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A B S T RA C T After the intravenous injection of un-
conjugated [3H]bilirubin into normal Sprague-Dawley
and Wistar R rats, radiolabeled bile pigments rapidly
accumulated in the liver. By 1.5 min after injection,
an average of 36% of the injected isotope was present
in liver homogenates. Between 3 and 15 min, 37-64%
of the total intrahepatic radiolabeled bilirubin was
conjugated, as demonstrated by extraction of label
into the polar phase of a solvent partition system.
This indicates both rapid conjugation, and accumula-
tion of conjugated bilirubin within the liver cell.
Fluorometric determination of the dissociation con-
stants of purified bilirubin and its mono- and di-
glucuronides for homogeneous preparations of two
human and four rat glutathione S-transferases, includ-
ing ligandin, revealed avid binding of all three bile
pigments to this class of proteins. Hence, the ob-
servation that the intrahepatic bile pigment pool
contains substantial amounts of conjugated bilirubin
can be attributed to the high binding affinities ob-
served. Thin-layer chromatographic analysis of the
3H-pigments produced by p-iodoaniline diazotization
of homogenates and cytosol demonstrated that the
intrahepatic pool of conjugated bilirubin was almost
exclusively monoglucuronide. Examination of radio-
labeled bilirubin conjugates excreted in bile during
the first 20 min after injection of [3H]bilirubin showed
no preferential excretion of diglucuronide. These
studies indicate that (a) both bilirubin and its
monoglucuronide accumulate within the liver cell as
ligands with the glutathione S-transferase; and (b)
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bilirubin diglucuronide does not significantly ac-
cumulate within the general intrahepatocellular pool
of protein-bound bile pigments. The latter observation
is compatible with the formation and excretion of
bilirubin diglucuronide directly from the canalicular
pool of the liver cell.

INTRODUCTION

Hepatic excretion of organic anions is believed to
proceed by several discrete but interrelated processes:
uptake by the hepatocyte, "storage", conjugation, and
excretion into bile (1, 2). In particular, bilirubin is
selectively transported into the hepatocyte (3), bound
there to specific cytoplasmic proteins (4), conjugated
to more polar compounds (5), and actively transferred
to the bile canaliculus (2, 6). The presence of intra-
hepatocellular macromolecules with high affinity for
bilirubin has been localized to two protein fractions
designated as Y (ligandin) and Z (4, 7, 8) of which
the former appears to be quantitatively more important
with respect to bilirubin binding (4). Recently,
homogeneous preparations of rat ligandin and gluta-
thione S-transferase B were demonstrated to be
identical (9). This transferase is one of a class of
enzymes that catalyzes the conjugation of glutathione
to a large number of electrophilic substrates (10-12)
and acts as well in the catalysis of another group
of reactions wherein glutathione serves as a nucleo-
phile (10, 13, 14). Each of the five rat (10) and
five human (15) glutathione S-transferases that have
been purified to homogeneity has been found to bind
bilirubin and other compounds as nonsubstrate
ligands (16).

Reports have suggested that once bilirubin is con-
jugated, its affinity for these cytoplasmic-binding
proteins is reduced (17), and it is rapidly excreted
without intracellular accumulation (18). The present
study was undertaken to examine these conclusions.
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The content of conjugated bilirubin was determined
directly in homogenates and cytosol from rat liver by
solvent partition, and thin-layer chromatographic tech-
niques after intravenous injection of radioactive
bilirubin. In addition, the availability of highly
purified preparations of bilirubin monoglucuronide
and diglucuronide (19) as well as unconjugated bili-
rubin, has allowed direct fluorometric determination
of their affinities for the several rat and human
glutathione S-transferases.

