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■ Abstract 
BACKGROUND and OBJECTIVES: The close contact 
between the endothelial cell monolayer in blood vessels and 
blood plasma allows free diffusion of the hydrophobic un-
conjugated bilirubin (BR) into these cells. BR can exert both 
anti- and pro-oxidative effects in various types of cells in a 
dose-dependent manner. High glucose levels downregulate 
the expression of the glucose transporter-1 (GLUT-1) and 
the rate of glucose uptake in vascular endothelial cell (VEC). 
Pro-oxidants, on the other hand, up-regulate this system in 
VEC. We aimed to investigate potential effects of BR on the 
glucose transport system in VEC. METHODS: Primary cul-
tures of bovine aortic endothelial cells were exposed to BR, 
and the rate of hexose transport, GLUT-1 expression and 

plasma membrane localization were determined. RESULTS: 
BR induced oxidative stress in VEC, and significantly aug-
mented the rate of glucose transport and GLUT-1 expres-
sion and plasma membrane localization in these cells. BR 
also reversed the high glucose-induced downregulation of 
the glucose transport system in VEC. CONCLUSION: The 
pro-oxidative properties of BR are responsible for its effects 
on the regulation of glucose transport in vascular endothe-
lium. Pathological concentrations of BR in the vascular 
compartment (jaundice) may influence the cellular handling 
of glucose in diabetes. 
 

 

Keywords:  bilirubin ·  jaundice ·  endothelial cells ·  glu-
cose transport ·  glucose transporter-1 ·  oxidative stress 

 

Introduction 
 

        nconjugated bilirubin (BR) is an endogenous 
     product of heme degradation. Being a highly 

lipophilic molecule, BR avidly binds to plasma albumin. 
It is conjugated in the liver to form water-soluble glu-
curonides that are excreted in the bile. The “physio-
logical” levels of BR in plasma range between 3 and 15 
µmol/l [1]. It has been recognized that BR may exert 
both cytotoxic and cytoprotective effects in a dose-
dependent manner [2], and that cell sensitivity to BR 
varies among different types of cells. BR-induced en-
cephalopathy due to the pathological accumulation of 

BR in the plasma of newborns (neonatal jaundice) is 
the most striking example of the cytotoxic potential of 
this compound. It involves inhibition of DNA and 
protein synthesis, altered neurotransmitter synthesis 
and release, and altered glucose metabolism and mito-
chondrial functions ([2] and references therein). In ad-
dition, it was shown that BR, at a concentration as low 
as 0.5 µmol/l, induced apoptosis in primary cultures of 
neurons [3]. Likewise, physiological plasma levels of 
BR induced death in cultures of cerebral granule neu-
rons [4]. Yet, astrocytes seemed less prone to BR-
induced damage at these low levels of BR [5]. Various 
molecular mechanisms for BR-induced neurotoxicity 
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have been proposed, including mitochondrial mem-
brane permeabilization and cytochrome c release, in-
duction of nitric oxide synthase, and activation of p38-
MAPK [2]. 

Another potential target for BR-induced 
cytotoxic or cytoprotective effects is the en-
dothelial cell monolayer (tunica intima) in 
blood vessels. Indeed, it has been reported 
that BR induced apoptosis in cultured bovine 
rat endothelial cells at a concentration as low 
as 10 µmol/l [6]. Such BR-induced cytotoxic 
effects are of particular interest since lesions 
in the endothelial cell monolayer in blood ves-
sels precede the formation of atherosclerotic 
plaques. 

Cytoprotective effects of BR are attributed 
to its antioxidant potential due to its free radi-
cal scavenging capacity [7, 8]. For example, it 
has been shown that albumin-bound BR is a 
scavenger of peroxyl, hydroxyl, hydroperoxyl 
and superoxide radicals, and protects albu-
min-bound fatty acids from oxidation [9]. In 
addition, the ability of BR to inhibit lipid oxi-
dation in low-density lipoprotein has been as-
sociated with a reduced risk of atherogenesis 
[10]. It has also been shown that BR protects 
VEC from hydrogen peroxide-induced cyto-
toxic effects [11]. These results support the hypothesis 
that the antioxidant activity of low levels of BR is asso-
ciated with a low incidence of cardiovascular disorders. 
Yet, higher concentrations of BR may exhibit potent 
pro-oxidant activities that damage cells. Kapitulnik has 
concluded that BR can exert cytotoxic or cytoprotec-
tive effects depending on its plasma concentration and 
albumin binding capacity, type of target cell, and cellu-
lar redox state [2]. 

