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Aims Ingestion of flavonoid-rich beverages acutely affects endothelial function, causing vasodilation. This effect might be
dependent on flavonoid transport into the endothelium. We investigated flavonoid uptake into vascular endothelial
cells and whether this was mediated by bilitranslocase (TC 2.A.65.1.1), a bilirubin-specific membrane carrier that also
transports various dietary flavonoids.

Methods
and results

Human and rat aortic primary endothelial cells as well as Ea.hy 926 cells were found to express bilitranslocase, as
assessed by immunocytochemistry and immunoblotting analysis using anti-sequence bilitranslocase antibodies target-
ing two distinct extracellular epitopes of the carrier. Bilitranslocase function was tested by measuring the rate of bro-
mosulfophthalein (a standard bilitranslocase transport substrate) uptake into endothelial cells and was inhibited not
only by bilitranslocase antibodies but also by quercetin (a flavonol). Similarly, uptake of both quercetin and malvidin
3-glucoside (an anthocyanin) were also found to be antibody-inhibited. Quercetin uptake into cells was inhibited by
bilirubin, suggesting flavonoid uptake via a membrane pathway shared with bilirubin.

Conclusion The uptake of some flavonoids into the vascular endothelium occurs via the bilirubin-specific membrane transporter
bilitranslocase. This offers new insights into the vascular effects of both flavonoids and bilirubin.
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1. Introduction
Epidemiological studies suggest that diets rich in fruits and veg-
etables decrease the risk of cardiovascular diseases.1 This seems
to be related to the intake of polyphenols,2 plant-specific metab-
olites that have a multitude of molecular targets in mammalian
cells.3 The risk-reducing action of dietary polyphenols has been
examined from various perspectives, taking into account their
antioxidant, anti-inflammatory, hypo- and norm-lipidaemic, and

vasodilating activities,4 all of which concur to improve vascular
function and slow down the progression of atherosclerosis.
Improvement of endothelial function can be observed in vivo fol-
lowing ingestion of chocolate,5,6 a flavonoid-rich food, highlighting
the relevance of previous in vitro and in vivo data on experimental
animals that show vasoactivity of dietary flavonoids.7,8

Various molecular targets of flavonoids have been identified in
endothelial cells, such as nitric oxide synthase,9 NADPH
oxidase,10,11 hypoxia-induced factor-1,12 adenosine deaminase,
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and 5’-nucleotidase.13,14 This would in turn postulate a role of
membrane transporters in mediating rapid and specific influx of fla-
vonoids into the endothelium, a question thus far addressed by
only few studies,15–17 in spite of its obvious, fundamental
importance.

This investigation was prompted by the somehow unexpected
finding that human umbilical vein endothelial cells (HUVEC)
express bilitranslocase (TC 2.A.65.1.1; http://www.tcdb.org/). The
latter is a liver plasma membrane bilirubin transporter18 found to
have high affinity for various dietary flavonoids19,20 and to
mediate their uptake into the human liver cell line HepG2.21

Thus, this study was aimed, first, at confirming the expression of
bilitranslocase in the rat aorta and in isolated endothelial cells of
various origins and, subsequently, at verifying the hypothesis that
bilitranslocase may mediate the specific uptake of flavonoids
therein. The data obtained suggest that flavonoids are rapidly
taken up into the endothelium via bilitranslocase and, consistent
with the latter’s role as a bilirubin transporter, that their uptake
can be modulated by bilirubin via a competitive mechanism.

2. Methods

2.1 Chemicals
All chemicals were purchased from Sigma-Aldrich, unless otherwise
specified.

2.2 Animals
Male Wistar rats (250 g) were used for this study. They were fed stan-
dard laboratory chow (Harlan Teklad 2018) and tap water ad libitum,
and were housed in temperature-controlled rooms at 22–248C and
50–60% humidity. All animals were maintained and handled at the
Animal House of the University of Trieste according to the provisions
of the European Community Council Directive (n.86/609/CEE) and to
the provisions of Italy (D.L.vo. 116/92). Care was taken not to hurt
animals during the procedures.22 Rats were anaesthetized by intra-
peritoneal injection of 2.5 mL of a 2.5% (mass:vol) solution of
2,2,2-tribromoethanol in ethanol:0.15 M NaCl (1:9, vol:vol). The inves-
tigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996).