METHODS

Bilirubin' was obtained from the Sigma Chemical Co., St.
Louis, Mo. [3H]Bilirubin (100 mCi/mmol) was prepared (20)
from dog bile collected after intravenous injection of
a-[2,3-3H]aminolevulinic acid (33 mCi/mmol; Schwarz/
Mann Div., Becton, Dickinson & Co., Orangeburg, N. Y.)
Unlabeled conjugated bilirubin was purified from bile ob-
tained from Wistar R-strain rats by affinity chromatography
on albumin-agarose gel (19). Conjugated [3H]bilirubin (50
mCi/mmol) was processed in an identical manner from
bile collected after injection of a rat with a-[2,3-3H]aminole-
vulinic acid. The conjugated material, consisting of a mixture
of bilirubin monoglucuronide and bilirubin diglucuronide,
was used to obtain preparations of these derivatives free
from each other. The lyophilized mixture of conjugates in
2 ml of 20 mMphosphate-buffered saline at pH 5.8 was
extracted twice with 2 vol of chloroform to remove traces
of unconjugated bilirubin. The diglucuronide was prepared
from the aqueous phase by chromatography on Sephadex
G-25 (2 x 20 cm) as described (19). The monoglucuronide
was prepared by application of another portion of the
extract to a column of Sephadex G-25 (1.5 x 25 cm), washing
with 100 ml of 20 mMphosphate-buffered saline at pH 7.0,
and eluting with 30 ml of water. The eluate was lyophilized,
dissolved in 1.5 ml of 50% (vol/vol) ethanol, and charged onto
Sephadex LH-20 (1.5 x 25 cm). As described (21), elution
with 95% ethanol revealed two distinct pigment peaks; the
initial limb of the second peak contained exclusively bilirubin
monoglucuronide as demonstrated by ethyl anthranilate
diazotization followed by thin-layer chromatography (22). The
desired fractions were pooled and dried under reduced
pressure at 4°C.

Glutathione S-transferases A (12), AA (23), B (11), and C (11)
were purified to homogeneity from livers of male Sprague-
Dawley rats (Grand Island Biological Co., Grand Island, N. Y.).
The human glutathione S-transferases were prepared from
the liver of a normal white male who died after an auto-
mobile accident (15).

Radioactivity measurement. Radioactivity was quanti-
tated with a liquid scintillation spectrometer (New England
Nuclear, Boston, Mass., model 6847) after addition of up to
0.5 ml of sample to 15 ml of Aquasol (New England
Nuclear) in a glass scintillation vial. Correction for quench-
ing was made by addition of 20 ,ul of [3H]toluene (4.4
x 104 dpm/ml; NewEngland Nuclear) as an internal standard
to each sample. Counting efficiency was 45-50% for all
samples.

Determination of the forms of hepatic bilirubin. Male
Sprague-Dawley (Taconic Farms Inc., Germantown, N. Y.) or
Wistar R (Universite Catholique de Louvain, Belgium) rats, 250-

1 Throughout this paper, "bilirubin" refers to the uncon-
jugated pigment unless specified to the contrary.

325 g, maintained under light ether anesthesia, were used in all
animal studies. [3H]Bilirubin (4-5 ,uCi) was dissolved in 100
,ul of 0.1 M NaOH and 1 ml of rat plasma was added. A
jugular catheter of polyethylene 10 tubing (Clay-Adams,
Div. Becton, Dickinson & Co., Parsippany, N. J.) was in-
serted and 0.8-1.0 ml of the solution was injected. At
timed intervals after injection, an abdominal incision was
performed and the liver was quickly removed and placed in
20 mM sodium phosphate at pH 7.4 containing 0.25 M
sucrose at 4°C. The liver was homogenized by hand with 20
strokes in a glass homogenizer cooled in ice. A small aliquot
of the homogenate was removed for bilirubin fractionation
and the remainder was centrifuged at 4°C and 2,000g for
15 min. The supematant fluid was centrifuged at 40C and
140,000 g for 70 min, and the pellet was discarded.

