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Reverse-phase h.p.l.c. separation, quantification and preparation of bilirubin
and its conjugates from native bile

Quantitative analysis of the intact tetrapyrroles based on h.p.l.c. of their ethyl anthranilate azo derivatives
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We describe a facile and sensitive reverse-phase h.p.l.c. method for analytical
separation of biliary bile pigments and direct quantification of unconjugated bili-
rubin (UCB) and its monoglucuronide (BMG) and diglucuronide (BDG) conjugates

- in bile. The method can be 'scaled up' for preparative isolation of pure BDG and
BMG from pigment-enriched biles. We employed an Altex'ultrasphere ODS column
in the preparative steps and a Waters u-Bondapak C 18 column in the separatory and
analytical procedures. Bile pigments were eluted with ammonium acetate buffer,
pH4.5, and a 20min linear gradient of 60-100% (v/v) methanol at a flow rate of
2.0ml/min for the preparative separations and 1.0ml/min for the analytical
separations. Bile pigments were eluted in order of decreasing polarity
(glucuronide > glucose > xylose conjugates> UCB) and were chemically identified by
t.l.c. of their respective ethyl anthranilate azo derivatives. Quantification ofUCB was
carried out by using a standard curve relating a range of h.p.l.c. integrated peak areas
to concentrations of pure crystalline UCB. A pure crystalline ethyl anthranilate azo
derivative of UCB (AZO- UCB) was employed as a single h.p.l.c. reference standard
for quantification of BMG and BDG. We demonstrate that: (1) separation and
quantification of biliary bile pigments are rapid (- 25 min); (2) bile pigment
concentrations ranging from 1-500 gm can be determined 'on line' by using 5 P1 of bile
without sample pretreatment; (3) bilirubin conjugates can be obtained preparatively
in milligram quantities without degradation or contamination by other components
of bile. H.p.l.c. analyses of a series of mammalian biles show that biliary UCB
concentrations generally range from 1 to 17 gM. These values are considerably lower
than those estimated previously by t.l.c. BMG is the predominant, if not exclusive,
bilirubin conjugate in the biles of a number of rodents (guinea pig, hamster, mouse,
prairie dog) that are experimental models of both-pigment and cholesterol gallstone
formation. Conjugated bilirubins in the biles ofother animals (human, monkey, pony,
cat, rat and dog) are chemically more diverse and include mono-, di- and mixed
diconjugates of glucuronic acid, xylose and glucose in proportions that give distinct
patterns for each species.

Abbreviations used: UCB, unconjugated bilirubin; Present address: Department of Pediatrics, Division
BMG, bilirubin monoglucuronide; BDG, bilirubin di- of Pediatric Gastroenterology, The New York Hospital-
glucuronide; IPA, integrated peak area; AZO- UCB, azo Cornell University Medical Center, 525 East 68th Street,
derivative of UCB; AZO CB, conjugated isomeric azo- New York, NY 10021, U.S.A.
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glucoside; BMGI, bilirubin monoglucoside; ERCP, should be addressed at: Department of Medicine,
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In most mammals, bilirubin IXa (bilirubin,
UCB) is the major degradation product of haem.
Since UCB is insoluble in water at physiological
pH (Brodersen, 1979), it is transformed to a family
ofwater-soluble derivatives by hepatic conjugation
of one or both of its propionyl groups with
glucuronic acid, glucose or xylose (Fevery et al.,
1977). Mono- and di-conjugated bilirubins and,
apparently, a small amount of UCB, are then
secreted into bile (Blanckaert & Schmid, 1982).

Accurate separation and quantification of UCB
and its conjugates have proven difficult, since
these compounds readily undergo photochemical
or oxidative degradation, molecular rearrange-
ments and/or hydrolysis. The ethyl anthranilate
diazotization method (Van Roy & Heirwegh,
1968; Fevery et al.,1972; Heirwegh et al., 1974),
which converts bilirubins into stable dipyrrolic azo
derivatives, has traditionally been employed to
separate and measure bilirubin conjugates by t.l.c.
and to identify individual conjugating sugars.
However, this method may overestimate the levels
both of bilirubin monoconjugates (Fevery et al.,
1977) and UCB (Gordon et al., 1977) in bile.
Moreover, when bilirubin is conjugated with a
variety of sugars, it is not possible to determine,
from the dipyrrolic derivatives, the original
covalent linkages in the native tetrapyrroles.

Alkaline methanolysis followed by t.l.c.
(Blanckaert, 1980) or h.p.l.c. (Woolridge &
Lightner, 1978; Blanckaert et al., 1980) has also
been employed to separate and quantify bilirubin
and its conjugates. Although these methods use
pure bilirubin methyl ester standards, substitution
of methyl groups for the conjugating sugars
precludes precise identification of the native
bilirubin conjugates. Chowdhury et al. (1981, 1982)
employed reverse-phase h.p.l.c. to separate and
quantify native bilirubins, pure standards of
biosynthetically prepared radiolabelled bilirubin
conjugates being used. Radiolabelled bilirubin
conjugates are difficult and time-consuming to
produce and, owing to their chemical instability,
they cannot be readily stored. Onishi et al. (1980)
proposed an 'accurate and sensitive' h.p.l.c.
method for analysis of conjugated and
unconjugated bilirubins in biological fluids;
however, their procedure lacked standards for
quantification of conjugated bilirubins and
analysis times were 100min.
To overcome these problems, we have developed

a facile and sensitive h.p.l.c. method for on-line
separation and quantification of native bile pig-
ments in bile and for preparative isolation of pure
BDG and BMG from bilirubin-enriched bile.
Crystalline UCB and its crystalline ethyl anthranil-
ate azo derivative are utilized as the sole h.p.l.c.
reference standards.

Theory

The theoretical basis of the method is outlined in
Scheme 1 and the details of each step are described
in the Procedures and Results section. Our goal
was to inject directly a bile sample into the h.p.l.c.
column and determine the absolute concentrations
of bile pigments from their respective h.p.l.c.
integrated-peak-area (IPA) values. The quantifi-
cation ofUCB is straightforward, since crystalline
UCB is readily obtained and purified (McDonagh
& Assisi, 1971, 1972). Therefore [UCB] can be
directly related to its h.p.l.c. IPA (UCB IPA) as
shown in step 1 (Scheme 1). There are no
crystalline standards commercially available for
BMG and BDG; hence the azo derivative of UCB
(AZO. UCB) was synthesized and crystallized
(step 2, Scheme 1). For the purpose of constructing
standard curves, concentrated solutions of BDG
and BMG were preparatively isolated by h.p.l.c.
from pigment-enriched biles (step 3, Scheme 1).
AZO UCB was employed as the sole standard for
determining absolute BMG and BDG concentra-
tions as described below (steps 4 and 5, Scheme 1).

