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ABSTRACT Althoughitiswell established that bili-
rubin monoglucuronide is formed in the liver from bili-
rubin by a microsomal bilirubin uridine diphosphate
(UDP)-glucuronosyltransferase, the subcellular site of
conversion of monoglucuronide to diglucuronide and
the molecular mechanism involved in diglucuronide
synthesis have not been identified. Based on in vitro
studies, it has been proposed that two fundamentally
different enzyme systems may be involved in di-
glucuronide synthesis in rat liver: (a¢) a microsomal
UDP-glucuronosyltransferase system requiring UDP-
glucuronic acid as sugar donor or (b) a transglucuroni-
dation mechanism that involves transfer of a glucurono-
syl residue from one monoglucuronide molecule to
another, catalyzed by a liver plasma membrane en-
zyme. To clarify the mechanism by which bilirubin
monoglucuronide is converted in vivo to diglucuron-
ide, three different experimental approaches were
used. First, normal rats were injected with either equal
amounts of bilirubin-11Ia [**Clmonoglucuronide and
unlabeled bilirubin-XIIIa monoglucuronide, or bili-
rubin-XIIIe ['*C]monoglucuronide and unlabeled bili-
rubin-I11e monoglucuronide. Analysis of radiolabeled
diglucuronide excreted in bile showed that [**C]-
glucuronosyl residues were not transferred between
monoglucuronide molecules. Second, in normal rats in-
fused intravenously with dual-labeled [*H]bilirubin
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[**Clmonoglucuronide, no transfer or exchange of the
[*“C]glucuronosyl group between injected and en-
dogenously produced bilirubin monoglucuronide
could be detected in the excreted bilirubin diglucuron-
ide. Third, in homozygous Gunn rats, injected “C-
labeled or unlabeled bilirubin mono- or digluc-
uronides were excreted in bile unchanged (except that
diglucuronide was hydrolyzed to a minor degree). This
indicates that Gunn rats, which lack bilirubin UDP-
glucuronosyltransferase activity, are unable to convert
injected monoglucuronide to diglucuronide. Collec-
tively, these findings establish that a transglucuronida-
tion mechanism is not operational in vivo and support
the concept that bilirubin diglucuronide is formed by
a microsomal UDP-glucuronosyltransferase system.

INTRODUCTION

Bilirubin,! the principal degradation product of
heme in mammals (1), is excreted in bile largely in
the form of polar derivatives in which one or both
propionic acid B-substituents of the pigment are esteri-
fied with a sugar, predominantly glucuronic acid (2, 3).
This conjugation is thought to disrupt the multiple in-
tramolecular hydrogen bonds responsible for the non-
polar character of bilirubin and thereby renders the
pigment excretable in bile (4). It is well established
that formation of bilirubin monoglucuronide (BMG)
is catalyzed by microsomal uridine diphosphate (UDP)-
glucuronosyltransferase [UDP-glucuronate g-glucuron-
osyltransferase (acceptor unspecific)y EC 2.4.1.17],
with UDP-glucuronic acid (UDPGIcUA) serving as
sugar donor (5). It remained unexplained, however,

! Abbreviations used in this paper: bilirubin, bilirubin-I1Xa;
BDG, bilirubin diglucuronide; BMG, bilirubin monoglucuronide;
TLC, thin-layer chromatography; UDP, uridine diphosphate;
UDPGIcUA, uridine diphosphate glucuronic acid.
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why on incubation of liver homogenate or microsomes
from humans, rats, dogs, and cats with UDPGIcUA,
the reaction product was largely BMG (6), while in
these species bile contains predominantly bilirubin
diglucuronide (BDG) (2, 3, 7-9). Because of this ap-
parent inconsistency between the findings in vivo and
in vitro, it has been postulated that conversion of BMG
to BDG is catalyzed by a separate enzyme that differs
from bilirubin UDP-glucuronosyltransferase. Recently,
it has been reported that in rat liver, synthesis of BDG
from BMG is catalyzed by BMG glucuronosyltrans-
ferase, an enzyme which is distinct from microsomal
UDP-glucuronosyltransferase in its reaction mechanism
and subcellular location (10). This enzyme is believed
to convert BMG to BDG by transfer of a glucuronsyl
group from one BMG molecule to another, whereby
1 mol of bilirubin and 1 mol of BDG are formed from
2 mol of BMG. This transglucuronidation reaction does
not require UDPGIcUA as sugar donor, and the enzyme
involved exhibits highest specific activity in the plasma
membrane fraction. The reported reaction rate of BMG
glucuronosyltransferase in rat and human liver far
exceeds that of microsomal bilirubin UDP-glucurono-

syltransferase. An unimpaired rate of conversion of

BMG to BDG in vitro has been observed in liver prep-
arations from patients with Crigler-Najjar disease type 1
and from homozygous Gunn rats (11), both of which
lack detectable hepatic bilirubin UDP-glucuronosyl-
transferase activity.

Several well-established observations in humans and

rats in vivo have indicated that, in the presence of

eithera high hepatic bilirubin concentration or reduced
microsomal bilirubin UDP-glucuronosyltransferase ac-
tivity, the liver preferentially forms BMG (9, 12-16).
Therefore, we examined the microsomal UDP-gluc-
uronosyltransferase system of rat liver to see whether,
under the standard assay conditions, the preferential
formation of BMG is related to the unphysiologically
high bilirubin substrate concentrations used. We found
that when the pigment substrate concentration in the
incubation medium was substantially decreased, liver
microsomes form approximately equal amounts of BMG
and BDG from bilirubin and readily convert added
BMG to BDG (17). Both reactions are critically depend-
ent on UDPGIcUA, as neither liver homogenate nor
microsomes convert bilirubin or BMG to BDG in the
absence of added UDPGIcUA. Moreover, synthesis in
vitro of BDG from BMG was found to be deficient in
homozygous Gunn rats. These findings in vitro sug-
gested that formation of both BMG and BDG is catalyzed
by a microsomal UDP-glucuronosyltransferase system,
distinct from BMG glucuronosyltransferase.
Conflicting results have also been reported on the
conversion of BMG to BDG in vivo. Whereas Ostrow
and Murphy (18) could not detect conversion of injected
BMG to BDG in homozygous Gunn rats, Chowdhury
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etal. (11) reported formation of BDG from administered
BMG in amounts comparable to those in normal rats.