Vascular endothelial cells reduce their rate of glu-
cose transport in the face of hyperglycemia, thus pro-
tecting their intracellular environment against the dele-
terious effects of increased production of glucose-
derived free radicals and excessive protein glycation 
[12, 13]. It has also been proposed that pro-oxidants 
and mitochondrial uncouplers affect the glucose trans-
port in cells. We have shown that VEC and other cell 
types react to such metabolically challenging conditions 
by increasing the expression of their typical glucose 
transporter, GLUT-1, and subsequently augmenting 
the rate of glucose uptake [14, 15]. The increased influx 
of glucose serves as a glycolytic substrate for a com-
pensatory ATP synthesis when mitochondrial energy 
production is impaired in the presence of uncouplers 
and pro-oxidants. We aimed at investigating whether 

BR-induced anti- or pro-oxidative effects in VEC 
modulate the glucose transport system and its auto-
regulation in VEC. 

Materials and methods 

Materials 
The sources of materials used in this study were as 

follows: Dulbecco’s modified Eagle’s medium 
(DMEM) and fetal calf serum (FCS) from Biological 
Industries (Beth-Haemek, Israel); 2-[1,2-3H(N)]-deoxy-
D-glucose (2.22 TBq/mmol) from American Radio-
labeled Chemicals (St. Louis, MO, USA); bilirubin (mi-
xed isomers), 2-deoxy-D-glucose (dGlc), HEPES, 
PMSF, protease inhibitor cocktail and streptavidin-
agarose beads from Sigma-Aldrich Chemicals (St. 
Louis, MO, USA). Sulfo-NHS-LC-Biotin (Sulfosuc-
cinimidyl-6-(biotinamido) hexanoate) from Pierce 
(Rockford, IL, USA). Carboxy-H2DCFDA (5, (and 6)-
carboxy-2’,7’-dichlorodihydrofluorescein diacetate) 
from Invitrogen-Molecular Probes (Eugene, OR, 
USA). FluoroGuard Antifade reagent from Bio-Rad 
(Hercules, CA, USA). All other chemicals, reagents and 
solvents were reagent- or molecular biology-grade. 

Cell culture 
Primary cultures of bovine aortic endothelial cells 

were prepared and characterized as described previ-

 

0

50

100

150

200

0 20 40 60 80 100

Bilirubin, µmol/l 

dG
lc

up
ta

ke
(p

er
ce

nt
 o

f c
on

tr
ol

) 

0

50

100

150

200

0 20 40 60 80 100

Bilirubin, µmol/l 

dG
lc

up
ta

ke
(p

er
ce

nt
 o

f c
on

tr
ol

) 

 
 

Figure 1. Dose-response of BR-dependent stimulation of hex-
ose transport in VEC. Cultures were incubated for 48 h with 
complete DMEM supplemented with 5.5 (open circles) or 23 
mmol/l D-glucose (close circles), in the absence or presence of 
the indicated concentrations of BR. The [3H]dGlc uptake assay 
was performed at the end of the incubation period. The 100% 
value was assigned to the rate of uptake of VEC incubated with 
5.5 mmol/l glucose in the absence of BR (57.5±1.6 pmol dGlc/106 
cells/min). Mean ± SEM (n = 3-9). 



 
Bilirubin and Vascular Endothelial Cells The Review of Diabetic Studies 129 

  Vol. 3 ⋅ No. 3 ⋅ 2006 
 

www.The-RDS.org  Rev Diabetic Stud (2006) 3:127-133  

ously [16]. The cells were grown in DMEM supple-
mented with 10% (vol/vol) FCS. Plates were pre-
coated with bovine fibronectin (5 µg/ml phosphate 
buffered saline (PBS)). 