Since both propionyl groups of BDG are
conjugated with glucuronic acid, the ethyl anthran-
ilate diazo reaction forms 2mol of the conjugated
isomeric azo-pigments (AZO CB) for each mol of
BDG (step 4, Scheme 1):

1 BDG-+2 AZO-CB (1)
BMG contains only one conjugated propionyl
group (glucuronic acid at C-8 or C-12); therefore
BMG diazotizes to form equimolar proportions of
AZO*CB and AZO UCB (the unconjugated azo
pigment) (step 5, Scheme 1):

1 BMG-+1 AZO CB+1 AZOUCB (2)
Since the reactions described in eqns. (1) and (2) go
to completion under the appropriate experimental
conditions (see the Procedures and results section),
then:

[BMG] = [AZO- CB] = [AZO*UCB] (3)
or:

[BMG] = 1/2{[AZO * CB]+ [AZO * UCB]} (4)
and:

[BDG]= 1/2[AZO CB] (5)

Then a standard curve of [AZO UCB] against
AZO UCB IPA is constructed to give:

[AZO * UCB] =f1(AZO * UCB IPA) (6)

For a range of unknown BDG concentrations,
BDG IPA values (A = 450nm) and the correspond-
ing AZO CB IPA values (A= 530nm) are deter-
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Step 1: Quantification of bilirubin-lXa

H.p.l.c.
[UCB UCB IPA

Step 2: Formation of azo derivative of UCB
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Identify by mass

Co-crystallize spectrometry, n.m.r.

Methanol/waterolwt
Quantify by h.p.l.c.

Step 3: Preparation of pure concentrated BDG and BMG by h.p.l.c.

Step 4: Quantification of BDG by h.p.l.c.
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Step 5: Quantification of BMG by h.p.l.c.
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Analysis of bile sample:
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Scheme 1. Overallflow-sheet for h.p.l.c. quantification of unconjugated bilirubin (UCB), bilirubin monoglucuronide (BMG)
and bilirubin diglucuronide (BDG) using the ethyl anthranilate azo pigment oJ UCB (AZO UCB) and UCB as standards

See the text for details
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mined (step 4, Scheme 1). BDG IPA is then plotted
as a function of AZO CB IPA as follows:

BDG IPA = f2(AZO*CB IPA) (7)
Assuming that the relationship between

[AZO-UCB] and AZOUCB IPA is the same as
the relationship between [AZO. CB] and AZO CB
IPA, then:

[AZO - CB] =f1(AZO *CB IPA) (8)
J, having been determined from eqn. (6). The
h.p.l.c. IPA of a compound is a function of its
solvent composition, molar absorptivity, and con-
centration. Because the eluting solvent composi-
tions of AZO CB and AZO UCB are nearly
identical and since glucuronic acid does not change
the chromophore of the molecules, the molar
absorptivities should be similar. Hence, both
AZO CB and AZO *UCB should have comparable
relationships between their concentrations and
their IPA values.
From eqns. (5) and (8) and from f1 of eqn. (6):

[BDG] = i{ff (AZO -CB IPA)} (9)
Since we now know [BDG] and the correspond-

ing BDG IPA value, we can plot:

[BDG] = J3(BDG IPA) (10)
Similarly, for a range of BMG concentrations,

BMG IPA and the corresponding AZO UCB
IPA+AZO CB IPA values are determined (step
5, Scheme 1). From eqns. (4), (6) and (8) we obtain:
[BMG] = fi {i(AZO * UCB IPA +AZO * CB IPA)}

(11)
Under ideal circumstances, it is possible to
determine BMG from AZO * UCB IPA alone,
since [BMG] = [AZO - UCB] = ft (AZO * UCB
IPA). However, as we demonstrate in the results,
traces of BDG and molecular rearrangement of
BMG to form BDG (and UCB) will, in some
instances, cause (AZO.CB IPA) to be non-equi-
valent with (AZO-UCB IPA).
Once [BMG] is known, we can plot:

[BMG] = f4(BMG IPA) (12)
Finally, once Jf and f4 are determined and
standard curves for eqns. (10) and (12) are plotted,
[BDG] and [BMG] can be determined directly
from their respective h.p.l.c. IPA values without
recourse to the diazo reaction with each bile
sample.

Experimental
Materials

Laboratory animals and bile samples. Male Spra-
gue-Dawley rats (250-300g), Duncan-Hartley
guinea pigs (250-300g), and Syrian hamsters (75-
125 g) were obtained from Charles River Breeding

Laboratories (Wilmington, MA, U.S.A.). Female
prairie dogs (Cynomys ludovicianus, 1 kg) were
obtained from Otto M. Locke (New Branfels, TX,
U.S.A.). Male and female deer mice (Permyscus
maniculatus), homozygous for inherited spherocy-
tosis (sp/sp) and the homozygous wild strains
(+/+) were obtained from a laboratory colony
(courtesy of Dr. Samuel E. Lux, Children's
Hospital Medical Center, Boston, MA, U.S.A.).
All animals were housed at 24-270C and allowed
free access to appropriate animal chow and water.
Diurnal light cycles were 12h on/12h off, begin-
ning at 08:00 and 20:00h respectively.

After an overnight fast, animals were anaesthe-
tized with diethyl ether, and the biliary tree was
exposed through a midline abdominal incision.
Gall-bladder bile was aspirated in toto by hypo-
dermic-needle puncture of the gall bladder. De-
pending upon the experimental conditions, com-
mon-hepatic-duct bile was collected for 30-60min
periods during and after recovery from anaesthe-
sia. Samples of guinea-pig or rat hepatic biles
enriched with bilirubin conjugates were obtained
via a total bile fistula after infusion of a UCB
solution (1 mg/ml, pH - 10.0, 0.05M-NaOH) into a
jugular vein at a rate of 2-3ml/h.

Other bile samples. After appropriate written
informed consent and Institutional Human Sub-
jects Committee approval, normal human bile
samples were obtained via cannulation of the
common bile duct of patients with clinical indica-
tions for ERCP. Human hepatic bile samples were
obtained 7-8days after cholecystectomy for gall-
stones via indwelling T-tube drainage. A gall-
bladder bile sample was obtained after cholecys-
tectomy for cholesterol stones. Rhesus-monkey
(Macacca fasicularis) bile (courtesy of New Eng-
land Regional Primate Research Center, South-
boro, MA, U.S.A.) was obtained by hypodermic-
needle puncture of the gall bladder and via a biliary
cannula in the common hepatic duct during
anaesthesia with ketamine. Bile samples from
female Shetland ponies (Equus caballus) were
obtained from animals fitted with a chronic biliary
fistula, and bile samples of cats (Felis catus) and
dogs (Canisfamiliaris) were obtained by aspirating
the gall bladders during diethyl ether anaesthesia
(all obtained by courtesy of Dr. Larry R. Engel-
king, Tufts University School of Veterinary Medi-
cine, Boston, MA, U.S.A.).