The present study was undertaken to clarify the
mechanism of BDG formation in vivo. Experiments
were devised to examine whether BDG is synthesized
in vivo in normal rats by transglucuronidation of BMG,
and whether homozygous Gunn rats can convert ad-
ministered BMG to BDG.

Experimental approach

In intact normal rats we carried out two different
types of experiments designed to detect transfer of
glucuronosyl residues between BMG molecules (trans-
glucuronidation). The first approach (series I) was
based on the dissymmetry of bilirubin, which is due to
the different sequence of the methyl and vinyl B-sub-
stituents on the outer pyrrolinone rings. The molecule
thus contains two dissimilar dipyrrylmethenes, which
we shall designate as A (with endovinyl side chain) and
B (with exovinyl side chain), respectively. For con-
venience the complete molecule is denoted as A-B (Fig.
1). Bilirubin monoglucuronide therefore exists in
two isomeric forms that differ by the attachment of
the sugar moiety to either the A or the B dipyrrylmethene.2
Both isomers are formed when liver homogenate or
microsomes are incubated with bilirubin and UDPGIlcUA
(17, 19), and both have been identified in rat bile (8, 9).
For unknown reasons, the monoglucuronide conjugated
in A usually predominates (9, 17, 19).

If BDG were formed by a transglucuronidation mech-
anism, C-labeled glucuronosyl groups for example,
attached exclusively to dipyrrylmethene A of injected
BMG would be transferred to both the A and B halves
of other BMG molecules. However, since the two iso-
meric bilirubin monoglucuronides have not been
isolated or synthesized individually, BMG with a radio-
labeled conjugating group attached exclusively to ei-
ther the A or B dipyrrylmethene is not available. We
therefore used as model compounds the radiolabeled
monoglucuronides of the symmetrical bilirubin-111a
and -XIlIa (Fig. 1). Since each of these molecules con-
tains either two B or two A dipyvrrylmethenes, the ra-
diolabeled glucuronosyl group is attached solely to B
in the Illa and to A in the XIlla isomer. Physiologi-
cally, the bilirubin-I1la and -XIII« isomers and their
monoglucuronides behave similarly to the correspond-
ing [Xa isomers (Results).

Rats provided with an external bile fistula were in-
jected intravenously with a mixture of equal amounts
of bilirubin-XIIla [“C}monoglucuronide [A-®=*] and

2 Trivial names proposed for these two isomers are bili-
rubin C-8 monoglucuronide, corresponding to the isomer
that carries the glucuronosyl group on the dipyrrylmethene
part A, and bilirubin C-12 monoglucuronide, correspond-
ing to the opposite isomer.
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FIGURE 1 Structure of bilirubin-IXe, -XIIla, -IIla. Bili-
rubin contains two different dipyrrylmethene moieties, A and
B, linked by a central methylene bridge; A and B differ by
the presence of an endovinyl group in A and an exovinyl
group in B. Consequently, the dissymmetrical bilirubin
can be denoted as A-B, and the symmetrical molecules bili-
rubin-IIle and -XIIla as B-B and A-A, respectively.

unlabeled bilirubin-IIla monoglucuronide[B-®]. Other
animals were given equal amounts of bilirubin-IIla
[“C]monoglucuronide [B-®#*] and unlabeled bilirubin-
XIIIa monoglucuronide [A-®] (Fig. 2). The BDG ex-
creted in the bile was isolated and the proportion of
[“C]glucuronosyl groups attached to its A or B dipyr-
rylmethene part was determined. If BDG were formed
by a microsomal, UDPGlcUA-dependent glucuronosyl-
transferase, all radiolabel in the excreted BDG would
still be attached to the same dipyrrylmethene it had
been attached to in the injected [**C]monoglucuronide.
If, on the other hand, [*C]glucuronosyl groups had
been transferred from the injected radiolabeled mono-
glucuronide to other administered or endogenous un-
labeled monoglucuronide molecules, this transgluc-
uronidation would be reflected by the occurrence of
4C label on both A and B dipyrrylmethenes in the
excreted BDG.