The presence of conjugated bilirubin in homogenate and
cytosol was demonstrated by diazotization of 0.5 ml of each
sample with p-iodoaniline (24, 25) and extraction of the
azopigments in 0.4 ml of n-butyl acetate. Standard prepara-
tions of unlabeled conjugated and unconjugated p-iodo-
aniline azopigments were obtained by diazotization of rat
bile and of bilirubin, respectively. These nonradioactive
azopigments were also extracted into n-butyl acetate; 30 ,ul
of each extract was added to 0.2 ml of a n-butyl acetate
extract from the radioactive samples being assayed. The re-
sulting azopigment mixture was applied to a silica gel-G thin-
layer chromatography plate (250 ,um; Analtech Inc., Newark,
Del.) and developed for 40 min in chloroform-methanol-
water (65:25:3) (25). Addition of the cold carrier pigments
made possible visual identification of the bands correspond-
ing to conjugated and unconjugated azopigments. These
bands were scraped from the plate and placed directly into
15 ml of Aquasol for measurement of radioactivity.

The proportion of conjugated to unconjugated bilirubin in
whole homogenates and cytosols was determined separately
by a modification of the Weber-Schalm partition (26), using
100 p.l of sample. In the modified procedure, diazo reagent
was omitted from the extraction mixture, and the volume of
all other reagents was reduced in proportion to the sample
size. Extraction mixtures (a 95S0-LI total volume) were shaken
in glass-stoppered conical centrifuge tubes with a 2-ml
capacity. After allowing the phases to separate, measured
aliquots of the upper (polar) and lower (nonpolar) layers
were aspirated and transferred to counting vials with fine-
tipped micropipettes, with care taken not to include any of
the interface in the aspirated sample. The amount of radio-
activity partitioning into each layer was determined by cor-
recting the volume of the aliquot removed to the experi-
mentally predetermined volume of the appropriate layer.
Application of the Weber-Schalm partition to homogenate
and cytosol preparations often resulted in a coagulum of
precipitated protein at the interface. To insure that appre-
ciable quantities of radiobilirubin were not trapped in this
interface, the recovery of label in the upper and lower
layers was compared with the radioactivity in an equivalent
volume of sample which was counted directly in Aquasol.

The following additional control studies were performed to
assess performance of the modified Weber-Schalm partition.
(a) Either [3H]bilirubin or conjugated [3H]bilirubin, re-
spectively, was added in vitro to liver homogenates from
two untreated Sprague-Dawley rats. These homogenates were
used for the preparation of cytosol, as described above,
and aliquots of both homogenate and cytosol were subjected
to the modified Weber-Schalm partition in a manner similar
to the experimental samples. (b) Validity of the partition
system for endogenously administered bilirubin was ex-
amined by studying partition of radioactivity in homog-
enates and cytosols from the liver of a jaundiced Gunn
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rat injected 24 h previously with 6 ACi [3H]bilirubin, and
from seven Sprague-Dawley rats injected 4 min previously
with 1.5 FCi conjugated [3H]bilirubin. (c) Partitioning of
[3H]bilirubin monoglucuronide was assessed with pigment
preparations which were partially purified from Sprague-
Dawley rat bile by albumin-agarose affinity chromatography
(19). By differential elution (19), a series of seven con-
jugated bilirubin samples containing 74-83% bilirubin mono-
glucuronide and a second series of nine samples containing
only 15-23% monoglucuronide were obtained. Each lyoph-
ilized sample was dissolved in saline, and subjected to
the micro-modification of the Weber-Schalm system as
described above. (d) Finally, the possibility that some radio-
active unconjugated bilirubin could be carried into the polar
layer of the solvent partition system by complexing with
bilirubin diglucuronide was assessed in studies in which an
equimolar quantity of unlabeled bilirubin diglucuronide (in
the form of Wistar R rat bile) was added to samples of
hepatic homogenate and hepatic cytosol of a jaundiced
Gunn rat previously injected in vivo with [3H]bilirubin.
[3H]Bilirubin and conjugated [3H]bilirubin content in all
100-,ul aliquots which were partitioned was 20-100 pmol.

