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A B S T R A C T Two routes have been proposed for con-
version of bilirubin monoglucuronide to the diglucu-
ronide: glucuronyl transfer (a) from UDP-glucuronic
acid to bilirubin monoglucuronide, catalyzed by a
microsomal UDP-glucuronyltransferase, and (b) from
one molecule of bilirubin monoglucuronide to another
(transglucuronidation), catalyzed by an enzyme pres-
ent in liver plasma membranes. The evidence regard-
ing the role of the latter enzyme for in vivo formation
of bilirubin diglucuronide is conflicting. Wetherefore
decided to reexamine the transglucuronidation reac-
tion in plasma membranes and to study the conversion
of bilirubin monoglucuronide to diglucuronide in vivo.
Purified bilirubin monoglucuronide was incubated
with homogenates and plasma membrane-enriched
fractions from liver of Wistar and Gunn rats. Stoi-
chiometric formation of bilirubin and bilirubin di-
glucuronide out of 2 mol of bilirubin monoglucuronide
was paralleled by an increase of the lIla- and XIIIa-
isomers of the bilirubin aglycone, thus showing that
dipyrrole exchange, not transglucuronidation, is the
underlying mechanism. Complete inhibition by ascor-
bic acid probably reflects intermediate formation of
free radicals of dipyrrolic moieties. The reaction was
nonenzymic because it proceeded independently of
the protein concentration and heat denaturation of the
plasma membranes did not result in decreased con-
version rates. Collectively, these findings show spon-
taneous, nonenzymic dipyrrole exchange when bili-
rubin monoglucuronide is incubated in the presence
of rat liver plasma membranes. Because bilirubin gluc-
uronides present in biological fluids contain exclusively
the bilirubin-IXa aglycone, formation of the diglu-
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curonide from the monoglucuronide by dipyrrole ex-
change does not occur in vivo. Rapid excretion of un-
changed bilirubin monoglucuronide in Gunn rat bile
after injection of the pigment provides confirmatory
evidence for the absence of a UDP-glucuronic acid-
independent process.

INTRODUCTION

In healthy humans and rats, bilirubin is converted
mainly to glucuronides and excreted in bile as mono-
glucuronide (BMG,1 a mixture of two positional iso-
mers, Fig. 1) and, predominantly, as the diglucuronide
(BDG) (1-5). The first metabolic conversion step in-
volves transfer of a glucuronyl residue from UDP-gluc-
uronic acid to bilirubin, catalyzed by a microsomal
UDP-glucuronyltransferase (EC 2.4.1.17) (6-9).

Microsomal preparations from rat liver also catalyze
UDP-glucuronic acid-dependent conjugation of BMG
to form BDG (10, 11) and it is reasonable to assume
that in vivo the same process is responsible, at least in
part, for synthesis of BDG. As an alternative route,
formation of BDGaccording to the disproportionation
reaction 2 BMG= B + BDG(Eq. 1) has been proposed
recently (12-14). This transformation occurs in pres-
ence of plasma membrane-enriched preparations from
rat liver (optimal pH 6.6) and has been claimed to be
enzymic (12), but its mechanism is uncertain (14).
Conceivably, transfer of glucuronyl residues between

'Abbreviations used in this paper: B, unconjugated bili-
rubin irrespective of the isomeric structure, BMG, bilirubin
monoglucuronide, BDG, bilirubin diglucuronide, HPLC,
high-performance liquid chromatography, N2-fraction,
plasma membrane-enriched subcellular fraction, TLC, thin-
layer chromatography.
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BMGmolecules (transglucuronidation) (12) or disso-
ciation into dipyrrole moieties and statistical recom-
bination (dipyrrole exchange) could be involved (15,
16). The postulated enzyme has been named bilirubin
glucuronoside glucuronyltransferase (EC 2.4.1.95) (13).

The hypothesis that UDP-glucuronic acid-indepen-
dent transformation of BMGinto BDGplays a role in
synthesis of BDG in vivo (12-14) could not be con-
firmed by extensive analysis of biliary bile pigments
formed in normal rat after injection of doubly-labeled
BMG(17), but contradictory evidence has been com-
municated in a preliminary report (18). The homo-
zygous Gunn rat offers a unique opportunity to test
this hypothesis. Although this species congenitally
lacks the ability to synthesize BMGfrom bilirubin (19,
20), conversion of BMGto BDGand bilirubin (eqn.
1) is reported to occur at comparable rates in presence
of plasma membrane-enriched fractions from liver of
either Gunn rats or Wistar rats (12, 13). In Gunn rats
kept in darkness, unconjugated bilirubin is virtually
not excreted into bile (21, 22) and is mainly metabo-
lized to compounds that do not contain the bilirubin
skeleton (23). Therefore, the biliary content of bile
pigments with the IXa-skeleton is very low (21, 22)
and secretion studies with BMGcan be done with un-
labeled material. Again, in vivo studies in this species
supporting (13, .14) and disproving (17) UDP-gluc-
uronic acid-independent conversion of BMGinto BDG
have been published.

