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bstract

Serum bilirubin has been shown to be inversely related to cardiovascular disease (CVD) in both retrospective and prospective studies.
eta-analysis of existing studies has also confirmed that serum bilirubin concentrations are inversely related to CVD. Less information is

nown about the protective effects of slightly elevated serum bilirubin concentrations. In this review, we will focus primarily on the association
f serum bilirubin and CVD and the possible protective roles of bilirubin, heme oxygenase (HO), and bilirubin UDP-glucuronosyltransferase
UGT1A1). HO and biliverdin reductase control the formation of bilirubin, whereas UGT1A1 controls bilirubin conjugation and clearance.
ecause of the health and therapeutic implications of slightly elevated serum bilirubin concentrations, we will discuss the recent prospective

tudies on cardiovascular risk in individuals with Gilbert syndrome (GS) as well as those with the UGT1A1*28 allele. Such individuals have

ecreased hepatic bilirubin UDP-glucuronosyltransferase activity, decreased bilirubin clearance, and increased serum bilirubin concentrations.
astly, we will discuss some of the therapeutic approaches that could be used to increase serum bilirubin concentrations to prevent CVD and
ther oxidative and inflammatory diseases.
ublished by Elsevier Ireland Ltd.
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. Heme-bilirubin-carbon monoxide metabolic
athway

In recent years, a considerable amount of attention has
een focused on the role of heme oxygenase-1 (HO-1) and
he heme-bilirubin-carbon monoxide pathway in the devel-
pment of atherosclerosis [1–9]. As shown in Fig. 1, heme
xygenase (HO) removes heme which has pro-oxidative
nd pro-atherosclerotic properties, and it produces biliverdin
nd carbon monoxide (CO) which appear to have anti-
therosclerotic properties [1–9]. HO therefore plays an
mportant role not only in heme metabolism but also in the
roduction of biliverdin, bilirubin, and carbon monoxide.

Bilirubin concentrations in serum are controlled by three
eys enzymes: HO, biliverdin reductase, and bilirubin uri-
ine diphosphate-glucuronosyltransferase (UGT1A1). HO
nd bilirubin reductase govern the formation of bilirubin
hereas UGT1A1 regulates the clearance of bilirubin by the

iver and bile. In addition, there is some evidence to suggest
hat bilirubin reductase has the ability to regenerate bilirubin
rom biliverdin by the biliverdin reductase antioxidant cycle
10].

Most of the emphasis of previous review articles has been
n the possible protective role of HO-1 in in vitro studies and
n animal models [1–9]. In this review, we will focus primar-
ly on human studies and on the association of serum bilirubin
nd CVD. We also will discuss the possible protective role
f slightly elevated serum bilirubin concentrations such as
ound in individuals with GS and the UGT1A1*28 allele. In
ddition, we will discuss the possible role that bilirubin, the
O pathway, and the UGT1A1 genes could have on the pre-
ention of CVD as well as other oxidative and inflammatory
iseases and vascular complications.

. Protective properties of bilirubin

There has been a considerable amount of research on the
actors that cause CVD; however, much less research has been
erformed on substances that might prevent CVD and other
xidative and inflammatory related diseases. One substance
hat has been shown to be protective is high density lipopro-
ein cholesterol (HDL-cholesterol). Bilirubin may be another
rotective factor in that it has both antioxidant [11,12] and
nti-inflammatory properties [13,14]. The antioxidant and
nti-atherogenic properties of bilirubin are thought to result
rom its ability to inhibit the oxidation of LDL and other
ipids [15,16], scavenge oxygen radicals [11], and counteract
xidative stress [17,18]. The anti-atherosclerotic properties
f biliverdin and bilirubin have been found in several in
itro studies [11,15,16] as well as in animal studies [19–21].
ilirubin also has been shown to be directly related to the
erum total antioxidant capacity in humans [18,22] and to be
more effective protector of human ventricular monocytes

han either vitamin C or vitamin E [16]. In addition, bilirubin
ppears to have anti-proliferative properties [19,20,23].
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. Protective effects of HO-1

Several studies have shown that HO induction and up-
egulation decreases experimental atherosclerosis in the

atanabe heritable hyperlipidemic rabbits and in LDL-
eceptor knockout mice whereas HO-1 inhibition increases
therosclerosis [19,20]. HO-1 induction and up-regulation
ave also been shown to decrease intimal thickening in
xperimental restenosis [23] and to protect against experi-
ental ischemia and reperfusion injury [24]. HO-1 inhibition

nd down-regulation, on the other hand, has been shown to
ncrease experimental atherosclerosis [19,20] and to increase
ntimal thickening [23]. The proposed mechanisms by which
O-1 exerts its cytoprotective effects are not known, how-

ver, bilirubin and biliverdin treatment have been shown to
revent restenosis in rats with balloon-induced injury [21].
he protective effects of HO-1 might also result from the

ormation of carbon monoxide (CO) which has vasodilatory
nd antiproliferative properties [23,24], and from the degra-
ation of heme which is capable of oxidizing low density
ipoproteins [25]. Because of their low antioxidant content,
he small dense low density lipoprotein fractions are known
o be particularly susceptible to oxidation [26,27].

