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DIFFERENCE IN HEPATIC UPTAKE OF TETRA- AND
DI-BROMOSULFOPHTHALEIN IN RAT

ROLE OF HYDROPHOBICITY, BINDING TO PLASMA PROTEINS AND
AFFINITY FOR PLASMA MEMBRANE CARRIER PROTEIN
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Abstract—The relative role of hydrophobicity, binding to plasma proteins and affinity for one of the
plasma membrane transport proteins in the hepatic uptake of 3,4,5,6-tetra- (BSP) and 3,6-di- (DBSP)
bromosulfophthalein was investigated in the rat. In terms of physicochemical characteristics, the two
molecules show different pK, values and degrees of hydrophobicity, as determined from the n-
octanol : water partition coefficient. In the intact animal, the plasma clearance and the plasma removal
rate after a dose of 1.5 umol/kg i.v. were significantly (P < 0.001) faster for BSP than DBSP, while no
difference was found in the plasma distribution volume. The dissociation constant (K,) of the high
affinity binding sites of plasma proteins also differed for the two anions, being significantly lower for
BSP than DBSP (0.95 =+ 0.02 vs 1.44 + 0.14 uM, P < 0.001). [*S]BSP uptake by liver plasma membrane
vesicles was saturable with an apparent K,, of 5.20 = 0.80 uM, and was competitively inhibited by DBSP
(K, 18.2 = 1.2 uM) indicating a common uptake system. The K, value for binding of the organic anions
to purified bilitranslocase, a plasma membrane protein involved in the electrogenic transport of
pthaleins, was also significantly lower for BSP than DBSP (1.100.12 vs 3.02 £0.27uM, N =3,
P < 0.001), indicating a higher affinity of the former ligand for the carrier protein. No difference was
observed in the capacity of the high affinity binding sites (32 = 3 vs 33 = 3 nmol/mg protein, BSP and
DBSP, respectively). These data indicate that BSP and DBSP are two different cholephilic organic
anions which share a common uptake mechanism, at least partly mediated by bilitranslocase. The
greater affinity of BSP than DBSP for the carrier protein may account for the faster plasma disappearance

0006-2952/93 $6.00 + 0.00
© 1993. Pergamon Press Lid

rate of BSP observed in vive, in spite of the higher plasma protein binding.

The mechanism by which 3,4,5,6-tetrabromo-
sulfophthalein (BSPt)is removed from the circulation
by the liver has been investigated extensively due to
the long-standing clinical use of this dye as a test of
hepatic function [1}. The 3,6-dibromo analogue of
BSP (DBSP) is identical except for the absence of
the two bromide ions in the 4 and 5 positions on the
benzenic ring (Fig. 1). The hepatic transport of this
compound has been reported to share similarities
with BSP with the exception of its biliary excretion
[2-4]. While BSP undergoes conjugation with
glutathione within the liver cell before biliary
secretion [S], more than 90% of DBSP is
apparently secreted in the rat bile without metabolic
transformation [6]. Both cholephilic dyes are
supposed to be taken up by the liver via a common
carrier-mediated mechanism [2, 3, 7], although the
ATP dependency of hepatic uptake does not seem
to be similar for the two compounds {8]. Nevertheless,
BSP and DBSP have been used interchangeably to
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study hepatic uptake in both experimental animals
and humans,

In spite of the very similar structure of the two
molecules, the lack of two bromines in DBSP should
alter considerably the physicochemical properties of
the anion. The aim of the present study was to
compare BSP with DBSP as to physicochemical
properties, including binding to plasma and liver
plasma membrane proteins, and hepatic uptake rate.
Data presented show significant differences in
physicochemical characteristics between the two
anions resulting in a difference in efficiency in their
removal by the liver. The latter observation agrees
with a lower affinity of DBSP than BSP for
bilitranslocase, a plasma membrane carrier protein
involved in the electrogenic hepatic uptake of the
two organic anions.