In view of the present confusion in this area, we
decided to reassess the UDP-glucuronic acid-indepen-
dent conversion of BMGto BDG(eqn. 1), both in vitro
and in vivo. As it seemed likely that some of the con-
tradictory results have arisen from the pronounced
instability of BMG(autoxidation and nonenzymic di-
pyrrole exchange) we first have reassessed some essen-
tial analytical procedures and defined conditions for
proper handling of BMGpreparations. Using plasma
membrane-enriched material from liver of Wistar and
Gunn rats, we addressed the following questions about
the UDP-glucuronic acid-independent transformation
of BMGinto BDGin vitro: Does this conversion occur
indeed, and if so, what is its mechanism (transglucu-
ronidation or dipyrrole exchange)? Is the reaction cat-
alyzed or spontaneous? Finally, the problem of in vivo
conversion of BMGto BDG in Gunn rats was reex-
amined.

METHODS

Chemicals. Bilirubin was obtained from E. Merck,
Darmstadt, West Germany. Glucaro-1,4-lactone H20 was
from Calbiochem-Behring Corp., American Hoechst Corp.,
San Diego, Calif., ethyl anthranilate from Fluka, Buchs,
Switzerland, and Sephadex LH20 from Pharmacia, Div.
Pharmacia Fine Chemicals, Uppsala, Sweden. Pentane-2-

one (Union Chimique Belge, Drogenbos, Brussels, Belgium)
was dried over CaSO4and redistilled before use. Glass plates
precoated with silica gel (60F254, 0.25 mm, 20 X 20 cm
from E. Merck.) were used for TLC. All other reagents were
of analytical reagent grade.

Preparation of bilirubin glucuronides. BMGand BDG
were isolated from bilirubin-enriched Wistar rat bile, and
the mixture of glucuronides was purified by adsorption chro-
matography on Sephadex LH20 (10). BMGand BDGwere
isolated and repurified by TLC with chloroform/methanol/
water (10:5:1, vol/vol/vol) as the solvent system. The BMG
and BDGbands were scraped from the plate, eluted with
methanol, and evaporated to dryness at 30'C under a stream
of nitrogen. Analysis of ethyl anthranilate azo derivatives
(24, 25) showed that the BMGpreparations contained 0-4%
BDG. The ratio, unconjugated azodipyrrole/azodipyrrole
glucuronide was 0.99±0.03 (SD, n = 12), in close agreement
with the expected value 1, for pure BMG. In one preparation
the ratio was 0.85 corresponding to 92% of BMGand 8% of
BDG. The BDGpreparations yielded exclusively azodipyr-
role glucuronide, indicating that the preparations were not
contaminated with BMG.

In vivo experiments. Male Gunn rats (jj) (400-450 g body
wt) were provided with a bile cannula and a jugular vein
catheter under pentobarbital anesthesia (6 mg/100 g body
wt, i.p.) and transferred to thermostated restraining cages
where the body temperature was kept between 37.0 and
37.60C. Continuous infusion (1.9 ml/h) of 0.16 MNaCl con-
taining glucose (5%, wt/vol) was started and maintained
during the experiment, except for the 15-min period during
which BMGwas administered. After recovery from anes-
thesia (usually 2-2.5 h after bile duct cannulation) three
basal 10-min bile samples were collected ("control sam-
ples"). Only rats with a bile flow above 250 Al/100 g body
wt/h were used. Freshly prepared dry BMGwas redissolved
in 0.1 M phosphate buffer, pH 7.4 (81.8 ml 0.5 MKH2PO4
and 59.2 ml 0.5 MNaOHbrought to 1,000 ml with distilled
water) containing 1 mMascorbic acid. Without delay, 3 ml
of BMGsolution (207 and 287 nmol, respectively) was in-
fused continuously over 15 min. Bile was collected in 20-
min samples on ice in the dark for 2 h immediately following
the beginning of BMG infusion. Each bile sample was
weighed and analyzed immediately after collection. The to-
tal concentration of bilirubin conjugates (BMG + BDG) was
determined by the ethyl anthranilate diazo-method of Van
Roy and Heirwegh (24). Bile samples (diluted 21-fold with
glycine-HCl buffer pH 2.7) were mixed with diazo-reagent
and diazo-cleavage was allowed to proceed for 30 min at pH
2.7 at 20-25-C (24, 25). Under these conditions, reaction of
BDGand BMGis complete and yields, respectively, azodi-
pyrrole glucuronide (from BDG) and an equimolecular mix-
ture of azodipyrrole and azodipyrrole glucuronide (from
BMG). Reaction of unconjugated bilirubin is negligible if
diazo-cleavage is performed at pH lower than or equal to
2.7 (24). The total azo color derived from a given sample
then is a measure of the total amount of bilirubin conjugates.
It is essential to buffer the sample first to pH 2.7 before
adding the diazo-reagent, because otherwise the reaction
mixture may temporarily be at pH above 3, causing diazo-
cleavage of unconjugated bilirubin (24). Also, for bile, ap-
propriate dilution (20-fold or more) is required because oth-
erwise added or endogenous bilirubin may react to a con-
siderable extent (26), probably owing to the reaction-
promoting effect of bile salts. By subsequent TLC of the
azopigment extracts (25), unconjugated azodipyrrole was
separated from azodipyrrole glucuronide and the ratio: r
= unconjugated azodipyrrole/azodipyrrole glucuronide (Eq.
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2) was determined by densitometry (25). The conjugates in-
jected contained no conjugating groups other than gluc-
uronic acid. Because reaction of BMGand BDGwas com-
plete, the azodipyrrole glucuronide formed thus reflects the
total amount of conjugating groups. On the other hand, be-
cause only BMGcontributed significantly to the unconju-
gated azodipyrrole formed, the proportion R of glucuronides
could be calculated from the formula: R = BMG/(BMG
+ BDG) = 2r/(1 + r) (Eq. 3). In addition, the relative amounts
of tetrapyrroles were determined by the alkaline methanol-
ysis-TLC procedure of Blanckaert (5).