Recent studies on the pharmacologic up-regulation of HO-
with cobalt protoporhyrin IX in mice with non-autoimmune
rthritis also have shown that up-regulation of HO-1 pro-
uces both protective anti-oxidative and anti-inflammatory
esponses in this mouse model [28]. Likewise, inhibition of
O-1 by in vivo injection of anti-HO-1 siRNA was found

o be effective in suppressing the protective effects of HO-1
28]. It remains to be established if the protective effects of
O-1 are due to the production of biliverdin, bilirubin, and
O, the removal of heme, or to a combination of these or other

actors. Serum bilirubin concentrations were not analyzed in
ost of the studies involving HO-1 up-regulation or down-

egulation. Such information is needed in order to determine
f the protective effects are due to bilirubin or some other
actors. Likewise, CO or some surrogate of CO like carbonyl-
emoglobin could provide more detailed information on the
ausative factors involved in atherosclerosis. Additional clin-
cal and experimental studies which support a protective role
f HO-1 in atherosclerosis and related diseases have been
escribed in more detail in the recent reviews of Vı́tek and
chwertner, Stocker and Perella, and Morita [1–3].

. Serum bilirubin and CVD risk

A possible role of bilirubin and HO in atherosclerotic vas-
ular disease was first suggested in 1994 in studies showing
n inverse relationship of serum total bilirubin concentrations
nd risk of coronary artery disease (CAD) [29]. In those stud-

es, low serum total bilirubin concentrations were found to be
elated to an increased risk of coronary artery disease (CAD)
hereas higher serum bilirubin concentrations were related

o a decreased risk of CAD. The strength of the association
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Fig. 1. Heme-bili

etween serum bilirubin and CAD was found to be simi-
ar to that of smoking, elevated systolic blood pressure, and
DL-cholesterol [17,29,30]. The results also indicated that a
0% decrease in serum bilirubin was associated with a 47%
ncrease in the odds of having a more severe disease [29].
opkins et al. [30] confirmed that serum bilirubin concentra-

ions were inversely related to the severity of CAD in both
en and women. They also found that individuals with serum

ilirubin concentrations in the top quintile had an 80% reduc-
ion in CAD risk compared to those in the lowest quintile.
imilar inverse associations have now been shown between
erum bilirubin concentrations and CVD, peripheral vascular
isease (PVD), carotid intimal-medial thickening, and stroke
[29–47], Table 1).

The inverse association between serum bilirubin concen-

rations and CVD has been found in seven prospective studies
[48–53], Table 1). Such findings are important in that they
uggest that bilirubin or some other factor or factors asso-
iated with bilirubin prevents future CVD. In addition, such

r
i
e
m

tabolic pathway.

tudies provide more direct support that bilirubin may have
causal role in CVD prevention. Breimer et al. performed
prospective study on 7685 middle-aged British men and

ound a U-shaped relationship [48]. The cause of the U-
haped relations is not known, however, it could be due to
nderlying liver disease since the investigators did not prop-
rly adjust for possible liver disease. In recent prospective
tudies, Vı́tek et al. found a significantly lower 3-year inci-
ence of coronary heart disease (CHD) in individuals with
S than that predicted based on multifactorial analysis of

tandard risk factors for CHD [18]. Similar inverse relation-
hips between serum bilirubin and early and late onset CHD
ere found by Hunt et al. [49].
An inverse relationship between serum bilirubin and risk

f myocardial infarction, coronary disease death, and PVD

isk was recently found in a Framingham Offspring Study
nvolving 4276 men and women [50]. In this study, Djousse
t al. evaluated the association between serum bilirubin and
yocardial infarction (MI), coronary death, and any cardio-
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Table 1
Bilirubin and atherosclerosis, human studies

Study characteristics

Type Population Outcome Reference

Bilirubin and atherosclerosis
Retrospective studies

Prevalence study on men with angiographically proven CHD
(n = 877)

50% decrease in serum bilirubin associated with increased odds for
CHD by 47%

[29]

Prevalence study of PVD (n = 31) and serum bilirubin Cases had significantly lower serum bilirubin levels as compared to
population mean

[31]

Case-control study patients with early CHD (n = 161) compared to
controls (n = 155)

75% reduction in CHD risk associated with increase of 17 �M in
serum bilirubin level

[30]

Prevalence study in men who underwent coronary angiography
(n = 171)