MATERIALS AND METHODS

Female Wistar rats {(60-90 days old) weighing
200-300 g were used throughout the study. Animais
were allowed free access to a standard laboratory
chow (GLP, Altromin-Rieper, Bolzano, Italy) and
tap water. BSP was obtained from Merck AG
(Darmstadt, Germany) and DBSP from Serb (Paris,
France). Purity of the compounds was checked
by TLC (Silica plates G-60, n-butanol:acetic
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Fig. 1. Structural formulas of protonated (A) and deprotonated (B) BSP, and protonated (C) and
deprotonated (D) DBSP.

acid : water, 40:10: 10, v/v/v) and found to be higher
than 98%. Other reagents were purchased from the
Sigma Chemical Co. (St Louis, MO, U.S.A.) or
from Merck AG (Darmstadt, Germany) and were
analytical grade pure.

In vivo clearance studies. Plasma disappearance
rate and plasma clearance of the two organic anions
were measured according to Orzes et al. [9].
Briefly, the animals were anesthetized with sodium
pentobarbital (50 mg/kg body wt). Body temperature
was continuously monitored with a deep rectal probe
and maintained at 37-37.5° with an infrared lamp.
The femoral vein and artery were cannulated with
a PE-50 tubing (Clay Adams, Division of Becton,
Dickinson and Co., Parrsipanny, NJ, U.S.A.). BSP
or DBSP 1.5 umol/kg body wt dissolved in saline
solution in a final volume of 0.1mL/100g was
injected as a bolus i.v. Blood samples were taken
from the femoral artery at 15-sec intervals for 120 sec
and collected into 1.5 mL polyethylene tubes (LP,
Milano, Italy) containing 5 U heparin. Samples were
spun at 12,000 rpm for 4min in an Eppendorf
centrifuge (model 5412), and the dye concentration
was assessed spectrophotometrically after alk-
alinization, as below. Data were plotted on a
semi-logarithmic scale, and the initial plasma
disappearance rate (k;, min~!), that mainly reflects
hepatic uptake, calculated by least-square fit. Plasma
removal rate (umol/min/kg) and plasma clearance
(mL/min) were determined as described [3, 9]. The
primary distribution volume of the dye (mL/kg) was

calculated from the ratio dose/C,, where C, is the
extrapolated plasma concentration at 0 time.

Measurement of the dissociation constants of BSP
and DBSP for rat plasma proteins. Plasma samples
were obtained from six non-fasted female rats by
addition of EDTA 3mM. Increasing amounts of
plasma proteins (50-1000 ug/mL) obtained from a
single pool of the plasma of six animals were added
to 10 uM solution of either BSP or DBSP, in 0.1 M
potassium phosphate buffer, pH 7.4. Final volume
was 1.0 mL. Protein concentration was measured by
the bicinchoninic acid protein assay according to
Smith et al. [10]. After an equilibration time of
15 min at 37°, the unbound dye fraction was separated
by ultrafiltration in a Centrifree micropartition
system (Amicon, Danvers, MA, U.S.A) equipped
with a YMT membrane (cut-off 30 kDa of molecular
mass). Control experiments showed that similar
results were obtained by using a YMT membrane
with a cut-of 10 kDa molecular mass. The recovery
of both BSP and DBSP in the absence of protein
was 98 £ 1% indicating absence of non-specific
binding of the dyes to the membrane. The ultra-
filtrate (0.3 mL) was assayed for BSP and DBSP
content spectrophotometrically upon alkalinization
(2.7 mL of NaOH 0.1 M) at an emission wavelength
of 580nm (Es=64mM-lcm™! and Esp=
67mM~'.cm™! for BSP and DBSP, respectively).
Dissociation constant (K ) was calculated by plotting
the data according to Scatchard assuming a model
with two categories of binding sites.
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Determination of the pK, values. The pK, value
of the two dyes was determined by taking advantage
of the fact that the two compounds are colored in
the deprotonated form, while they become colorless
upon protonation. Titration curves were done by
addition of increasing amounts of HCl 0.1 M to a
50 uM solution of the anion dissolved in NaOH
0.1 M, pH 13. Absorbance was determined spectro-
photometrically at 580nm. The pK, value was
derived from the best-fitting curve by the Enzfitter
program software (Enzfitter, Sigma).