Hexose uptake assay 

The [3H]-2-deoxy-D-glucose ([3H]-dGlc) uptake as-
say in VEC cultures was performed as described [17, 
18]. A freshly-prepared stock solution of BR (30 
mmol/l) in 100 mmol/l NaOH served to prepare serial 
dilutions of BR in the NaOH solution. Aliquots from 
these solutions were added (0.25%, vol/vol) to VEC 
cultures incubated with DMEM supplemented with 
10% (vol/vol) FCS and 20 mmol/l HEPES, pH 7.4. 
The whole procedure was carried out in the dark. 

Preparation of cell lysates and Western blot analyses 

VEC cultures were lysed for 30 min in an ice-cold 
lysis buffer (50 mmol/l HEPES, pH 7.4; 150 mmol/l 
NaCl, pH 7.5; 1% Triton X-100 (vol/vol), 2 mmol/l 
PMSF; and protease inhibitor cocktail (1:100 dilution)), 
and centrifuged (12,000 rpm in an Eppendorf centri-
fuge, 15 min, at 4°C). Protein content in the super-
natant was determined according to Bradford, using 
BSA standard dissolved in the same buffer. Aliquots 
(5-10 µg protein) were mixed with sample buffer (62.5 
mmol/l Tris-HCl, pH 6.8, 2% (wt/vol) SDS, 10% 

(vol/vol) glycerol, 50 mmol/l DTT and 0.1% (wt/vol) 
bromophenol blue), and warmed at 37°C for 15 min. 
Proteins were separated by SDS/PAGE, and Western 
blot analyses of GLUT-1 was performed using rabbit 

antiserum prepared against the human eryth-
rocyte transporter (courtesy of Dr. HG 
Joost, The German Institute for Human Nu-
trition, Potsdam Rehbrücke, Germany), as 
described [13]. 

Cell surface biotinylation and determination of 
plasma membrane-localized GLUT-1 

VEC culture plates were washed with 
PBS, pH 7.4, and incubated with 0.5 mg/ml 
Sulfo-NHS-LC-Biotin in PBS for 30 min at 
4°C. The reaction was stopped by rinsing the 
plates three times with 15 mmol/l glycine in 
ice-cold PBS. The cells were then collected 
and solubilized for 30 min on ice in 1 ml 
solubilization buffer (150 mmol/l NaCl, 50 
mmol/l Hepes, pH 7.4, 1% (vol/vol) Triton 
X-100, 2 mmol/l PMSF, 2 µg/ml aprotinin 
and protease inhibitor cocktail (1:100 dilu-
tion)). The supernatant was separated by a 10 
min centrifugation in an Eppendorf centri-
fuge, and mixed with 50 µl streptavidin-
agarose beads (1 mg streptavidin/1 ml gel in 
solubilization buffer containing 0.1 mmol/l 

PMSF). The suspension was gently mixed for 30 min at 
4°C and the beads sedimented by centrifugation. The 
bead pellet was washed twice with the solubilization 
buffer and biotinylated proteins were then eluted with 
urea buffer (8 mol/l urea, 100 mmol/l Tris-HCl, pH 
7.0, 2% (wt/vol) SDS and 2 mmol/l PMSF). The su-
pernatant was separated from the beads by centrifuga-
tion, collected and kept at -70°C until used. Protein 
content in the supernatant was determined with the 
BCA Protein Assay (Pierce, Rockford, IL, USA), using 
BSA standard dissolved in the same elution buffer. Ali-
quots from eluates were separated by SDS/PAGE, and 
Western blot analysis of GLUT-1 was performed as 
described above. 