2.3 Explant, culture, and phenotype
assessment of endothelial cells from rat aorta
Primary endothelial cells were explanted from rat aorta using the
method of McGuire and Orkin,23 with slight modifications. Briefly,
the aorta was carefully cleaned of peri-adventitial fat and connective
tissue, longitudinally opened and pieces (2 mm2) were laid with the
intima side down on 24-well plates containing 200 mL of Matrigel
(BD Biosciences), a reconstituted basement membrane derived from
Engelbreth-Holm-Swarm EHS sarcoma.24 Matrigel was diluted 1:3
(vol:vol) in Dulbecco’s Modified Eagle’s Medium (DMEM), sup-
plemented with 12.5% fetal bovine serum (FBS), 1% of ECGS (Endo-
thelial Cell Growth Supplement), penicillin 200 U/mL, 200 mg/mL
streptomycin, 1% amphotericin B, and 1% non-essential aminoacids.
After 3–5 days, the pieces were removed and the endothelial cells,
migrated from aortic segments, were allowed to grow to confluence.
Cells were detached from Matrigel following incubation with dispase
(Gibco) (0.02 g/mL) at 378C for 90 min for further growing in flasks.

Their endothelial phenotype was ascertained by fluorescence
microscopy visualization both of endocytosed acetylated LDL25 (data
not shown) and of membrane-bound von Willebrand factor (data
not shown) using specific antibodies (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA.).

2.4 Explant, culture, and phenotype
assessment of aortic smooth muscle cells
Rabbit arterial smooth muscle cells were isolated from rabbits as pre-
viously described.26

2.5 Human endothelial and hepatic cell lines
The human endothelial cell line Ea.hy 926, derived from the fusion of
human umbilical vein endothelial cells (HUVEC) with the human lung
carcinoma cell line A549, maintains the characteristics of differentiated
endothelial cells.27 Cells were cultured in DMEM, supplemented with
10% FBS, penicillin 100 U/mL, and streptomycin 100 mg/mL, under
an atmosphere of 5% CO2 and 95% air at 378C, and sub-cultured
twice weekly by exposure to a 0.05% trypsin and 0.02% EDTA sol-
ution. Human hepatoblastoma HepG2 cells were grown as previously
described.18

2.6 Human primary endothelial cells
Human aortic endothelial cells derived from aorta were purchased and
cultured according to the manufacturer’s instructions (Promocell
GmbH, Heidelberg, Germany).

2.7 Bilitranslocase antibodies
Polyclonal bilitranslocase antibodies were obtained from rabbit sera
immunized with two different peptides, i.e. peptide A (EDSQGQHLSSF)
and peptide B (EFTYQLTSSPTC), corresponding to segments 65–75
and 235–246 of the primary structure of bilitranslocase, yielding anti-
body A and antibody B. Both were purified by affinity chromatography
from immune sera of rabbits, as described earlier.28,29

2.8 SDS–PAGE and immunoblot
Lysis buffer (10 mM Tris–HCl pH 7.4, 100 mM EDTA, 100 mM NaCl,
0.1% sodium dodecyl sulphate; 50 mL), supplemented with 5 mL Pro-
tease Inhibitor Cocktail, was added to cell monolayers (106 cells).
Lysates were sonicated (10–15 s, in ice) in Eppendorf tubes and cen-
trifuged at 13 000 r.p.m. for 10 min; supernatants were collected and
assessed for protein concentration.30 Human red blood cells ghosts
obtained by a volunteer donor were prepared as described by Steck
and Kant.31 Aliquots thereof were separated by 12% SDS–PAGE
and electro-transferred onto Immobilon-P membranes. After blocking
(5%, mass:vol, powder milk in 10 mM Tris–HCl pH 7.4, 0.5 M NaCl,
0.1% Tween-20) at room temperature for 2 h, membranes were incu-
bated overnight with bilitranslocase antibodies (Antibody A, 25 mg
IgG/mL, in blocking solution) at 48C. Horseradish peroxidase-
conjugated secondary antibodies (1:6000-diluted goat anti-rabbit,
Pierce) and chemiluminescent SuperSignal West Dura substrate
(Thermo Scientific, Rockford, IL, USA) were used to develop the
immunoblot.