Determination of the octanol:water partition
coefficient. The partition ratio of the dyes was
measured by adding 4 mL of a dye solution (1 mM)
in potassium phosphate buffer 0.1 M, pH7.4 to an
equal volume of n-octanol. The mixture was shaken
(80 strokes/min) for 10 min at room temperature
and centrifuged for 10 min at 3500 rpm. The two
phases were separated and the concentration of the
dye determined spectrophotometrically in the
aqueous phase after alkalinization with 0.1 M NaOH.
The concentration of the dye in the aqueous phase
was corrected for the volume change observed (8%
due to the solubility of water in n-octanol). The
concentration of the dye in the organic phase was
derived by difference, and the ratio between the two
phases gave the apparent partition coefficient.

Measurement of transport activity in liver plasma
membrane vesicles. Liver plasma membrane vesicles
were prepared according to van Amelsvoort et al.
{11] in a medium containing Hepes 10 mM, sucrose
0.25M, pH 7.4, and stored in liquid nitrogen until
use (within 4 weeks). The degree of purity of liver
vesicles was determined by measuring the activity of
Na* K*-ATPase [12], glucose-6-phosphatase and
succinate-cytochrome ¢ reductase [13], and 5'-
nucleotidase [14]. The release of inorganic phosphate
was measured according to Widnell [15]. Protein
concentration was determined as above [10]. In
agreement with previous data from our laboratory
[16-18], the relative specific activity (RSA) of
Na* K*-ATPase and 5'-NT was enriched 13 and
five times, respectively, over the homogenate.
Conversely, the contamination of either the
endoplasmic reticulum (RSA of glucose-6-phos-
phatase 0.3) or mitochondria (RSA of succinate-
cytochrome ¢ reductase 0.2) was low.

[33S]BSP was prepared by Dr Stremmel (University
of Diisseldorf, Germany) according to Kurisu et al.
(19] with a specific activity of 37 Ci/mmol. BSP
uptake by the plasma membrane vesicles was
measured by the rapid filtration technique using a
Millipore vacuum filtration assembly (Millipore,
Bedford, MA, U.S.A.) and nitrocellulose mem-
branes of pore size 0.45 um (Millipore). All filters
were wetted and pre-saturated with 10 uM unlabeled
BSP in the incubation buffer to minimize the non-
specific filter binding of radioactive BSP. BSP
transport was determined by measuring uptake at
different concentration of unlabeled BSP (3-20 uM)
in a medium containing (mM) 50 sucrose, 10 Hepes—
Tris, pH 7.4, 100 KCl, 0.2 CaCi, 10 MgCl, 10 uCi
[**S]BSP and valinomycin dissolved in methanol
(final concentration 50 ug/mg protein). The reaction
was started by the addition of 20 uL (80-100 ug
protein) of rapidly thawed (37°) vesicles to 80 uL of

incubation medium at 37°. After 15sec, 1.0 mL of
ice-cold stop solution containing (mM) 50 sucrose,
10 Hepes-Tris, pH 7.4, 100 KCl, 0.2 CaCl, 10 MgCl
was added. The diluted sample was immediately
filtered and the filter washed three times with 3 mL
ice-cold stop solution. Radioactivity of the filter was
measured in a f-counter (Kontron). Non-specific
binding to the membrane was determined in each
experiment and at each BSP concentration by the
addition of ice-cold incubation solution and ice-cold
stop solution to 20 uL of vesicles kept at 4°. This
value was subtracted from all the determinations.
Unless otherwise indicated, all incubations were
performed in triplicate and all the observations
repeated with two or more separate plasma
membrane vesicle preparations.

