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Lithocholic acid and its taurine, glycine, and sulfate derivatives are potent cholestatic agents. Lithocholate glucuronide is
present in the plasma and urine of patients with cholestatic syndromes, but little is known of its metabolism, excretion,
and cholestatic potential. [3 beta-3H]lithocholate 3-O-beta-D-glucuronide was synthesized, and chemical and
radiochemical purity were established. The aqueous solubility of lithocholate glucuronide was determined and found to be
greater than that of lithocholic acid or several of its derivatives. In the range of concentrations examined, calcium ions
precipitated lithocholate glucuronide stoichiometrically. The material was administered to rats prepared with an external
biliary fistula. When 17-25 micrograms quantities were administered, 89.1 +/- 4.5% (mean +/- SEM) of the radiolabel was
secreted in bile within the first 20 h after administration, the major fraction being secreted in less than 20 min. Four-fifths
of the radiolabeled material in bile was the administered unaltered parent compound, while a minor fraction consisted of a
more polar derivative(s). We showed that increasing biliary concentrations of more polar derivatives were observed with
milligram doses of [3H]lithocholate glucuronide, and with time after the administration of these loading doses. Milligram
doses of [3H]lithocholate glucuronide resulted in partial or complete cholestasis. When induced cholestasis was partial,
secretion in bile remained the primary excretory route (82.5-105.6% recovery in bile), while, when complete cholestasis
was induced, wide tissue [...]
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bstract. Lithocholic acid and its taurine, gly-
cine, and sulfate derivatives are potent cholestatic agents.
Lithocholate glucuronide is present in the plasma and
urine of patients with cholestatic syndromes, but little is
known of its metabolism, excretion, and cholestatic po-
tential. [38-*H]lithocholate 3-O-8-D-glucuronide was
synthesized, and chemical and radiochemical purity were
established. The aqueous solubility of lithocholate gluc-
uronide was determined and found to be greater than
that of lithocholic acid or several of its derivatives. In the
range of concentrations examined, calcium ions precip-
itated lithocholate glucuronide stoichiometrically. The
material was administered to rats prepared with an ex-
ternal biliary fistula. When 17-25-ug quantities were ad-
ministered, 89.1+4.5% (mean+SEM) of the radiolabel
was secreted in bile within the first 20 h after adminis-
tration, the major fraction being secreted in <20 min.
Four-fifths of the radiolabeled material in bile was the
administered unaltered parent compound, while a minor
fraction consisted of a more polar derivative(s). We
showed that increasing biliary concentrations of more
polar derivatives were observed with milligram doses of
[*H]lithocholate glucuronide, and with time after the ad-
ministration of these loading doses. Milligram doses of
[*H]lithocholate glucuronide resulted in partial or com-
plete cholestasis. When induced cholestasis was partial,
secretion in bile remained the primary excretory route
(82.5-105.6% recovery in bile), while, when complete
cholestasis was induced, wide tissue distribution of ra-
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diolabel was observed. Cholestasis developed rapidly dur-
ing infusion of [*H]lithocholate glucuronide. Bile flow
was diminished within 10-20 min of the start of an in-
fusion of 0.05 umol, 100 g~ body weight, minute™', ad-
ministered concomitantly with an equimolar infusion of
taurocholate. The results establish that lithocholate gluc-
uronide exerts cholestatic effects comparable to those ex-
erted by unconjugated lithocholic acid.

Introduction

Lithocholic acid is a secondary bile acid, formed in the colon
by the bacterial 7a-dehydroxylation of chenodeoxycholic acid
(1). Small amounts of lithocholic acid are reabsorbed from the
colon, cleared from the portal blood by the liver, and metab-
olized. Hepatic metabolism results in the formation of taurine
and glycine conjugates linked by amide bonds with the steroid
carboxylic acid, or in the formation of 3-sulfate esters, or in
combined sulfated conjugates (2).