Immediately before and after infusion of BMGa 100-,1
sample of the pigment solution was analyzed without delay
by the same methods as the bile samples. The molecular ratio
of ethyl anthranilate diazonium salt to ascorbic acid ex-
ceeded 30, resulting in complete diazo-cleavage. For cal-
culation of the output of injected BMG, the samples obtained
during the control and injection periods were diluted 21-
fold. The azo color obtained for the control samples amounted
to <2% of the values found after injection of BMG. This

small correction was applied to calculate the output of BMG.
TLC of the azo pigment extracts from control bile samples
showed negligible amounts of unconjugated azodipyrrole.

Experiments in vitro. Male Gunn (jj) and Wistar rats
(300-450 g body wt) were fasted for 16 h with water ad lib.
The animals were killed by cervical dislocation, their livers
were perfused, homogenized, and fractionated according to
the procedure of Touster et al. (27). The plasma membrane-
enriched fraction, N2, present at the 7.5-37.2% (wt/wt) in-
terphase in a discontinuous sucrose gradient, was identified
by its marker enzyme activities and electron microscopy.
The activities of 5'-nucleotidase and glucose-6-phosphatase
were determined according to Weaver and Boyle (28), phos-
pholipids by the method of Bartlett (29) after extraction
according to Folch et al. (30), and protein according to Pe-
terson (31). Electron microscopy was performed as described
by Touster et al. (27). The fractions were stored at 40C for
no longer than 3 d.

