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One of the organ-specific functions of the liver is the excretion of bilirubin into the bile. Membrane transport of
bilirubin from the blood to the liver is not only an orphan function, because there is no link to the protein/gene
units that perform this function, but also a poorly characterised function. The aim of this study was to investigate
the pharmacology of bilirubin uptake in the liver of the female Wistar rat to improve basic knowledge in this
neglected area of liver physiology. We treated isolated perfused livers of female rats with repeated single-pass,
albumin-free bilirubin boli. We monitored both bilirubin and bilirubin glucuronide in perfusion effluent with a
bio-fluorometric assay. We tested the ability of nine molecules known as substrates or inhibitors of sinusoidal
membrane transporters to inhibit hepatic uptake of bilirubin. We found that cyanidin 3-glucoside and malvidin
3-glucoside were the only molecules that inhibited bilirubin uptake. These dietary anthocyanins resemble bro-
mosulfophthalein (BSP), a substrate of several sinusoidal membrane transporters. The SLCO-specific substrates
estradiol-17 beta-glucuronide, pravastatin, and taurocholate inhibited only bilirubin glucuronide uptake. Cya-
nidin 3-glucoside and taurocholate acted at physiological concentrations. The SLC22-specific substrates indo-
methacin and ketoprofen were inactive. We demonstrated the existence of a bilirubin-glucuronide transporter
inhibited by bilirubin, a fact reported only once in the literature. The data suggest that bilirubin and bilirubin
glucuronide are transported to the liver via pharmacologically distinct membrane transport pathways. Some
dietary anthocyanins may physiologically modulate the uptake of bilirubin into the liver.

1. Introduction

Bilirubin (BR) is the end product of cellular heme catabolism and
circulates in the blood as a reversible complex with albumin. Its normal
serum concentration is 5-17 uM [1], with a small amount of bilirubin
diglucuronide (BRG) [2]. These are steady-state values resulting from
the balance between daily production of about 300 mg in adult humans
and hepatic excretion of bilirubin diglucuronide into bile. The hepatic
metabolism of BR involves transport from the blood to the liver, intra-
cellular binding to glutathione S-transferase and conjugation with glu-
curonic acid by UDP-glucuronosyltransferase (UGT1A1l), and transport
into the bile by MRP2 (ABCC2)[2].

Elements for a molecular and pharmacological description of hepatic
BR uptake are still lacking [3], although research started five decades

ago. Based on kinetic data, the uptake of BR into the liver has been
described as transporter-mediated, as it has been shown to be inhibited
by bromosulfophthalein (BSP) and indocyanine green [4]. The concept
that the sinusoidal membrane transporters OATP1B1 (SLCO1B1) and
OATP1B3 (SLCO1B3) are mediators of hepatic bilirubin transport has
become widespread in the literature, although the evidence is not
strong, as shown by a systematic review of the available data [5].
Moreover, studies on the effects of SLCO-specific drugs on bilirubinemia
have consistently shown that only conjugated bilirubin (direct bilirubin)
is an endogenous biomarker for the inhibition of Oatp in rats [6] and
humans [7].

Therefore, hepatic uptake of BR today is not only an orphan transport
activity, since there is no link to proteins/genes that carry out this ac-
tivity [8], but also a still poorly characterised function, despite being a

Abbreviations: BR, bilirubin; BRG, bilirubin glucuronide; C3G, cyanidin 3-glucoside; E17G, estradiol-17 beta glucuronide; M3G, malvidin 3-glucoside; P3G,

peonidin 3-glucoside; PRV, pravastatin; TC, taurocholate.

* Correspondence to: Dipartimento di Scienze della Vita, Universita degli Studi di Trieste, Via L. Giorgieri 1, 34127 Trieste, Italy.

E-mail address: spassamonti@units.it (S. Passamonti).
1 Equal contribution

https://doi.org/10.1016/j.biopha.2022.114044

Received 7 October 2022; Received in revised form 15 November 2022; Accepted 25 November 2022

Available online 1 December 2022
0753-3322/© 2022 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license


mailto:spassamonti@units.it
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2022.114044
https://doi.org/10.1016/j.biopha.2022.114044
https://doi.org/10.1016/j.biopha.2022.114044
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Pelizzo et al.

pillar of liver physiology and clinical diagnostics.

The aim of this study was therefore to investigate the pharmacology
of BR uptake in the isolated perfused rat liver model, which preserves
the morphology and function of the organ. To achieve this goal, we
measured BR and bilirubin glucuronides (BRG) in liver perfusion
effluent using a new fluorometric method based on a recombinant
protein fused to UnaG [9]. We investigated the property of nine mole-
cules, recognised as standard substrates or inhibitors of sinusoidal
membrane transporters for organic anions, to inhibit the uptake of BR
into the liver.