In Fig. 2, two different schemes are presented for
predicting transfer of radiolabel from injected [**C]-
monoglucuronide to other monoglucuronide molecules
by a hypothetical transglucuronidation mechanism. In
both schemes it is assumed that 40% of the injected
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FIGURE 2 Schemes predicting the distribution of “C-labeled
glucuronosyl residues between dipyrrylmethenes A and B of
BDG excreted in bile if a transglucuronidation mechanism
were operational in vivo. A and B (Fig. 1) are encircled when
esterified with glucuronic acid, and an asterisk indicates that
the glucuronosyl group is *C-labeled. In both schemes it is
assumed that 40% of the injected BMG is directly excreted
unchanged in bile, and that 60% undergoes transglucuronida-
tion. This assumption is required to fit the values for BMG
(57%) and BDG (43%) excretion predicted by transglucuroni-
dation (Fig. 3) to the experimental findings (Tables I and III,
Fig. 4). Scheme a depicts the expected fate of injected BMG
when a mixture of 100 molecules of bilirubin-XIIIa [**C]mono-
glucuronide [A-®%] and 100 molecules of unlabeled bilirubin-
IIIa monoglucuronide [B-®] were injected into a normal rat,
assuming that BDG is formed by a transglucuronidation
mechanism and that exogenous BMG far exceeds or does not
mix with endogenous BMG. Under these conditions, the pre-
dicted distribution of *C label between A and B of BDG
excreted in bile would be 75% in A and 25% in B. If a mixture
of bilirubin-IIle [**C]monoglucuronide and bilirubin-XIIl«
monoglucuronide were injected, the expected distribution of
14C label in BDG would be 25% in A, 75% in B. Scheme b
shows the expected fate of the [**C]glucuronosyl groups of in-
jected bilirubin-XIIla [**Clmonoglucuronide in a trans-
glucuronidation reaction in which endogenous BMG far ex-
ceeds the injected BMG. For the purpose of calculation, it is
assumed that the C-8 isomer (esterified on the dipyrryl-
methene part A) constitutes 67% of total endogenous BMG (9).
The predicted distribution of “C label between A and B of
BDG in bile is 67% in A and 33% in B. On the other hand, if
bilirubin-I11a [**C]monoglucuronide were injected, the ex-
pected distribution of 1*C label in BDG would be 17% in A and
83% in B.

BMG is excreted unchanged in bile, whereas 60%
undergoes transglucuronidation. The rationale for
selecting these values is given in the legend to Fig.
3. The two schemes differ by being based on two mu-
tually exclusive assumptions; (a) that transglucuroni-
dation takes place either solely between the injected
bilirubin-IIla and -XIIla monoglucuronides without
participation of endogenous BMG (Fig. 2a) or (b) that
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FIGURE 3 Calculation of the *C:*H ratio in BMG and BDG
in bile after administration of [*H]bilirubin [**C]mono-
glucuronide to normal rats, assuming that transglucuronida-
tion of BMG occurs. Symbols in the scheme are as follows:
B, unconjugated bilirubin or bilirubin aglycone; ®, gluc-
uronosyl residue; [B], unconjugated [*H]bilirubin or [*H]bili-
rubin aglycone; ®, *C-labeled glucuronosyl moiety. Thus, B
denotes unconjugated bilirubin, BG bilirubin monogluc-
uronide, BGG bilirubin diglucuronide. Based on the assump-
tion that injected BMG is converted to BDG by a trans-
glucuronidation mechanism, the scheme predicts that after an
infinite number of cycles about 57% of the injected BMG
would be excreted in bile in the form of BMG and
43% as BDG. The calculated *C:*H ratio (expressed as a frac-
tion of the ratio in the administered BMG) in BMG and BDG
would be 0.72 and 1.44, respectively, and the predicted iso-
tope distribution between BMG and BDG in bile would be
57% of the *H in BMG and 43% in BDG, and 40% of the *C
in BMG and 60% in BDG.

transglucuronidation occurs exclusively between an in-
jected Il or XIIIa monoglucuronide and endogenous
BMG molecules (Fig. 2b). The former assumption
would hold if the amount of injected monoglucuronide
far exceeded the endogenous BMG production, or if
the endogenous and exogenous monoglucuronides did
not mix. The latter assumption would apply if the in-
jected monoglucuronide represented a true tracer dose
relative to the endogenous BMG formation. The two
schemes predict different values for the distribution
of 1“C label between dipyrrylmethenes A and B of
excreted BDG representing the extremes if either of
the above assumptions were correct to the exclusion
of the other. If transglucuronidation were to occur
under the actual experimental conditions used, the
expected distribution of [**Clglucuronosyl groups be-
tween A and B in BDG by definition would lie some-
where between these two extreme values.

In a second approach (series II), we used dual-la-
beled bilirubin monoglucuronide, containing 3H
in the tetrapyrrolic aglycone and C in the glucurono-
syl moiety. This was injected intravenously with a much
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larger amount of unlabeled bilirubin into rats pro-
vided with an external bile fistula, and BMG and BDG
excreted in bile were isolated and analyzed. If BDG
were formed from injected BMG by a UDPGIcUA-de-
pendent microsomal glucuronosyltransferase, the *C:*H
ratio in both the excreted BMG and BDG would be the
same as in the injected pigment. On the other hand, if in-
jected BMG were converted to BDG by a transglucuronida-
tion mechanism, [**C]glucuronic acid would be trans-
ferred from the dual-labeled BMG to other, unlabeled
BMG molecules. The excreted BDG, therefore, would
exhibit a higher “C:*H ratio and the BMG a lower
isotopic ratio than that in the administered pigment.
In Fig. 3, a scheme is presented for predicting the
isotope ratio of the excreted BMG and BDG formed
by a transglucuronidation mechanism. This scheme is
predicated on the administration of 100 molecules of
dual-labeled BMG with a *C:3H ratio of unity. It as-
sumes that 40% of the injected BMG is directly ex-
creted unchanged in bile, and that 60% undergoes
transglucuronidation (Fig. 3, cycle I). This assumption
is required to fit the values for BMG (57%) and BDG
(43%) excretion predicted by the transglucuronidation
scheme (Fig. 3) to the experimental findings (Tables I
and III, Fig. 4). Whereas transglucuronidation of the
dual-labeled BMG involves an infinite number of se-
quential cycles, all *C-labeled glucuronosyl residues
by definition end up in labeled BDG during the first
cycle and are eliminated in bile. Exchange of labeled
glucuronosyl groups occurs almost exclusively between
radiolabeled BMG and unlabeled BMG because of the
excess of endogenous BMG formed from the injected
bilirubin. Of the 60 radiolabeled BMG molecules that
enter the first transglucuronidation cycle, 30 receive a
second unlabeled glucuronosyl group and 30 donate
their C-labeled conjugating moiety to unlabeled
BMG. The resulting 30 unconjugated [*H]bilirubin
molecules are then converted to [PHIBMG by UDP-
glucuronosyltransferase and enter a second trans-
glucuronidation cycle. The scheme predicts that of the
radioactivity in dual-labeled BMG molecules under-
going three transglucuronidation cycles, 57% of the *H
appears in BMG and 43% in BDG; for the “C the
expected distribution is 40% in BMG and 60% in BDG
(Fig. 3). The predicted ratio of**C:*H in BMG is 0.72
and in BDG 1.44 of that in the administered dual-
labeled BMG. These values would not be altered
appreciably if cycles beyond the third were to be
considered.