Two incubation systems were used. Incubation system A
(12): 1.25 ml of 25% liver homogenate (wt/vol) or N2 fraction
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FIGURE 1 Structure of bilirubin-IXa and the two possible mechanisms of the disproportionation
reaction: 2 BMG= B + BDG. Bilirubin-IXa is an asymmetrical molecule with two different
dipyrrolic moieties linked by a central methylene bridge. The two moieties are represented
by Q), containing anendo-vinyl group, and ®, containing an exo-vinyl group. Bilirubin-IXa is
consequently denoted as ®-@, and the symmetrical molecules bilirubin-Illa and -XIIIa as
O-® and ®-G), respectively. Transglucuronidation involves the transfer of a glucuronyl residue
from one BMGmolecule to another ("substrate"), forming BDGand unconjugated bilirubin
(B) ("reaction products"). The isomeric composition of the reaction products does not change.
The dipyrrole exchange mechanism consists in cleavage of the BMGmolecules at either side
of the central methylene bridge and statistical recombination of the dipyrroles formed. At
equilibrium, the reaction products are a mixture of B, BMGand BDGin a 1:2:1 ratio. The
isomeric composition of each reaction product is IIIa:IXa:XIIIa (1:2:1).
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('500 ug of protein) in 5 mMtris-HCI, pH 8.0, containing
0.25 Msucrose, 1.0 ml of 0.5 MKH2PO4-buffer, pH 6.4, and
2.75 ml of 9 mMglucaro-1,4-lactone were preincubated for
1 h at 25°C. Incubation system B (32): 0.5 ml N2-fraction
(0.613 ,gg of protein) and 1 ml of 0.1 MKH2PO4-buffer, pH
6.4 containing 10 mMglucaro-1,4-lactone were preincu-
bated at 25°C for 1 h. To incubation mixture A, 1.18 ml of
BMGsolution (700 nmol, final concentration 119 ,uM) and
to incubation mixture B, 0.5 ml of BMGsolution (200-400
nmol, final concentration 100-200 ,uM) dissolved in 0.1 M
Tris-HCI buffer, pH 7.8 was added to start the reaction. The
final pH determined immediately after the addition of BMG
or in parallel incubations was 6.48±0.04 (SD, n = 3) for
incubation system A and 6.61±0.01 (SD, n = 9) for N2-frac-
tions in incubation system B. Addition of 1 mMascorbic acid
decreased the pH by only 0.05 pH units. The reaction pro-
ceeded at 370C and 150-Mi samples were removed before
(control sample) and at several time points (0-16 min) after
the addition of BMG. All determinations were done in du-
plicate. Total bilirubin was measured with diazotized p-io-
doaniline (33). The bilirubin conjugates (BMG+ BDG) were
assayed by the ethyl anthranilate diazo-method (24, 25).
After chromatographic determination of the ratio r (Eq. 2)
the proportion of glucuronides was calculated from equation
3. The isomeric (IlIa, IXa, XIIIa) composition of bilirubin
tetrapyrroles was determined by TLC (15) after alkaline
hydrolysis (34). After spraying with 1% ascorbic acid in
methanol the bilirubin IlIa-, IXa- and XIIIa-isomers were
quantitated by densitometry at 434 nm, using a flying-spot
densitometer (Vitatron, Dieren, The Netherlands). In se-
lected samples the bilirubin isomers were also determined
by HPLC on a silica column (250 by 4.6 mm, LiChrosorb
Si 60, 5 Mm, A. G. Merck, EM Laboratories, N. Y.) by de-
velopment with chloroform/acetic acid (399:1, vol/vol) at
a flow rate of 1.5 ml/min. On some of the incubation mix-
tures containing plasma membrane-enriched material from
Wistar rat liver the bilirubins were determined by both the
ethyl anthranilate diazo-method (24, 25) and the alkaline
methanolysis-HPLC procedure (35).

Methodological approach

Demonstration of disproportionation of BMGaccording
to Eq. 1 requires assessment of the proportion of the sub-
strate, BMG, and of the reaction products, bilirubin and
BDG. To determine the underlying mechanism (dipyrrole
exchange or transglucuronidation) (Fig. 1) it is essential to
measure the isomeric composition (IIIa, IXa, XIIIa) both
before and after incubation, since dipyrrole exchange al-
ready occurs to a variable extent during isolation and pu-
rification of BMG. As shown in Fig. 2 the degree of dispro-
portionation required to achieve a measurable change in the
isomeric composition of bilirubin (present either in uncon-
jugated bilirubin or in BMGand BDG) depends on the iso-
meric purity of the monoglucuronide. With BMGcontaining
only the IXa-aglycone both the rates of disproportionation
and isomerization are expected to change in parallel. The
equilibrium state of bilirubin corresponds to a 1:2:1 pro-
portion between IIIa, IXa, and XIIIa-isomers (50% of bil-
irubin-IXa). With BMGpreparations that contain progres-
sively larger fractions of the artificial IlIa- and XIIIa-
bilirubin aglycones correspondingly larger extents of dis-
proportionation and thus, in general, longer incubation pe-
riods will be required to achieve detectable enrichment of
the Illa- and XIIIa-isomers. In the extreme case where the
aglycone of BMGwould consist of an equilibrium mixture
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FIGURE 2 Correlation between the degree of advancement
of the disproportionation reaction, 2 BMG= B + BDGand
of the underlying dipyrrole exchange reaction. Starting from
BMGcontaining exclusively the IXa-aglycone (lower left-
hand corner), the change in composition follows line 1. For
example, a 10% decrease of BMGcorresponds to an identical
fractional decrease of IXa-isomer. The equilibrium state
corresponds to a 1:2:1 proportion of B:BMG:BDG (50%
BMG) and a 1:2:1 proportion of IlIa-, IXa-, and XIIIa-iso-
mers (50% IXa). Line 2 represents the changes in compo-
sitional coordinates when a pure BMGpreparation (agly-
cone: IIIa/IXa/XIIIa, 1:3:1) is allowed to disproportionate.
In this case for an identical degree of disproportionation,
(10% decrease of BMG) as in the example given in case 1,
the corresponding decrease of the IXa-isomer is only 2%,
which is insufficient for detection by TLC. A pure BMG
preparation that is fully isomerized with regard to its agly-
cone (50% IXa) (upper left-hand corner) would still undergo
disproportionation but dipyrrole exchange would be unde-
tectable by isomer analysis. Line 3 represents one of our
experiments (Table III, experiment (a) with analysis of the
isomers by the alkaline methanolysis-HPLC procedure. The
three values were obtained at incubation times 0, 3, and 6
min.