DBSP inhibition was studied by measuring [*S}-
BSP uptake at two different concentrations (5 and
20 uM) in the presence of different amounts of DBSP
to a final concentration of 2, 4, 8, 16 and 24 uM
DBSP.

Measurement of the dissociation constant (Kg)
of BSP and DBSP for bilitranslocase. Purified
preparations of bilitranslocase were obtained starting
from liver plasma membrane fraction as described
previously [20, 21]. Protein homogeneity was inves-
tigated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) performed as
described by Laemmli [22]. Samples (80 ng protein)
were boiled for 3min in the presence of 1% 2-
mercaptoethanol and 1% SDS. Staining was
performed with Comassie brilliant blue. Elec-
trophoretic blotting was carried out according to
Towbin et al. [23]. Polyclonal monospecific anti-
bilitranslocase antibodies were obtained from New
Zealand rabbits as described previously [20, 24].
BSP and DBSP K, was measured by incubating
65 ug purified bilitranslocase for 15 min at 37° with
increasing concentrations (0.5-20 uM) of BSP or
DBSP in 20mM Tris-HCI buffer, pH 8.0. Final
volume was 1.0 mL. The unbound dye fraction was
separated by centrifugation as reported for plasma
proteins with a YMT membrane with a cut-off of
10 kDa of molecular mass. BSP and DBSP content
was measured spectrophotometrically in the ultra-
filtrate upon alkalinization, as indicated for plasma
proteins. The K, value of the high affinity, low
capacity binding site was determined according to
Scatchard assuming a model with two categories of
binding sites by the Enzfitter program (Sigma).

Statistical analysis. Data are expressed as
means + SD. Student’s t-test was used to compare
differences between different values. P value less
than 0.01 was considered statistically significant.

RESULTS

Figure 1 shows the molecular structure of the two
dyes studied in their protonated (colorless) and
deprotonated (colored) forms. Though very similar
in molecular structure, the two molecules differ in
terms of pK, of the carboxylic group (8.6 vs 9.2 for
BSP and DBSP, respectively), and apparent
octanol: water partition coefficient (0.283 = 0.03 vs
0.118 = 0.02, N = 6, BSP and DBSP, respectively,
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Table 1. Plasma clearance (Cl), plasma removal rate (V),
plasma distribution volume (V) and dissociation constant
with plasma proteins of BSP and DBSP

BSP DBSP
Cl (mL/min) 57+6° 8x4
V ((umol/min/kg) 2024016  1.49+0.11
V4 (mL/kg body wt) 2=x2 38x6
K, (uM) 0.95+0.02*  1.44+0.14

Each number refers to six experiments. Data are
expressed as means + SD.
* P <0.001.

P <0.001). Thus BSP is more hydrophobic than
DBSP.

Table 1 reports the plasma clearance (Cl), plasma
removal rate (V), plasma distribution volume (V)
and dissociation constant of the high affinity, low
capacity binding sites for plasma proteins for BSP
and DBSP. While the distribution volume was
comparable for the two anions, both plasma clearance
and removal rate were significantly higher (P < 0.001)
for BSP than for DBSP. Conversely, the X, for
plasma proteins was lower (P < 0.001) for BSP than
for DBSP, indicating a greater affinity of BSP for
plasma proteins. As these values are very similar to
that reported for rat albumin using a different
technique [25], it may be concluded that in plasma,
BSP and DBSP bind primarily to albumin.

Figure 2 shows that the kinetics of the BSP uptake
sensitive to membrane potential (electrogenic) in
liver plasma membrane vesicles follows a saturable,
carrier-mediated process. By plotting the data
according to the Lineweaver—Burk plot (inset), an
apparent K, of 520+0.80uM and a V, of
1.10 = 0.10 nmol/mg protein/15 sec were derived.
The K,, value obtained agrees with data previously
obtained both with freshly isolated rat hepatocytes
[26] and liver plasma membrane vesicles by using
a dual wavelength spectrophotometric technique
[16}.