2.9 Immunhistochemistry
Following anaesthesia, a rat underwent exsanguination by transcardial
perfusion (at flow rate of 10 mL min-1) with �150 mL of phosphate
buffered saline solution (PBS). The perfusion continued with 100 mL
of fixative solution [4% (mass:vol) paraformaldehyde and 0.2%
(vol:vol) glutaraldehyde in PBS]. Then, the abdominal aorta was
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removed, cut in small rings and stored in the same solution for 2 h at
48C. The rings were washed four times in PBS and twice in ultra pure
water, then dehydrated in ethanol and embedded in LR White M
acrylic resin. Immunolabelling of ultrathin sections (100 nm supported
on 300 mesh nickel grids) was carried out by grid flotation technique at
218C for 1 h on drops of blocking buffer [1% (mass:vol) bovine serum
albumin (BSA), 20% (vol:vol) normal goat serum (NGS) in 0.1 M Tris
buffered saline pH 7.4 (TBS)], and then incubated overnight at 48C
in 3 mg/mL of polyclonal anti-bilitranslocase Antibody A in incubation
medium [1% (mass.vol) BSA, 1% (vol:vol) NGS, 4% (vol:vol) FBS and
0.1% (vol:vol) Tween 20 (Merck SpA, Milano, Italy) in TBS]. After
several washes (six times, 5 min each) in TBS to remove the antibody
excess, the sections were incubated for 2 h in the same incubation
medium but at pH 8.4, containing gold-conjugated 10 nm goat anti-
rabbit IgG (British BioCell, Cardiff, UK) diluted 1:100. Same grids
were treated with Silver Enhancing Kit (British BioCell, Cardiff, UK)
to enlarge the gold particles. Finally, the sections were counterstained
with uranyl acetate (2%, mass:vol) for 15 min and then lead citrate sol-
ution (0.25%, mass:vol) for 2.5 min and observed by Philips EM 208
electron microscope at 80 kV accelerating voltages. Anti-
bilitranslocase antibody A was omitted in the controls. In order to
assess the endothelial phenotype of the cells lining the aortic lumen,
a similar procedure was implemented with adjacent aortic rings, incu-
bated with anti-von Willebrandt factor antibodies (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA, 1:100 in incubation medium).

2.10 Immunocytochemistry
About 2.5 � 104 cells were seeded on sterile glass cover slips,
para-formaldehyde-fixed, treated with 0.2% (vol:vol, in PBS) Triton
X-100 for 10 min and incubated for 1 h with blocking solution (see
above) at 378C. Cells were incubated for 2 h at room temperature
with bilitranslocase antibodies (antibody B, 100 mg IgG/mL). A FITC-
conjugated secondary antibody (goat anti-rabbit IgG, 1: 200) was
used to visualize immunocomplexes under a fluorescence microscopy.

2.11 Preparation of cell monolayers
for uptake assay
Cell monolayers were obtained by seeding cells (2.5 � 105 in 7 mL of
growth medium) in 25 cm2 flasks; the growth medium was changed
every second day. Uptake experiments were performed after 6 days,
as cells reached confluence. In some experiments the cell monolayer
was pre-incubated at 378C in growth medium containing 0.1 mM phe-
nylmethanesulfonyl fluoride (PMSF) for 20 min or in serum-free
growth medium containing either antibody B or rabbit IgG (both
0.24 mg IgG/mL) for 30 min. Prior to uptake assays, the cell medium
was removed and cells were rinsed with PBS (three times, at 378C).

2.12 BSP and quercetin uptake
The uptake assays were similar to those previously applied in the
human hepatocarcinoma cell line HepG2.18,21 The tests started by
adding the transport solution (7 mL PBS, containing either 24 mM
BSP or 10 mM quercetin) to the cell monolayer, previously washed
with PBS. The flasks were kept in a water bath at 378C and gently
shaken. At time intervals, samples (BSP: 300 mL; quercetin: 800 mL)
of the transport medium were transferred to polycarbonate cuvettes
for spectrophotometric analysis (Ultrospec 2100 pro, Amersham Bio-
sciences, AB, Uppsala, Sweden). Quercetin was analysed at l ¼

375 nm (1 ¼ 18.1 M21 cm21); BSP was analysed in alkali (0.1 M
NaOH, 2.7 mL) at l ¼ 580 nm (1 ¼ 64 000 M21 cm21). The same
kind of experiment was repeated 3–5 times, yielding qualitatively
similar results. This experiment was performed three times.

The figures display representative experiments, carried out in triplicate
on the same day.

