiological antioxidant that may provide im-
portant protection against atherosclerosis, coronary artery

disease (CAD), and inflammation. It is generally accepted
that oxidative reactions are involved in the pathophysiol-
ogy of these disease processes. Substantial evidence has
documented that the development of CAD involves lipid
oxidation and formation of oxygen radicals and that
atherosclerosis and inflammation are associated with for-
mation of oxygen and peroxyl radicals (1–3).

The antioxidant capacity of bilirubin and its ability to
provide potent scavenging of peroxyl radicals have led to
suggestions that mildly increased circulatory bilirubin
may have a physiologic function to protect against disease
processes that involve oxygen and peroxyl radicals.

This review briefly examines current evidence that
bilirubin metabolism affects CAD and that bilirubin may
have a protective function in suppressing atherosclerosis,
CAD, and inflammation.

Heme Oxygenase: The Synthesis of Bilirubin
Heme oxygenase (HO) is the rate-limiting enzyme of
bilirubin production. It is a microsomal enzyme, present
in both central and peripheral tissues, that converts heme
to biliverdin and CO (4 ). Biliverdin is subsequently re-
duced to bilirubin by the cytosolic enzyme biliverdin
reductase (5 ).

At least two isoforms of HO have been identified and
found to be products of different genes and to differ in
their tissue expression, function, and ability to respond to
stimuli (4, 6, 7). HO-1 (Mr > 32 000) is an inducible form
that is expressed at a low concentration in vascular
endothelial and smooth muscle cells and is markedly
induced by heme, metals, oxidative stress, inflammatory
mediators, oxidized LDL, and hypoxia. A variety of
experiments have suggested that HO-1 is a stress-re-
sponse protein that plays an important function in cell
defense mechanisms against oxidative injury. HO-1 activ-
ity is responsible for increased CO and bilirubin forma-
tion as well as iron release in pathological conditions such
as cardiovascular shock, hypoxia, ischemia-reperfusion,
and hypertension (4, 6–13).

Human HO-1 deficiency is associated with growth retar-
dation, hemolytic anemia, persistent endothelial damage,
iron deposition, and sensitivity to hemin-induced cell injury
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(14). In mice, HO-1 knockout is associated with growth
retardation, iron deposition, and sensitivity to cell injury
(15). Several experiments in which the expression of HO-1
was up-regulated by different modulators or by gene trans-
fer suggested that HO-1 participates in defense mechanisms
against agents that induce oxidative injury (12). It has also
been shown that expression of HO-1 improves survival of
cardiac mouse-to-rat xenografts (16). In human corneal
endothelial cells, overexpression of HO-1 promotes angio-
genesis and protects cell viability against oxidative stress
and toxic effects of chemical irritants (10). A likely mecha-
nism of the ability of HO-1 to protect the corneal cells against
oxidant-induced injury is through the generation of the
antioxidant bilirubin and the vasodilator CO (9–11, 13).

Another isoform of heme oxygenase is a constitutive
enzyme (HO-2; Mr > 34 000), which produces biliverdin
and CO under normal physiological conditions
(12, 13, 17). Please see the review by Maines (4 ) for more
detailed information on these enzymes and factors that
affect their expression.

Bilirubin Is a Physiologic Antioxidant
In several studies it was found that different circulating
forms of bilirubin are powerful antioxidants: Free biliru-
bin, albumin-bound bilirubin, conjugated bilirubin, and
unconjugated bilirubin were all noted to be effective
scavengers of peroxyl radicals and to be able to protect
human LDL against peroxidation (6, 13, 18–20).