We found that cyanidin-3-O-beta-glucopyranoside (cyanidin 3-
glucoside, C3G) and its congener malvidin 3-glucoside (M3G) (but not
peonidin 3-glucoside, P3G) are the only molecules that inhibit the up-
take of BR in the female rat liver. Both belong to the anthocyanin family
(a subclass of flavonoids) and are found in red berries, black rice, and red
wine, among others [10]. Both are competitive inhibitors [11] of bili-
translocase (TCDB 2.A.65.1.1), a genetically orphan hepatic transporter
for organic anions [12]. No anthocyanin is included in the list of fla-
vonoids targeting members of the SLCO and SLC22 transporter super-
families expressed in the liver [13-17]. The Oatp substrates pravastatin,
estradiol-17 beta-glucuronide and taurocholate inhibited only BRG up-
take. Indomethacin and ketoprofen, both substrates of Oat2 (Slc22a7),
were inactive in the uptake of both BR and BRG. Moreover, our exper-
iments on inhibition of uptake of BR by C3G showed that there is a BRG
transporter that is inhibited only by BR, a fact that has been reported
only once in the literature [18].

2. Materials and methods
2.1. Isolated perfused rat liver

The isolated perfused rat liver was chosen because the hepatic ar-
chitecture supporting the vectorial hepatobiliary transport processes is
preserved [19]. This study has received bioethical approval from the
Italian government (project code 3379PAS18, N. 65/2019- PR, by the
Ministry of Health). The methods and results comply with the ARRIVE
guidelines [20]. Isolated livers were prepared from Wistar rats
(200-290 g) following a standard procedure [21] with modifications as
described in a protocol [22]. Surgical procedures were performed be-
tween 11 am and 1 pm. Only female rats were used, as in previous work
on the transport activity of bilitranslocase in vitro [23,24]. Livers were
isolated from the general circulation by intraportal perfusion of 110 mL
of Hank’s buffered saline solution (HBSS) at a flow rate of 6 mL min !
and a temperature of 37 °C. The outflow from the liver was collected via
a catheter inserted into the posthepatic segment of the inferior vena cava
via the right atrium. When the effluent from the liver was free of blood,
we replaced HBSS with phosphate-buffered saline, pH 7.4 (PBS), as this
was compatible with the analysis of BR. The perfusion PBS was without
serum albumin to avoid variable equilibria of the BR -albumin complex
[25] and contained 2.5 mM glucose, 2 mM pyruvate and 0.2 mM lactate.
Perfusion was performed without oxygenation to prevent the formation
of oxygen free radicals and redox reactions with bilirubin [26] and an-
thocyanins [27]. It is known that short-term ischemia has no effect on
the structural [28] and metabolic integrity of the organ [29]. The
perfusion fluid was anoxic but not ischemic because glucose and the
unequal pyruvate/lactate pair ensured both substrate-level phosphory-
lation and a "clamped" cellular NAD"/NADH + H" ratio. Once the need
for oxygen delivery to the liver was overcome, perfusion flow was
maintained at 0.9 mL min~! g~! liver weight (6 mL min~?), which is
within the range that ensures normal portal pressure and perfusion flow
in the isolated rat liver [30], and is close to physiological portal blood
flow in the rat (1.25 mL min~! g’1 liver weight) [31]. These conditions
preserve the sinusoidal endothelium from shear stress [32], which can
trigger the release of hepatic enzymes [33]. The bile duct was not can-
nulated, as recommended, to avoid accidental cholestasis and its un-
predictable influence on the kinetics of hepatic BR uptake [34]. These
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conditions ensured organ viability and functional integrity for the
duration of the uptake assays (1 h after isolation).

2.2. Viability tests on isolated perfused rat liver

The tests were performed as described in detail [22]. Liver perfusion
effluent was assayed for a marker of membrane lipid oxidation
(malondialdehyde), which was undetectable in contrast to oxygenated
liver perfusion [33]. There was no apparent membrane permeabilization
(ATP release) or cytolysis (LDH release) (Suppl. Fig. 1A), and the
microcirculation was preserved, as assessed by recovery of a bovine
serum albumin bolus (Suppl. Fig. 1B). The liver showed a constant
release of taurocholate (Suppl. Fig. 1C), which was not affected by the
portal injection of BR, C3G, or E17G. Suppl. materials

2.3. Hepatic bilirubin uptake: assumptions

According to data from isolated perfused rat livers [35,36], > 75% of
an intra-portal bolus of 10 nmol BR is expected to be taken up, resulting
in recovery of the remaining fraction in hepatic venous effluent. Vari-
ations may occur if the liver loses its ability to absorb bilirubin, as has
been observed in the perfused liver of endotoxemic rats [37], or its
ability to capture BR by intracellular conjugation, as has been observed
in the Gunn rat, which carries an inherited bilirubin-UDP-glucuronosyl
transferase deficiency [38], or eventually loses its ability to keep
intracellular BRG concentration low by biliary excretion, as is the case in
the Eisai rat, which carries a genetic defect in Mrp2 function [39].