(1:2:1) of IIla-, IXa- and XIIIa-isomers it would be impos-
sible to detect any exchange of dipyrroles by isomer analysis.
Valid interpretation of kinetic studies of the disproportion-
ation reaction of BMGfurther requires that autoxidation of
bile pigments and hydrolysis of the conjugates are negligible.
In the presence of N2 fractions, at pH 6.6 at 37°C in absence
of light, breakdown of rubins was absent over the first 8-min
period of incubation as shown by a stable value of the p-
iodoaniline azo color (Fig. 3a). Confirming the work of Jan-
sen et al. (12) glucaro-1,4-lactone inhibited hydrolysis over
the first 3-4 min (Fig. 4b), since in the presence of 1 mM
ascorbic acid the bile pigment composition remained un-
changed. The two basic conditions thus seem to be fulfilled
over relatively short incubation periods (3-4 min).

A first analytical approach can be based conveniently on
the ethyl anthranilate diazo-method because, under appro-
priate reaction conditions (see above), the azo color measures
the sum of BMGand BDGand a decrease thus reflects a
proportionate increase in unconjugated bilirubin. Chro-
matographic determination of the ratio r, unconjugated
azodipyrrole/azodipyrrole glucuronide (Eq. 2) further per-
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FIGURE 3 Change of the optical density (OD5ws) (panel a) and of the ratio r, azodipyrrole/
azodipyrrole glucuronide (panel b) as a function of time. BMG(200 AM final concentration)
was incubated with N2 fractions from Gunn rat liver at 37°C and pH 6.6 in incubation system
A. Samples were removed and subjected to the ethyl anthranilate (@) or the p-iodoaniline
diazo-procedures (0). BMGwas also incubated in the presence of 1 mMascorbic acid and
subjected to the ethyl anthranilate diazo method (-). Optical densities are given as the per-
centage of the values found at zero time. At zero time one BMGpreparation (0) contained 8%
of BDG. Stable values of p-iodoaniline azo color show absence of breakdown of the tetrapyrrole
skeleton of bile pigments.

mits calculation of the proportion of mono- and diglucuro-
nides (Eq. 3) and thus verification of the stoichiometry of
the disproportionation. It is critical for these calculations
that the unconjugated azodipyrrole is derived exclusively
from BMG. As already mentioned, careful control of the pH
of diazo-cleavage permits effective inhibition of reaction of
unconjugated bilirubin. In addition, acid-catalyzed hydro-
lysis of the sugar-ester bonds did not occur at pH 2.7 because
during diazo-treatment of pure BDG solely azodipyrrole
glucuronides was formed (14 preparations tested). With pu-
rified BMGpreparations the ratio r closely approximated the
theoretical value 1.

Changes in isomeric composition can be monitored, e.g.
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Dn, 30

aO 20 BMG
LL U
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o C1 BDG

0 oB
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by saponification (34) followed by TLC of bilirubin isomers
(15). The alkaline methanolysis-HPLC procedure (35) offers
a more direct approach because it permits determination of
the concentrations of bilirubin and its mono- and diconju-
gates, and in the same run their isomeric compositions. In
these procedures, the disproportionation and dipyrrole ex-
change reactions are stopped instantaneously by transferring
the bile pigment containing samples (a) to a slightly acidic
aqueous medium (12, 16) in the diazo-method (24, 25), (b)
to methanol containing 60 mMascorbic acid (15) in the al-
kaline methanolysis procedures (34, 35), and (c) to a strongly
alkaline medium containing 60 mMascorbic acid (15) in the
alkaline hydrolysis procedure (34).

WITH lmM ASCORBIC ACID

BMG

B

0WBDG

O 4 8
INCUBATION TIME (min)

FIGURE 4 Concentration changes of bile pigments. BMG(200 AM final concentration) was
incubated with N2-fraction from Gunn rat liver at 37°C at pH 6.6, without (panel a) and with
1 mMascorbic acid (panel b). Total bilirubin conjugates (BMG + BDG) were assayed by the
ethyl anthranilate diazo-procedure. The amount of BMGand BDGwere calculated from equa-

tion 2 and 3 after TLC of the ethyl anthranilate azo derivatives. Total bilirubins (B, BMG,
BDG) determined by the p-iodoaniline diazo method, and the sum of BMGplus BDGwere

used to estimate unconjugated bilirubin. The changes in concentration (panel a) are compatible
with stoichiometric formation of bilirubin and BDGfrom 2 mol of BMG. Hydrolysis of BMG
to bilirubin only occurred after 4 min incubation (panel b).
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FIGURE 5 Electron microscopy of the plasma membrane-enriched fraction (N2) from Wistar rat

liver. X92,000. Two gap junctions are indicated by arrows.