Since no labeled DBSP is available, thus preventing
a direct measurement of its uptake in membrane
vesicles, we examined the competition exerted by
DBSP on BSP uptake. Addition of increasing
concentrations of DBSP reduced the electrogenic
BSP uptake as measured at two concentrations (5
and 20 uM). Figure 3 shows the Dixon plot obtained
from these experiments. DBSP induced competitive
inhibition of BSP uptake with a K; of 18.2 = 1.2 uM.
The competitive type of inhibition suggests that the
two organic anions share acommon transport system.

As the electrogenic transport of BSP has been
reported to occur via bilitranslocase [20, 27, 28], the
affinity of the two phtaleins for this membrane
carrier protein was investigated. The apparent
dissociation constant (K ;) of both dyes was measured
in purified preparations of the plasma membrane
protein. The preparation was homogeneous on SDS-
PAGE with a single band with an apparent molecular
mass of 37 kDa. The band gave a positive reaction
when immunoblotted with polyclonal monospecific
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Fig. 2. Uptake rate (V, nmol BSP/mg protein/15 sec) by
liver cell plasma membrane vesicles as function of BSP
concentration ( uM). Inset: double reciprocal plot according
to Lineweaver-Burk of the data in the figure. Experimental
conditions: vesicles (80 ug protein) were added to a medium
containing (mM) 50 sucrose, 10 Hepes-Tris, pH 7.4,
100 KCl, 0.2 CaCl, 10 MgCl, 10 uCi [**S|BSP and different
concentrations of unlabeled BSP, and valinomycin (final
concentration 50 ug/mg protein). Each point represents
the mean * SD of three experiments.

antibilitranslocase antibodies. Figure 4 shows the
Scatchard plot obtained by measuring the binding
to bilitranslocase of BSP (left panel) and DBSP
(right panel). In both cases, binding was accounted
for by two classes of binding sites. The high affinity,
low capacity binding site showed an apparent K, of
1.10 = 0.12and 3.02 = 0.27 uM (N = 3) for BSP and
DBSP, respectively (P <0.001). In contrast, the
affinity of the low affinity, high capacity sites was
comparable for the two anions (30 + 3 for BSP, and
32 = 3 nmol/mg protein for DBSP.

DISCUSSION

BSP and DBSP are phthalein dyes which have
been extensively used in assessing liver function in
humans as well as in the study of hepatic transport
of foreign substances in the experimental animal {3].
While in terms of chemical structure they only differ
in the number of bromide ions on the benzenic ring,
hepatocellular and biliary metabolism are remarkably
different for the two organic anions. BSP is
conjugated with glutathione before biliary excretion
{5] whereas more than 90% of DBSP has been
reported to reach the bile without metabolic
transformation {6]. In contrast, it is generally agreed
with the two substrates share a common uptake
system [2, 4, 28]. Recent evidence suggests, however,
that the transport of DBSP may also occur via an
ATP-dependent mechanism [8, 29]. In particular, in
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Fig. 3. Dixon plot of the inhibition induced by increasing concentrations of DBSP on BSP uptake by
liver plasma membrane vesicles. BSP uptake was measured at two different concentrations: 20 (open
circles) and 5 (closed circles) uM. Experimental conditions as in Fig. 2.

the isolated perfused rat liver, the uptake portion
seems to be linked to energy supply whereas ATP
only marginally affects efflux from the cell to the
perfusate [29]. This latter finding indicates, in
addition, that two different transport mechanisms
are possibly involved in the uptake and effiux of
DBSP.