If the transport of BR from the sinusoid into the hepatocyte is
mediated by one or more sinusoidal membrane transporters, the mem-
brane permeability to BR can be reduced by specific reversible inhibitors
at appropriate concentrations. This would be evident in a transient in-
crease in the concentration of BR in hepatic venous effluent. The target
transporters and the compounds tested for possible inhibition of sinu-
soidal uptake of BR are listed in Suppl. Table 1.

2.4. The general experimental design for testing hepatic bilirubin uptake

Because the focus of this study was to characterize the pharmacology
of hepatic single-pass BR uptake, which occurs in < 0.5 min [35,36], we
administered small intraportal BR boli, each corresponding to approxi-
mately 3.6% of the dose (38.5 nmol g ! liver) that would be taken up by
the liver at half-maximal rate [35]. Up to 12 repeated BR boli (0.2 mL;
0.05 mM in PBS: DMSO, 80:20 vol/vol) were injected into the portal
vein using a 1 mL syringe connected to a port of the cannula inserted into
the portal vein. Thus, BR boli were administered under constant perfu-
sion flow. After each bolus, ten fractions (0.35 mL) of hepatic venous
effluent were collected in Eppendorf tubes at 4 s/fraction intervals.
Thereafter, the effluent was collected in bulk (3.5 mL) for 40 s. During
this time, the 1-mL syringe was prepared for delivery of the next BR
bolus and collection of hepatic venous outflow continued. The entire test
took approximately 25 min. Known inhibitors/substrates of hepatic si-
nusoidal transporters were injected or co-injected with BR in the same
vehicles as above at the concentrations indicated in Suppl. Table 1B and
in the captions. See protocol [22] for further details.

2.5. Assay of bilirubin and bilirubin glucuronide

The BR assay was performed using the HUG fluorometric assay [9].
96-well plates (Nunc) containing 0.010 mL HUG (0.4 mg/mL) were
used. A freshly prepared BR standard solution (0-0.05 mM in PBS:
DMSO, 97:3, vol/vol; 0.2 mL) was used to calibrate the fluorescence of
the HUG-BR complex, which was recorded in a multiplate reader (Syn-
ergy H1; BioTek Winooski, VT) at Aex = 485 nm and Ae = 528 nm,
yielding a lower limit of detection LoD = 0.74 nM and a lower limit of
quantification LoQ = 2.25 nM (n = 40) (Suppl. Fig. 2). Controls were
performed to evaluate the potential interference of molecules
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co-injected with BR by adding them to serially diluted standard solutions
of BR (Suppl. Fig. 2). Immediately after collection, fractions of hepatic
venous effluent (0.2 mL) were transferred to the multi-well plates con-
taining HUG (0.4 mg/mL) to prevent decay of trace amounts of BR in the
perfusion solution. The covered multi-well plate was incubated at T =
25 °C for 1 h and the emission fluorescence was recorded. Then, BRG
present in the same samples was analyzed by adding 0.01 mL (8 IU) of
B-glucuronidase (Sigma) to each well, including the wells containing the
standard solutions BR, and keeping the plate at T = 25 °C. Emission
fluorescence was recorded 2 h later as described above. The multiwell
plate was stored covered at 4 °C overnight and the fluorescence was
recorded again (Suppl. Fig. 2). The value of the last reading represents
the total bilirubin concentration (BR + BRG) and allows the calculation
of the BRG concentration. See protocol [22] for further details.