Appearance of conjugated bilirubin in bile. In each of
three Sprague-Dawley rats maintained under light ether
anesthesia, a polyethylene 10 catheter was inserted into the
jugular vein. A second polyethylene 10 catheter was placed in
the common bile duct just proximal to the duodenum and
advanced into the hilum. [3H]Bilirubin (4-5 ,uCi) was injected
intravenously and all bile was collected into preweighed glass
scintillation vials. For the first 20 min, vials were changed
at 2-min intervals, and capped tightly. Between 20 and 35
min, bile was allowed to flow freely into a plastic tuberculin
syringe; the total volume was noted and an aliquot was
placed into a tared vial. Subsequently, bile was collected
at 15-min intervals, and the study was terminated at 90 min.
The weight of bile collected at each interval was deter-
mined after weighing the capped vials. The specific gravity
of bile was obtained by weighing a known aliquot col-
lected between 20 and 35 min; this value was assumed to
remain constant over the course of the experiment. Bile
volume (bile weight divided by its specific gravity) was de-
termined for each sample and bile flow (milliters per
minute) was derived. The volume of bile contained within
the dead space of the catheter was calculated from the
internal diameter (0.011 inch) and its length. The time neces-
sary to fill the dead space with bile represents the time
lag for bile to reach the collecting vial after appearance at
the hilum. Because flow was found to be constant, this
time period remained constant throughout each study and
was subtracted in subsequent data analysis. After weighing
each bile sample, 15 ml of Aquasol was added and radio-
activity was measured.

In two additional rats, bile was collected in 2-min aliquots
for 20 min after injection of 5 ,LCi [3H]bilirubin. Each
aliquot was diluted in saline to a final bilirubin concen-
tration of 2-5 mg/100 ml and diazotized with p-iodo-
aniline. After addition of cold carrier to facilitate identi-
fication of the azo bands, the azopigments were separated
by thin-layer chromatography as described above. The radio-
activity detected in conjugated and unconjugated azopigments
was determined, and the proportion of the injected [3H]-
bilirubin excreted as monoglucuronide was calculated for
each 2-min time period. Quantities of bilirubin in each 2-min
sample did not permit determination of absolute amounts of
mono- and diglucuronide present.

Affinity of glutathione S-transferases for bilirubin and its
glucuronides. Binding affinities were evaluated by meas-
uring the decrease in the intrinsic fluorescence of each

glutathione S-transferase upon the addition of ligand. Such
changes in fluorescence as appear with these enzymes (16)
are due to an increase in the polarity of the environment
of a protein tryptophan occasioned by the ligand (27). Either
a Farrand Mark I spectrofluorimeter (Farrand Optical Co.,
Inc., Valhalla, N. Y.) with cuvettes containing a 100-,il
total volume, or a Perkin-Elmer Fluorescence Spectrom-
eter MPF-3 (Perkin-Elmer Corp., Mountain View, Calif.)
300-Al total volume, was used. The cuvettes contained 0.2-
1.2 ,IM protein, 6% glycerol, 0.1 mMglutathione, and 0.1 M
potassium phosphate at pH 7.5. Temperature was maintained
at 25°C. For the transferases, the change in fluorescence
was measured at the 330-nm maximum after excitation at
285 nm. The absorbance of solutions of bilirubin and its
glucuronides was sufficiently low that correction for inner
filter effects (27) was not needed; correction was made for
dilution and neither bilirubin nor its mono- and di-
glucuronides fluoresced at the relevant wavelengths. A plot
of the reciprocal of the change in fluorescence against the
reciprocal of the total ligand concentration (16) was evaluated
by linear least squares regression. Dissociation constants were
calculated as the negative reciprocal of the x-intercept.

Statistical analysis was performed using Student's t test and
linear least squares regression (28).

RESULTS

Weber-Schalm partition. When 50 samples of rat
plasma containing either conjugated [3H]bilirubin or
unconjugated [3H]bilirubin were extracted with the
micro-modification of the Weber-Schalm partition sys-
tem, 96.3+2.6% (SE) of the radioactivity present was
recovered in the two layers of the solvent system.
Application of the same system to 146 samples of
hepatic homogenate or cytosol from these studies,
containing either conjugated [3H]bilirubin or uncon-
jugated [3H]bilirubin, led to recovery of 98.2±1.2% of
the radioactivity present. Hence, the development of
a coagulum of denatured proteins at the phase inter-
face of this system, when it is applied to liver
homogenates or cytosols, does not entrap significant
amounts of either unconjugated or conjugated bilirubin.