In a third series of experiments (series 1II), we ex-
amined the controversial issue of whether homozygous
Gunn rats, which are unable to form BMG (20, 21),
can convert administered BMG to BDG by transgluc-
uronidation (11, 18). The animals were injected with
16-600 nmol of unlabeled or *C-labeled BMG, with
the isotope in the tetrapyrrolic aglycone, and the BMG
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and BDG excreted in bile were determined. Since
transglucuronidation of BMG may be impeded by the
high concentration of bilirubin in Gunn rat liver, we
also examined the possibility of reverse transglucuroni-
dation, i.e., BDG + bilirubin - 2 BMG; such a reac-
tion has been claimed to occur in normal rat liver in
vitro (22). Thus, a large amount of unlabeled BDG (8.5
umol) was infused into intact Gunn rats whose endoge-
nous bilirubin pool had been prelabeled with [**C]-
bilirubin. Under these conditions, reverse transgluc-
uronidation should result in biliary excretion of *C-
labeled BMG exhibiting a specific activity one-half that
of the ['C]bilirubin in the animal’s miscible bili-
rubin pool.

METHODS

The following chemicals were used: bilirubin, containing at
least 92% IXa isomer (Merck Chemical Div., Merck & Co.,
Rahway, N. ]J.); UDP-[U-*C]glucuronic acid, 231 mCi/mmol,
8-amino[4-“C]levulinic acid, 55-58 mCi/mmol, and 8-amino
[3,5-*Hllevulinic acid, 1.2 Ci/mmol (New England Nuclear,
Boston, Mass.). Other reagents were as specified elsewhere
(17). For thin-layer chromatography (TLC) glass plates pre-
coated with silica gel were used (60 F,5,, 5765/0025; Merck
Chemical Div.).

General methods

Preparation of pigments. [**C]Bilirubin and [*H]bilirubin
were prepared biosynthetically (23). Unlabeled and !C-la-
beled bilirubin-11la and -XIIla were synthesized by acid-
catalyzed isomerization of commercial bilirubin or [*“C]bili-
rubin, respectively, and isolated by TLC (24); the purity of
the isolated I1la and XIII1a isomers was established by analyti-
cal TLC with chloroform/acetic acid, 99:1 (vol/vol) as solvent,
using authentic bilirubin-IIle, -IXa, and -XIIIa as references
and by chromatographic analysis of the methyl esters of their
ethyl anthranilate azoderivatives (25). Unlabeled bilirubin
1-O-acyl-B-D-mono- and diglucuronide were purified from rat
bile and isolated by TLC (17). Bilirubin-IIl« or -XIIIa 1-O-
acyl-8-p-[U-"*C]lmonoglucuronide and [*H]bilirubin 1-O-
acyl-B-D-[U-"*C]monoglucuronide were prepared biosyn-
thetically by incubation of the corresponding bilirubin iso-
mers or [*H]bilirubin with **C-labeled UDPGIcUA and micro-
somes from liver of normal rats, pretreated for 4 days with
intraperitoneal glutethimide (7.5 mg/100 g body wt). The other
components of the incubation mixture and the isolation of the
product have been described (26); the yield of BMG was 20—
30%. Identical incubation conditions were used for synthesis
of [**C]BMG or [*H]BMG from [**C]bilirubin or [*H]bilirubin,
and of [C]bilirubin-IIla monoglucuronide or [*C]bilirubin-
XIIla monoglucuronide from the corresponding [**C]bilirubin
isomer, except for replacement of 1*C-labeled UDPGIcUA by
5 mM unlabeled UDPGIcUA. All BMG used was isolated by
TLC. As reported (17), such preparations contain 80-90%
authentic BMG, small amounts of BDG (5-16%), and uncon-
jugated bilirubin (1-8%). The latter two pigment fractions
are formed by dipyrrole exchange of BMG during TLC, as
evidenced by two-dimensional TLC of the BMG preparation
and analysis of 111e, IXa, and XIIla isomers. “Authentic BMG”
is used throughout to denote the actual bilirubin monogluc-
uronide content of a given BMG preparation. In the BDG
preparations, neither bilirubin nor BMG was detectable. After
TLC, bilirubin glucuronides were eluted from silica gel with
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methanol and A,;, was measured on an aliquot of the eluate.
A known volume of the eluate was immediately evaporated
to dryness under reduced pressure and the residue was dis-
solved in normal rat serum immediately before injection. Un-
conjugated bilirubin-11le, -IXa, or -XIIla was dissolved in
chloroform and A, was measured on an aliquot of the solu-
tion. A known volume of the solution was evaporated to dry-
ness, the pigment residue was dissolved in a small volume
of 0.1 M NaOH and then added to normal rat serum. The
amount of injected pigment was determined spectrophoto-
metrically, using reported e,;; values for bilirubin isomers
in chloroform (24), and assuming €,5, 60 x 10 liters -mol~!-cm™!
for BMG or BDG in methanol.