2.6. Analysis of anthocyanins and taurocholate

C3G and peonidin 3-glucoside (P3G) in perfusion effluent were
analyzed using HPLC-DAD [40]. Samples (0.1 mL) were mixed with
methanol (0.1 mL) and stored at — 20 °C. At the time of analysis, sam-
ples were acidified with 1 pL of 70% perchloric acid, filtered through a
0.22 p PDVF filter (Millipore Corporation, MA, USA) and injected
directly into a Purospher C18 column (250 x4.6 mm, 5 um; Merck,
Darmstadt, Germany) with a Purospher C18 guard column (4 x4 mm, 5
um) on an 1100 HPLC-DAD (Agilent Technologies, Palo Alto, USA).
Anthocyanins were detected and quantified using a slightly modified
method as described in [40]. The mobile phase consisted of 0.3%
perchloric acid in Milli-Q water (phase A) and 100% methanol (phase
B). The separation was carried out at T = 35 °C. Linear gradient con-
ditions started at 28.5% B, reached 42% B in 25 min, then 100% B in 1
min, and remained at 100% B for 3 min. The column was equilibrated for
6 min before each analysis. The flow rate was 0.55 mL min-1 and the
injection volume was 70 uL. UV-Vis spectra were recorded from 200 to
700 nm. Identification of the peaks was based on both the retention
times and the UV-Vis spectra of the pure reference compounds. Quan-
tification of C3G and P3G was based on the peak areas at A = 520 nm and
concentrations were estimated using the external standard method.

An Ultra High Performance Liquid Chromatography-ElectroSpray
Ionization-tandem mass spectrometry method (UHPLC-ESI-MS /MS)
was used for the simultaneous analysis of taurocholate, C3G, and P3G in
the perfusion effluent fractions. Samples (0.18 mL) were added to a 96-
well plate together with 0.02 mL of 1 ppm taurocholate-d5 in methanol
and mixed on an Eppendorf shaker (Eppendorf, Milan, Italy) at 300 rpm
for 5 min. Calibration curves (15 points) were prepared in methanol by
serial dilution of the mother solution (5 ppm taurocholate, 1.5 ppm
taurocholate-ds, and 2.5 ppm of both C3G and P3G). Analyses were
performed using a AB Sciex 6500 + triple quadrupole coupled to a
Shimadzu LC-30 CE pump (Ab Sciex, Milan, Italy). Chromatographic
separation was performed on Acquity Premier HSST3 2.1 x 150 mm
(1.8 um particle size) (Waters, Milan, Italy). The mobile phase was 0.1%
formic acid, either in water (phase A) or acetonitrile (phase B). The
linear gradient at a constant flow of 0.4 mL min~ ! started at 20% B and
reached 100% B at 2 min. It was continued for 1.30 min, then the col-
umn was re-equilibrated at the original conditions. The total analysis
time was 5.80 min. ESI was run in positive ion mode to detect cyanidin,
C3G, peonidin and P3G and in negative mode to detect taurocholate and
taurocholate-ds. The curtain gas (CUR) was set at 35 PSI, the ion source
(IS) gas 1 and 2 were set at 45 and 55 PSI, respectively; CUR and IS were
air; collision gas was nitrogen. The source temperature was 400 °C; the
ion spray voltage was 5500 V in positive ion mode and 4500 V in
negative ion mode. Compound-dependent parameters, such as Declus-
tering Potential (DP), Entrance Potential (EP), Collision Energy (CE),
and Collision-cell exit potential (CXP), were determined by direct infu-
sion of the pure standard. Analytical details can be found in Suppl.
Table 2.
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2.7. Data analysis

GraphPad Prism 9.1.2 software (225) was used for graphical repre-
sentation of data, calculation of peak parameters (AUC, tmax, Cmax),
boxplot analysis of data sets (median, mean, and SD), and evaluation of
differences between means by unpaired Student’s t test.

3. Results

3.1. Hepatic uptake of bilirubin: the effect of cyanidin 3-glucoside and
pravastatin

The initial tests were performed with two different inhibitors (mo-
lecular targets and kinetics in Suppl. information, Table 1). One was C3G
(chemical structure in Suppl. Fig. 3), which inhibits the transport ac-
tivity of bilitranslocase (K; = 5.8 uM). The other was pravastatin, a
specific substrate of human OATP1B1, Oatp2 (Slcola4) and Oat
(Slc22a7) from rat liver, but not of bilitranslocase. Fig. 1a shows that
when BR was injected alone or with pravastatin, some BR (10.9 pmol;
0.11%) was recovered in the effluent, showing the extensive uptake
capacity of this liver preparation. When it was co-injected with C3G, a
sharp and high BR peak occurred, indicating inhibition of the uptake of
BR. This effect was transient, as the next BR bolus was again almost
completely absorbed.

In this study, inhibition of uptake of BR by C3G was performed at
least once in all experiments testing pravastatin and other inhibitors as a
functional control of liver preparations. No differences were observed
between the BR peaks elicited by C3G that might depend on the order of
administration (Suppl. Fig. 3). Therefore, we performed a comprehen-
sive analysis of all C3G-induced peaks compared to all controls. Fig. 1b
shows peak analysis of BR boli alone or with either C3G or pravastatin.
In contrast to pravastatin, which was inactive, C3G caused a 3-fold in-
crease in AUC. The effect of C3G on Cp,x was even more pronounced,
increasing 6-fold. We found that the t;,x of the BR peak was decreased
by C3G and increased by pravastatin (peak parameters in Suppl. Fig. 4).