More recently it has been shown that the glucuronide con-
jugate of lithocholic acid is present in quantity in the serum
and urine of patients with cholestatic liver disease (3-6). The
conjugate is the 3-O-8-D-glucuronide of lithocholic acid"? (LCG)
(Fig. 1). The accumulation of LCG in blood in such patients
suggests that it may normally be secreted in bile, but that it
accumulates in blood when hepatic secretion fails. Surprisingly
little, however, has been established about the normal metabolic
fate of the substance.

Accordingly, we have prepared radiolabeled LCG and ad-
ministered it to rats prepared with a biliary fistula. The results
show that when microgram quantities of the material are injected
intravenously into rats, the material is secreted in bile largely

1. Abbreviations used in this paper: DEAP, diethylaminohydroxypropyl;
FAB-MS, fast atom bombardment-mass spectrometry; GC, gas chro-
matography; LCG, 3-O-8-p-glucuronide of lithocholic acid; HPLC, high-
pressure liquid chromatography; Rf, retardation factor; Rt, retention
time; Rv, retention volume.

2. For the purpose of this paper, the free acid and salt forms of the
glucuronide will be considered equivalent and will henceforth be referred
to by the abbreviation LCG.
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intact. When larger quantities are administered, cholestasis re-
sults, additional metabolites are formed, and radiolabel accu-
mulates in tissues.

Methods

Experimental design. [*H]LCG was administered intravenously to rats
prepared with an external biliary fistula. The amounts administered
varied from microgram to milligram amounts, and the mode of ad-
ministration was by bolus injection or constant infusion. Radiolabel in
bile, urine, plasma, viscera, and carcass was determined. The nature of
the radiolabeled material secreted in bile was determined chromato-
graphically, before and after specific enzymatic hydrolysis, and by fast
atom bombardment-mass spectrometry (FAB-MS).

Synthesis of lithocholate glucuronide. Methyl lithocholate (Cal-
biochem-Behring, La Jolla, CA) was oxidized with Jones reagent to the
3-oxo derivative. Subsequent reduction with NaB*H, (New England
Nuclear, Boston, MA; specific activity, 110 mCi/mmol) yielded a mixture
of [3a-*H]methyl lithocholate and [38-*H]methyl lithocholate. [35-
3H])methyl lithocholate, which was the major product (80%), was sep-
arated by preparative thin-layer chromatography (TLC) on silica gel G
plates (20 X 20 cm; 0.50-mm layer thickness; Supelco, Inc., Bellefonte,
PA) using benzene-ethyl acetate (95:5) (multiple development). To pre-
pare the glucuronide conjugate, [38-*H]methyl lithocholate was con-
densed with methyl 2,3,4-tri-O-acetyl-1-bromo-1-deoxy-a-D-glucopy-
ranuronate in benzene using silver carbonate as catalyst and molecular
sieve (3A) as dessicant (7). The reaction mixture was treated with 0.05
N sulfuric acid in acetone (15 min) to decompose the ortho ester side
product and was subjected to deprotection in 1 N NaOH in 72% ethanol,
room temperature, for 48 h. The product was acidified with 10% HCl,
passed through an XAD-2 (Aldrich Chemical Co., Milwaukee, WI) col-
umn (1 X 20 cm) and eluted with 2% ammonia in methanol. The eluate,
containing the ammonium salt of the LOG, was passed over an Amberlyst
A-15 (Aldrich Chemical Co.) column (1 X 12 cm) with the effluent
flowing directly onto a column (0.75 X 12 cm) of diethylaminohy-
droxypropyl (DEAP)-Sephadex LH-20 (prepared as described in [8]).
The latter column was washed with 70% methanol to remove neutral
compounds, and the glucuronide was separated from unreacted lith-
ocholic acid by stepwise elutions with acetic acid-ammonia buffer so-
lutions (8). Lithocholic acid was eluted first with 0.1 M acetic acid buffer,
pH 3.8, after which the glucuronide was recovered from the column
with 0.3 M acetic acid-ammonia buffer, pH 5. Eluate fractions were
treated with two drops of 10% ammonia in methanol and the residue

was subjected to lyophilization to remove all traces of ammonium acetate.
The resultant [PHJLCG diammonium salt was 97% radiochemically
pure, as demonstrated by TLC in two solvent systems described below.