When added to rat plasma, 91+1.1% of conjugated
[3H]bilirubin (n = 11) and 91±1.3% of unconjugated
[3H]bilirubin (n= 14) partitioned into the upper
(polar) and lower (nonpolar) phases, respectively, of
this system. When conjugated or unconjugated [3H]-
bilirubin were added in vitro to rat liver homogenate,
both Weber-Schalm partitioning data and determina-
tion of the relative proportion of unconjugated (azo A)2
and conjugated (azo B) azopigments were identical to
values obtained with the pigments before admixture
with the homogenates (Table I). Similarly, after ad-
ministration of conjugated [3H]bilirubin to Sprague-
Dawley rats and unconjugated [3H]bilirubin to a Gunn
rat in vivo, an average of 95% (Sprague-Dawley) and
94% (Gunn) of the radioactivity in corresponding

2Abbreviations used in this paper: azo A, unconjugated
azopigments; azo B, conjugated azopigments.

A. W. Wolkoff, J. N. Ketley, J. G. Waggoner, P. D. Berk, and W. B. Jakoby144



TABLE I
Recovery of Unconjugated [3H]Bilirubin and Conjugated

[3H] Bilirubin upon Addition to Rat Liver Homogenate

'H in polar Conjugated
Preparation Recovery phase azopigment

[3H]bilirubin added 9 <1
Recovery in homogenate 101 11 <1
Recovery in cytosol 63 8 <1

Conjugated [3H]bilirubin
added 93 74

Recovery in homogenate 100 91 74
Recovery in cytosol 55 94 75

* All values are the average of two experiments.

hepatic homogenates partitioned into the upper and
lower layers, respectively, of the partition system.
In a separate experiment, equimolar quantities of
bilirubin diglucuronide (in the form of Wistar R rat
bile) were added to the native unconjugated bilirubin
in the hepatic homogenate from a Gunn rat which
previously had been labeled in vivo with uncon-
jugated 3H bilirubin. There was no effect on the par-
titioning of label. In 10 replicate samples, 94±2.5%
of the isotope partitioned into the lower layer before
and 95±1.2% after addition of the conjugated pigment.

Additionally, studies of the partition of conjugated
[3H]bilirubin samples containing either 74-83 or 15-
23%bilirubin monoglucuronide indicated that an aver-
age of .91% of both preparations distributed into
the polar layer. Nevertheless, the value for the seven
samples containing predominantly monoglucuronide
(91±0.9%) was slightly but significantly less than the
value obtained with nine samples which were
principally diglucuronide (94+0.2%; P < 0.01).

Hepatic bilirubin. Rapid uptake of radioactivity by
liver ensued immediately after injection of Sprague-
Dawley rats with [3H]bilirubin (Fig. 1). As early as
1.5 min after injection, 36% of the injected dose was

40 A Homogenate (-.*) B

un 1 CytoSol (-- - 4)wL 30

cc1-
0

0 4 8 12 16 0 4 8 12 16

TIME (Minutes) TIME (Minutes)

FIGURE 1 Recovery in rat liver homogenate (-) and cytosol
(0) of 3H (A) and of conjugated [3H}bilirubin (B) as a per-
centage of the injected dose of [3H]bilirubin.

accounted for in liver homogenates and 20% was re-
covered in the cytosol. Between 3 and 15 min, hepatic
content of radioactive material declined from 37 to 23%
of the injected dose and was similarly reflected in
the cytosol component. Of significance is the finding
that 37-64% of the radioactivity in the cytosol and 44-
64% in the entire homogenate was present as con-
jugated bilirubin, i.e. as radioactivity partitioning into
the polar phase by the method of Weber and Schalm
(26).