Fig. 1 C shows the frequency of C3G effect size from case to case. The
data show that the most common observation (21%) was a 2-fold in-
crease in AUC, although 61% of observations were above this value and
notable effects (> 5-fold increase) were obtained in 16% of cases. No
effects (AUC ratio = 1) were in the minority (7.5%) and occurred
randomly (and never serially) with some preparations.

The dose-response relationship was analysed at either constant
(Suppl. Fig. 5A) or variable BR (Suppl. Fig. 5B) dose. It was found that
small changes in bolus concentrations around the value of 0.05 mM
resulted in large changes in the peak areas of BR, which might explain
the variable effect size of C3G, shown above in Fig. 1C.

Another anthocyanin, such as malvidin 3-glucoside but not peonidin
3-glucoside (chemical structures in Suppl. Fig. 3), inhibited the uptake
of BR similarly to C3G (Suppl. Fig. 6).

3.1.1. Hepatic uptake of cyanidin 3-glucoside: the effect of bilirubin

If C3G inhibits a BR transporter in the liver, one might think that the
opposite should be true. Therefore, we repeatedly injected C3G in
increasing concentrations, alone or with 0.05 mM BR (Fig. 2). C3G in the
effluent peaked with Cp a4 in the pM range. AUC analysis showed no net
uptake of C3G into the liver. However, P3G in effluent increased linearly
and was not affected by bolus administration. The recovery of P3G in the
200 fractions analyzed (10 boli) was 31.12 nmol, or approximately 9%
of the total C3G injected (344 nmol). If approximately 1% of each C3G
bolus is retained during its passage through the sinusoids, this tiny
fraction cannot be estimated by the AUC calculation. Accordingly, in-
hibition of uptake by BR would not be detectable because an over-
whelming proportion of C3G (approximately 99%) passed through the
sinusoids. These data are consistent with the results of in vivo distri-
bution, where only 0.64% of the injected dose was recovered in the liver
[41].
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Fig. 2. The effect of bilirubin on the hepatic uptake of cyanidin 3-glucoside and efflux of peonidin 3-glucoside. Concentration of C3G (in red) and P3G (in
blue) in the venous effluent of an isolated perfused rat liver, following sequential boli (0.2 mL) with increasing concentrations of C3G (0.01, 0.05, 0.1, 0.2, and

0.5 mM) without or with 0.05 mM BR.

3.2. Hepatic uptake of bilirubin and bilirubin glucuronide: the effects of
cyanidin 3-glucoside, pravastatin and estradiol-17 beta-glucuronide

To investigate the reason for the ineffectiveness of pravastatin in
relation to the uptake of BR, we improved the analysis of liver effluent
by measuring both BR and bilirubin glucuronide (BRG), the presence of
which in the effluent of perfused rat liver was reported long ago [42].
The efflux of BRG through sinusoidal Mrp3 and its downstream reuptake
by sinusoidal Oatp is referred to as BRG hopping [43]. Assuming that

hopping should also be observed in the intact and viable isolated
perfused liver, we analysed BRG in perfusion effluent and tested whether
its reuptake could be inhibited by Oatp-specific substrates (Suppl.
Table 1).

In this series of experiments, we first tested the effect of the high-
affinity Oatp substrate B-estradiol-17 beta-glucuronide (E17G). Fig. 3A
shows one of these experiments, which began with two consecutive BR
boli to induce intrahepatic BRG synthesis. The boli sequence continued
with pairs of boli containing BR and inhibitors (C3G or E17G),
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Fig. 3. The effects of cyanidin 3-
glucoside and estradiol-17 beta-
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(0.2mL) of 0.05mM BR without or
with either 2 mM cyanidin 3-glucoside
(C3G) or 1mM estradiol-17 beta-
glucuronide (E17G). (B) Box plots of
peak areas of either BR (in red) or BRG
(in blue), resulting from boli of
0.05 mM BR without (empty symbols)
or with 2mM C3G (closed symbols)
(livers, n = 7; peak areas, n = 11). (C)
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interspersed with pairs of BR-only boli. Both BR and BRG could already
be detected in the first fractions, suggesting constitutive BRG efflux from
the intracellular stores. Intra-portal injection of BR did not alter the
apparent steady-state level of sinusoidal BRG. In contrast, when BR was
co-injected with C3G or E17G, sharp spikes of BRG occurred in the
effluent. However, there was a difference between C3G and E17G, as
only C3G elicited simultaneous spikes of BR and BRG (boli 3-4), whereas
E17G elicited only BRG spikes (boli 7-8), even when injected without BR
(boli 11-12). The different pattern of C3G and E17G on sinusoidal up-
take of BR and BRG was observed several times (Fig. 3B-C-D; Suppl.
Fig. 7A). Pravastatin acted like E17G in that it inhibited only the uptake
of BRG (Suppl. Fig. 7B).