The product of the analogous reaction using unlabeled methy! lith-
ocholate and the bromosugar was subjected to column chromatography
on silica gel using benzene-ethyl acetate (1:1) as eluent. The protected
LCG was eluted immediately after the ortho ester side product and, on
recrystallization from ethanol, formed colorless needles, 180-182°C
melting point. The crystalline material was deprotected as above. The
solution was evaporated to dryness and the disodium salt of LCG was
recrystallized from 72% aqueous ethanol, forming crystalline plates that
decomposed above 260°C. FAB-MS spectra were obtained as described
elsewhere. The disodium salt of LCG was characterized by its 'H-nuclear
magnetic resonance spectrum in D,O at room temperature. In addition
to the expected signals for the steroid moiety between 0.8 and 2.2 ppm,
the spectrum exhibited signals for five protons in the region 3.2-4.8
ppm due to the glucuronide residue. The H-1’ signal appeared as a
doublet (J = 8 Hz) centered at 4.6 ppm, which is characteristic for a
B-D-glucopyranuronide.

Surgical preparations. 200-600-g adult male Sprague-Dawley rats
were anesthetized with ether. The right or left femoral triangle was
incised and a polyethylene catheter (0.58 mm i.d., 0.965 mm o.d.; Clay-
Adams, Parsippany, NJ) was inserted in the femoral vein. Thereafter,
a constant infusion of 5% dextrose in 0.2% sodium chloride solution
was maintained at the rate of 15-20 ml, 100 g™ body weight, day™* for
the duration of the experiment, except when changed by the experimental
protocol. The femoral incision was closed, and a midline abdominal
incision provided entry to the peritoneal cavity. The common bile duct
was isolated and ligated just proximal to the entry of the pancreatic
ducts. A polyethylene catheter (0.28 mm i.d., 0.61 mm o0.d.) was then
inserted in the common bile duct proximal to the ligature. The biliary
catheter was externalized through an abdominal stab wound and the
abdominal incision was closed. The rat was placed in a Bollman re-
straining cage and was allowed 3 h for recovery from the effects of
anesthesia and surgery before we proceeded with the experiment. Body
temperature was monitored and maintained at 37°-38°C.

Experimental protocol. Three groups of rats were studied (Table I).
The first group (rats 1-4) received a bolus intravenous injection of
microgram quantities of [PHJLCG dissolved in 2.0 ml normal saline.
The second group (rats 5-8) received an injection over 1-2 min of
milligram quantities of [PHJLCG dissolved in 4.0-7.0 ml normal saline.
The third group (rats 9-12) received successive 1-h infusions of normal
saline, normal saline plus sodium taurocholate delivered at 0.05 umol,
100 g~! body weight, minute™!, and normal saline, taurocholate (rate
of delivery as before), and [PH]LCG, the latter delivered for 1 h each
at rates of 0.05, 0.10, 0.15 umol, 100 g~' body weight, minute™'. For
the sixth 1-h period saline and taurocholate were infused, and, thereafter,
until 20 h, the time of sacrifice, rats were infused with 5% dextrose in
0.2% saline.

Bile was collected in preweighed tubes and bile volumes were de-
termined gravimetrically. Urine was collected as a single sample for the
entire experimental period. Blood was collected at the time of sacrifice
from the abdominal aorta, and plasma was separated and frozen. In
one rat, blood samples were obtained every 15 min during the equimolar
infusion of taurocholate and [*HJLCG (0.05 umol, 100 g~! body weight,
minute™!). Liver, intestine, and kidneys from all animals were removed
and frozen for later analysis. Lung, heart, brain, skin, and muscle were
removed and analyzed as noted in Table L.