Animal procedures. “Normal rats” were Sprague-Dawley
(380-450 g; Simonsen Labs., Gilroy, Calif.) or male Wistar
R/A 300-350 g; University of Leuven, Belgium), in which
bilirubin conjugates in bile are predominantly (71%) in the
diconjugated form and glucuronides constitute 95-98% of the
bilirubin conjugates (9). “Gunn rats” were male homozygous
Gunn rats (300-450 g) from the University of California School
of Medicine, San Francisco, or the University of Leuven. A
jugular vein and the bile duct were cannulated with Intra-
medic polyethylene PE-10 and PE-50, respectively (Clay-
Adams Div., Becton, Dickinson & Co., Parsippany, N. J.),
the animals placed in restraining cages under infrared heating
lamps, and infused intravenously (2 ml/h) with a 5% (wt/vol)
glucose solution in 0.15 M NaCl for 2 h. Only rats producing
at least 1 ml of bile/h were used. Test pigment solutions then
were either injected as an intravenous bolus (0.8-1.2 ml) or in-
fused (2 ml) over 15 min. Bile was collected in tared tubes
placed in ice and bile flow was determined gravimetrically.
Additional details regarding specific experiments are out-
lined below.

Analytical procedures. In all experiments, an aliquot of
the pigment solution administered to rats was analyzed simul-
taneously with and by the same method(s) as bile samples;
when radiolabeled pigments were injected, carrier pigments
in the form of rat bile, enriched with bilirubin, were added
to the samples before analysis. Total bilirubin was deter-
mined by the p-iodoaniline procedure (27), and the ethyl
anthranilate (27) and alkaline methanolysis (9) methods were
used for analysis of mono- and diconjugates. When the pig-
ments contained radiolabel in the conjugating sugar, a third
procedure (28) was used in which the intact bilirubin con-
jugates were extracted and mono- and diglucuronides isolated
by TLC using a chloroform/methanol/water, 10:5:1 (vol/vol/
vol) solvent system; with this chromatographic procedure,
isomeric forms (IIle, IXa, and XIIla) of BMG and BDG are
not separable. For determination of radioactivity in isolated
BMG or BDG, a known portion of the pigment band was
scraped into a counting vial and the remainder was used for
structural analysis and quantitation of BMG and BDG. Azo-
derivatives were prepared by mixing the scraped silica gel
with 1 vol of methanol and 1 vol of diazotized ethyl anthranilate
reagent (27). After 10 min at 20-25°C 1 vol of ascorbic acid
solution (10 mg/ml) and 5 vol of glycine/HCI buffer, pH 2.7,
(0.4 M HCI adjusted to pH 2.7 with solid glycine) were added
to stop the reaction, and the azoderivatives were extracted
with 2 vol of 2-pentanone. The extracted azodipyrroles were
analyzed by TLC and measured spectrophotometrically (27).
For analysis of radioactivity in each individual conjugated
dipyrrylmethene A or B moiety, methylated and fully acetylated
derivatives of the conjugated azopigments were prepared and
the isomeric azoderivatives A and B separated by TLC (26).
Preparation of samples for measurement of *C or *H radio-
activity (Beckman liquid scintillation spectrometer model LS-
250, Beckman Instruments Inc., Fullerton, Calif.) and data
analysis was carried out as described (9). Dual-label (*C



and *H) counting and correction of count rates was performed
as detailed in Beckman Biomedical Technical Report TR-586.

Specific experiments

Details of the experiments (series I-III) outlined in Ex-
perimental approach are given below.

Series I. In eight normal rats provided with an external
bile fistula, endogenous BMG and BDG excretion in bile dur-
ing a 1-h control period was determined, and it was assumed
that this rate of pigment excretion was maintained for the
following 3 h. The animals were injected intravenously with
13-70 nmol of bilirubin-I1Ia or -XIII« [**C]monoglucuronide
(8,880 dpm/nmol) and an equal amount of unlabeled mono-
glucuronide of the opposite isomeric type (XIlla or I1la) (Ta-
ble I). Bile was collected for 2 or 3 h and recovery of injected
14C label in bile was determined. The intact glucuronides
were extracted from bile and the radioactivity in the separated
BMG and BDG was measured. A portion of the isolated BMG
and BDG was converted to ethyl anthranilate azoderivatives
and the azodipyrrole glucuronide (azopigment-8) was isolated
and converted to its methylated and fully acetylated deriva-

tive. The latter dipyrrolic pigment consisted of a mixture of

the two isomeric forms of azodipyrrole 1-O-acyl-glucuronide,
corresponding to the dipyrrylmethene parts A and B of the
parent tetrapyrroles; in their methylated and acetylated forms,
these two isomers can be separated by TLC for determina-
tion of radioactivity. C activity in isomer A or B is expressed
as a percentage of total radioactivity in the two isomers. Analy-
sis of synthesized bilirubin-Illa or -XIIla [**C]monogluc-
uronide showed that a trace amount of the *C label was as-
sociated with the dipyrrylmethene that, on the basis of the
purity of the substrates used, had been expected to be un-
labeled. This contamination, which ranged from 1-5% (Table
11, predicted distribution of radioactivity in UDPGlcUA-de-
pendent mechanism) in part may have been due to hydrolysis
during chromatography and in part to chromatographic streak-
ing; the latter was implied by the observation that contamina-
tion was more pronounced with the IIla [**C]monoglucuro-
nide whose radiolabeled azodipyrrolic isomer B moves chro-
matographically ahead of the unlabeled isomer A.