From these data, we conclude that BR was transported to the liver
(99.9% of the cumulative dose, in this experiment), conjugated by UDP-
glucuronosyltransferase (UGT1A1) (to an undetermined extent), and a
minute amount of BRG (0.13% of the estimated absorbed BR fraction, in
this experiment) was transported back to the sinusoid. It should be noted
that under all circumstances, i.e. both before and after multiple ad-
ministrations of BR, either alone or with inhibitors, the baseline BRG
was constant.

3.3. Understanding the inhibition of bilirubin glucuronide uptake by
cyanidin 3-glucoside
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inhibitor of Oatp, it might be expected to inhibit reuptake of BRG even
when injected in the absence of BR, similar to what has been observed
with E17G and pravastatin.

In the experiment shown in Fig. 4A, pairs of BR boli were adminis-
tered to induce intrahepatic BRG synthesis. When BR was co-injected
with C3G, two overlapping peaks of BR and BRG (boli 3-4) appeared
in the effluent, but when it was administered without BR (boli 7-8), no
peak of BR or BRG appeared. Further boli of E17G, with or without BR,
elicited only large peaks of BRG ( boli 11-12-13). Thus, while E17G
acted independently of BR on a BRG transporter (presumably Oatp),
C3G acted only in its presence, suggesting that BR is the actual and
necessary inhibitor of another sinusoidal BRG transporter. However, we
note that C3G elicited spikes of BR only when it was co-injected with BR,
whereas it had no effect on basal levels of BR. This is generally the case
when a transporter has allosteric properties, such as bilitranslocase [44].
In these cases, the inhibitors are inactive at very low substrate concen-
trations, at the base of the sigmoid curve.

The mutual independence of these transport pathways was further
challenged in an experiment in which we tested the simultaneous in-
jection of C3G and E17G instead of C3G with BR on the sinusoidal re-
uptake of BRG. We found that the resulting BRG peak was never higher
than that elicited by E17G alone (Fig. 4B, boli 6 vs 7 and 11 vs 12).

To complete the characterization of the differential effects of C3G
and E17G, we tested their effects on basal levels of BR and BRG
detectable in perfusion effluent from livers never exposed to BR boli. As
shown in Fig. 4C, basal levels of BR or BRG were not affected by C3G.
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Fig. 4. The effects of cyanidin 3-glucoside and
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Only E17G triggered spikes of BRG. Simultaneous administration of C3G 3.4. Hepatic uptake of bilirubin and bilirubin glucuronide: the effect of

and E17G elicited peak values that were not different from those elicited non-steroidal anti-inflammatory drugs
by E17G alone. The same result was obtained with pravastatin (Suppl.
Fig. 8). Early functional studies had demonstrated the existence of a sinu-

Overall, these data indicate that C3G does not directly inhibit BRG soidal BRG membrane transporter that was competitively inhibited by
uptake. In contrast, the C3G-induced BR concentration peak was the BR and indocyanine green (ICG) but not by glycocholate [18,45]. We
agent that inhibited an unknown BRG transporter that was not directly speculated that a possible candidate for this function might be rOat2
targeted by either C3G or E17G. (Slc22a7), since ICG is a good inhibitor of its transport activity, unlike

taurocholate and pravastatin [46]. We found that the Oat2 substrates
ketoprofen or indomethacin (Suppl. Table 1B) did not affect the uptake
of BR and BRG (Suppl. Fig. 9).
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3.5. Hepatic uptake of bilirubin and bilirubin glucuronide: the effect of
taurocholate

Finally, we studied the effect of taurocholate (TC) on the hepatic
uptake of BR and BRG. Taurocholate is transported in the liver by at least
three different sinusoidal transporters: Ntcp, Oatpl, and OSTa-OSTp
(Suppl. Table 1). By using taurocholate, we aimed primarily to inhibit
Ntcp, which is not targeted by E17G or pravastatin (Suppl. Table 1) but
the human orthologue NTCP transports indocyanine green [47]. In
human subjects carrying mutant forms of Ntcp [48], hypercholanemia
may be associated with elevated blood levels of indirect bilirubin (BR)
[49] and direct bilirubin (BRG) [50,51].