That the radioactive material represented bilirubin
or its conjugates, and not breakdown products, was
verified when the p-iodoaniline diazo derivatives of
each sample of liver were examined (24, 25). In the
diazo reaction, the tetrapyrrole structure of bilirubin
is cleaved into two dipyrrole molecules. 1 mol of
bilirubin forms 2 mol of azo A; 1 mol of bilirubin
diconjugate forms 2 mol of azo B; 1 mol of bilirubin
monoconjugate forms 1 mol of azo A and 1 mol of azo B
(29). Thin-layer chromatography of the azopigments
generated from the liver samples demonstrated that
over 90% of radioactivity applied to the plates was
recovered as either azo A or azo B. Between 3 and 15
min after injection, the proportion of radioactivity
distributing as azo B in both cytosol and homogenate
was _50% of total conjugated bilirubin as determined
by Weber-Schalm partition (Table II), thereby strongly
suggesting that the predominant form of bilirubin
present was the monoconjugated derivative. In view of
the experimental liminations of this system, the pres-
ence of small quantities of bilirubin diglucuronide
could not entirely be excluded.

Entirely similar experiments were performed with
the Wistar R-strain rats in which a greater proportion
of biliary bilirubin is excreted as the diglucuronide
(19, 22). As in the case for Sprague-Dawley rats, rapid
accumulation of radioactive material in liver was
demonstrated with >50% in conjugated form. A small
excess of polar partitioning radioactivity was noted,
which could not be accounted for by conjugated
bilirubin as estimated by azopigment analysis. Never-
theless, these studies suggested that monoconjugates
represented the bulk of the conjugated bilirubin pres-
ent (Table II).

Rates of appearance of bilirubin in bile. Because of
concern that the observed hepatic conjugated bilirubin
was the result of contamination by intrahepatic bile,
an attempt was made to assess the rate of appearance
of radioactivity in bile itself. After injection of
[3H]bilirubin, 3-4 min passed before radioactivity was
found in bile, after correction for dead space (Fig. 2).
The subsequent cumulative appearance of radioac-
tivity could be well approximated for each of the three
animals by a straight line for the period of 4-20 min
after injection (Fig. 2). A least squares fit of the data
obtained for each animal revealed a slope of 3.0+0.2%
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Table II
Comparison of Conjugated Bilirubin with its Derived Conjugated Azopigment from Rat Liver*

Homogenate Cytosol
Time
after No. of Conjugated Conjugated

Strain injection rats bilirubin Azo B bilirubint Azo B5

min %of total %Azopigment %of total %Azopigment

Sprague- 1.5 3 44±0.3 15±0.9 37±1.5 14±0.3
Dawley 3 2 55±0.5 27±3.5 52±5.5 26±2.5

6 4 64±1.2 28± 1.2 56±4.4 26±3.3
10 3 57±5.0 27±4.1 61± 1.5 32±0.9
15 3 54±6.6 27±6.0 64±2.5 34± 1.7

Wistar R 1.5 2 50±9.0 21±4.5 45±9.0 16±2.5
3 2 56±0 22±0 51±1.5 17±1.0

* Results expressed as meantSEM.
t Conjugated bilirubin is presented in terms of the percent of the total amount of bilirubin
and its derivatives; this value was obtained from the polar phase of a Weber-Schalm partition.
§ Radioactivity in the azo B area of chromatograms as a percentage of the sum of radioactivity in
azo A and azo B.

of the injected dose excreted per minute. It will be
obvious that such a curve-fitting procedure does not
imply that bile excretion is zero order; rather, the
apparent linearity represents a linear approximation
over the initial short period.