Chemicals. Crystalline UCB was obtained from
Porphyrin Products (Logan, UT, U.S.A.). After
recrystallization (McDonagh & Assisi, 1972) the
material contained more than 96% of the IXa
isomer as determined by t.l.c. (McDonagh &
Assisi, 1971) and h.p.l.c. (the present method).
Ethyl anthranilate, NaN3, n-butyl acetate and pen-
tan-2-one were ofreagent grade or American Chem-
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ical Society (A.C.S.) quality (Eastman Kodak
Co., Rochester, NY, U.S.A.). Reagent- and/or
A.C.S.-grade acetic acid, HCI, ammonium hydrox-
ide, acetone and hexane were obtained from Fisher
Scientific (Boston, MA, U.S.A.). Reagent-grade
ammonium sulphamate, ammonium sulphate,
NaNO3, Na,EDTA, glycine, Tris base and L-
ascorbic acid were all purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). N2 gas,
purity > 99.99%, was obtained from Yankee
Oxygen (Boston, MA, U.S.A.) and Argon gas,
>99.99% pure, was obtained from Matheson Gas
Co. (Gloucester, MA, U.S.A.). Water was filtered,
deionized and double-distilled through an all-glass
apparatus (Coming Glassworks, Corning, NY,
U.S.A.) and de-gassed by bubbling with argon.
Equipment: h.p.l.c. apparatus. All h.p.l.c. hard-

ware (with exceptions as noted) was purchased
from Beckman Instruments (Fullerton, CA,
U.S.A.) and included two model 11OA pumps, a
model 210 sample injector with 5p1, lOOpl and
250 1 injection loops, a model 410 gradient control
board and mixing chamber (all of Altex manu-
facture), a Hitachi 100-40 variable-wavelength
detector, and a Shimadzu CRIA computing
integrator. For analytical separations, a Waters i-
Bondapak C18 column (Waters Associates, Mil-
ford, MA, U.S.A.) (10pm particle size) with an
internal diameter of 3.9 mm and a length of 250
mm was employed. For preparative h.p.l.c., an
Altex Ultrasphere ODS column (5gm particle size)
with an internal diameter of 10mm and a length of
250mm was used. To protect the columns from
possible contamination with bile proteins, each
was fitted with a 50mm Whatman Co: Pell ODS
reverse-phase pre-column (Whatman, Clifton, NJ,
U.S.A.). Sep-pak C18 cartridges, for sample
'clean-up' before preparative chromatography,
were obtained from Waters Associates (Milford,
MA, U.S.A.).

Methods. General Methods. All experiments
were performed in semi-darkness at room tempera-
ture (24°C) unless otherwise specified. Before each
experiment, standard solutions of UCB and its
conjugates were prepared, and between studies
were stored on ice under argon. Standard solutions
of UCB and its conjugates were discarded if not
used within 6h of their preparation. Native bile
samples collected under argon, on ice, in the dark,
were analysed by h.p.l.c. within minutes to a few
hours of collection. A small number of bile samples
that were not analysed within these times were
stored at - 20°C under argon in tubes containing
5mM-Na2EDTA and 1 mM-ascorbic acid. Before
analysis, all h.p.l.c. solvents and buffers were
filtered through 0.1 pm-pore-size Millipore mem-
branes (Millipore Corp., Bedford, MA, U.S.A.)
and degassed under reduced pressure for 10-20 min.

Stock buffer solutions were prepared as follows:
glycine/HCl buffer was prepared from 0.4M-HCI
adjusted with solid glycine to pH 2.7; ammonium
acetate buffer was prepared by titrating 1% (v/v)
acetic acid with concentrated (28-30%w/v)
NH40H to a pH of 4.5; Tris/HCl buffer, pH9.3,
was prepared by the addition of 1 M-HCI to 5mM-
Tris base containing 0.15 M-NaCl and 0.02% (w/v)
NaN3 .
Measurement of biliary lipids. Cholesterol was

measured using a cholesterol oxidase kit (Fromm et
al., 1980); total bile salts were measured using the
3a-steroid dehydrogenase method (Talalay, 1960),
as modified by Admirand & Small (1968). Phos-
pholipids were measured by both a choline oxidase
kit (Gurantz et al., 1981) and the Bartlett (1959)
procedure for inorganic phosphorus.

Specific methods. Preparation ofAZO UCB. (1)
Ethyl Anthranilate diazo reagent. A freshly pre-
pared 0.25ml solution of sodium nitrite
(100mg/ml) was added to a fine suspension of ethyl
anthranilate (0.05 ml) in 5ml of 0.15M-HCI. After
vortex-mixing for approx. 5 min to achieve optical
clarity, 0.4ml of ammonium sulphamate
(100 mg/ml) was added; vortex-mixing was contin-
ued until homogeneity was achieved. For all diazo
reactions performed, this ethyl anthranilate diazo
reagent was used approx. 3-5 min after its prepara-
tion. [The diazo reagent employed in the present
work differs from that used by Heirwegh et al.
(1974), since we found that it was impossible to
crystallize AZO *UCB when a large molar excess of
ethyl anthranilate was present. It appears that the
unchanged oily ethyl anthranilate prevented
AZO-UCB from crystallizing.]

(2) Diazotization of UCB. Exactly 467.5mg of
UCB dissolved in 50ml of 0.1 M-NaOH was added
to a continuously stirred 200ml solution of
Tris/HCl buffer, pH9.3. Over a subsequent 5min
mixing period, 40ml of the diazo reagent was
added dropwise from a burette. After mixing for
20min, 2.5ml of ascorbic acid (lOOmg/ml) was
added and was stirred in for an additional 3min.
The aqueous mixture was then extracted with four
successive 300ml portions of chloroform. If emulsi-
fication occurred during the extraction procedure,
an excess of anhydrous (NH4)2SO4, an emulsion
breaker, was added. The chloroform extract
containing AZO UCB was then washed three
times with 300ml portions of distilled water,
pH 6.0, and dried over anhydrous (NH4)2SO4.
After 2 h the (NH4)2SO4 was removed by
filtration.