Ancillary experiments were carried out to ascertain that
conjugation and biliary excretion of bilirubin-IIla and -XII1a
and their monoglucuronides are comparable to those of the
corresponding IXa isomers. [C]bilirubin-IIle, -IXa, -XII1a
(30-60 nmol) was administered to normal or homozygous
Gunn rats and biliary excretion of these three isomers de-
termined as described (29). In addition, excretion in bile of
3H- and "“C-labeled BMG and BDG was measured in four
rats injected intravenously with a mixture of 75-90 nmol of
[*C]bilirubin-I11a or -XIIla monoglucuronide and an equal
amount of [*H]bilirubin monoglucuronide. Aliquots of
consecutively collected bile samples were radioassayed to
estimate recovery of isotope in bile.

The distribution of 3H and *C label between BMG and
BDG was determined by the ethyl anthranilate and alkaline
methanolysis methods.

Series I1. After a control period of 2 h, three Sprague-
Dawley rats provided with an external bile fistula were in-
jected intravenously with 1.7 umol of unlabeled bilirubin
and 33 nmol of [*H]bilirubin [**C]monoglucuronide, and
bile was collected for 2 h. *C and *H in aliquots of bile were
measured for estimation of recovery of the injected labels,
and total (labeled and unlabeled) BMG and BDG excreted
in bile were determined both by the ethyl anthranilate and
the alkaline methanolysis methods. The intact glucuronides
were extracted from the bile and from an aliquot of the ad-
ministered sample; BMG and BDG were isolated by TLC
and their content of *C and *H was measured.

SeriesIII. Afteracontrol period of 2-3 h, five homozygous
Gunn rats (group A) were infused intravenously over 15 min
with ~0.5 umol of BMG. Bile was collected for 1 h after the
start of the infusion, and the pigment in bile and an aliquot
of the injected sample were analyzed by the alkaline methanol-
ysis and ethyl anthranilate methods. Recovery of the injected
pigment in bile was determined by the ethyl anthranilate
method. Another five Gunn rats (group B) were injected with
a small dose of ["*C]BMG (16-38 nmol; 13.5 dpm/pmol), given
as a bolus. Bile was collected for the subsequent hour, the
“C in aliquots of the bile was measured for estimation of
recovery of the injected radioactivity, and after addition of
appropriate carrier pigments, the *C content of the isolated

TABLE I
Experimental Details for Experiments of Series |

Endogenous
bilirubin
glucuronides

1C-Labeled
glucuronides
excreted in bile

excreted in bile in2h
in2h Injected authentic BMG
Dose
Rat Total BDG A-®* B-®* A-® B-® recovered BDG
nmol %o nmol % 3
1,W 264 50 32 32 91 42
2,W 338 58 32 32 97 61
3,SD 293 67 43 43 81 66
4,SD 282 51 43 43 88 37
5,W 340 60 13 13 93 51
6,SD 185 55 45 45 94 26
7,SD 400 58 70 70 86 43
8,SD 286 49 58 58 80 25

Abbreviations used in this table: A-A, bilirubin-XIllea; B-B, bilirubin-I11le; ® or ®, dipyrryl-
methene part A or B that is esterified with glucuronic acid; ®* or ®*, dipyrrylmethene part
A or B that is esterified with *C-labeled glucuronic acid; W, Wistar; SD, Sprague-Dawley.
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TABLE I1
Distribution of *C in BDG Excreted in Bile after Injection of Bilirubin-I11a,
or -XIIla [**C ]Monoglucuronide in Normal Rats (Series I)

C in dipyrrylmethene A or B of BDG in bile

Predicted distribution

Observed distribution

UDPGIcUA-
Transglucuronidation dependent BDG BMG
Rat A B A B A B A B
%o %o %o %o
1L,W 67-75 25-33 99 1 99 1 99 1
2.W 67-75 25-33 99 1 99 1 97 3
3,SD 67-75 25-33 99 1 99 1 99 1
4,SD 67-75 25-33 99 1 99 1 99 1
5,W 17-25 75-83 2 98 3 97 4 96
6,SD 17-25 75-83 5 95 5 95 6 94
7,SD 17-25 75-83 3 97 2 98 1 99
8,SD 17-25 75-83 3 97 3 97 4 96

Abbreviations explained in Table I.

mono- and diconjugated pigment fractions was determined.
In an additional experiment, two Gunn rats were injected in
the tail vein with 140 nmol of [**C]bilirubin (4.0 dpm/pmol)
to prelabel their endogenous bilirubin pool (30). 18 h later,
the animals were provided with cannulae in a jugular vein
and the bile duct and after a control period of 2 h, a blood
sample was taken for determination of the concentration and
specific activity of serum bilirubin. Unlabeled BDG (8.5 umol)
was then infused intravenously over 15 min and bile collected
for 2 h. To determine the specific activities of the excreted
BMG and BDG, the corresponding mono- and dimethyl esters
obtained by alkaline methanolysis were saponified individ-
ually (25); bilirubin thus formed was isolated by TLC (24) and
its specific activity determined. 2 h after administration of
the BDG, the rats were anesthetized with ether and ex-
sanguinated. For determination of the specific activity of
serum bilirubin, a serum sample was subjected to alkaline
methanolysis, bilirubin isolated from the extract by TLC (24),
and its specific activity determined.