On the basis of the known involvement of oxidized
LDL in the formation of atherogenic plaques and the
ability bilirubin to serve as a potent lipid chain-breaking
antioxidant under physiological conditions, it was sug-
gested that increased physiological concentrations of
plasma bilirubin may reduce atherogenic risk (21, 22).
Both animal and human studies have substantiated the
suggestion that bilirubin is a physiological antioxidant.
Yamaguchi and co-workers (23, 24) isolated and identi-
fied oxidative metabolites of bilirubin (biotripyrrins)
from the urine of healthy humans and ascorbic acid-
deprived rats treated with endotoxin. Feeding of ascorbic
acid, a documented physiological antioxidant, reduced
the secretion of bilirubin metabolites and suppressed the
endotoxin-stimulated hepatic concentration of HO mRNA
(24). In another animal model of oxygen radical formation,
ischemia-reperfusion of rat liver was noted to induce HO-1
and to promote production of biotripyrrins (6). Again,
ascorbic acid feeding attenuated both HO induction and
biotripyrrin production in this experimental model (6).
These findings imply that bilirubin serves as a physiological
antioxidant in ischemia-reperfusion in vivo and that it
shares with ascorbic acid a protective function against oxi-
dative stress (6).

Induction of HO was similarly observed in pig hearts,
where experimental cardiac ischemia followed by reper-
fusion was associated with enhanced expression of HO-1
mRNA and increased immunoreactive vascular HO-1
(25 ). That bilirubin fulfills an antioxidant function in vivo

has likewise been shown by Dennery at al. (26 ) in
experiments using Gunn rats exposed to hyperoxia. Fur-
ther support for the notion that circulating bilirubin
functions as an antioxidant that protects against hyper-
oxidative damage has come from studies of vascular
balloon injury that causes oxidative stress and stimulates
intimal cell proliferation in rat carotid artery (27 ). Biliru-
bin, as well as induction of HO-1 by hemin, prevented this
stress-invoked response, suggesting that HO activity
and/or bilirubin serve a protective function against inju-
ry-mediated proliferation of intimal cells (27 ).

Human studies have led to similar conclusions that
bilirubin production is involved in antioxidant defense
mechanisms and that higher bilirubin concentrations
are associated with a lower incidence of oxygen radical-
mediated injury (28–30). For example, oxidative stress
was found to cause depletion of endogenous antioxi-
dants, including bilirubin, in human plasma and to
increase production of lipid hydroperoxides (28 ). In-
fants with disorders that involve oxygen radical-
mediated injury, such as necrotizing enterocolitis, broncho-
pulmonary dysplasia, intraventricular hemorrhage, and
retinopathy of prematurity, display lower circulating
bilirubin than healthy controls (29 ). Likewise, a direct
correlation was found between serum bilirubin concen-
trations and total antioxidant status in premature neo-
nates (30 ).

Low Plasma Bilirubin as a Risk Factor for CAD
Several studies have noted an inverse relationship be-
tween the presence of CAD and circulatory total bilirubin
(31, 32). In 1994, Schwertner et al. (31 ) were the first to
observe a significant inverse correlation between total
bilirubin plasma concentrations and the prevalence of
CAD. This important finding indicated that a lower than
normal serum bilirubin concentration is associated with
the presence of ischemic heart disease (31 ). Subsequently,
Hopkins et al. (32 ) noted that patients with early familial
CAD have an average total serum bilirubin of 8.9 6 6.1
mmol/L compared with 12.4 6 8.1 mmol/L in healthy
control subjects. In a prospective study in middle-aged
British men, Breimer et al. (33 ) observed a U-shaped
relationship between circulating bilirubin concentrations
and cardiovascular risk, leading to the conclusion that
low concentrations of serum bilirubin are associated with
increased risk of ischemic heart disease. These and other
investigators found that plasma bilirubin correlated in-
versely with several known risk factors for CAD, such as
smoking, LDL-cholesterol, diabetes, and obesity, and cor-
related directly with the protective factor HDL-cholesterol
(34, 35). The reduced concentration of total bilirubin in
plasma related univariately and multivariately to the
presence of CAD, and this relationship remained signifi-
cant after adjustment for known CAD risk factors such as
age, cholesterol, HDL-cholesterol, smoking, and systolic
blood pressure (34 ). On the basis of these findings, low
bilirubin was suggested as an independent risk factor for
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CAD, and an inverse correlation was demonstrated be-
tween bilirubin concentration and CAD morbidity. Fur-
ther support for the existence of this inverse correlation
came from the work of Hunt et al. (36 ), who described a
genetic variation in bilirubin concentration, with individ-
uals with early CAD displaying lower bilirubin than
unaffected persons.