Determination of intracellular reactive oxygen species (ROS) in 
VEC cultures 

We used the green fluorescence dye 5, (and 6) -
carboxy-2’ 7’-dichlorodihydrofluoresceine diacetate 
(carboxy-H2DCFDA) that is freely permeable to cells. 
Following its intracellular hydrolysis, its product - car-
boxy-dichloro-fluoresceine - is retained intracellularly 
and becomes fluorescent upon oxidation by intracellu-
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Figure 2. Time-course of BR-dependent stimulation of hexose 
transport in VEC. Cultures were incubated with complete DMEM 
supplemented with 5.5 (open circles) or 23 mmol/l D-glucose (close 
circles). Bilirubin (40 µmol/l) was added at zero time. [3H]dGlc up-
take assay was performed at the indicated times. The 100% value 
was assigned to the rate of uptake of VEC incubated with 5.5 
mmol/l glucose in the absence of BR (49.2 ± 2.7 pmol dGlc/106 
cells/min). Mean ± SEM (n = 3-9). 
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lar oxidants [19]. The dye was freshly dissolved in 
ethanol, added (20 µmol/l) to VEC grown on fi-
bronectin-coated glass cover slips, and incubated for 1 
h. BR was then added at the indicated concentrations, 
and incubation was carried out for an additional 4-h 
period. The cells were then washed 3 times with PBS 
(pH 7.4 at 37°C) and treated with a fixative (4% 
(wt/vol) formaldehyde in PBS) and 15 µl/cover slip 
FluoroGuard Antifade reagent. The presence of fluo-
rescent dye in cells was detected (excitation 475 nm; 
emission 515 nm) with an Axioskop fluorescent micro-
scope (Zeiss, Germany) equipped with a photo camera 
(Coolsnap, Roper Scientific, Tucson, AZ, USA) at x32 
magnification. The relative fluorescence intensity in 20 
randomly selected fields for each treatment was ana-
lyzed and quantified using ImageProPlus software. 

Statistical analysis 

Data are presented as means ± S.E.M.; Student’s 
two-tailed t test was used for group comparisons. A p 
value of <0.05 indicates statistical significance. 

Results 

Figure 1 shows a dose-response analysis of BR-
induced stimulation of glucose transport in VEC. Con-
fluent cultures were incubated for 48 h with DMEM 
supplemented with 5.5 or 23 mmol/l glucose, with or 
without BR at the indicated concentration. As expected 
[12, 13], exposure of cells to 23 mmol/l glucose down-
regulated the rate of glucose transport (compare 32.6 ± 
2.0 to 57.5 ± 1.6 pmol dGlc/106 cells/min in cells ex-
posed to 5.5 mmol/l glucose). The incubation period 
lasted for 48 h because this downregulation process is 
normally slow in VEC and is completed within 36-48 h 
[12]. BR augmented the rate of glucose transport in 
VEC cultures exposed to both glucose concentrations, 
but the kinetics, dose-dependency and efficacy were 
different. In cells exposed to 5.5 mmol/l glucose, BR 
had no significant effect on the rate of glucose trans-
port up to 10 µmol/l. Half-maximal and maximal 
stimulatory effects (1.45- and 1.88-fold increase, re-
spectively) of BR in these cultures were observed at 20 
and >40 µmol/l, respectively. At concentrations higher 
than 100 µmol/l, BR reduced endothelial cell viability 
in a dose-dependent manner. The effect of low con-
centrations of BR in VEC exposed to 23 mmol/l glu-
cose was strikingly different than that at 5.5 mmol/l 
glucose: at concentrations as low as 2.5-5.0 µmol/l BR 
completely prevented high glucose-induced downregu-
lation of glucose transport. It also augmented the rate 

of glucose transport at higher concentrations: half-
maximal and maximal stimulatory effects (1.78- and 
2.64-fold increase, respectively) were observed at 12 
and >20 µmol/l BR, respectively. Despite the higher 
relative increase in the rate of glucose transport in VEC 
incubated at 23 mmol/l glucose in comparison with 5.5 
mmol/l, the maximal rate of transport under the for-
mer condition was lower than that observed under the 
latter. 

Time-course analysis of the glucose transport aug-
menting effect of BR is depicted in Figure 2. VEC re-
ceived fresh DMEM with 5.5 or 23 mmol/l glucose, 
with or without 40 µmol/l BR. At this concentration, 
BR produced maximal effects under both glucose lev-
els (Figure 1). A 12-24 h lag period was observed, dur-
ing which BR did not alter or just marginally increased 
the glucose uptake capacity of cells. After this lag pe-
riod, BR increased the rate of glucose uptake in a time-
dependent manner, reaching a maximal effect (2.08-
fold increase) within 12 h in VEC exposed to 23 
mmol/l glucose. The stimulatory effect of BR in VEC 
maintained at 5.5 mmol/l glucose (1.64-fold increase) 
developed more slowly, and reached a maximum 24 h 
after the initial lag period. 