RESULTS

Experiments in vitro. Marker enzyme activities of
subcellular fractions from liver of Gunn rats and Wis-
tar rats agreed satisfactorily with published values (12,

13). In particular, for the N2-fractions the activity of
5'-nucleotidase (smol/mg protein per 20 min) was 53
and 60 (two Wistar rats) and 66±9 (SD, three Gunn
rats), as compared to 74 (12) and 70 (13), respectively.
Low activity of glucose-6-phosphatase (-0.3 ,mol/
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TABLE I
Isomeric Composition of Bilirubin Aglycones during Incubation of BMG

with N2-fractions from Gunn Rat Liver°

Experiment

3
1 2

1 mMascorbic acid

No ascorbic acid
Incubation

time IX III + XIII IX III + XIII IX III + XIII

min % % %

0 78 22 74 26 71 29
2 66 34 64 36 73 27
4 64 36 65 35 71 29
8 63 37 60 40 74 26

16 59 41 58 42 73 24

BMG(200 MM) was incubated at 37°C and pH 6.6 in incubation system A. At the
indicated time intervals duplicate samples were removed and subjected to alkaline hy-
drolysis followed by TLC.
Abbreviations used in this table: IX, bilirubin IXa; III, bilirubin Illa; XIII, bilirubin
XIIIa.

mg protein/20 min) demonstrated negligible contam-
ination by microsomal material. The ratio, phospho-
lipid phosphorus/protein (I,mol/mg) of 1.17 is com-
parable to the value, 0.92 given by Touster et al. (27).
Electron microscopic examination of N2-fractions from
Gunn and Wistar rat liver revealed primarily smooth
membranes without ribosomes. A few gap junctions
(arrows in Fig. 5) could be clearly observed.

During incubation of plasma membrane-enriched
N2 fractions from Gunn rat liver (incubation system
A) with BMGthe total bilirubin content was stable
over the first 8 min, with only 3% color being lost after
16 min (Fig. 3a). In contrast, total conjugates as mea-
sured by the ethyl anthranilate method (Fig. 3a) de-
creased steadily, the loss of total conjugates after 16
min amounting to 35%. The reaction was accompanied
by an approximately parallel decrease of the ratio r
(Fig. 3b). Comparison of the amounts of bilirubin and
BDGproduced showed stoichiometric disproportion-
ation of BMG(Eq. 1) up to 3-4 min (Fig. 4a). The
reaction was paralleled by an increase of the IIIa- and
XIIIa-isomers of the bilirubin aglycone (Table I) prov-
ing exchange of dipyrrole moieties. Ascorbic acid (1
mM) completely inhibited formation of BDG from
BMG(Fig. 4b) and exchange of dipyrrole moieties
(Table I) over the first 8 min. Exactly similar obser-
vations were made for Wistar rat liver (Table II). Di-
pyrrole exchange was confirmed by the more direct
alkaline methanolysis-HPLC procedure (Table III).

Incubation of liver homogenates from Wistar and

Gunn rats with BMGat pH 6.5 resulted in formation
of BDGwith a conversion rate of 4.1 and 21 nmol/
mg protein per min compared to 47±9 (SD, n = 4) for
N2-fractions (incubation system A). As for the N2-frac-
tions, dipyrrole exchange was confirmed by azopig-
ment analysis and simultaneous analysis of the bili-
rubin a-isomers. Again, addition of ascorbic acid (final
concentration 1 mM) to the incubation mixtures re-
sulted in complete inhibition of the reaction.

Incubation of 100-206 MMBMGwith N2-fractions
from Gunn rat liver (0-427 ,ug protein/ml) and from
Wistar rat liver (0-613 Mg protein/ml) did not show
the linear increase of the conversion rate expected for

TABLE II
Incubation of BMG°and N2-fractions from Wistar Rat

Liver at pH 6.6 and 37°C in Incubation System A

Incubation Bilirubin
time ODWs1I r IXa

min

0 0.363 0.952 92
4 0.356 0.881 82
8 0.345 0.778 79

16 0.322 0.743 73

Final concentration of BMG: 155 gM.
I Obtained after ethylanthranilate diazo method.
Abbreviations used in this table: r, azodipyrrole/azodipyrrole gluc-
uronide.
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TABLE III
Incubation of BMGwith N2-fractions from Wistar Rat Liver'