Inverse relationship between serum bilirubin and coronary artery
stenoses

[32]

Case-control study on the association between serum bilirubin
levels and both CHD and PVD (n = 111)

Lowest serum bilirubin levels detected in PVD as compared to
CHD and controls (6.0 vs. 8.0 vs. 12.0 �M, respectively)

[33]

Prevalence study in men and women with early CHD (n = 328) 7% increase of CHD prevalence for each 1 �M decrease in serum
bilirubin

[34]

Prevalence analysis of the relationship between serum bilirubin
levels and carotid intimo-medial thickness (IMT) (n = 1741, 330
cases)

Significantly lower serum bilirubin levels in subjects with carotid
plaques

[35]

Prevalence study of serum bilirubin levels and both CHD and PVD
in men and women (n = 456)

Inverse relationship between serum bilirubin levels and PVD, the
same, but non-significant trend demonstrated also for CHD

[36]

Prevalence study comparing prevalence of CHD in
hyperbilirubinemic Gilbert syndrome subjects (n = 50) and
aged-matched general population

Significantly lower prevalence of CHD in GS subjects (2% vs.
12.1%, p < 0.05)

[18]

Analysis of serum bilirubin levels between male CHD patients
(n = 161) and healthy controls (n = 322)

Inverse relationship between serum bilirubin levels and CHD risk
in males, however, this relationship not observed in females

[37]

Analysis of serum bilirubin levels between CHD (n = 544) and
non-CHD patients (n = 359)

As in previous study, inverse relationship between serum bilirubin
levels and CHD demonstrated only in males

[38]

Analysis of association between echocardiographic signs of
coronary atherosclerosis and serum bilirubin levels in healthy
subjects (n = 160)

Inverse relationship between serum bilirubin levels and coronary
flow reserve impairment and coronary microvascular dysfunction

[39]

Analysis of relationship between carotid IMT and serum bilirubin
levels in healthy men (n = 111)

Inverse relationship between carotid IMT and serum bilirubin levels [40]

Prevalence study in both men and women with angiographically
proven CHD (n = 312), compared to healthy controls (n = 50)

Significantly lower serum bilirubin levels in cases sompared to
controls (9.4 ± 6.7 vs. 13.9 ± 5.5, p < 0.01)

[41]

Analysis of endothelial dysfunction and carotid IMT in healthy
subjects (n = 91)

Inverse relationship between serum bilirubin levels and both
endothelial dysfunction and carotid IMT

[42]

Analysis of serum bilirubin levels between CHD patients (n = 262)
and healthy controls (n = 50)

Substantially lower serum bilirubin levels in CHD patients [43]

Analysis of PVD in US adults (n = 7,074) 1 mg/dL increase in serum bilirubin associated with 48% reduced
risk of PAD (OR 0.52; 0.33–0.83). In categorized analysis, subjects
with serum bilirubin >1 mg/dL (consistent with GS diagnosis) had
reduced risk of PAD by 51% (OR 0.49; 0.32–0.76).

[44]

Analysis of stroke history in US adults (n = 13,223) 1 mg/dL increase in serum bilirubin associated with 63% reduced
risk of stroke (OR 0.37; 0.21–0.63). Adjustment for liver disease
further strenghtened this relationship (OR 0.30; 0.18–0.49). In
categorized analysis, subjects with serum bilirubin >1 mg/dL
(consistent with GS diagnosis) had reduced risk of stroke by 48%.

[45]
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Prevalence study of vascular complications in diabetics
(n = 96) with and without GS (n = 426)

Lower prevalence of CHD, cerebrovascular diseases,
arterial hypertension and diabetic retinopathy in diabetic
patients with GS

[46]

Retrospective study on subjects with dyslipidemia without
overt vascular disease (n = 376)

Inverse relationship between serum bilirubin levels and
CHD risk

[47]

Bilirubin and atherosclerosis
Prospective studies

Prospective study on middle-aged British men (n = 7,685) U-shaped relationship between serum bilirubin levels
and CHD, however, proper adjustment for underlying
liver disease was not performed

[48]

Prospective study of men and women with familial CHD
(n = 1,240)

Significant inverse relationship between serum bilirubin
levels and both early- and late-onset CHD

[49]

Framingham Offspring Study (both men and women) on the
relationship between serum bilirubin and risk of CHD
(n = 4,276)

Inverse relationship between serum bilirubin levels and
risk of myocardial infarction, coronary disease death
and cardiovascular disease risk

[50]

10 year follow-up on cardivascular mortality in relation to
serum bilirubin levels in men (n = 5,460) and women
(n = 4,843)

Lower, but non-significant cardiovascular mortality
associated with higher serum bilirubin levels

[51]