Figure 3 shows the effect of 40 µmol/l BR on 
GLUT-1 content and plasma membrane abundance in 
VEC exposed to 23 mmol/l glucose for 48 h. We 
chose this glucose concentration because it allows for a 
maximal fold-stimulation of the glucose transport sys-
tem (Figures 1 and 2). The Western blot analysis of 
GLUT-1 in total cell lysates shows a marked increase in 
cells exposed to BR in comparison with control cells 
(either in normal DMEM or in DMEM supplemented 
with the NaOH vehicle). The same cultures were used 
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Figure 3. Effect of BR on total and plasma-membrane 
localized GLUT-1. VEC were treated with 23 mmol/l glu-
cose and 40 µmol/l BR. The preparation of total cell lysate 
and the isolation cell-surface biotinylated proteins were 
performed as described under the ‘materials and methods’ 
section. Representative Western blots of GLUT-1 are pre-
sented. 
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for cell-surface biotinylation and separation of mem-
brane-localized proteins, followed by Western blot 
analysis of GLUT-1 to assess its relative content in the 
plasma membrane. The corresponding blot shows a 
significant increase in GLUT-1 abundance in the 
plasma membrane of BR-treated cells in comparison 
with control cells. 

These stimulatory effects of BR on glucose trans-
port may result from its pro-oxidant properties. To test 
this hypothesis we incubated (for 4 h) VEC, which 
were pre-loaded with the reactive oxygen species detec-
tion dye carboxy-H2DCFDA, in DMEM supplemented 
with 23 mmol/l glucose with or without 20 or 40 
µmol/l BR, and determined the intracellular accumula-
tion of the fluorescent carboxy-dichloro-fluoresceine 
product. Figure 4 shows fluorescence microscope im-
ages of VEC cultures and a summary of 3 determina-
tions. It shows a minimal presence of reactive oxygen 
species in control cells, and a 3.7 ± 0.5- and 8.6 ± 0.6-
fold increase in BR-mediated oxidation of H2DCFDA 
at 20- and 40 µmol/l, respectively. 

Discussion 

This study shows for the first time that unconju-
gated bilirubin stimulates the glucose system in VEC in 
a dose- and time-dependent manner, and that it blocks 
high glucose-induced downregulation of this system. 
Physiological levels of BR (<20 µmol/l) had no marked 

effects on the rate of glucose transport in VEC 
exposed to normal glucose levels. Yet, higher 
levels of BR increased the rate of glucose 
transport 1.6-1.9-fold (Figures 1 and 2). Incu-
bation of VEC at 23 mmol/l glucose activates 
in these cells the natural protective mechanism 
that downregulates the rate of glucose trans-
port, by destabilizing GLUT-1 mRNA and re-
ducing GLUT-1 protein and its plasma mem-
brane abundance [12, 13, 20]. This mechanism 
limits the influx of glucose to VEC in the face 
of hyperglycemia. The present results confirm 
that a 48 h incubation period of bovine aortic 
endothelial cells cultures at 23 mmol/l glucose 
significantly reduced the rate of hexose trans-
port in comparison with cells maintained at a 
normal glucose level. Remarkably, physiologi-
cal concentrations of BR rendered VEC insen-
sitive to this high glucose-dependent down-
regulation, and the rate of glucose uptake in 
these cells remained high and similar to that 
measured in VEC at 5.5 mmol/l glucose (Fig-
ure 1). Therefore, normal plasma levels of BR 
blocked the natural mechanism that protects 
VEC against effects of hyperglycemia. Expo-
sure of VEC to 23 mmol/l glucose and to 
higher BR concentrations (>20 µmol/l) also 
resulted in a pronounced stimulation (2.1-2.6-
fold increase) of the glucose transport system. 
It should be noted that although the relative 
increase in the rate of glucose transport in 

VEC incubated at 23 mmol/l glucose was higher than 
that at 5.5 mmol/l, the maximal rate of transport under 
the high glucose condition was lower than that ob-
served under normoglycemic-like conditions. 