RESULTS
Experimental series I

Comparison of the conjugation and biliary excretion
of the bilirubin isomers Illa, IXa, and XIIlo. After
injection of “C-labeled bilirubin-1I1a or -XIIl« in four
Wistar rats, 75-88% of the label of the administered
IIla isomer and 75% of that of the XIIla isomer ap-
peared in bile collected over the subsequent 3 h. Ap-
proximately half (52% for the IIla isomer and 49-59%
for the XI1Ia isomer) of the label was excreted as BDG.
In two Gunn rats, only 4 and 5%, respectively, of in-
jected Illa or XIIla isomer was recovered in bile in 3 h
and bilirubin glucuronides could not be detected.
These results are similar to those obtained with bili-
rubin (29), and show that Gunn rats are unable to
conjugate bilirubin-IIle and -XIIla. In four Sprague-
Dawley rats injected with equal amounts of [*H]bili-
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rubin monoglucuronide and either [“C]bilirubin-
Il or -XIIIa monoglucuronide, recovery of C in the
bile collected for 2 h ranged from 81 to 91% of the
administered dose; the corresponding values for *H
recovery were 74-90%. Conversion of the IIla and
XIIle« isomers to their diglucuronides and their excre-
tion in bile were comparable to those for the co-injected
IXa isomer (Fig. 4). These findings indicated that the
I1la and XIIla isomers of bilirubin are metabolized by
the liver like bilirubin, justifying their use as model
compounds in the following experiments.
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FIGURE 4 Comparison of biliary excretion of diglucuronides
formed from isomeric (111, IXa, XIIla) bilirubin monogluc-
uronides in Sprague-Dawley rats. The shaded area represents
cumulative excretion (mean=2 SD) of *H-labeled BDG after
administration of [H]bilirubin monoglucuronide in four
animals. The curves indicate cumulative excretion of 'C-
labeled BDG formed from injected [**C]bilirubin-I1la (@), or
-XIIlx (A) monoglucuronide in individual rats.



Diglucuronide formation from injected Illa and
XII1a monoglucuronides in normal rats. When bili-
rubin-111a or -XIIla [**C]monoglucuronide (Figs. 1 and
2) was injected in Wistar or Sprague-Dawley rats, 80—
97% of the radioactivity was recovered in bile in 2 h;
25-66% of the excreted labeled glucuronides were
diglucuronides, indicating that significant conversion
of injected BMG to BDG had occurred (Table I). The
distribution of the labeled glucuronosyl group in the
excreted BDG with regard to its attachment to either
dipyrrylmethene A or B was virtually identical with
thatin the injected BMG, as expected fora UDPGIlcUA-
dependent mechanism (Table II). The results are in-
consistent, however, with a transglucuronidation mech-
anism (Table II).

Experimental series 11

Conversion of [3BHbilirubin [“*C]monoglucuronide
to diglucuronide in Sprague-Dawley rats. When
[BH]bilirubin [**C]monoglucuronide was injected
in three rats, 75-81% of each label was excreted in
bile in the initial 30 min (Table III). During the
subsequent 30-min period, only an additional 2-4%
of each label was excreted. The BDG fraction contained
29-36% of the excreted *C and 33-40% of the *H,
indicating that extensive conversion of injected BMG
to BDG had occurred (Table I1I). The *C:*H ratio of
the BMG in bile was identical to that in the adminis-
tered pigment, whereas the ratio in BDG ranged from
0.78 to 0.91 of that in the injected BMG (Table III).
The slightly lower recovery of *C compared to 3H in
bile, and the C:3H ratio below unity in the excreted
BDG (Table III) indicate that a small fraction of the
glucuronides had been hydrolyzed. If this hydrolysis

is taken into account, the isotope ratio of the excreted
BMG and BDG is comparable to that predicted for a
UDP-glucuronosyltransferase mechanism, but different
from the isotope ratio expected on the basis of a trans-
glucuronidation reaction (Table III, Fig. 3).

Experimental series 111

Excretion of injected BMG in Gunn rats. The ad-
ministered pigment solution contained 90-95% au-
thentic BMG, the remainder being made up of small
amounts of bilirubin and BDG (Table IV). In the five
rats (group A) given a large dose of unlabeled BMG,
the average recovery of the injected pigment in 1 h
was 96%. The corresponding value in the five animals
(group B) that received a tracer dose of '*C-labeled
BMG was 85% (Table IV). In all 10 rats the pattern
of the excreted glucuronides, determined by two analyti-
cal methods, was similar to that of the injected con-
jugates, indicating that conversion of BMG to BDG had
not occurred.

Excretion of injected BDG and [“Clbilirubin in
Gunn rats. When unlabeled BDG was injected into
two Gunn rats whose endogenous bilirubin pool had
been labeled with C, 75-85% of the administered
unlabeled pigment was recovered in bile in 2 h (Table
V). Of this, 94% was BDG and 6% BMG (Table V).
Since virtually no label was present in the excreted
BMG, it obviously had been formed by hydrolysis of
the injected BDG. These findings are incompatible
with a reverse transglucuronidation mechanism.

DISCUSSION

The present study was made possible by the applica-
tion of new and improved methods for preparation and

TABLE III
Conversion of Injected [*H )Bilirubin ["*C ]Monoglucuronide
to BDG in Sprague-Dawley Rats (Series 11)

Radiolabeled glucuronides in bile*

HC:%H ratio}
Predicted
Glucuronides Radiolabel Radiolabeled Transglucuron- UDPGIcUA-
in bile* in bile* BDG idation dependent Found
Rat Total BDG 1“C 3H [“CIBDG [*H]IBDG BMG BDG BMG BDG BMG BDG
nmol T % dose %

1 1,205 55 81 88 36 40 0.72 1.44 1.0 1.0 098 0.78
2 1,257 51 78 92 31 35 0.72 1.44 1.0 1.0 1.0 0.81
3 1,317 60 75 83 29 33 0.72 1.44 1.0 1.0 098 091

* Bile collected during the first 30 min after injection of pigment.
1 The "C:*H ratio in BMG and BDG excreted in bile is expressed as a fraction of the ratio in

injected BMG.
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TABLE IV
Biliary Excretion of Injected BMG in Homozygous Gunn Rats (Series 111)

Bilirubin glucuronides injected Glucuronides excreted in bile in 1 h

Authentic BMG* BMG*
Total AM EA Recovered* AM EA
nmol % % %
Group A (n = 5) 476-589 92+1 95+2 963 932 96+3
Group B (n = 5) 16-38 90+3 ND 85+9 91+4 ND

Abbreviations used in this table: AM, determined by the alkaline methanolysis method; EA,
determined by the ethyl anthranilate method; ND, not done.