We observed that serial boli of increasing concentrations of TC
triggered significant BRG spikes only when the concentration of TC was
2 mM. Remarkably, they had no effect on the uptake of BR (Fig. 5). We
observed a concentration-dependent inhibition of BRG uptake by TC
(Suppl Fig. 10). Overall, these data are consistent with previous reports
that TC does not inhibit hepatic uptake of BR in isolated perfused rat
liver [35].

3.6. The effect of cyanidin 3-glucoside and taurocholate on hepatic
uptake of bilirubin and bilirubin glucuronide at physiological
concentrations

To assess the effect of C3G and TC on the uptake of BR and BRG at
physiological portal concentrations, we injected boli of 0.01 mM C3G (2
nmol) alone or with either 0.05 mM BR (10 nmol) or 2 mM TC (400
nmol). The effluent was analyzed for all relevant compounds, i.e. BR and
BRG, C3G and P3G, and TC, to evaluate their concentrations in the
effluent (data and statistics of basal concentrations and peak parameters
in Suppl. Fig. 11). Under these conditions, C3G reached 0.44 uM, which
corresponds to a physiological value in rat portal blood after intestinal
absorption [52] and in human systemic circulation [53]. It elicited peak
levels up to 10 nM BR, which were higher than the basal levels BR of
0.9 nM (10-fold increase). TC, which was injected together with C3G,
reached 24 pM, which is within the physiological range observed in
fasting humans [54]. It triggered BRG peaks that reached 8.1 nM, which
was above the basal value of 1.1 nM (7-fold increase), with no effect on
C3G peaks.

4. Discussion

After several decades, this is the first study in the isolated perfused
rat liver model to examine the pharmacology of hepatic BR uptake using
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compounds targeting specific sinusoidal membrane transporters.

4.1. Extensive bilirubin uptake

We observed that perfused livers released endogenous BR in the
sinusoid, which occurred in the very first fractions of all experiments
(1.2 £ 0.5 nM, n = 24). This could be due to the efflux of the intracel-
lular "mobile" BR, i.e. the protein-free fraction [2]. Conversely, livers
were able to absorb repeated boli of 10 nmol BR almost completely, with
a residual amount of BR (0.13%, n = 68) recovered in the liver perfusion
effluent. Simultaneous injection of C3G with BR had considerable effects
on the occurrence of BR in the effluent, but had a negligible effect on the
uptake balance, as the proportion of BR recovered in the effluent
increased to only 0.36% (n = 68), demonstrating an overwhelming
driving force for the uptake of BR from the sinusoid.

This result arises from the combination of the biophysical properties
of BR membrane transport, the geometric property of this model, and
perfusion flow rate. BR diffusion across the sinusoidal membrane of the
hepatocyte is a rapid, transporter-mediated process, as shown by phar-
macokinetic observations in the rat [4], later demonstrations in HepG2
cell cultures exposed to nM BR in an albumin-free buffer where an
anti-bilitranslocase antibody blocked uptake [55], and the data obtained
in this study. Because the vascular volume of the rat liver is approxi-
mately 5% of the liver volume [56], the volume in which BR could be
distributed exceeds the volume of the portal vein bed by 2 orders of
magnitude. Therefore, the fraction of the injected BR that should be
recovered in the venous effluent at the equilibrium must be a few
percent of the injected dose. Finally, the relatively low perfusion flow
rate contributed to the quasi-total extraction of BR, as this parameter is
directly dependent on flow [57]. Other factors contribute to the driving
force for BR uptake, including the intracellular association of BR and
BRG with glutathione S-transferase (Ligandin) [2] and the rapid BR
glucuronidation to BRG, which implies, in turn that the liver has suffi-
cient availability of UDP-glucuronic acid.

4.2. Hopping of bilirubin glucuronide in isolated perfused rat liver

Livers exhibited a basal net release of BRG that remained essentially
unchanged by repeated administrations of BR and independent of the
rate of any intracellular BR conjugation. This resulted from efflux via an
uncharacterized efflux pathway that appeared to be independent of
Mrp3 (since it was not inhibited by E17G) or other sinusoidal membrane
transporters targeted by the inhibitors used. Importantly, hepatic re-
uptake of BRG occurred, as demonstrated by specific transient inhibition
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by E17G, pravastatin, and taurocholate. Though these molecules may
have acted by trans-activating sinusoidal efflux of BRG, the latter pro-
cess takes dozen minutes to its maximum [58], rather than a dozen
seconds as in our model, and is likely negligible under our liver perfu-
sion conditions. Thus, in the isolated organ, we reproduced the phe-
nomenon of sinusoidal reuptake of BRG previously described in
knockout mice with defective expression of Oatp [59,60]. Overall, we
consider BRG hopping in the isolated liver preparations as evidence of
their viability and functional capacity.