BSP is transported across the sinusoidal plasma
membrane via a carrier-mediated mechanism, and
putative plasma membrane proteins have been
identified for the uptake process [28, 30, 31]. Among
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them, bilitranslocase has been characterized [21],
and experimental evidence was provided for its
involvement in accounting for the electrogenic
portion of the hepatic uptake of BSP [16, 20, 27} and
related compounds [18]. Monospecific antibodies
against bilitranslocase inhibit BSP transport in
plasma membrane vesicles obtained from either the
liver [20] or renal tubules [24]. Bilitranslocase has
also been shown to be involved in the hepatic uptake
of DBSP as, in isolated perfused rat liver, antibodies
against this membrane protein inhibited the
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Fig. 4. Scatchard plot of binding to purified preparations of bilitranslocase of BSP (left panel) and
DBSP (right panel). Calculation of the dissociation constant (K,;) and capacity (nmol/mg protein) for
the high affinity, low capacity binding site was derived by the best-fitting curve with the Enzfitter
program for a model assuming two categories of binding site. BSP and DBSP K, was measured by
incubating for 15 min at 37° 65 ug purified bilitranslocase with increasing concentrations (0.5-20 uM)
of BSP and DBSP in 20 mM Tris~-HCI buffer, pH 8.0. The unbound dye fraction was separated by
centrifugation, and the dye content measured spectrophotometrically in the ultra-filtrate upon
alkalinization. Please note the difference in y-axis scale between BSP and DBSP.
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hepatocytic uptake and efflux, but not the biliary
excretion of the cholephilic dye [7]. On this basis, it
was concluded that BSP and DBSP share a common
uptake system mediated, at least in part, by
bilitranslocase. Data reported further support this
conclusion, with the demonstration of a competitive
inhibition of DBSP on the electrogenic portion of
BSP uptake.

The efficiency of the transport, however, seems
to be different for the two anions. In vivo, the
plasma clearance is significantly lower for DBSP
than BSP, in spite of a higher concentration of free
DBSP as indicated by the lower affinity (higher K,)
of the former dye for plasma proteins. The finding
of more rapid BSP plasma removal may be accounted
for by a higher affinity (lower apparent K,) of this
organic anion for bilitranslocase, a plasma membrane
carrier protein involved in the electrogenic transport
of BSP and related cholephilic anions [18] which
apparently compensates for the higher plasma
protein binding. The different affinity for the purified
transport protein agrees with the different affinity
observed in liver plasma membrane vesicles, as
indicated by the K value. Of notice is the comparable
difference existing between both the K, of purified
bilitranslocase and K,,/K; value of the electrogenic
transport in liver plasma membrane vesicles.

The K, value and the number of moles bound
observed for the BSP-translocator complex agrees
with those reported previously [25]. The difference
between the two dyes involves the high affinity, low
capacity binding sites, since a comparable value was
observed in the low affinity, high capacity sites.

BSP and DBSP are two very closely related
molecules differing only by the absence of two
bromine ions in the 4 and 5 positions on the benzenic
ring in the case of DBSP (Fig. 1). The lack of two
bromines apparently exerts important effects on the
physicochemical characteristics of the ligand. In
addition to a different pK, value for the carboxylic
group (8.6 and 9.2 for BSP and DBSP, respectively),
the higher degree of hydrophilicity and the lower
affinity for both albumin and bilitranslocase found
for DBSP support this conclusion.

The difference in degree of hydrophobicity of the
two molecules may play a role in both binding to
albumin and plasma membrane carrier protein(s).
It has been reported that, at comparable substrate
concentrations, a linear correlation exists between
liposolubility of the various organic anions and the
efficiency of hepatic uptake [32]. This finding may
explain further why, in spite of a lower plasma
concentration of the free anion, the BSP plasma
removal rate is more efficient.

From these data we conclude that BSP and DBSP
are taken up by the liver via a common transport
system, mediated at least in part by bilitranslocase.
The contribution of other transport systems, and
their possible dependence on ATP, should be
considered also. The efficiency of the uptake is,
however, different for the two cholephilic anions.
BSP is removed from plasma significantly faster, in
spite of a lower concentration of the free anion. The
higher affinity for the plasma membrane carrier
molecule for BSP probably accounts for the
difference in the overall process. In addition, these

data indicate also that apparently small differences
in chemical structure between two structurally
related molecules may considerably affect their
hepatic transport and metabolism.
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