Bilirubin a-isomers
Incubation

Experiment time B BMG BDG IX III + XIII

min % %

a 0 4 94 2 86 14
3 13 83 4 77 23
6 19 73 8 71 29

b 0 4 92 4 84 16
3 14 80 6 75 25
6 20 70 10 70 30

BMG(173 AM) was incubated with N2-fractions from Wistar rat liver at 37°C and
pH 6.6 in incubation system B. At the indicated time intervals samples were removed
and subjected to the alkaline methanolysis-HPLC procedure. Experiment a was done
with 'natural' N2-fraction; in experiment b N2-fraction was heated for 10 min at 100°C
before preparing the incubation mixture.

a catalyzed reaction (Fig. 6). If anything, the data
suggested slight inhibition of the spontaneous rate of
conversion by the added membrane material. Also,
-heating the N2-fractions for 10 min at 100°C did not
affect the rat of BDG formation for material from
Wistar rat liver and was stimulatory with preparations
from Gunn rat liver (Table IV).

Stability of BMG. To define conditions suitable for
injecting BMG, the stability of the pigment was in-
vestigated in aqueous solutions at pH 7.4 (Table V).
Within 2 h the total concentration of conjugates de-
creased by 21% with a concomitant decrease of the r
values. Close agreement was found with r values cal-
culated on the assumption that the change involves
disproportionation of BMG. In contrast, in presence
of 1 mMsodium ascorbate at pH 7.4 and 25°C only
5% of BMGwas lost after 2 h.

In vivo experiments. Two BMGpreparations con-
taining 0 and 2% of BDG, respectively, were dissolved
in phosphate buffer containing ascorbic acid and in-
jected in individual Gunn rats. Rapid excretion re-
sulted, more than 95% of bilirubin conjugates being
recovered in bile after 40 min. As shown by both azo
pigment analysis and alkaline methanolysis, no BDG
was formed from BMGeither during the infusion or
the passage of BMGthrough the liver (Table VI).

Similar activity has been detected in Gunn rat liver
(13). In contrast, in the present work, spontaneous dis-
proportionation of BMG(Eq. 1) at pH 6.6 was not
enhanced by addition of N2 fractions from liver of
either Gunn rats or Wistar rats (Fig. 6), as would be
expected for a catalytic reaction. Also, inactivation of
the postulated enzyme by heating either had little ef-
fect on the reaction rates or produced some increase
(Table IV). Slight inhibition of the reaction by added
membrane material (Fig. 6) suggests that the rather
low rates observed with liver homogenates could be
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DISCUSSION

Jansen et al. (12) have reported the presence in liver
plasma membranes of an enzyme catalyzing transfor-
mation of 2 mol of BMGinto 1 mol of bilirubin and
1 mol of BDG. These studies were performed with the
N2-fraction obtained from liver homogenates of Wistar
rats according to the procedure of Touster et al. (27).

FIGURE 6 Rate of formation of bilirubin diglucuronide
(BDG) as a function of protein concentration of N2-fraction
from Gunn rat (A) and Wistar rat liver (0). BMG(100-206
MM, final concentration) was incubated for 3 min with var-
ious amounts of N2-fractions at 37°C and pH 6.6 (seven
experiments with three N2-preparations from Gunn rat liver,
six experiments with three N2-preparations from Wistar rat
liver). BDGwas quantified by the ethyl anthranilate diazo-
method.
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TABLE IV
BDG-formation from BMGafter Heat

Denaturation of N2-fraction'
BDGformed Protein

concen-

Pretreatment of Ng-fraction tration

10 min, OC 10 min, 100°C pg/ml

nmol/3 min/150 d1 incuubation mixture

Wistar 1.2 1.2 204
Wistar 2.6 2.4 193

Gunn 1.8 3.4 140
Gunn 1.2 2.0 91

' To pretreated N2-preparations buffered glucaro-1,4-lactone was
added and the incubation was started (system B). The final con-
centration of BMGwas 120-200 uM.

due to inhibition by cytosol protein. Gordon and Go-
resky (11) could not demonstrate any disproportion-
ation of BMGin presence of N2 fractions from liver
of Sprague-Dawley rats. However, their incubation
conditions may not have been optimal to examine this
reaction. The protein concentration (1 mg/ml) of the
incubation mixtures was rather high compared to 80
jg/ml used in the standard system (12) and according
to our findings (Fig. 6) might cause inhibition of the
disproportionation. Moreover, the BMGconcentration
was only 40,uM compared to 112-136 MMin the stan-
dard system (12). On the other hand, it is possible that
in the incubation system used by Gordon and Goresky
(11) the IXa-structure of bilirubin was stabilized so
that no nonenzymic processes were observed.