2.13 Assay of malvidin 3-glucoside uptake
The assays started by adding the transport solution (4 mL PBS, con-
taining 18 mM malvidin 3-glucoside) to the cell monolayer, previously
washed with PBS. The flasks were kept in a water bath a 378C and
gently shaken. At time intervals, samples (300 mL) of the transport
medium were added to 120 mL of 0.8% perchloric acid in methanol
for further HPLC-DAD analysis, as previously described.21 This exper-
iment was performed three times. The figure displays a representative
one, carried out in triplicate on the same day.

2.14 Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.0 (La Jolla,
CA, USA). Differences among uptake curves were evaluated by
two-way ANOVA with Bonferroni posttests. P-values , 0.05 (two-
tailed) were regarded as statistically significant.

3. Results

3.1 Immunochemical studies with
bilitranslocase antibodies
3.1.1 SDS–PAGE and immunoblot
Bilitranslocase polyclonal antibodies used in this work target two
selected extracellular domains of the transporter,18 causing inhi-
bition of its transport activity in rat liver plasma membrane ves-
icles.28,29 Their effects can be prevented by nM bilirubin,28,29

showing their specific molecular interaction. Consistently, both
antibody A and antibody B cause inhibition of BSP uptake into
the human hepatocarcinoma cell line HepG2.18,21 These antibodies
were used to detect bilitranslocase in the endothelial cells.
Figure 1A shows immunoblots of lysates of human endothelial
cells (Ea.hy 926 cell line), primary rabbit aortic smooth muscle
cells, human hepatocytes (HepG2 cell line, positive control), and
human erythrocyte ghosts (negative control), using antibody
A. As already seen in liver,18,28,29 the antibody reacts with a
single protein of apparent molecular mass of �38 kDa. Similar
data could be obtained with antibody B (data not shown). Given
their specific reaction, these antibodies seemed suitable to
further investigate the expression and function of bilitranslocase
in the vascular endothelium.

3.1.2 Immunohistochemistry
Figure 1B shows the tunica intima and the tunica media of a section
of rat aorta; endothelial cells were characterized for the expression
of the von Willebrandt factor (data not shown). The immunogold
electron microscopy detection of bilitranslocase in the rat aortic
endothelium is shown in Figure 1C, where several immunogold par-
ticles were found both at the plasma membrane level and in intra-
cellular vesicles.

3.1.3 Immunocytochemistry
Immunocytochemistry analysis with the bilitranslocase antibodies
was carried out on primary aortic endothelial cells explanted from
rat (Figure 2A), on human aortic endothelial cells (Figure 2B), and
on the permanent cell line Ea.hy 926 (Figure 2C). In all instances,
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cells express bilitranslocase. The antigen appears not only at the level
of the cell membrane, but also in the cytoplasm; in particular, the
large human primary endothelial cells offer the opportunity to visu-
alize a network of intra-cellular tubules, thought to arise by invagina-
tion of the plasma membrane.32

3.2 Assays of bilitranslocase transport
activity in Ea.hy 926 cells
The Ea.hy 926 cell line is an endothelial cell model, suitable for
maintenance in culture for up to 30 passages, thus appropriate

for characterizing the transport properties of bilitranslocase
under a variety of experimental conditions. These cells were
used in transport assays using three different bilitranslocase sub-
strates, such as bromosulfophthalein, quercetin, and malvidin
3-glucoside.

3.2.1 Bromosulfophthalein uptake
The transport substrate was bromosulfophthalein (BSP), an
organic anion dye (Figure 3A), whose quinoidal tautomer is trans-
ported by liver bilitranslocase (Km ¼ 5 mM).33,34 As shown in
Figure 3B, BSP (24 mM) is rapidly taken up into cells, reaching
equilibrium by 1 min. Both antibody A and B (0.24 mg IgG/mL
added to the cell growth medium for 1 h prior to the uptake
test) markedly inhibited BSP uptake into cells. The partial effect
might be ascribed to: (i) the transport activity of other, unidenti-
fied BSP membrane carriers contributing to the uptake; (ii) the
residual activity of bilitranslocase molecules not involved in the
formation of immuno-complexes; (iii) partial functional inhibition
of the carrier, in spite of full complexation with antibodies. Not-
withstanding, a substantial share of BSP uptake into cells is
bilitranslocase-mediated. Figure 3C shows that BSP uptake is inhib-
ited by the flavonoid quercetin (5 mM, its structure is insetted in
Figure 4B), a competitive inhibitor of bilitranslocase transport
activity displaying some structural analogies with phthaleins.19 It
should be observed that under such conditions quercetin inter-
acts with bilitranslocase below its saturation (quercetin Ki ¼
21.1 mM,19), thus stronger inhibition might be expected at
higher quercetin concentrations. These tests were, however,
not done, due to the limited quercetin solubility in the transport
assay medium.