Analysis of 3-year incidence of CHD in GS subjects (n = 50) Significantly lower 3-year incidence of CHD in
hyperbilirubinemic GS subjects

[18]

Framingham Offspring Study as described above, focus on
interrelation between serum bilirubin and albumin levels to
risk of CHD

Highest CHD risk demonstrated in low bilirubin/low
albumin group, risk the most pronounced in males

[52]

Comparison of patients who developed CHD at 5-year
follow-up (n = 216) to matched controls (n = 434)

Significantly lower serum bilirubin in cases as compared
to controls, hyperbilirubinemic subjects which lacked
protection were not adjusted for underlying liver disease

[53]

Bilirubin and atherosclerosis
Meta-analysis

Meta-analysis of all studies published up to 2002 on the
relationship between serum bilirubin levels and
atherosclerosis

Inverse relationship between serum bilirubin and both
CHD and PVD, 10 �M serum bilirubin cut-off level
discriminating cardiovascular risk. Confounding effect
of underlying liver disease demonstrated.

[54] (in this paper following
studies were meta-analyzed:
[18,29–32,35,43–45,48,75a]

UGT1A1*28 and
atherosclerosis

Retrospective, case-control study on association between
UGT1A1*28 allele and risk for myocardial infarction in
men and women (185 cases, 255 controls)

Association between UGT1A1*28 allele homozygocity
and risk for myocardial infarction detected. However,
serum bilirubin levels in UGT1A1*28 homozygotes
were substantially lower than expected, probably due to
high proportion of normobilirubinemic homozygotes.

[56]

Retrospective, case-control study on association between
UGT1A1*28 allele and risk for myocardial infarction in
men (n = 680)

Association between UGT1A1*28 allele homozygocity
and risk of myocardial infarction detected. However,
serum bilirubin levels and other confounding factors
were not determined.

[59]
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Table 1(Continued ).

Study characteristics

Type Population Outcome Reference

Study on the association of UGT1A1*28 allele, serum bilirubin and
risk for CHD and cardivascular diseases performed in Framingham
Offspring cohort (n = 1,780) followed up for 24 years

UGT1A1*28 allele homozygocity associated with 1/3 the risk for
both CHD and cardiovascular diseases as compared to wild type
genotype

[57]

Bilirubin and risk factors for
atherosclerosis

Retrospective study on association of cardiovascular risk factors
and serum bilirubin levels in Hong Kong Chinese (n = 1,508)

Inverse relationship between serum bilirubin levels and glycated
hemoglobin, triglycerides and VLDL cholesterol

[60]

Cross-sectional study in children and young adults focused on
assesment of cardiovascular risk factors and serum bilirubin levels
(n = 4,156)

Inverse relationship between serum bilirubin levels and adiposity,
triglycerides, LDL and VLDL cholesterol, insulin, glucose, systolic
blood pressure and parental histoty of heart attack or hypertension

[61]

Retrospective study on relationship between serum bilirubin levels
and arterial hypertension in dyslipidemic men and women (n = 491)

Significantly lower serum bilirubin levels detected in untreated
hypertensive patients as compared to normotensive subjects

[62]

Study on the association of serum bilirubin levels and advanced
glycation-end products (AGEs) in GS (n = 23) and control subjects
(n = 21)

Inverse relationship between serum levels of bilirubin and both
pentosidine and carboxy-methyllysine

[63]

Study on aortic function in healthy hypobilirubinemic (n = 42)
subjects and healthy subjects with hyperbilirubinemia (n = 40)

Impairment of aortic elastic properties in subjects with lower serum
bilirubin levels

[64]

Study comparing the effect of serum bilirubin levels on total
antixidant capacity in GS (n = 50), CHD (n = 38) and control
subjects (n = 38)

Positive relationship between serum bilirubin levels and total serum
antioxidant capacity

[18]

Analysis of total antioxidant capacity according to serum bilirubin
levels in healthy men and women (n = 224)

Positive relationship between serum bilirubin levels and total serum
antioxidant capacity

[22]a

Study comparing the effect of serum bilirubin levels on urinary
excretion of biopyrrins in GS (n = 33) and control subjects (n = 25)

Inverse relationship between serum bilirubin levels and urinary
excretion of biopyrrins, a known predictor of CHD

[65]

Analysis of hsCRP levels according to serum bilirubin levels in
healthy men and women (n = 288)

Subjects in the lowest bilirubin quartile had the highest hsCRP
levels as compared to higher bilirubin quartiles

[22]a

Study on diabetic patients with (n = 96) and without GS (n = 426) Lower serum levels of HbA1c, LDL and total cholesterol,
triglycerides, hsCRP, lower urinary excretion of
8-hydroxy-2′-deoxyguanosine (a marker of oxidative stress), and
higher levels of HDL cholesterol in diabetics with GS