(3) Crystallization of AZO UCB. The chloro-
form/AZO UCB extract was dried by rotary
evaporation at 50-55°C. Precipitated AZO UCB
was dissolved in a few millilitres of methanol and,
during cooling on ice, a small portion ofcrushed ice
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was added. If crystallization did not begin within a
few minutes, more crushed ice was added and the
side of the test tube was scratched with a glass rod.
Approx. 2 h after crystallization the solution was
filtered through a fine sintered-glass filter and the
purple crystals of AZO UCB were washed with a
few millilitres of cold (4°C) reagent-grade acetone.
From the filtrate the remaining AZO UCB was
recrystallized twice, giving an overall yield of 65%.
T.l.c. of 200pg of the crystalline azo pigments on
silica-gel G [solvent system: chloroform/methanol,
17: 3 (v/v)] (Heirwegh et al., 1974) revealed a single
spot. H.p.l.c. on a Waters p-Bondapak C18 analy-
tical column (method described below) gave a
single elution peak. H.p.l.c. on an Altex ultra-
sphere ODS analytical column, with a linear
aqueous-methanol gradient (see the subsection
below) separated the azo pigments into approxi-
mately equal amounts of vinyl and isovinyl
isomers. This separation allowed us to determine
that both isomers were present, but this step was
not necessary for bile-pigment quantification. The
mass spectra and the proton n.m.r. of these
compounds corresponded exactly to previously
reported spectra (Compernolle et al., 1970, 1980).

T.l.c. and h.p.l.c. peak identification. Individual
peaks of conjugated bilirubins from preparative
and analytical h.p.l.c. columns were collected,

diazotized with ethyl anthranilate and identified
by t.l.c. by the method of Heirwegh et al. (1974).
The diazo products of bile pigments from the dog
were employed as reference t.l.c. standards.

H.p.l.c. elution. Before each separation, the
h.p.l.c. column was equilibrated for 5min with
methanol/ammonium acetate buffer, pH4.5, (3:2,
v/v) at a flow rate of 2ml/min. At the time of
sample injection, a 20min linear gradient of 60-4
100% (v/v) methanol in 1% ammonium acetate
buffer was initiated. For analytical separations of
UCB and its conjugates, the column flow rate was
1.Oml/min and the injector-loop volume was 5Mul.
For preparative operation and isolation of biliru-
bin conjugates, the column flow rate was 2ml/min,
and the injector-loop volume was 100-250Ml.

Procedures and results

Quantification of UCB (step I of Scheme 1)
To prepare a standard curve, a freshly prepared

stock solution of UCB (5.84mg in IOml of 0.1M-
NaOH) was diluted with methanol to give final
UCB concentrations that ranged from 2.5 to 50uM.
Each concentration was injected three times into
the Waters u-Bondapak C18 analytical column
and the mean IPA of UCB was determined at
A = 450nm. As depicted in Fig. 1, a plot of UCB

Ej40

30

[UCB1(#M) UC

10 23.23

Time (min)

0 10 20 30 40 50
(UCBI (um)

Fig. 1. Dependence of h.p.l.c. integrated peak area (IPA) of UCB (UCB IPA) (in arbitrary units, x 10-3) on [UCB]
The inset shows typical h.p.l.c. elution peak of UCB (retention time 23.23min) measured as A450. UCB
concentrations ranging from 2.5 to 50pm were injected into a Waters p-Bondapak C18 analytical column and eluted
with a linear gradient of methanol and ammonium acetate, pH4.5. The corresponding IPA values were measured at
A = 450nm. Each point represents the mean IPA for three h.p.l.c. injections and the vertical bars represent + 1 S.D.
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IPA against [UCB] in gM was linear. The inset
(Fig. 1) shows a typical h.p.l.c. elution profile of
UCB at time (t) = 23.23 min, measured as absor-
bance (A) at 450nm.

Quantification ofAZO UCB (step 2 of Scheme 1)
A 1mM stock solution of AZO UCB (4.62mg)

was prepared in 10ml of pentan-2-one. The
solution was further diluted (with pentan-2-one) to
give AZO UCB concentrations that ranged from 5
to 500gM. Each concentration was injected three
times into the Waters ji-Bondapak C18 analytical
column and the mean IPA of AZO-UCB was
determined at A= 530nm. As Fig. 2 shows, a plot
of AZO-UCB IPA against [AZO UCB] was also
linear. The inset shows a typical h.p.l.c. elution
profile of AZO UCB at retention time
(t) = 22.56min measured as absorbance (A) at
530nm.

Preparation of pure BDG and BMG (Step 3 of
Scheme 1)

Immediately after collection on ice, 100IuO of
bilirubin-enriched rat bile was diluted 1:2 (v/v)
with 1% acidified methanol (1 ml of acetic acid in
100 ml of methanol). The solution was gently
vortex-mixed and then centrifuged for 2min on a
Microfuge. The supernatant was aspirated and
100-250pl was injected into the Altex Ultrasphere
ODS preparative column. Alternatively, pigment-
enriched rat bile can be applied directly to a Sep-
pak C18 cartridge pre-washed with 1% acidified
methanol and the pigments eluted with 2 ml of the
same solvent. In the presence of alkaline bile, the
addition of acetic acid is necessary to prevent
methanolysis of the pigments. Before h.p.l.c.
injection, the methanolic solution was evaporated
under N, at 27°C. The first major pigment was
eluted in approx. 13min and the second major
pigment was eluted in 19 min; diazo analysis of the

-

E

0

11

io

300
IAZO * UCB (UM)

Fig. 2. Dependence of h.p.l.c. IPA ofAZO UCB (AZO UCB IPA) (in arbitrary units, x 10-3) on [AZO UCB]
The inset shows typical h.p.l.c. elution peak of AZO-UCB (retention time, 22.56min) at 1 = 530nm. Crystalline
AZO *UCB was diluted in pentan-2-one to give final concentrations of 5-500pM. Each point on the curve represents the
mean IPA for three h.p.l.c. injections and bars represent + 1S.D. The formula to determine [AZO-UCB] is:

J, (y) = 2.23 x - 0.33.
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two fractions indicated that these were BDG and
BMG respectively. If desired, pure BMG and
BDG can be prepared without contamination with
ammonium acetate, water or methanol, by one of
the following methods: (1) The h.p.l.c. pigment
eluates are concentrated under N2 at 27°C to a final
volume of lOO,l. Concentrated pigment solutions
are then individually applied to a Sep-pak C18
cartridge prewashed with distilled water. Solutions
are then washed on a Sep-pak cartridge with 3 ml
of distilled water to remove ammonium acetate
and eluted separately with 100% (v/v) methanol
followed by evaporation of the methanol under N2.
(2) The h.p.l.c. separation is performed with an aq.
1% ammonium formate buffer and a 65-100%
20min linear gradient of methanol. Methanol is
removed under N2 at 27°C, and water and
ammonium formate are removed by freeze-drying.
The residue is the pure bile pigment as determined
by analytical h.p.l.c. and chemical analysis.