It would be interesting to determine which of the
different entities of circulating bilirubin possesses cardio-
protective capacity and is associated with the reduced risk
for CAD. Antioxidant activity and cardioprotective poten-
tial may be attributable to any of the bilirubin forms,
including free unconjugated bilirubin, protein-bound un-
conjugated bilirubin, delta bilirubin, or mono-/diconju-
gated bilirubin (19, 22, 37). Under physiological condi-
tions, the predominant circulatory form of bilirubin is the
unconjugated, albumin-bound form. It is not known
whether conditions that modify the relative proportions
of this form of bilirubin in the blood, i.e., protein binding,
acidosis, hypoxia, and extent of hemolysis, affect the
cardioprotective potential of bilirubin. Protein binding,
which is modulated by changes in plasma albumin con-
centrations, the concentrations of drugs that compete on
binding, acidosis, and other factors, is expected to affect
the balance between free (diffusible) and bound unconju-
gated bilirubin and thereby change the penetration of
unconjugated bilirubin into cells. Likewise, changes in
membrane integrity that are induced by hypoxia could
potentially modulate the bilirubin transfer capacity of the
membrane. In view of these complex interactions, it is
important to establish the antioxidative capacity of the
different bilirubin forms and to assess how the circulating
concentration of free bilirubin, circulating albumin, blood
pH, and the presence of drugs modulate bilirubin anti-
oxidative capacity.

Plausible Mechanisms of Bilirubin Action in Prevention of
Atherosclerosis

Several mechanisms have been suggested to play a poten-
tial role in the antiatherogenic and cardioprotective effects
of bilirubin.

bilirubin-mediated inhibition of lipid oxidation
Lipoproteins, and particularly LDL, are highly susceptible
to oxidation, and it is known that the atherogenic process
involves uptake of oxidized LDL by intimal macrophages,
leading to the accumulation of lipid-rich foam cells. Given
the antioxidant capacity of bilirubin, it is plausible that
bilirubin protects lipids and lipoproteins against oxida-
tion and thereby offers protection against atherogenesis.
Accordingly, low bilirubin concentrations may be associ-
ated with increases in oxidized lipids and lipoproteins
and, therefore, with enhanced atherogenic plaque forma-
tion (31, 38).

bilirubin as reflection of enhanced ho activity
Increased HO activity may account for the antiathero-
genic and cardioprotective effects of bilirubin through
increased elimination of heme and/or enhanced produc-
tion of CO, iron, and biliverdin. Changes in the concen-
tration of any of these metabolites could affect the patho-
physiology of atherosclerosis (13, 39). For example, HO-
1-mediated consumption of heme may reduce heme-
induced toxic cell injury, and decreased hemoglobin
concentrations may enhance vasodilatation. Furthermore,
hemoglobin is a scavenger of NO that blunts NO-depen-
dent vasodilatation. CO could affect cardiovascular func-
tion through activation of soluble guanylate cyclase and
the consequent increase in intracellular cGMP concentra-
tions (7 ). CO is also an active vasodilator involved in the
regulation of vasomotor tone, platelet aggregation, and
vascular smooth muscle cell proliferation (7, 13, 40).

Another potential mechanism explaining the associa-
tion between HO activity and CAD risk may be related to
the ability of HO-1 to release iron and change the concen-
trations of iron stores (31, 41). Mice lacking functional
HO-1 develop an anemia associated with abnormally low
serum iron concentrations and accumulate iron in the
liver and kidney. These iron stores may contribute to
tissue injury and chronic inflammation associated with
the oxidative damage that characterizes HO-1-deficient
animals (15, 42).