[46]

aAbstract.
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ascular event (any clinical form of CHD, congestive heart
ailure, intermittent claudication, or stroke). A higher total
erum bilirubin concentration was found to be associated with
lower risk of MI, CHD, and any CVD event in men; how-

ver, the bilirubin-CHD relationships were only suggestive in
omen. The authors concluded that the limited number of MI

nd CHD cases and the relatively young age of the women at
aseline (39.5 years) might have accounted for the differences
n men and women. In separate studies, Temme et al. [51]
ound lower, but non-significant, cardiovascular mortality to
e associated with a higher serum bilirubin concentration
nd Djousse et al. [52] found an inverse relationship between
erum bilirubin and albumin and MI. In other studies, lower
erum bilirubin concentrations were found in individuals with
HD compared to controls, however, the hyperbilirubine-
ia did not protect against CHD possibly due to the lack of

djustment for underlying liver disease [53].

. Meta-analysis of studies on serum bilirubin and
VD risk

A meta-analysis study of eleven studies has shown that
erum bilirubin concentrations are inversely related to the
everity of atherosclerosis in men (r = −0.31, p < 0.0001)
[54], Table 1). Women were not included in the study
ecause of the limited number of studies involving women.
on-parametric, regression, and stratified analyses all

howed an inverse and dose-dependent relationship between
erum bilirubin concentrations and different types and sever-
ties of CVD. Based on these studies, each 1.0 �mol/L
ncrease in serum bilirubin was found to be associated with

6.5% decrease in CVD [54]. The studies also found that
serum bilirubin concentration of 10.0 �mol/L was the cut-
oint for discrimination of cardiovascular risk.

. Gilbert syndrome and CVD risk

While it is clear that low serum bilirubin concentrations are
ssociated with an increased risk of CVD, less information is
vailable on the role of moderately elevated serum bilirubin
oncentrations such as found in individuals with GS. Such
nformation is important because approximately 5–10% of
he population worldwide has GS [55]. Such elevations in
erum bilirubin would have significant implications for CVD
revention in this rather large population. Secondly, if moder-
tely elevated levels of serum bilirubin are found to reduce the
isk of CVD, then bilirubin synthesis, clearance, and trans-
ort mechanisms might serve as potential therapeutic target
ites for new drug development initiatives.

Most studies of serum bilirubin and atherosclerosis have
een performed on individuals with normal serum biliru-

in concentrations (≤1.0 mg/dL, i.e. ≤17.1 �mol/L). Several
tudies, however, have included individuals with slightly
levated bilirubin concentrations. For example, we found
protective effect for angiographically documented CAD
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n individuals with slightly elevated serum bilirubin con-
entrations [29]. Similarly, Ishizaka et al. found protective
ffects between slightly elevated serum bilirubin and carotid
therosclerosis [35].

The first study on CHD risk in individuals with GS was
erformed by Vı́tek et al. [18]. As mentioned above, individ-
als with GS were found to have mild elevations in fasting
erum unconjugated bilirubin concentrations and a marked
eduction in CHD risk. Individuals for the study were selected
n the basis of chronic unconjugated hyperbilirubinemia in
he absence of any hemolytic or altered hepatic function.
pproximately, 2% of the individuals with GS were found to
ave CHD compared to 12.1% in the general population and
he significantly low incidence rate was found also in a 3-year
ollow-up of these subjects. The individuals with GS also had
igher serum bilirubin and HDL-cholesterol concentrations
nd higher total antioxidant capacities than did the controls.
n addition, elevated bilirubin levels were found to be equal
o HDL cholesterol in protecting individuals from CHD. The
esults provide important new evidence that mildly elevated
evels of bilirubin (33 ± 14 �mol/L) are associated with a
ower prevalence of CHD and that mildly elevated levels of
ilirubin appear to protect against the development of future
eart disease.

. UGT1A1*28 allele and CVD risk

Since individuals with GS were found to have a lower risk
f CHD, studies were performed to determine if individuals
ith the homozygous form of the UGT1A1*28 allele (geno-

ype (TA)7/(TA)7) might also have a lower risk of CVD.
his polymorphism occurs in 10–16% of the population
nd is known to have a significant role in regulating biliru-
in glucuronidation, bilirubin clearance, and serum bilirubin
oncentrations [55]. Bosma et al. [56] examined the risk of MI
n individuals with the UGT1A1*28 allele, however, they did
ot find a protective effect in individuals homozygous for the
GT1A1*28 allele even though such individuals had signif-

cantly elevated serum bilirubin concentrations [55]. While
here might not be an association between UGT1A1*28 and
his specific endpoint (MI), the association might have been