From these data, limits can be calculated for the
possibility of contamination in liver homogenates by
intrahepatic bile. The animals used had livers weigh-
ing 10-14 g and a bile flow of 0.02 ml/min. Because
the dead space volume of the rat intrahepatic biliary
tree is 5 ,ul/g of liver (30), the total intrahepatic
bile would be that volume of bile that appears at the
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FIGURE 2 Cumulative appearance of 3H in bile after injec-
tion of rats with [3H]bilirubin. The insert illustrates the
linear least squares fit to the initial 20 min of each study; the
broken line illustrates the linear least squares fit to all the
data combined and has a slope of 3% of the injected dose
per minute.

hilum and is collected during a 3- to 4-min period. It
may be calculated from Fig. 2 that, at 1.5 min, retained
intrahepatic bile contains substantially <5%of the in-
jected dose of [3Hlbilirubin. Liver homogenates were
found to contain 36% of the injected dose at 1.5 min,
including 17% as conjugated bilirubin, an amount far
exceeding possible contamination by intrahepatic bile.
As demonstrated in Fig. 1, between 3 and 15 min
after injection there is a significant decline in hepatic
content of conjugated [3H]bilirubin. However, the
relatively small contribution due to retained intra-
hepatic bile is constant over this time period (Fig. 2).
The data, therefore, point to a pool of [3H]bilirubin
conjugates retained in the liver, a pool that is released
into bile at an approximately constant rate (Fig. 2).

The nature of the 3H-conjugates appearing in bile
after injection of [3H]bilirubin is illustrated in Table
III. In both animals, there was a tendency for a more
rapid initial excretion of [3H]bilirubin monoglucuro-
nide, after which the proportion of radiolabeled mono-
conjugate gradually declined toward a constant level.
Base-line excretion was found experimentally to be
75% monoconjugate in rat A. This variable was not
determined in rat B, but presumably approximated
the 75-80% value found in similar Sprague-Dawley
animals.

Binding proteins. The accumulation of both bili-
rubin and its conjugates in liver raises the question
of the manner in which they are stored. Arias and
his colleagues have demonstrated the presence of a
protein, ligandin, with a high affinity for the other-
wise insoluble bilirubin (4, 7, 8). After the identi-
fication of ligandin as glutathione S-transferase B (9),
it was found that all of the glutathione transferases
were relatively avid binding proteins for bilirubin

146 A. W. Wolkoff, J. N. Ketley, J. G. Waggoner, P. D. Berk, and W. B. Jakoby



TABLE III
Excretion of Conjugated [3H ]Bilirubin in Bile after

Intravenous Administration of [3H] Bilirubin

Percent of labeled
conjugates excreted as

bilirubin monoglucuronide*

Time Rat A Rat B

min

0-2 NC NC
2-4 100 100
4-6 100 100
6-8 90 88
8-10 91 92

10-12 81 89
12-14 82 89
14-16 72 88
16-18 79 85
18-20 75 83
20-22 74

* Proportion of monoglucuronide was determined from thin-
layer chromatographic analysis of p-iodoaniline azopigments.
I No counts detected.

(15, 16). A plot of the data for glutathione S-trans-
ferase B (ligandin) with each of the tested ligands
is presented in Fig. 3. The dissociation constants of
each of the homogenous tra
its glucuronides are present

12

10

8

'I

2

- 0.6 - 0.4 - 0.2 0
1/[L] (MM-1)

FIGuRE 3 Double reciprocal p
cence of rat glutathione S-trans
added ligand concentration (L).
bilirubin (A), bilirubin monog]
diglucuronide (C). Dissociatioi
the negative reciprocals of the

TABLE IV
Binding of Bilirubin and its Glucuronides with the

Glutathione S-Transferases from Rat and Human Liver

Dissociation constant (Kd)

Transferase Bilirubin Monoglucuronide Diglucuronide

Kd X 10-6

Rat A 15 2 23
AA 100 4 40
B 2 3 10
C 2 6 20

Human8 18 5 33
e 33 5 121

Data were obtained by following the decrease in intrinsic
fluorescence of the protein by the method described for the
binding of bilirubin (16).

evident that the transferases from both rat and human
liver have low dissociation constants for bilirubin as
well as for both glucuronide conjugates. Thus, each
of the transferases is capable of tightly binding
bilirubin conjugates.