The induction of HO by heme is associated with
increased expression of ferritin (43 ). On the basis of this
finding it was suggested that iron released through HO
activity drives the synthesis of ferritin and that ferritin, by
virtue of its iron-binding capacity, provides protection to
endothelial cells against oxidative damages (43 ).

immune reactions and inflammatory processes
An involvement of bilirubin in immune reactions and
inflammatory processes has also been documented. Nak-
agami et al. (44 ) noted that biliverdin and bilirubin inhibit
complement-dependent reactions in vitro and that biliv-
erdin administration inhibits Forssman anaphylaxis in
guinea pigs. On the basis of these findings it is possible
that bile pigments are endogenous tissue protectors by
virtue of their anticomplement activity (44 ). A correlation
between bilirubin metabolism and inflammatory pro-
cesses is also supported by observations that high HO
activity is linked to a faster resolution of inflammation,
whereas inhibition of this enzyme appears to potentiate
the inflammatory responses (45 ).

other mechanisms
Another possibility is that low bilirubin concentrations
per se are not a major causative factor in the development
of CAD, but rather a reflection of the presence of this
ailment. According to this view, low bilirubin is a result of
increased oxidative activity in CAD-prone individuals,
leading to consumption of natural antioxidants (31 ).
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Summary
The studies surveyed in this review indicate that free and
albumin-bound bilirubin have the potential to serve as
lipid antioxidants and oxygen radical scavengers under
physiological conditions. Because lipid oxidation and
formation of oxygen radicals are involved in the patho-
physiology of CAD, a potential antiatherogenic action of
circulating bilirubin is conceivable. The evidence pre-
sented here indeed confirms that serum bilirubin concen-
trations in the upper portion of the reference interval for
the general population provide protection against CAD,
whereas concentrations in the lower portion of the refer-
ence interval indicate increased atherogenic risk.

The distinct inverse correlation between plasma biliru-
bin concentration and CAD morbidity may have impor-
tant clinical and diagnostic implications. The clinical
relevance relates to potential preventive and therapeutic
approaches, whereas the diagnostic relevance concerns
the diagnostic utility of circulating bilirubin concentra-
tions as a provisional new marker of atherogenic risk that
can be measured easily in the clinical laboratory and
applied in medical practice. Further studies are undoubt-
edly warranted to establish the sensitivity and specificity
of circulating unconjugated bilirubin as a marker of
cardiovascular morbidity.

Although the mechanism(s) underlying the ability of
certain bilirubin concentrations to protect against CAD
remain to be clarified, it is possible that either the bilirubin
concentration itself or changes in the concentrations of
other component(s) in the bilirubin synthetic pathway are
involved in the protective action. These additional com-
ponents may include heme, biliverdin, CO, and iron,
which are regulated by the activity of HO and have all
been implicated in the physiology and pathology of the
cardiovascular system. HO is expressed at low basal
concentrations in vascular endothelial and smooth muscle
cells and is induced by oxidative stress, inflammatory
mediators, and oxidized LDL. The complex interactions
between HO expression, the circulating concentrations of
its substrate and products, and the effect of these compo-
nents, and specifically of bilirubin, on the vasculature, on
lipid metabolism, and on the cardiovascular system will
hopefully be the focus of extensive research in the coming
years.

I am grateful to James Fine for his support and to David
Chou for helpful discussions.

References
1. Mylonas C, Kouretas D. Lipid peroxidation and tissue damage. In

Vivo 1999;13:295–309.

2. Ross R. Atherosclerosis–an inflammatory condition. N Engl J Med
1999;340:115–26.

3. Klebanoff SJ. Oxygen metabolites from phagocytes. In: Gallin JI,
Snyderman R, eds. Inflammation: basic principles and clinical

correlates. Philadelphia: Lippincott, Williams & Wilkins, 1999:
721–68.

4. Maines MD. Heme oxygenase: function, multiplicity, regulatory
mechanisms, and clinical application [Review]. FASEB J 1988;2:
2557–68.

5. Yamaguchi T, Komoda Y, Nakajima H. Biliverdin IXa-reductase and
biliverdin IXb-reductase from human liver. J Biol Chem 1994;269:
24343–8.

6. Yamaguchi T, Terakado M, Horio F, Aoki K, Tanaka M, Nakajima H.
Role of bilirubin as an antioxidant in an ischemia-reperfusion of rat
liver and induction of heme oxygenase. Biochem Biophys Res
Commun 1996;223:129–35.

7. Durante W, Schafer AI. Carbon monoxide and vascular cell func-
tion. Int J Mol Med 1998;2:255–62.

8. Cardell LO, Lou YP, Takeyama K, Ueki IF, Lausier J, Nadel JA.
Carbon monoxide, a cyclic GMP-related messenger, involved in
hypoxic bronchodilation in vivo. Pulm Pharmacol Ther 1998;11:
309–15.