issed because of the relatively advanced population age at
ntry into the study, the lack of adjustment for liver disease,
he use of non-standardized blood collection procedures, lack
f sub-stratification of individual genotypes according to
erum bilirubin levels, survival bias, low number of cases
nd controls, or population substructure influences [56–58].
n their study, low serum bilirubin concentrations also were
ot found to be associated with an increased risk of MI
nd no information was presented on the concentrations of
ther risk factors such as cholesterol, LDL-cholesterol, HDL-

holesterol, or blood pressure or on their association with risk
f MI. The same criticism might also apply to a recent Spanish
tudy where no correlation between genotype and phenotype
as found [59].
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The most comprehensive study to date has been the recent
tudy of Lin et al. [57]. In that study, the UGT1A1*28 allele
tatus, serum bilirubin concentrations, and CVD was fol-
owed for 24 years in 1,780 individuals participating in the
ramingham Offspring Study [57]. Individuals with liver
isease were excluded from the study. The CVD category
onsisted of men and women with CHD, stroke, transient
schemic attack, intermittent claudication, congestive heart
ailure, or CHD death and the CHD category consisted of
atal and nonfatal MI, angina pectoris, or coronary insuf-
ciency. Individuals with the genotype (TA)7/(TA)7 had
pproximately one third the risk of CVD and CHD as the
arriers of the wild type allele and were found to have signif-
cantly higher serum bilirubin concentrations (mean ± S.D.
.14 ± 0.44 mg/dL) than those with genotypes (TA)6/(TA)6
nd (TA)6/(TA)7 (mean ± S.D. 0.69 ± 0.27 mg/dL, p < 0.01).
he association of the UGT1A1 polymorphism with MI, how-
ver, was of borderline significance. Bilirubin was found to
e highly protective in that each 0.1 mg/dL increase in serum
ilirubin was found to be decrease CVD, CHD, and MI risks
y 10%, 13%, and 13%, respectively, when the genotype was
ot included in the Cox regression model. When the UGT1A1
olymorphism and bilirubin levels were both included only
he bilirubin effect remained in the model. This means that
erum bilirubin is probably more closely associated with
VD than the (TA)7/(TA)7 genotype most likely due to its

ncomplete penetrance.
The study is important in that it is the first well-designed

tudy to show that individuals with the genotype (TA)7/(TA)7
ave both a higher serum bilirubin concentration and a lower
isk of developing future CVD and CHD than individuals
ith the wild ((TA)6/(TA)6) and heterozygous genotypes

(TA)6/(TA)7). The study is also important because the pro-
ective effects of bilirubin were found in both men and
omen. In addition, approximately 11% of the study popu-

ation had the genotype (TA)7/(TA)7, 43% had the genotype
TA)6/(TA)7, and 46% had the genotype (TA)6/(TA)6. In the
tudy, smoking status did not have an effect on the associa-
ion between the polymorphism and any of the CVD events.
t would be very interesting to see the results for each geno-
ype after sub-clustering the subjects with serum bilirubin
oncentrations above 1.0 mg/mL. If mild hyperbilirubinemia
s a protective factor, this analysis should reveal a further
ecrease of CVD risk in this subset of “true” GS individuals.

. Protective role of HO, UGT1A1*28 allele, and
ilirubin in other diseases and medical conditions

Even though CVD is a very complicated disease involv-
ng many risk factors, HO-1, UGT1A1*28, and bilirubin
ppear to have a protective effect in the prevention of CVD.

O-1, UGT1A1*28 allele, and bilirubin might also confer
rotection in other oxidative stress and inflammatory-related
iseases such as in certain cancers, rheumatological and neu-
opsychiatric diseases, diabetes, as well as in other medical

o
F
t

sclerosis 198 (2008) 1–11

onditions. Most of the studies to date have been on the
ssociation of HO-1, UGT1A1*28, and bilirubin in chronic
iseases such as CVD. Less is known about their protec-
ive effects in acute medical conditions such as sepsis and
xidative stress after surgery. There is some evidence in
nimal models that bilirubin and biliverdin prevent vascu-
ar complications associated with coronary artery bypass
urgery and percutaneous transluminal angioplasty such as
ein graft surgery failure and restenosis [22]. Further stud-
es also need to examine the association between the HO-1,
GT1A1 polymorphism, serum bilirubin concentrations, and
VD mortality and all-cause mortality.

. Bilirubin and other risk factors for CVD disease

Serum bilirubin has been shown to be independently
elated to many of the existing risk factors as well as to
ther compounds ([22,46,60–65], Table 1). Serum bilirubin
as been shown to be directly related to HDL-cholesterol
17,29,30] and total serum antioxidant capacities [18,22]
oncentrations and to be inversely related to LDL- and
LDL-cholesterol, triglycerides, hsCRP, systolic blood pres-

ure, parental history of heart attack or hypertension, insulin,
nd glucose [61]. In addition low serum bilirubin has been
hown to be related to impairment of aortic elastic proper-
ies [64], increased urinary excretion of biopyrrins, a known
redictor of CHD [65], pentosidine and carboxy-methylysine
elonging to the group of advanced glycation end products
AGE’s) [63], and glycated hemoglobin [60].