Quantification ofBDG (step 4 of Scheme 1)
Aqueous-methanol solutions containing pure

BOG isolated from the preparative h.p.l.c. column
were evaporated under N2 to near-dryness at 24°C.
Each pigment fraction was then dissolved in an
appropriate volume of distilled water, pH 6.0, and
divided into two portions. The first portion was
injected into the Waters p-Bondapak C18 analyti-
cal column and the IPA at 450 nm was measured.
To the other portion, 50yl of pentan-2-one, 50i1 of
glycine buffer and 50pl of diazo reagent were
added in sequence. The diazotized BDG mixture
was vortex-mixed for 30s at zero time, 10min and
20min. At 30min, h.p.l.c. elution of the diazo
mixture scanned at A = 450nm indicated that the
diazo reagent had completely reacted with all BDG
present. At this time the diazo mixture was
centrifuged on a Microfuge for 2 min, the pentan-2-
one layer was immediately injected into a Waters
,-Bondapak C 18 analytical column and the IPA of
the azo derivative (AZO A CB) was measured at A =
530nm. As Fig. 3 shows, a linear standard curve
was then constructed to relate AZO CB IPA to
BDG IPA. The insets show the h.p.l.c. elution
profiles of AZO-CB at t = 19.77 min and BDG at
t = 9.52min measured as absorbance (A) at 530nm
and 450nm respectively. The right ordinate gives
[BDG], which is determined as follows.

First,ff(AZO-UCB IPA) from eqn. (6) is equal
to f1 (y) in Fig. 2 (see the legend):

f1(y) = 2.23x-0.33 (13a)
Secondly, the function f1 is then applied to

AZOQ CB IPA (from Fig. 3) as in eqn. (9):
[BDG] = i[AZO CB]

= J{2.23(AZO *CB IPA)-0.33} (13b)

Thirdly, since AZO *CB IPA can be expressed as
a function of BDG IPA (Fig. 3), then:

[BDG] = 1.115(1.066 BDG IPA+ 6.24)-0.16
(13c)

and, finally, as in Fig. 3:

[BDG] = 1.188(BDG IPA+ 6.88) (13d)

Quantification ofBMG (step 5 of Scheme 1)

Whereas BDG is relatively stable in bile and can
also be stored in organic solvents at - 20°C for as
long as 3 days, BMG in aqueous solution (Jansen,
1973), native bile or organic solvents has a tend-
ency to rearrange spontaneously to BDG and
UCB. This spontaneous isomerization forms IIIa
and XIIoa isomers ofBDG and UCB in addition to
the native IXca isomers (Sieg et al, 1982). Storage of
pure BMG at - 20°C with subsequent defrosting
and warming at 24°C led to variable amounts of
molecular rearrangements with the formation of
BDG and UCB from BMG. Fig. 4 demonstrates
that incubation of aqueous-methanol solutions of
pure BMG for 10-30min at 40°C results in a
decrease in the percentage of BMG and an
increase in the percentage of BDG and UCB,
which form during the molecular rearrangement.
The splitting of the UCB peak (Fig. 4) represents
IIIa and XIIIa isomers (McDonagh & Assisi,
1971, 1972).

In an attempt to prevent BDG formation from
BMG during h.p.l.c. quantification, BMG solu-
tions were evaporated at 24-270C under a steady
stream of argon and BMG was utilized on the day
of isolation and kept on ice up to the time of h.p.l.c.
injection or diazotization. Thus, under ideal
conditions, when BMG is processed for quantifi-
cation exactly as described for BDG in the section
above, the diazo reaction goes to completion and
equimolar amounts of AZO -CB and AZO UCB
are formed, as shown by the upper inset to Fig. 5.
Nevertheless, under most experimental circum-
stances, a small portion of standard BMG re-
arranges to form BDG; the diazo reaction of this
BMG and BDG mixture will lead to an excess of
AZO CB. Consequently, it became necessary to
derive a more complex relationship between the
IPA values of AZO-UCB and AZO-CB, and
BMG IPA as shown in Fig. 5. This relationship
encompasses all possible degrees of spontaneous
isomerization and is based on the following
considerations.

If a sample contains only BDG or BMG,
accurate quantification follows from eqns. (9) and
(11) respectively. Therefore, in samples that
contain BMG and a small amount of BDG

1985

794



H.p.l.c. separation and quantification of bile pigments

160
OI |TX 19.77

Time (mi) 160

80~~~~~~~~~~~~~

,6 I.,

80 ~~~~~~~~~~~~~~~~~~~80

9.52
Time (min)

0 40 80 120 160 200 240

BDG IPA (A= 450nm)

Fig. 3. Plot used for determining [BDG] from BDG IPA
The insets show h.p.l.c. absorbance peaks and retention times for AZO-CB (2 = 530nm) and BDG (2 = 450nm).
Pure BDG obtained preparatively by h.p.l.c. was diluted with an appropriate amount of water (pH - 6.0) and div-
ided into two portions. The IPA ofone portion was directly measured on the h.p.l.c. analytical column at A= 450nm
(right insert). The other portion was diazotized (AZO-CB) and its h.p.l.c. IPA was measured at A= 530nm (left
inset). Each point represents a value for BDG IPA (abscissa) and its corresponding AZO CB IPA (left ordinate) for
an individual concentration of BDG. Since the molar absorptivities of AZO-CB and AZO UCB are virtually
identical (see Fig. 5, inset), the AZO- CB IPA values on the left ordinate can be read as 'AZO UCB IPA'. By using
the relationship forf1(y) in the legend to Fig. 2, the AZO CB IPA values are converted into [AZO - CB], from which
[BDG] on the right ordinate is obtained according to eqns. 13a, 13b, 13c and 13d).

(< 20,uM), we combine eqns. (9) and (11) to obtain:
[BMG]+ [BDG] = f1 {-(AZO * UCB IPA

+AZO CB IPA)} (14a)

From eqn. (13d) [for small values of BDG IPA in
the range of (5-10) x 10-3 arbitrary units]:

[BDG]=f1(BDG IPA) 2.23(BDG IPA)
(14b)

Then:

[BMG] = f((AZO-UCB IPA + AZO CB IPA)
-BDG IPA} (14c)

In Fig. 5 this corrected IPA value, i(AZO UCB
IPA+AZO CB IPA) - BDG IPA, is plotted on

the left ordinate. [BMG] was solved for in a similar
fashion to [BDG] (eqns. 13a, 13b, 13c and 13d
above) and plotted on the right ordinate of Fig. 5 as
functions of BMG IPA and eqn. 14c.