3.2.2 Quercetin uptake
Figure 4A shows that quercetin (10 mM) is also rapidly taken up into
Ea.hy 926 cells. Its uptake could be inhibited either by BSP (24 mM)
or by bilirubin (as low as 50 nM), each added to the quercetin sol-
ution (cis-inhibition). In a trans-inhibition test, cells were pre-loaded
with 1 mM bilirubin added to the cell culture medium for 1 h and
then removed prior to the uptake test. Again in this condition,
quercetin uptake was inhibited (trans-inhibition) (Figure 4B). The
latter findings suggest that quercetin entered into cells via a high-
affinity bilirubin carrier, presumably bilitranslocase (bilirubin
Kd ¼ 2 nM,18,20,28). Consistently, both bilitranslocase antibodies
(0.24 mg IgG/mL added to the cell growth medium for 1 h prior
to the uptake test) inhibited quercetin uptake (Figure 4C).
Figure 4C shows that an even stronger inhibition could be obtained
by pre-treating the cell monolayer with the serine-specific reagent
phenylmethanesulfonyl fluoride. This serine-specific reagent is an
inhibitor of bilitranslocase transport activity in rat liver plasma
membrane vesicles35,36 and a blocker of bilirubin uptake into the
liver cell line HepG2.18

3.2.3 Malvidin 3-glucoside uptake
Quercetin, though extensively used in vitro studies, is found in
human plasma, mainly as glucurono- and sulfo-conjugated deriva-
tives37 that are not substrates of bilitranslocase.19 Quercetin
derivatives could be, however, deconjugated in sites of inflam-
mation38 and converted to the aglycone, that is a substrate of

Figure 1 (A) Immunoblotting of lysates of Ea.hy 926 cells (lanes
1–2, 30, and 60 mg proteins, respectively), primary rabbit aortic
smooth muscle cells (lanes 3–4, 30, and 60 mg), HepG2 (lanes
5–6, 30, and 60 mg), and human erythrocyte ghosts (lane 7,
50 mg) using bilitranslocase antibody A. (B and C) Immunogold
electron-microscopy localization of bilitranslocase in rat aortic
endothelium. (B) shows a transverse section of the rat thoracic
aorta, with two endothelial cells (arrows) resting on the lamina
elastica interna (black arrowhead) (scale bar 5 mm). (C) shows a
section of the tunica intima, with an endothelial cell (n ¼ nucleus)
contacting (downward arrows) neighbouring cells; the endo-
thelium rests on the sub-endothelial layer (upward arrows), inter-
connected with the lamina elastica interna (arrowhead).
Bilitranslocase localization in the endothelium is demonstrated
by immunogold particles (black dots), using antibody A (scale
bar 1 mm).
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Figure 2 Immunocytochemistry of vascular endothelial cells. (A) Primary endothelial cells explanted from rat aorta. (B) Primary endothelial
cells from human aorta. (C) Ea.hy 926 cells. Primary immunocomplexes formed with bilitranslocase antibodies (antibody A) were detected by a
FITC-conjugated anti-rabbit antibody and visualized under epifluorescence microscopy (scale bar 50 mm).

Figure 3 (A) Chemical structures of BSP tautomers. The colourless phenolic species (P) converts to the coloured (Amax ¼ 580 nm) quinoidal
one (Q) upon release of an Hþ into the medium. (B) BSP uptake into Ea.hy 926 monolayers: the effect of bilitranslocase antibodies. Uptake tests
were carried out as described in Sections 2.11 and 2.12, using cell mono-layers pre-incubated either without (filled circles) or with anti-
bilitranslocase antibodies (antibody A, open triangles; antibody B, open squares). (C) Cis-inhibition of BSP uptake into Ea.hy 926 monolayers
by extracellular quercetin. Uptake tests were carried out using 24 mM BSP either in the absence (filled circles) or in the presence of
10 mM quercetin (open circles). Data are means+SEM (n ¼ 3). All data obtained with the inhibitors are significantly different from BSP
alone at ***P , 0.001.
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bilitranslocase. In contrast, malvidin 3-glucoside (Figure 5A), a flavo-
noid pigment of red fruits and berries and a strong inhibitor of bili-
translocase activity (Ki ¼ 1.42 mM),34 is found intact in plasma
following ingestion.39 Its uptake into Ea.hy 926 cells might be of
physiological interest. Figure 5B shows that the uptake of this
anthocyanin into Ea.hy 926 cells was inhibited by antibody B,
similar to what seen in liver cells (HepG2).21