Analytical techniques. For measurement of radiolabel in biological
tissues, samples were homogenized in 5-20 ml of distilled water. Aliquots
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of the homogenates were suspended in a mixture of 95% ethanol-am-
monia (1000:1 v/v), heated at 75°-80°C for 30 min, and then centrifuged
at 1,000 g for 10 min. The total weights of skin and muscle mass per
rat were calculated as 18.0 and 45.4% of total body weight, respectively
(9). Aliquots of bile, urine, plasma, and ethanol extract of tissue ho-
mogenates were analyzed for radiolabel in ACS scintillant (Amersham
Corp., Arlington Heights, IL) in a Tracor Mark III, model 6882, liquid
scintillation system (Tracor Analytic Inc., Elk Grove Village, IL).

Bile samples were analyzed chromatographically on Whatman
LK-5 thin-layer plates (Pierce Chemical Co., Rockford, IL). Isooctane-
ethyl acetate-glacial acetic acid (50:50:2.5) (solvent system I) and chlo-
roform-methanol-glacial acetic acid-water (65:25:2:4) (solvent system
II) were employed for the chromatography of free and conjugated bile
acids, respectively. Plates were developed to 19 cm from the origin and
dried. Standards of free and conjugated bile acids (Calbiochem-Behring)
were visualized by spraying with 3.5% phosphomolybdic acid in iso-
propanol and heating at 110°C for 20 min. Samples lanes were divided
into 1-cm segments from the origin to the front, and the gel in each
segment was transferred to a scintillation vial. The gel was mixed with
1 ml of methanol for 30 min before counting the mixture in ACS
scintillant fluid.

To prepare bile samples for high-pressure liquid chromatography
(HPLC) and gas chromatography (GC), aliquots were acidified and ex-
tracted with diethyl ether (80-90% of the label in bile was recovered in
the ether phase). The ether extracts, containing the [PHJLCG, were divided
in half and dried. One portion was used without further manipulation
for HPLC analysis and the second was converted to the methyl ester
acetate derivative (10) before GC analysis.

HPLC analysis was performed with a Waters Associates, Millipore
Corp. (Milford, MA) HPLC equipped with a gradient elution system
and a model 450 variable wavelength ultraviolet detector set at 196 nm.
An LC-18 column (Supelco Inc.) (5 ug particle size; 4.6 mm ID,
15-cm length) was used with a mobile phase composed of 2 mM phos-
phate buffer, pH 7.0 (prepared by adjusting 2 mM phosphoric acid to
pH 7.0 with 5 N NaOH) and acetonitrile. Bile extracts and steroids
were dissolved in the phosphate buffer and 10-20-ul aliquots were injected
onto the column. Chromatography was carried out at a flow rate of 1
ml/min with gradient elution from 0 to 40% acetonitrile in 2 min followed
by isocratic elution at 40% acetonitrile for 20 min. Fractions (1 ml each)
were collected throughout the chromatograph and these were subse-
quently counted to correlate elution of mass (detected by ultraviolet
absorption at 196 nm) and label.

The methyl ester acetate derivatives of LCG were analyzed by capillary
GC on a H-P 5880-A gas chromatograph (Hewlett-Packard Co., Avon-
dale, PA) equipped with a capillary injector and flame-ionization detector.
A short length of DB-1 column (0.25 mm ID, 2.5-m length; J & W
Scientific, Rancho Cordova, CA) was used with nitrogen as carrier gas
at 1 psi. Samples and standards dissolved in toluene were injected (0.2~
1.0 ul). Chromatography was performed either isothermally at 300°C
or under a temperature program from 200-300°C (200°C for 1 min,
then increasing to 300° at 5°C/min). Injector and detector temperatures
were 290° and 300°C, respectively, in both modes of operation.

PHILCG in bile samples was prepared for FAB-MS analysis by the
following chromatographic procedure. Samples were acidified, applied
to an Amberlite XAD-2 column, and eluted with 95% ethanol-0.25%
ammonium hydroxide. The eluate was dried, dissolved in aqueous
ethanol, applied to an Amerlyst A-15 column (Aldrich Chemical Co.),
eluted with 72% aqueous ethanol, and allowed to flow directly onto a
DEAP Sephadex LH-20 column. This column was eluted with 0.2 M
acetate buffer in a pH gradient, 3.9-9.5, and the [PH]LCG was tentatively