Purity of isolated BDG and BMG
By lipid analysis (see under 'Methods'), neither

BMG- nor BDG-containing fractions were con-
taminated with detectable amounts of cholesterol,
bile salts or phospholipids. Proteins of bile were
denatured with methanol of the mobile phase and
appeared to precipitate completely in the pre-
column. For this reason, and especially with daily
use, a change of the precolumn every 1-2 months
was necessary.
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(a) 98%

0 25

(b) 88%
BMG

60%
(c) BMG

27%
BDG

6% 5%
BDG UCB

0 25 0

13%
UCB

25
Time (min)

Fig. 4. Time-dependlence of molecular rearrangement ofBMG to BDG and UCB [2 BMG (IXoa)-_l BDG + I UCB (IIIa, IXac,
XIll)] as eialluated by, h.p.l.c.

(a) Typical h.p.l.c. elution profile of 'pure' BMG on a Waters p-Bondapak C18 analytical column after isolation
from an Altex preparative column. Sample was concentrated at 25°C under N, before injection. Note that (a)
contains 98°' BMG with -1% BDG and - I% UCB. (b) H.p.l.c. elution profile of 'pure' BMG after incubation
under N, in aqueous methanol for 10min at 40°C. (c) H.p.l.c. elution profile of same sample as in (b), but with
incubation under N, in aqueous methanol for 30min at 40°C. Of the total pigments present, the percentage
concentration of BMG decreases from 98°' (a) to 88% (b) to 60% (c), whereas the percentage concentration of
BDG/UCB increases to 6/5°' in (b), and 27/13% in (c). The BMG peak in (c) appears larger than the BMG peak in
(b), since the sample has been concentrated during heating. Some loss of pigment during the heating process may
account for the fact that [BDG] is not equal to [UCB].

During these studies, we discovered that the
choline oxidase method (Gurantz et al., 1981)
consistently suggested that a choline-containing
phospholipid was present in an approximate 1:1
molar ratio with either pure BMG, or even when
pure BMG was bleached with u.v. light before
enzymic determination. Since the Bartlett (1959)
method for inorganic phosphorus detected no
phosphorus in these samples, we conclude that
both native and 'bleached' BMG give a false-
positive test with the choline oxidase method for
choline-containing phospholipids. Since most ani-
mal biles contain BMG (see below), the choline
oxidase method may introduce a variable error in
phospholipid determination in bile samples. In the
present work the chemistry of this false-positive
reaction was not investigated further.

Pigment binding to h.p.l.c. columns
One potential problem with direct h.p.l.c.

injection of native bile is that bile proteins that
precipitate in the precolumn or possibly in the
analytical column may bind bile pigments and
result in falsely low values for UCB, BMG, and
BDG. To test this possibility, we mixed known

amounts of UCB (concentrations determined
gravimetrically) and pure BDG (concentrations
first determined by h.p.l.c.) with guinea-pig bile
samples that contained BMG as the sole bile
pigment (see below). Concentrations of pigment
were determined by h.p.l.c. before and after
addition of exogenous pigment to the samples. As
shown in Fig. 6, there was excellent correlation
between h.p.l.c.-derived concentrations and con-
centrations assayed by serial dilution. The com-
plete recovery strongly suggests that bile-pigment
precipitation did not take place in the analytical
columns and confirms that no tightly (covalently?)
bound bilirubin-albumin complexes (Weiss et al.,
1983) exist in native bile as demonstrated pre-
viously (Kuenzle et al., 1966a,b).

Pigment analysis of animal bile samples
Fig. 7 depicts the application of this h.p.l.c.

separation and quantification technique to bile
samples from a number of rodents (deer mice,
prairie dogs, guinea pigs and hamsters), all of
which have been studied as experimental models
of pigment gallstone formation (Okey, 1944;
Anderson et al., 1966; DiFilippo & Blumenthal,
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Fig. 5. Plot used for determining [BMG] from BMG IPA
Plot in the box bounded by broken lines is for BMG IPA values < 100 (arbitrary units, x 10-3). Major plot is for
BMG IPA values > 100 (arbitrary units, x 10-3). Insets show h.p.l.c. absorbance peaks and retention time for
AZO-CB+AZO-UCB (A = 530nm) and BMG (A = 450nm). Pure BMG was obtained preparatively by h.p.l.c.,
diluted with an appropriate amount of distilled water (pH -6.0) and divided into two portions. One portion was
directly injected into the analytical h.p.l.c. column and its IPA was measured at A = 450nm. The other portion was
diazotized and the diazo products (AZO-CB+AZO-UCB) were injected and their individual IPA values were
measured at A = 530nm. To correct for the unavoidable formation of small amounts (usually < 5%) ofBDG formed
in each BMG sample (see the text), each point represents the BMG IPA plotted against the corresponding
i(AZO *UCB IPA+AZO *CB IPA)-BDG IPA for that point. The derivation of i(AZO -UCB IPA+AZO *CB
IPA) -BDG IPA and theoretical basis for the break point in the standard curve of -100 BMG IPA units are
described in the text. By using the relationship in the legend to Fig. 2, the IPA values on the left ordinate were used to
give [BMG].

1972; Pitt et al., 1983). These animals secrete BMG
as the predominant, if not exclusive, bile pigment.
However, the rat, which is not known to form
pigment stones, excretes appreciable quantities of
BDG in addition to BMG (Fig. 7). As shown in
Fig. 8, dog, pony, monkey, cat and human biles all
contain a complex pattern of bile pigments. On the
basis of t.l.c. of the ethyl anthranilate derivatives
(Heirwegh et al., 1974) of dog bile, we have
separated ten pigment peaks by h.p.l.c. (Fig. 8),
which were employed as reference standards. In
Table 1, each dog bile peak is listed in order of
decreasing polarity and, with the exception of no.
7, all have been chemically identified. According
to this nomenclature, the concentrations (in uM)
and percentage concentration of bilirubin and its
conjugates (identified using the key to Table 1) in
various animal biles under a variety of pathophys-
iological conditions are shown in Tables 2-4.