3.3 Quercetin uptake in primary
endothelial cells
In order to test bilitranslocase function also in normal cells, either
primary endothelial cells explanted from rat aorta or human aortic
endothelial cells were used in quercetin uptake tests. Figure 6A
shows that quercetin uptake into primary rat endothelial cells
was similar both in rate and in extent to that seen in Ea.hy 926
cells and much higher than in smooth muscle cells explanted
from rabbit aorta and tested to provide a reference, since they
poorly express bilitranslocase (data not shown).

Quercetin uptake was strongly inhibited by antibody B both in
rat and human cells (Figure 6B and C, respectively), allowing to con-
clude that results obtained with Ea.hy 926 cells can be extrapolated
to normal endothelial cells.

4. Discussion
The results of this study show that the uptake of quercetin into
endothelial cells has the features of a carrier-mediated process,
for the following reasons: (i) it is inhibited by the serine-specific
reagent phenylmethanesulfonyl fluoride to an extent indicating
that other phenomena possibly concurring to quercetin disappear-
ance from the medium are irrelevant (e.g. plain adsorption onto
membrane phospholipids or extracellular break-down)
(Figure 4C). The sensitivity of quercetin uptake to serine-blockers
implies that also organophosphorous compounds, used as insecti-
cides and pesticides in the food production chain, might interfere
with uptake of flavonoids into the endothelium; (ii) it is also inhib-
ited by pure anti-peptide antibodies targeting two distinct extra-
cellular domains of liver bilitranslocase18 (Figure 4C); (iii) it is
cis-inhibited by BSP (Figure 4A), whose uptake into endothelial

Figure 4 Quercetin uptake into Ea.hy 926 monolayers. (A) Cis-inhibitions by either extracellular BSP or bilirubin. Uptake tests were carried
out as described in Sections 2.11 and 2.12, using 10 mM quercetin either in the absence (filled circles) or in the presence of either 24 mM BSP
(open circles) or 50 nM bilirubin (open triangles). (B) Trans-inhibition by intracellular bilirubin. Uptake of 10 mM quercetin was carried out as
described in Sections 2.10 and 2.11; cell monolayers were pre-incubated for 1 h either in the absence (filled circles) or in the presence of 1 mM
bilirubin (open triangles) added to culture medium. Then, cells monolayers were washed and incubated with transport assay solution containing
10 mM quercetin. The inset displays quercetin chemical structure. (C) The effect of bilitranslocase antibodies and of the irreversible serine-
specific reagent PMSF. Cell monolayers were pre-incubated either without (filled circles) or with bilitranslocase antibodies (antibody A,
open triangles; antibody B, open squares) or with 0.1 mM PMSF (open circles). Then, cells monolayers were washed and incubated with trans-
port assay solution containing quercetin. Data are means+SEM (n ¼ 3). **P , 0.01, ***P , 0.001.

Figure 5 Malvidin 3-glucoside uptake into Ea.hy 926 mono-
layers: the effect of bilitranslocase antibodies. Monolayers of
Ea.hy 926 cells were pre-incubated either without (filled
circles) or with 0.24 mg/mL antibody B (open squares). Then,
cells were washed and incubated with 18 mM malvidin 3-
glucoside. Data are means+SEM (n ¼ 3). Significantly different
from malvidin 3-glucoside (chemical structure in the inset)
alone at *P , 0.05.
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cells is not only inhibited by the same bilitranslocase antibodies
(Figure 3B) but also cis-inhibited by quercetin itself (Figure 3C);
(iv) it is both cis- and trans-inhibited by physiological concentrations
of unbound (i.e. albumin-free) bilirubin40 (Figure 4A and B, respect-
ively), a high-affinity transport substrate of liver bilitranslocase.18

The possible contribution of glucose transporters (in particular
the ubiquitous GLUT1, shown to transport quercetin into erythro-
cytes41) to endothelial quercetin uptake cannot be ruled out and is,
indeed, quite likely to take place both in vivo and in the above
experimental models. For all that, the sensitivity of quercetin
uptake to both bilirubin and anti-bilitranslocase antibodies is not
less, but rather more meaningful, since it is clearly observed in
systems where multiple flavonoid transporters occur.