0. Serum bilirubin as a predictor of CVD

Serum bilirubin and UGT1A1*28 analyses may improve
ur ability to diagnose individuals at risk for CVD and
ossibly other diseases. Since serum bilirubin concentra-
ions appear to be related to those of HDL-C and both
ilirubin and HDL-cholesterol are decreased with CAD,
arious cholesterol, LDL-cholesterol, HDL-cholesterol and
ilirubin ratios were tested as possible predictors of CAD.
tepwise logistic regression analysis performed in a retro-
pective study of 644 middle aged males who had undergone
oronary angiography indicated that serum bilirubin was
ore closely associated with CAD than HDL-cholesterol

nd of the laboratory risk factors was second only to
otal cholesterol and LDL-cholesterol as a risk predic-
or [66]. Further evaluations of risk factor combinations
ndicated that the cholesterol/(HDL-C + bilirubin) and LDL-
holesterol/(HDL-C + bilirubin) ratios were more accurate in
dentifying severe CAD than either cholesterol/HDL-C or
DL-C/HDL-C ratios alone.
Studies were also performed to determine if information
n serum bilirubin improves the predictive ability of the
ramingham risk factors (cholesterol, HDL-cholesterol, sys-

olic blood pressure, smoking, and age). The results indicated
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hat the addition of serum bilirubin improved the prediction
f CAD over that achieved with the Framingham formula
lone [66]. If confirmed in other studies, algorithms of serum
ilirubin and other risk factor combinations may improve
ur ability to predict existing and future CAD. It should be
entioned that studies comparing the diagnostic sensitivity

nd specificity of serum bilirubin have not been determined
n women. In addition, studies using the Framingham Off-
pring study group have shown that the relationship of serum
ilirubin and CHD is only suggestive in women [50]. Lin et
l. [57], however, found elevated serum bilirubin levels to be
rotective in both men and women.

These data are perfectly in line with very recent study by
apanese authors showing that both male and female diabetic
atients with GS have much lower prevalence of vascular
omplications as well as reduced markers of oxidative stress
nd inflammation [46].

1. Therapeutic approaches for HO-1
nduction/up-regulation or UGT1A1
nhibition/down-regulation

The low prevalence of CVD in individuals with GS [18]
nd in individuals with the UGT1A1*28 [57] suggests a
ossible protective role for HO-1, bilirubin, and CO. A
ather large number of drugs are known to induce HO-

and they include heme, metalloporphyrins, inflammatory
ytokines, prostaglandins, ultraviolet light, heat shock, bacte-
ial lipopolysaccharides, phorbol esters, and thiol scavengers
2,6]. In addition, aspirin [67] and statins [68,69], which
re widely prescribed for CVD prevention and treatment are
nown to induce HO-1. Studies, however, have not been per-
ormed to determine if the beneficial effects of aspirin and
tatins are due to their effects on HO-1 leading to increased
roduction of CO and increased serum bilirubin concen-
rations, or due to their effects on inflammation. Similar
O-1 inducing effects have been described for probucol,

apamycin, ethanol, nitric oxide, CO, dopamine, diclofenac,
OX-2 inhibitors, PPAR � activators, resveratrol, curcumin,
nd polyphenolic chalcones (rosolic acid) [1–9].

Recent experimental studies of rat models have shown that
ilirubin and biliverdin are effective in preventing restenosis
n balloon-induced injury [21]. Other interesting studies have
hown that protoporphyrin IX induction of HO-1 resulted in
ecreases in IL-1�, IL-6, and TNF� levels, joint swelling,
artilage degradation, and proliferation of inflammatory tis-
ue in joints of mice with non-immune arthritis [28]. A recent
tudy performed by Brydun et al. [70] also indicated that
atients with coronary atherosclerosis have a reduced expres-
ion of HO-1. If confirmed in other studies, this finding
rovides critical support for the role of HO-1 in coronary

therosclerosis.

Substances which inhibit bilirubin UDP-glucuronosyl
ransferase or which prevent bilirubin oxidation might be
ffective in increasing serum bilirubin concentrations [71].

b
f
a
a
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nhibition of UDP-glucuronosyl transferase activity, how-
ver, would need to be evaluated for safety effects since such
nhibition may adversely impact the conjugation and clear-
nce of drugs, toxins, and carcinogens. Several studies have
eported on the effectiveness of gene therapy with HO-1 in
nhibiting inflammation and oxidative stress in animals [7].
lant derived phycobilins might be also be effective and might
e a readily available source of compounds with properties
imilar to bilirubin [71].