Table 2 lists animal biles containing predomin-

antly BDG and BMG. Some animal biles contain
small amounts of other conjugates, particularly
BMG-Gl (rat), BMG1 (deer mouse) and BMX
(prairie dog, hamster and rat). The concentration
of UCB was variable, ranging from 0 (guinea pig)
to 10% (anaesthetized rat) of total bile pigments.
Whereas total bilirubin concentrations were ele-
vated in sp/sp deer mice, only small elevations of
[UCB] were observed (Table 2). Further, a hamster
with a pigment gallstone showed no major alter-
ation in bile-pigment pattern (Table 2). Table 3
lists animal bile samples containing appreciable
amounts of mixed conjugates of bilirubin with
glucuronide, glucose and xylose. Although the dog
contains all ten conjugates (see Fig. 8), the
principal bile pigments in this species are BMG-
GI with lesser amounts of BDG and BMG. In the
pony the principal bile pigments are BMG-G 1 and
BDG 1; in the cat the principal bile pigments are
BDG and BMG-Gl, and in the rhesus monkey the
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Table 1. Key to h.p.l.c. elution profiles of mammalian bile pigments in order of decreasing polarity

Abbreviation
BDG
BMG-Gl
BDGI
BMG-MX
BMGI-MX
BMG

BMGl
BMX
UCB

Identification of
bilirubin conjugate

Diglucuronide
Monoglucuronide monoglucoside
Diglucoside
Monoglucuronide monoxyloside
Monoglucoside monoxyloside
Monoglucuronide
Unknown
Monoglucoside
Monoxyloside
Unconjugated bilirubin

* Peak not actually identified by diazo reaction, but identification based on polarity of sugar and peak elution position.

_ 100

c

._

0

, 60

.0rD

= 40
E
oo

20

0 20 40 60 80

[Pigmentl by h.p.l.c. (#M)
100

Fig. 6. Plot of bile-pigment (UCB, BMG and BDG)
concentrations (#M) by serial dilution of bile versus bile-

pigment concentrations (pM) by h.p.l.c.
The line of identity (y = x) provides a best fit for all
data points. For UCB (0), sets of values were
obtained by adding known concentrations of UCB
(determined gravimetrically) to guinea-pig bile
samples and determining concentrations of added
pigment by h.p.l.c. according to the standard curve
in Fig. 1. For BDG (U) and BMG (A), initial
concentrations in rat bile were derived by h.p.l.c.
according to Figs. 3 and 5 respectively, and serial
dilutions were then performed. Each data point
represents the h.p.l.c.-determined concentration
versus the known concentration determined by the
dilution factor.

(see Table 1 and Fig. 8), were identified. BDG and
BMG are the predominant bile pigments in human
beings and are present in ratios that vary from
1.6 :1 to 9:1. It is notable that, in all human bile
samples, including a patient with a pigment stone
and one with a cholesterol stone, the percentage of
UCB did not exceed 1% of total bile pigments. The
percentage of monoconjugates to total conjugated
bilirubin present in human bile varied from a low
value of 10.1% in T-tube bile to 33.3% in ERCP
bile. As might be expected, the total bilirubin
concentration is higher in gall-bladder bile
(-4mM) than in hepatic biles.
With regard to the uncommon conjugates, we

assumed in these calculations that the molar
absorptivities for the xylose and glucose monocon-
jugates were the same as those for BMG, and the
molar absorptivities for all the diconjugates were
the same as those for BDG. This assumption is
analogous to the approximation made by Heir-
wegh et al. (1974). Those authors assumed that all
ethyl anthranilate azo derivatives of bile pigments
have the same absorbances regardless of their
differing sugar groups. However, specific conju-
gating sugars may induce minor differences in the
molar absorptivities of these compounds. Since in
the present work the h.p.lc. absorbance of each
compound was determined in a slightly different
percentage of methanol, these variations will only
marginally affect the molar absorptivities
measured. Nevertheless, the derived concentra-
tions of the uncommon bilirubin conjugates will
not be as precise as those for BMG and BDG.

principal bile pigments are BDG, BMG-G 1 and
BMG. UCB constituted less than 3% of all bile
pigments in these animals. Table 4 lists the
pigment pattern and concentrations in non-
infected human bile samples. All bile pigments
found in the dog, with the exception of nos. 4 and 7

Discussion

The h.p.l.c. method described in the present
paper has the merits of simplicity, specificity and
technical ease in determining the concentrations of
UCB, BMG, and BDG as native tetrapyrroles in
bile. It offers the distinct advantage of direct,
small-sample (5 pl) injection without prior precipi-
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Concn. (uM)

BDG BMG UCB

Deer-mouse
G.B. bile

Concn. (uM)

BDG BMG UCB

Guinea-pig
G.B. bile

0 13.5 <1

0 596 11.6

0 168 6.1

27.0 39.7 8.4

98.4 65.8 3.8

Syrian-hamster
G.B. bile (with stones)

224.4 63.4 2.5 v

t t t t
Solvent BDG I UCB

I BMGI
0 10 20

Elution time (min)

t t t
Solvent BDG I UCB

IBMG1
0 10 20

Elution time (min)

Fig. 7. Typical h.p.l.c. elution profiles andpigment concentrationfor a variety ofrodent bile samples containingpredominantly
BMG and BDG

Bile samples (5 p1) were injected directly into the h.p.l.c. column and concentrations were determined from standard
curves (Figs. 1-3 and 5) by converting integrated peak areas (IPA) to pigment concentrations. Deer mouse and rat
bile scans are displayed at four times the attenuation and prairie-dog bile is displayed at twice the attenuation of the
guinea-pig bile scan. The concentrations of BMG and UCB in the spherocytic-deer-mouse gall bladder (G.B.) bile
are severalfold higher than the values for the normal deer mouse. One Syrian-hamster bile contained a pigment stone
and was diluted 1:2 (v/v) before h.p.l.c. injection (see Table 2 for analysis).
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25

Human (hepatic, T-tube)

2 6

9 10

0

Fig. 8. Typical h.p.l.c. elution profiles of a variety oJ bile samples containing a variable mixture of bilirubin conjugates in
addition to BMG and BDG