9. Deramaudt BM, Braunstein S, Remy P, Abraham NG. Gene
transfer of human heme oxygenase into coronary endothelial cells
potentially promotes angiogenesis. J Cell Biochem 1998;68:
121–7.

10. Braunstein SG, Deramaudt TG, Rosenblum DG, Dunn MG, Abra-
ham NG. Heme oxygenase-1 gene expression as a stress index to
ocular irritation. Curr Eye Res 1999;19:115–22.

11. Yang L, Quan S, Abraham NG. Retrovirus-mediated HO gene
transfer into endothelial cells protects against oxidant-induced
injury. Am J Physiol 1999;277(1Pt1):L127–33.

12. Elbirt KK, Bonkovsky HL. Heme oxygenase: recent advances in
understanding its regulation and role. Proc Assoc Am Physicians
1999;111:438–47.

13. Siow RC, Sato H, Mann GE. Heme oxygenase-carbon monoxide
signalling pathway in atherosclerosis: anti-atherogenic actions of
bilirubin and carbon monoxide ? Cardiovasc Res 1999;41:385–
94.

14. Yachie A, Niida Y, Wada T, Igarashi N, Kaneda H, Toma T, et al.
Oxidative stress causes enhanced endothelial cell injury in human
heme oxygenase-1 deficiency. J Clin Invest 1999;103:129–35.

15. Poss KD, Tonegawa S. heme oxygenase 1 is required for mam-
malian iron reutilization. Proc Natl Acad Sci U S A 1997;94:
10919–24.

16. Soares MP, Lin Y, Anrather J, Csizmadia E, Takigami K, Sato K, et
al. Expression of heme oxygenase-1 can determine cardiac xeno-
graft survival. Nat Med 1998;4:1073–7.

17. Marilena G. New physiological importance of two classic residual
products: carbon monoxide and bilirubin. Biochem Mol Med
1997;61:136–42.

18. Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN.
Bilirubin is an antioxidant of possible physiological importance.
Science 1987;235:1043–6.

19. Stocker R, Glaser AN, Ames BN. Antioxidant activity of albumin-
bound bilirubin. Proc Natl Acad Sci U S A 1987;84:5918–22.

20. Neuzil J, Stocker R. Free and albumin-bound bilirubin are efficient
co-antioxidants for a-tocopherol, inhibiting plasma and low density
lipoprotein peroxidation. J Biol Chem 1994;269:16712–9.

21. Wu TW, Fung KP, Yang CC. Unconjugated bilirubin inhibits the
oxidation of human low density lipoprotein better than Trolox. Life
Sci 1994;54:P477–81.

22. Wu TW, Fung KP, Wu J, Yang CC, Weisel RD. Antioxidation of
human low density lipoprotein by unconjugated and conjugated
bilirubins. Biochem Pharmacol 1996;51:859–62.

23. Yamaguchi T, Shioji I, Sugimoto A, Komoda Y, Nakajima H.
Chemical structure of a new family of bile pigments from human
urine. J Biochem (Tokyo) 1994;116:298–303.

24. Yamaguchi T, Horio F, Hashizume T, Tanaka M, Ikeda S, Kakinuma

1726 Mayer: Bilirubin and CAD
D

ow
nloaded from

 https://academ
ic.oup.com

/clinchem
/article/46/11/1723/5641141 by guest on 20 August 2022



A, Nakajima H. Bilirubin is oxidized in rats treated with endotoxin
and acts as a physiological antioxidant synergistically with ascor-
bic acid in vivo. Biochem Biophys Res Commun 1995;214:11–9.

25. Sharma HS, Das DK, Vedrouw PD. Enhanced expression and
localization of heme oxygenase-1 during recovery phase of porcine
stunned myocardium. Mol Cell Biochem 1999;196:133–9.

26. Dennery PA, McDonagh AF, Spitz DR, Rodgers PA, Stevenson DK.
Hyperbilirubinemia results in reduced oxidative injury in neonatal
Gunn rats exposed to hyperoxia. Free Radic Biol Med 1995;19:
395–404.