Even though the above-mentioned drugs might be able to
ncrease serum bilirubin concentrations, hepatoxicity needs
o be ruled out as a possible cause for the increases in serum
ilirubin concentrations. A number of studies have shown
hat abnormal liver function tests are associated with an
ncreased risk of CVD [1]. Abnormal liver function tests are
lso known predictors of atherosclerotic diseases [72–74].
s a result, liver function tests should always be included

n the atherosclerosis risk assessment of an individual and
hen evaluating new drugs for their ability to increase serum
ilirubin concentrations.

2. Summary

The recent retrospective and prospective studies indicate
hat high normal and moderately elevated serum bilirubin
oncentrations protect against CVD. Prospective studies also
how that individuals with GS and the UGT1A1*28 allele
ho have moderate elevations in serum bilirubin concen-

rations have a lower risk of CHD and CVD. A protective
ole of elevated bilirubin levels is less clear for women. It
emains to be seen if bilirubin is responsible for the protec-
ion or if it is acting in concert with other protective factors
uch as HO-1 and CO. Further prospective studies need to be
erformed to determine if elevated serum bilirubin concen-
rations are associated with decreased CVD mortality. There
s, however, some evidence that individuals with moderately
levated serum bilirubin levels have a lower CVD mortality
han those with low serum bilirubin concentrations [57,75].

Most of the human studies have involved the association
f serum bilirubin and risk of CVD. Human studies on the
ssociation between bilirubin and other diseases have been
imited only on certain forms of cancer and to certain rheuma-
ological and neuropsychiatric diseases (for review see Ref.
1]). In addition, most of the human studies have examined the
ole of bilirubin in chronic diseases [1]. Very few studies have
een performed to determine if bilirubin or HO-1 induction
ight alleviate some of the acute complications associated
ith coronary artery bypass and other surgical procedures.
ilirubin has been found to protect against sepsis and sev-
ral other acute medical conditions in neonates [1]. Drugs,
iet, and exercise also might be effective in increasing serum

ilirubin concentrations. While some studies have been per-
ormed on drugs which induce HO-1, there have not been
ny studies on the effects of the drugs on CVD prevention in
nimal models. Even though aspirin, statins, and probucol all
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ppear to induce HO-1, more detailed studies will need to be
erformed to determine if such HO-1 up-regulation increases
erum bilirubin concentrations and prevents CVD. Such stud-
es offer great promise and could have an impact on the health
f individuals with low serum bilirubin concentrations and in
ndividuals at risk for CVD and possibly other diseases.

cknowledgement

Supported by Grant No. MSM 0021620807 given by the
zech Ministry of Education.

eferences

[1] Vı́tek L, Schwertner HA. The heme catabolic pathway and its pro-
tective effects on oxidative stress-mediated diseases. Adv Clin Chem
2007;43:1–57.

[2] Stocker R, Perrella MA. Heme oxygenase-1: a novel drug target for
atherosclerotic diseases? Circulation 2006;114:2178–89.

[3] Morita T. Heme oxygenase and atherosclerosis. Arterioscler Thromb
Vasc Biol 2005;25:1786–95.

[4] Siow RCM, Sato H, Mann GE. Heme oxygenase-carbon monoxide sig-
naling pathway in atherosclerosis: anti-atherogenic actions of bilirubin
and carbon monoxide? Cardiovasc Res 1999;41:385–94.

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

[6] Bach FH. Heme oxygenase-1: A therapeutic amplification funnel.
FASEB J 2005;19:1216–9.

[7] Abraham NG, Asija A, Drummond G, Peterson S. Heme oxygenase-1
gene therapy: Recent advances and therapeutic applications. Curr Gene
Therapy 2007;7:89–108.

[8] Perrella MA, Yet SF. Role of heme oxygenase-1 in cardiovascular
function. Curr Pharm Des 2003;9:2479–87.

[9] Scott JR, Chin BY, Bilban MH, Otterbein LE. Restoring HOmeosta-
sis: is heme oxygenase-1 ready for the clinic? Trends Pharmacol Sci
2007;28:200–5.

10] Sedlak TW, Synder SH. Bilirubin benefits: cellular protection by a
biliverdin reductase antioxidant cycle. Pediatrics 2004;113:1776–82.

11] Stocker R, Yamamoto Y, McDonagh A, Glazer A. Bilirubin is an antiox-
idant of possible physiological importance. Science 1987;235:1043–6.

12] Stocker R, Keaney Jr JF. Role of oxidative modifications in atheroscle-
rosis. Physiol Rev 2004;84:1381–478.

13] 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.

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

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

16] 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.
17] Schwertner HA. Association of smoking and low serum bilirubin
antioxidant concentrations. Atherosclerosis 1998;136:383–7.
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