Stored bile samples were diluted 1:1 with 5mM-Na2EDTA/I mM-ascorbic acid. Gall-bladder (G.B.) bile was further
diluted with distilled water (pH 6.0) 1: 20-1:50 (v/v) before h.p.l.c. injection. After rapid thawing, 5 jl of diluted
bile was injected into the h.p.l.c. analytical column. Identification of unknown peaks was by means of the ethyl
anthranilate diazo reaction and t.l.c. of the derivatives (Heirwegh et al., 1974) (see Tables 3 and 4 for analysis).
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tation of proteins, and the procedure for separation
and quantification of each bile pigment is com-
plete within approx. 25min. With our method we
have further been able to identify xylose, glucose
and mixed conjugates in cat, dog, pony and human
biles, and traces in certain rodent biles, indicating
that this method can distinguish between indivi-
dual sugar conjugates, many of which are present
in small amounts. For quantification of the latter
species, we assumed that the molar absorptivities
of the glucose and xylose conjugates are similar to
those of the glucuronide conjugates.
The method of quantification ofBMG and BDG

is novel because it relates concentrations of BMG
and BDG to a stable azo derivative of UCB that
has been crystallized for the first time in the
present work. Since the glucuronide conjugates are
the major pigments in man and most laboratory
mammals (Fevery et al., 1977), we utilized the
present technique to specifically quantify and
isolate pure BMG and BDG from pigment-
enriched rat or guinea-pig biles. However, the
glucose, xylose and mixed conjugates could also be
directly quantified by a modification of our
technique by first isolating pure BMG1 and BMX
from dog bile by preparative h.p.l.c. Similar to
what we have accomplished here for BMG,
diazotization of the monoglucoside or the mono-
xyloside conjugates yields AZO UCB, which is the
basic reference standard for h.p.l.c. quantification
of all mono- and di-conjugates.

Excellent correlations were found between the
h.p.l.c. IPA values of bilirubin conjugates and the
IPA values of their respective ethyl anthranilate
diazo derivatives. The breakpoint in the standard
curve of BMG at 100PM concentration (Fig. 5)
may be the result of the self-association ofBMG in
aqueous-methanol systems at higher concentra-
tions. In this regard, Carey & Koretsky (1979)
deduced that dimers and higher aggregates ofUCB
formed at pH 10 in both aqueous and mixed
aqueous-ethanol solutions. This was inferred from
a concentration-dependent bathochromic shift in
the absorption spectrum of UCB; we have identi-
fied a similar concentration-dependent spectral
shift with BMG in aqueous and aqueous-methanol
solvents (W. Spivak & M. C. Carey, unpublished
work).
The most popular previously used procedure for

quantification of bilirubin conjugates has utilized
the ethyl anthranilate diazo method (Heirwegh et
al., 1974); however, this method gives only per-
centage concentrations ofthe glucuronide, glucose,
xylose and unconjugated azodipyrroles and an esti-
mate of the total monoconjugated fraction. Since
the diazo reaction cleaves bilirubin into two azo-
dipyrrolic units, the method cannot reveal the
original tetrapyrrolic structure, particularly in the

case of mixed bilirubin conjugates. Nonetheless,
our method gives comparable results (data is avail-
able from W.S. or M.C.C.) to the diazo method
(Fevery et al., 1977) for the percentage of
monoconjugates and the proportion of conjugated
azodipyrroles in most bile samples.

Because of the clinical relevance of animal
models of gallstone formation, we have applied our
method to the analysis of bile samples from the
spherocytic deer mouse, a model for human
hereditary spherocytosis (Anderson et al., 1966;
Bernstein, 1980). As a result of chronic haemolysis,
this species excretes a greater concentration of
bilirubin conjugates, as shown in Fig. 7 and Table
2. The gall-bladder bile of the spherocytic deer
mouse contains more than four times as much
BMG and a 3-fold (average of two animals)
increase in UCB concentration compared with
that in the normal deer mouse. It is presumed that
the poor solubility of UCB in bile (Berman et al.,
1980; Soloway et al., 1977) at neutral pH results in
calcium-salt precipitation and pigment stone
formation.
We have also demonstrated here that the normal

deer mouse, guinea pig, hamster and prairie dog,
all models for both pigment (Okey, 1944; Ander-
son et al., 1966; DiFilippo & Blumenthal, 1972;
Pitt et al., 1983) and cholesterol gallstones (Van der
Linden & Bergman, 1979), excrete BMG almost
exclusively (Fig. 7, Table 2). In view of the
itstability of the BMG molecule and its presence
as the only conjugate in four animal models of pig-
ment-gallstone formation, it seems plausible that it
may play a central role in the formation of
gallstones. One possible explanation is that UCB
found in bile is not just a result of increased
concentration of secreted UCB, but is a direct
result ofBMG degradation, either enzymically (via
hydrolysis from biliary ductular P-glucuronidase)
or non-enzymically by spontaneous hydrolysis of
the glucuronide sugars or by molecular rearrange-
ment, as shown here (Fig. 4).

Although BMG solubility has never been stud-
ied directly, the h.p.l.c. elution pattern supports
the hypothesis that BMG has a much lower
aqueous solubility than BDG. The h.p.l.c. reten-
tion time on a reverse-phase column is a direct
function of the hydrophilic-hydrophobic balance
of a compound, and hence reflects the aqueous
solubility of a biological amphiphile (Armstrong &
Carey, 1982). Thus one expects that the diconju-
gates of bilirubin should be more water-soluble
than the monoconjugates (e.g., BDG > BMG), and
that the glucuronic acid conjugates should be more
soluble than the glucose or xylose conjugates. In
model bile systems, BMG can co-precipitate with
UCB (W. Spivak and M.C. Carey, unpublished
work). However, the physical-chemical factors
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that influence the solubility of BMG or BDG and
the isomerization or hydrolysis of BMG to UCB in
bile have yet to be clearly defined.
We believe that bile-pigment quantification by

the h.p.l.c. method described in the present work is
the most facile and accurate to date, particularly in
view of the lability of these compounds, especially
when separated on silica gel by t.l.c. A t.l.c. method
(Boonyapisit et al., 1976) has been employed by
several investigators (Boonyapisit et al., 1978;
Masuda & Nakayama, 1979; Trotman et al., 1980;
Tritapepe et al., 1980) to determine the concentra-
tion of UCB in control and pigment-stone gall-
bladder biles of both humans and normoblastic
(nb/nb) mice. The reported mean values for [UCB]
range from 14 to 33Mm in control biles and 26 to
181 Mm in pigment-lithogenic biles. In contrast, by
the h.p.l.c. method described here, the mean UCB
concentrations found in fresh mammalian biles
with pigment gallstones were 13Mm and, in those
without pigment gallstones, were 5Mm. We believe
that the use of the t.l.c. method (Boonyapisit et al.,
1976) may give falsely elevated [UCB] values, as a
result of spontaneous hydrolysis of bilirubin conju-
gates on the stationary silica phase. Finally, the
h.p.l.c. preparative isolation of pure BMG and
BDG from bile in high concentrations will
undoubtedly be important for future physical-
chemical research with these compounds.
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