DISCUSSION

Lnsferases for bilirubin and An obligatory step in the normal pattern of excretion
ted in Table IV. It will be of bilirubin is the formation of more polar conjugates

(6, 31). The nature of the conjugates and their
B proportion varies with the species (32, 33). Indeed,

,B differences were noted between the two strains of
c 0 rats used here: bile from Sprague-Dawley rats con-

/ / tains primarily bilirubin monoglucuronide with only
,'/A 10-20% as the diconjugate (10); bile from the Wistar

/ / / / R-strain contains 50-70% diconjugated bilirubin
/ // /(19, 32).

/o The accumulation or "storage" of bilirubin in liver
/ - has been described (2, 34, 35) and is supported by

/o° /the present data. The low water solubility of bilirubin
argues against its existence in a free state (36), but
the discovery of ligandin and the subsequent recogni-
tion that the other glutathione S-transferases serve as
organic anion-binding proteins (4, 9, 16) provides an
explanation for the intracellular accumulation of free
bilirubin in concentrations that would otherwise lead
to its precipitation. It has been postulated that con-
jugation of cholephilic anions such as bilirubin would

' result in compounds with reduced affinity for the bind-0.2 0.4 0.6 0.8 ing proteins, enabling the conjugates to be readily

excreted (17). A previous study has suggested that
lot of the decrement in fluores- conjugated bilirubin does not accumulate in liver and
,ferase B (AF) as a function of that, once formed, immediately enters the bile (18).
The ligands are unconjugated From data presented here, these conclusions must belucuronide (B), and bilirubin

n constants are calculated as modified. Wehave demonstrated significant quantities
x-intercepts. of monoconjugated bilirubin in liver and conclude that
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this represents intrahepatocellular accumulation, i.e.,
storage. The high affinity of the glutathione S-trans-
ferases for bilirubin and its glucuronides is pre-
sumably responsible for this phenomenon. The nor-
mally large amounts of these enzymes in liver, e.g. 3
and 10% of the total soluble protein of extracts from
human (15) and rat (10) liver, respectively, are suf-
ficient to account for the quantities of intrahepatic
pigments observed.

Because the high affinities of the glutathione S-trans-
ferases for both bilirubin mono- and diglucuronides,
it is surprising that the intrahepatic pool of con-
jugated bilirubin consists so predominantly of mono-
glucuronide. If both conjugates were formed by
the microsomal enzyme, bilirubin UDPglucuronyl-
transferase, then these findings would imply a very
rapid and highly preferential excretion of the di-
glucuronide by the canalicular transport system. The
data in Table III are not consistent with this hypothesis.

An alternative explanation centers on the recent ob-
servations of Jansen et al. (37). They confirmed earlier
data (5, 38) indicating that the monoglucuronide was
the only bilirubin conjugate produced by the mi-
crosomal conjugating mechanism. In addition, they pre-
sented evidence that the conversion of bilirubin
monoglucuronide to the diglucuronide occurs by a
transesterifieation step not requiring UDPglucuronic-
acid as a cofactor, and catalyzed by an enzyme
preparation localized to the liver cell plasma mem-
brane, and present in highest concentration in the
canalicular-enriched membrane fractions. Hence, one
may speculate that the formation of bilirubin diglucuro-
nide occurs at the canalicular plasma membrane, in
a site or configuration which facilitates its immediate
biliary excretion, without intracellular binding or
accumulation. Such a hypothesis would explain our
failure to demonstrate significant quantities of bili-
rubin diglucuronide even in the livers of Wistar R
rats, in which it is the predominant biliary bile
pigment.

The results of the current investigation require a
revision of the previously held beliefs that conjugated
bilirubin does not bind tightly to the intrahepato-
cytic organic anion-binding proteins (17), and that, per-
haps in consequence, it does not accumulate in normal
liver (18). Our data demonstrate retention of con-
jugated bilirubin within the liver, and tight binding
of bilirubin conjugates to the glutathione S-trans-
ferases. A satisfactory explanation for the observation
that the intrahepatic pool of conjugated bilirubin
consists predominantly of monoglucuronide clearly
awaits further investigation.
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