4.3. Identification of a bilirubin transporter targeted by some
anthocyanins

In this study, we have shown that C3G selectively inhibits the uptake
of BR without direct effects on the uptake of BRG. The natural pigment
C3G (and all anthocyanins) is chemically similar to the synthetic dye
bromosulfophthalein (BSP), an inhibitor of hepatic uptake of BR in vivo
[4].

In an effort to identify the hepatic BR transporter, BSP has been
widely used as a substrate for membrane transport experiments in vitro.
We have performed the assay of electrogenic BSP transport in rat liver
plasma membrane vesicles [23,61], for the functional evaluation of
bilitranslocase transporter [62]. We had shown that C3G and 19 other
anthocyanins competitively inhibit this assay [11]. Thus, this study
confirms that the electrogenic BSP transport assay in plasma membrane
vesicles occupies a niche among other BSP membrane transport assays
because its assay conditions are such that only one of the two BSP tau-
tomers is transported [62], and it appears that this is the unique speci-
ficity of bilitranslocase compared to all other BSP transporters such as
Oatp [63], Ntcp [64], Oat [65], and Osta-Ostf [66]. Moreover, to our
knowledge, no BSP transporter, except bilitranslocase, has the property
of binding BR with high affinity (K; = 2 nM), as we have demonstrated
by experiments on the time-dependent inhibition kinetics of electro-
genic BSP transport in rat liver plasma membrane vesicles by a
serine-specific reagent [67] and two anti-sequence antibodies [12,68].
However, we hypothesise that several BR transporters may be involved
in the highly efficient BR uptake into the liver.

Conversely, in this study we show that 6 compounds (pravastatin,
E17G, indomethacin, ketoprofen, trans-resveratrol, and taurocholate)
that are inactive in the electrogenic BSP transport assay [24], but are
known substrates or inhibitors of sinusoidal membrane transporters,
belonging to SLCO (Oatp), SLC10 (sodium-bile acid co-transporter),
SLC22 (Oat), and SLC51 (steroid-derived molecule transporter, Ost),
did not inhibit the uptake of BR into the liver. Rather, three of them
(pravastatin, E17G and taurocholate) inhibited the reuptake of BRG,
probably due to their specific inhibition of Oatp.

4.4. Identification of a bilirubin glucuronide transporter targeted by
bilirubin

Only when injected together with BR did C3G elicit simultaneous
peaks of BR and BRG. This suggests that the increase in sinusoidal BR
concentration was the effector for inhibition of a BR -sensitive BRG
transporter. BRG uptake in isolated perfused rat liver was previously
reported to be inhibited by BR as well as by BSP and indocyanine green,
but not by glycocholate [18]. Therefore, we suspected that this BRG
transporter might be Oat2, which is indeed inhibited by BSP and
indocyanine green, but not by taurocholate (Suppl. Table 1). However,
the Oat2 substrates indomethacin and ketoprofen were inactive toward
BR or BRG uptake in our model. Thus, hepatic BRG transport appears to
occur via two major pathways that are inhibited by some common
substrates of bile acid transporters (BSP, indocyanine green, and taur-
o/glycocholate) or BR, respectively. There are no data in the literature
on the nature of this putative sinusoidal BRG transporter. A dual system
for sinusoidal BRG uptake suggests a high physiological importance of
this process. In conditions of (acute) hyperbilirubinemia, inhibition of
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BRG reuptake could be crucial to limit intracellular BRG concentrations,
leading to product inhibition of UGT1A1 and ultimately limiting the BR
uptake capacity of the liver. This system may play an important role in
the neonatal period when bilirubin production is higher than hepatic
excretion, with hyperbilirubinemia ranging from physiological neonatal
jaundice to severe clinical forms with risk of kernicterus.

5. Conclusions

In conclusion, this study has shed light on previously unknown
functional properties of the liver. Though only female animals were used
as liver donors, the same tests should be repeated in male rats to explore
if sexual dimorphism exists for hepatic bilirubin uptake. Given its spe-
cific action as an inhibitor of hepatic BR uptake, C3G emerges as a probe
for phenotypic studies of BR transport that should be incorporated into
broader functional screenings of other organic anion membrane trans-
porters, with both positive and negative data reported. More impor-
tantly, BR should be used as a transport substrate in programs aimed at
characterizing the functional properties of SLC transporters. The lack of
knowledge about the structure of this BR transporter and its encoding
gene requires intensive experimental efforts.
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