27. Aizawa T, Ishizaka N, Taguchi J, Kimura S, Kurokawa K, Ohno M.
Balloon injury does not induce heme oxygenase-1 expression, but
administration of hemin inhibits neointimal formation in balloon-
injured rat carotid artery. Biochem Biophys Res Commun 1999;
261:302–7.

28. Frei B, Stocker R, Ames BN. Antioxidant defenses and lipid
peroxidation in human blood plasma. Proc Natl Acad Sci U S A
1988;85:9748–52.

29. Hegyi T, Goldie E, Hiatt M. The protective role of bilirubin in
oxygen-radical disease of the preterm infant. J Perinatol 1994;14:
296–300.

30. Hammerman C, Goldstein R, Kaplan M, Eran M, Goldschmidt D,
Eidelman AI, Gartner LM. Bilirubin in the premature: toxic waste or
natural defense? Clin Chem 1998;44:2551–3.

31. Schwertner HA, Jackson WG, Tolan G. Association of low serum
concentration of bilirubin with increased risk of coronary artery
disease. Clin Chem 1994;40:18–23.

32. Hopkins PN, Wu LL, Hunt SC, James BC, Vincent GM, Williams RR.
Higher serum bilirubin is associated with decreased risk for early
familial coronary artery disease. Arterioscler Thromb Vasc Biol
1996;16:250–5.

33. Breimer LH, Wannamethee G, Ebrahim S, Shaper AG. Serum
bilirubin and risk of ischemic heart disease in middle-aged British
men. Clin Chem 1995;41:1504–8.

34. Schwertner HA. Association of smoking and low serum bilirubin
antioxidant concentrations. Atherosclerosis 1998;136:383–7.

35. Madhavan M, Wattigney WA, Srinivasan SR, Berenson GS. Serum
bilirubin distribution and its relation to cardiovascular risk in
children and young adults. Atherosclerosis 1997;131:107–13.

36. Hunt SC, Wu LL, Hopkins PN, Williams RR. Evidence for a major
gene elevating serum bilirubin concentration in Utah pedigrees.
Arterioscler Thromb Vasc Biol 1996;16:912–7.

37. Hulea SA, Wasowicz E, Kummerow FA. Inhibition of metal-cata-
lyzed oxidation of low-density lipoprotein by free and albumin-
bound bilirubin. Biochim Biophys Acta 1995;1259:29–38.

38. Wu TW. Is serum bilirubin a risk factor for coronary artery disease?
Clin Chem 1994;40:9–10.

39. Platt JL, Nath KA. Heme oxygenase: protective gene or Trojan
horse. Nat Med 1998;4:1364–5.

40. Johnson RA, Kozma F, Colombari E. Carbon monoxide: from toxin
to endogenous modulator of cardiovascular functions. Braz J Med
Biol Res 1999;32:1–14.

41. Salonen JT, Nyyssonen K, Korpela H, Tuomilehto J, Seppanen R,
Salonen R. High stored iron levels are associated with excess risk
of myocardial infarction in eastern Finnish men. Circulation 1992;
86:803–11.

42. Poss KD, Tonegawa S. Reduced stress defense in heme oxygen-
ase 1-deficient cells. Proc Natl Acad Sci U S A 1997;94:10925–
30.

43. Balla G, Jacob HS, Balla J, Rosenberg M, Nath K, Apple F, et al.
Ferritin: a cryoprotective antioxidant stratagem of endothelium.
J Biol Chem 1992;267:18148–53.

44. Nakagami T, Toyomura K, Kinoshita T, Morisawa S. A beneficial
role of bile pigments as an endogenous tissue protector: anti-
complement effects of biliverdin and conjugated bilirubin. Biochim
Biophys Acta 1993;1158:189–93.

45. Willis D, Moore AR, Frederik R, Willoughby DA. Heme oxygenase:
a novel target for the modulation of the inflammatory response.
Nat Med 1996;2:87–90.

Clinical Chemistry 46, No. 11, 2000 1727
D

ow
nloaded from

 https://academ
ic.oup.com

/clinchem
/article/46/11/1723/5641141 by guest on 20 August 2022