Altogether, it can be concluded that a high-affinity bilirubin
membrane transporter, similar if not identical to liver bilitranslo-
case, promotes the uptake of some flavonoids, such as quercetin
and malvidin 3-glucoside, into the vascular endothelium. From
the above uptake data and taking into account the volume of the
25 cm2-cell monolayer (about 20 mL), it can be calculated that fla-
vonoids may attain an intracellular concentration higher by at least
one order of magnitude than the initial extracellular one, therefore
potentially making the vascular endothelium, extending for up to
about 240 m2,42 one of the largest tissutal targets of dietary flavo-
noids. Noticeable is, however, the observation that the apparent
cellular uptake of flavonoids is transient, the likely consequence
of their active efflux from cells.43 The concentrations of flavonoids
in these assays, chosen to be reliably quantified, are well above the
reported circulating levels following ingestion.44 However, prelimi-
nary tests done in our laboratories indicate that much lower extra-
cellular concentrations (,1026 M) of flavonoids can be used to
demonstrate both their bilitranslocase-dependent uptake and
their intracellular bioactivity.

Quite meaningful is the finding that bilirubin inhibits quercetin
uptake, an indirect though still compelling demonstration that bilir-
ubin itself permeates the endothelial plasma membrane through a
carrier protein, rather than by passive diffusion. Lipophilic bilirubin
is taken up into the liver, the exclusive site of its disposition, by a
carrier-mediated mechanism, as demonstrated first in rats in
197545 and as expected of a di-anion at the plasma pH.46 The
advantage for endothelial cells to express one or more types of
bilirubin membrane carrier(s) would be to establish yet another
point of control on intracellular bilirubin concentration, down-
stream from the first one at the level of the heme oxygenase reac-
tion. The latter enzyme (HO-1, EC-Number 1.14.99.3) is rapidly
and markedly induced by transcriptional activation triggered by
the most various stressors,47 thus leading to large intracellular fluc-
tuations of its products, i.e. carbon monoxide and biliverdin, the
latter subsequently reduced to bilirubin by biliverdin reductase
(EC-Number 1.3.1.24). If bilirubin generated intracellularly by
heme oxygenase improves the endothelial function, by decreasing
superoxide anion generation by NADPH oxidase (EC-Number
1.6.3.1)48 and suppressing pro-inflammatory genes,49 also serum
bilirubin confers vascular protection50,51 and reduced risk of cardi-
ovascular disease.52 It is therefore, reasonable to speculate that
one, so far unappreciated, mechanism whereby flavonoids are ben-
eficial for the cardiovascular system might also be the inhibition of
bilirubin efflux from endothelial cells, so that bilirubin would attain
the effective intracellular concentration to act like both an antiox-
idant53 and an inhibitor of reactive oxygen species’ generation by
NADPH oxidase.

While this work addressed the issue, whether some selected fla-
vonoids can be taken up into the vascular endothelium, these data
open an even more general question, i.e. which other molecules
can be targeted to the endothelium by exploiting the transport

Figure 6 Quercetin uptake into endothelial cells from either rat or human aorta. (A) Quercetin uptake was carried in primary endothelial
cells explanted from rat aorta (squares) as described in Figure 4A. For comparison, the same assay was also carried out with Ea.hy 926 cells
(circles) and aortic smooth muscle cells (triangles). (B) Quercetin uptake into primary endothelial cells explanted from rat aorta: the effect
of bilitranslocase antibodies. Monolayers were pre-incubated either without (circles) or with 0.24 mg/mL antibody B (triangles); quercetin
uptake assay was carried out as described in Figure 4. (C) Quercetin uptake into primary endothelial cells explanted from human aorta: the
effect of bilitranslocase antibodies. Monolayers were pre-incubated either without (circles) or with 0.24 mg/mL antibody B (triangles) and
assayed for quercetin uptake as described earlier. Data are means+SEM (n ¼ 3). Significantly different from quercetin alone at *P , 0.05,
***P , 0.001.
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properties of bilitranslocase? Further work, currently in progress in
our laboratories, is needed to understand the transporting poten-
tial of this membrane carrier protein.
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