We have shown before that the induction of meta-
bolic stress in cells using pro-oxidants (i.e., 4-hydroxy 
tempol) or mitochondrial uncouplers (rottlerin) acti-
vates a compensatory stress reaction to increase the 
expression of GLUT-1 and, subsequently, the rate of 
glucose transport and glycolytic production of ATP 
[14, 15]. The present study also shows a similar in-
crease in GLUT-1 expression in VEC exposed to 23 
mmol/l glucose and 40 µmol/l BR (Figure 3). These 
findings suggested that BR might also induce an oxida-
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Figure 4. BR-dependent generation of reactive oxygen species 
in VEC. Cells grown on fibronectin-coated glass cover-slips were 
loaded with 20 µmol/l carboxy-H2DCFD and treated with BR at the 
indicated concentration, as described under ‘Materials and Meth-
ods’. Following fixation, the cells were taken for fluorescent micro-
scopic determination. Upper panel shows representative images of 
control and BR-treated cells. Lower panel depicts the summary of 20 
field measurements in 3 different slides of cells treated similarly. The 
fluorescence of control cells was taken as 1 unit. Mean ± SEM, p < 
0.05. * in comparison with control cells. 
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tive stress in VEC and subsequently activate the com-
pensatory mechanism that increases GLUT-1 expres-
sion. Indeed, using the reactive oxygen species detec-
tion dye carboxy-H2DCFDA, we were able to demon-
strate a significant production of reactive oxygen spe-
cies in VEC exposed to 40 µmol/l BR. These results 
may explain the marked increase in GLUT-1 content 
and its plasma membrane abundance in cells exposed 
to 40 µmol/l BR. Moreover, these findings also associ-
ate pathophysiological levels of BR to oxidative dam-
age in VEC, since oxidative stress is a major detrimen-
tal factor that contributes to impaired endothelium-
dependent vasodilation of blood vessels, activation of 
the polyol pathway, activation of PKC isoforms, im-
paired nitric oxide function, and induction of athero-
sclerosis [14, 21-28]. 

The lack of high glucose-induced downregulation 
of glucose transport at normal circulating levels of BR 
(Figure 1) is surprising. It is unlikely that this effect re-
sults from BR-induced oxidative stress: first, similar 
low levels of BR had no effect on the glucose transport 
system in VEC maintained at 5.5 mmol/l glucose. Sec-
ond, BR-dependent generation of free radicals is low in 
VEC exposed to normal circulating levels of BR. It has 
been shown that hyperglycemia per se is cytotoxic to 
VEC [29] by attenuating fundamental cellular functions 
due to generation of glucose-derived reactive oxygen 
species coupled to protein glycation [21-23, 28, 30-32]. 
In fact, high glucose-induced damage in VEC has re-
cently been shown to be directly linked to the genera-
tion of superoxide anion [33, 34]. It has also been sug-
gested that heme oxygenase (OH-1) participates in de-
fense processes against glucose-induced oxidative in-
jury by increasing the generation of BR [35]. Therefore, 

it is likely that BR at physiological levels acts as an an-
tioxidant in VEC and blocks high glucose-generated 
free radicals or oxidative metabolites that activate the 
downregulatory response in these cells. Interestingly, a 
protective role for BR in diabetes-induced damage in 
endothelial cells, likely via a decrease in oxidative stress, 
has recently been proposed [36, 37]. Since normal glu-
cose levels do not promote an excessive generation of 
free radicals in VEC, the antioxidative potential of low 
concentrations of BR in VEC exposed to 5.5 mol/l 
glucose is inconsequential. 

In summary, BR augments the rate of glucose 
transport in primary cultures of bovine aortic endothe-
lial cells in a dose- and time dependent manner. Under 
normoglycemic-like conditions, this effect was appar-
ent only at pathological BR levels. Yet, normal BR 
concentrations blocked the natural protective mecha-
nism in cultures exposed to high glucose levels. We at-
tribute the former effect to the pro-oxidative potential 
of high levels of BR. Yet the latter effect could be re-
lated to an anti-oxidative capacity of low concentra-
tions of BR. Therefore, the glucose-transport augment-
ing activity of BR at both normal and hyperglycemic-
like conditions could be detrimental to the endothelial 
cell monolayer in blood vessels. 
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