The mechanism of the observed conversion has been
described as sugar transfer (transglucuronidation) from
one mole of BMGto another (12). From our results a
transglucuronidation mechanism can clearly be ruled
out. Stoichiometric formation of BDGand bilirubin
out of 2 mol of BMGwas paralleled by a decrease of
IXa-isomers and an increase of the IIIa- and XIIIa-
isomers. The evidence given in support of a transglu-
curonidation mechanism (12) appears to be uncon-
vincing. Not the initial isomeric composition of the
BMGpreparation tested by Jansen et al. (12), but only
differences in composition found before and after in-
cubation were reported. Therefore, it is impossible to
know how closely the isomeric composition of the bil-
irubin aglycone of the BMGpreparation used ap-
proached the equilibrium state (1:2:1). Perhaps more
importantly, the incubation periods used were rather
short (3 min) and probably were insufficient for sig-
nificant enrichment in IIIa- and XIIIa-isomers, lead-
ing the authors to postulate that transglucuronidation
must underly the observed disproportionation reac-

tion. In the present work, both the disproportionation
reaction and the formation of bilirubin-IlIa and -XIIIa
isomers were inhibited completely by the free-radical
scavenger, ascorbic acid (15) during incubation of
BMGwith liver homogenate or plasma membrane-en-
riched N2 fractions. Therefore, the underlying reaction
mechanism is dipyrrole exchange proceeding probably
via formation of free radicals.

It is questionable whether the UDP-glucuronic acid-
independent formation of BDGplays any role in vivo.
The data in support of the transglucuronidation hy-
pothesis (12) on one hand are not convincing. On the
other hand, BDGformation by nonenzymic dipyrrole
exchange, as was shown by the present study in vitro,
must be insignificant in vivo, because unconjugated
and conjugated bilirubins present in biological fluids
show nearly exclusively the IXa-isomeric structure
(15). Our in vivo studies confirm the observation of
Blanckaert et al. (17) that in Gunn rats formation of
BDGfrom BMGdoes not occur and lend support to
the conclusion that UDP-glucuronic acid-dependent
synthesis of BDG, which has been validated experi-
mentally (10), is the only plausible pathway of in vivo
formation of BDG. The discrepancy of our in vivo
results of those to other authors (13, 14) is as yet unex-
plained.

The conclusions from the present work are in sharp
contradiction with those of other authors (12-14). Al-
though it is conceivable that both our Wistar and ho-
mozygous Gunn rats are deficient in bilirubin glucu-

TABLE V
Stability of BMGat 25°C and pH 7.4 in the Absence or

Presence of Sodium Ascorbate°

pH of incubation mixture

7.44 7.42

No ascorbate added 1 mMascorbate
Incubation

time OD,, r r' OD. r

min % %

0 100 1.02 1.00 100 1.00
30 91 0.83 0.82 99 1.01
60 87 0.68 0.74 98 0.98
90 82 0.65 0.64 96 0.97

120 79 0.57 0.58 95 1.01

BMG(10 MM) was incubated at 25°C in 0.1 Mphosphate buffer
pH 7.4 in the dark. Optical density was determined by the ethy-
lanthranilate method.
Abbreviations used in this table; r, azodipyrrole/azodipyrrole gluc-
uronide; r', theoretical ratio azodipyrrole/azodipyrrole glucuronide,
calculated from the decrease of total conjugated bilirubin (ODU6),
assuming dipyrrole exchange to be the reaction mechanism.
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TABLE VI
Composition of Injected BMG-solution and Biliary Excretion in Homozygous Gunn Rats'

Rat 1 Rat 2

EA AM EA AM

BMG BDG B MM DM BMG BDG B MM DM

BMG-solution
before infusion 98 2 0 100 0 100 0 0 100 0
after infusion 97 3 0 100 0 98 2 0 100 0

Rubins excreted in bile in 40 min 98 2 0 100 0 99 1 1 98 1

c 207 nmol BMGwere infused into rat 1 and 287 nmol BMGinto rat 2. Of the injected pigments 98 and 95%, respectively, were
recovered in bile in 40 min.
Abbreviations used in this table: EA, ethylanthranilate diazo procedure; AM, alkaline methylanolysis procedure; MM, bilirubin mono-
methylester; DM, bilirubindimethylester.

ronoside glucuronyltransferase, such an explanation
seems highly unlikely. It is suggested that some un-
suspected technical failure in the approach(es) used
by the proponents of the transglucuronidase hypothesis
(12-14) is at the basis of the discrepant results. It
should be emphasized that the pronounced lability of
bilirubin conjugates, in particular of BMG, may easily
give rise to artifacts and lead to erroneous conclusions.
Some of these problems can be overcome by taking
advantage of the stabilizing effect of ascorbic acid
(Table V).
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