* Mean=SD.

analysis of bilirubin conjugates (9, 17, 24, 26-28), which
had not been available previously. These procedures
included preparation of BMG containing 85-95% au-
thentic monoglucuronide, which represents a substan-
tially smaller contamination with unconjugated bili-
rubin and BDG than had previously been achieved
(10, 11, 18, 19). They also made it possible to prepare
dual-labeled BMG containing *H in the tetrapyrrolic
aglycone and "*C in the glucuronosyl moiety, and [**C]-
monoglucuronides of the bilirubin-IIle and -XIIla
isomers. Moreover, a novel, accurate method was em-
ployed for specific measurement of bilirubin and its
mono- and diglucuronides (9). This assay represents
a considerably improvement over previously available
procedures, including the ethyl anthranilate method
(27) which may overestimate monoconjugates, particu-
larly in pigment samples containing a relatively large
amount of unconjugated bilirubin or when the pre-
scribed requirements for sample dilution or pH control
in the diazo-reaction are not rigidly observed (for a
discussion, see 15, 27, 31).

Using these new experimental tools, we have dem-
onstrated that in normal rats, injected bilirubin gluc-
uronides are rapidly and almost quantitatively excreted
in bile (Tables I and III). A substantial fraction of the
administered BMG is converted into BDG, as had pre-
viously been reported by Ostrow and Murphy (18). It

was noted, however, that the fraction of injected BMG
that appeared in the bile as BDG was smaller than
expected on the basis of the endogenous BDG excre-
tion in normal rat bile (Tables I and I1I). This suggests
that administered BMG does not mix completely with
BMG endogenously formed in the liver.

In jaundiced Gunn rats from two different colonies,
injected bilirubin glucuronides were excreted in
amounts comparable to those in normal rats, but no
conversion of BMG to BDG could be detected (Tables
I and III-V). Whereas these results are in agreement
with previous observations (18), they differ from those
of Chowdhury et al., who reported that in Gunn rats
the rate of biliary excretion of injected glucuronides
is considerably smaller than in normal rats and ad-
ministered BMG in part is excreted as BDG (11). The
reasons for these divergent findings are not apparent.

An incidental observation was that a minor fraction
of the injected bilirubin glucuronides was hydrolyzed.
In normal rats given dual-labeled BMG, this was ap-
parent from the smaller recovery in bile of C, con-
tained in the glucuronosyl moiety, as compared to *H
in the tetrapyrrolic aglycone of the excreted glucuro-
nides (Table III). The isotope ratios of the individual
BMG and BDG fractions in bile suggested that hydroly-
sis particularly affected BDG. Similarly, infusion of
BDG in Gunn rats resulted in excretion of ~6% BMG

TABLE V
Biliary Excretion of Injected BDG in Gunn Rats Prelabeled with [**C]Bilirubin

Serum bilirubin

Glucuronides excreted in bile

Specific activity

Composition Specific activity

Rat Time 0* Time 0 2h Recovery in 2 h BMG BDG BMG BDG
M dpm/mmol % injected BDG Te dpm/mmol
1 149 28 28 75 7 93 <1 0
2 101 35 37 85 6 94 <1 0

* Time at which intravenous infusion of BDG was started.
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formed by hydrolysis of the administered pigment
(Table V). Previous observations obtained by different
experimental approaches had also suggested that bili-
rubin glucuronides may undergo deconjugation in the
liver (32, 33).

The objective of this study was to clarify the mech-
anism of the conversion of BMG to BDG in intact rats.
For this purpose, the pattern of bilirubin glucuronides
excreted in bile was determined in rats injected either
with bilirubin-1Ile or -XIIle [**Clmonoglucurunide
or with [*H]bilirubin ["*C]monoglucuronide. While
analysis of the labeled pigment conjugates in bile ob-
viously does not permit direct assessment of the nature
of the underlying enzymatic events, the present ex-
periments were designed so that the results would ex-
clude one of the two postulated mechanisms for BDG
formation (10, 17). It is evident that the results listed
in Tables II and III rule out a transglucuronidation
mechanism (10), but are consistent with a UDPGlcUA-
dependent enzyme system (17). These findings and
the present observation that homozygous Gunn rats in
vivo cannot convert injected BMG to BDG are in agree-
ment with the demonstrations in vitro that rat (17, 34)
and cat liver (19) contain a microsomal UDP-glucuron-
osyltransferase system which readily converts bilirubin
or BMG to BDG. Further, albeit indirect, support for
the in vivo operation of this system is provided by
the observations that the proportion of BMG in bile is
increased in conditions associated with deficient hepatic
UDP-glucuronosyltransferase activity, such as the
Crigler-Najjar disease, Gilbert syndrome, and hetero-
zygous Gunn rats (9, 14-16), and in normal humans
(12) and rats (9, 13) infused with large amounts of
bilirubin. These phenomena appear incompatible with
a transglucuronidation mechanism whose activity in
rat liver has been reported to be considerably higher
than that of UDP-glucuronosyltransferase (10, 11).
Based on the previous in vitro (17, 34) and present
in vivo findings, we conclude that hepatic formation
of both BMG and BDG most likely is catalyzed by a
microsomal UDP-glucuronosyltransferase system.
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