identified by silica gel TLC developed in ethanol-ethyl acetate-ammonium
hydroxide (4.5:4.5:1.0). The [*H]JLCG in acetate buffer was converted
to the sodium salt with NaOH and then dried under N,. The final
product was then subjected to FAB-MS analysis in a Finnigan MAT
3300/Incos apparatus (Finnigan Corp., Sunnyvale, CA) modified to ac-
cept an Ion Tech B11NF saddle field atomic gun (Ion Tech, Ltd., Ped-
dington, England). The latter was operated with xenon at 0.5 mi/min
at 10 psi and with an accelerating voltage of about 8 keV. The analyzer
pressure was ~ 1073 torr and the sample was introduced as the disodium
salt on a glycerol matrix.

Aliquots of bile were subjected to S-glucuronidase hydrolysis; the
bile was diluted with 0.075 M sodium phosphate (pH 6.8) and mixed
with 50 U of Escherichia coli B-glucuronidase (Sigma Chemical Co.,
St. Louis, MO) to a final volume of 1.0 ml. The mixture was incubated
for 12 h at 37°C before acidifying and extracting it with diethyl ether.
The ether was evaporated under N, and the residual crystalline material
was redissolved in methanol for TLC. Parallel experiments were per-
formed in which 5 mg of saccharolactone was included in the incubation
mixture.

A model 9810 Hewlett-Packard (Hewlett-Packard Co., Loveland,
CO) calculator and Hewlett Packard programs for ¢ test were employed
to aid data analysis.

Measurement of solubility of ’H]ILCG. 5-20 mg of the sodium salts
of LCG, lithocholic acid, taurolithocholic acid, glycolithocholic acid,
lithocholic acid-3-sulfate, or taurolithocholic acid-3-sulfate were sus-
pended in 0.500 ml of distilled water, pH 7.0, at 25°C. The suspensions
were agitated constantly for 72 h before the undissolved salts were sep-
arated from the solutions by ultracentrifugation at 165,000 g for 10 min
in a Beckman airfuge ultracentrifuge (Beckman Instruments, Palo Alto,
CA). The water in 0.10-ml aliquots of each supernatant was removed
by evaporation and the remaining solute was weighed with a Cahn 21
automatic electrobalance (Cahn Instruments, Inc., Cerritos, CA). Mea-
surements were repeated twice for each bile salt.

The influence of calcium on solubility was determined for [*H]JLCG.
4.0-mM solutions of [*H]LCG or sodium [24-'“C]taurocholate (New
England Nuclear; specific activity, 67 uCi/mg) were prepared separately
with distilled water, pH 7.0. Aliquots of the above solutions were mixed
with aliquots of 4.0 mM CaCl, and water to provide solutions with 2
mM initial concentrations of bile salt and a volume of 1.0 ml. Initial
calcium concentrations were 0, 0.1, 0.5, 1.0, or 2.0 mM. The solutions
were equilibrated over 24 h at 25°C before ultracentrifugation. The final
concentration of bile salt remaining in solution was determined by mea-
surement of radiolabel.

Finally, aqueous mixtures of [PH]JLCG and ['“C]taurocholate were
prepared in molar ratios of 1:1, 1:4, and 1:12. These mixtures were then
combined in solutions to provide the same initial LCG and calcium
concentrations as above. The solutions were equilibrated over 24 h and
the concentrations of [PHJLCG and [“C]taurocholate remaining in so-
lution were determined by measurement of radiolabel.

Results

Recovery of radiolabel afier administration of tracer dose of
[PHILCG. The intravenous administration of [*HILCG in
quantities of 25 ug or less (<0.02 umol, 100 g~! body weight)
resulted in rapid biliary secretion of radiolabeled material (Table
I). 76.9+3.6% (mean+SEM) of the material was secreted in bile
within 30 min of injection (Fig. 2). 89.1+4.5% of the material
was eventually recovered in bile over the 20 h before sacrifice.
Smaller amounts of radiolabel were recovered in urine and

1509 Lithocholate Glucuronide Is a Cholestatic Agent



Table 1. Summary of Experimental Data and Isotope Recoveries for Individual Rats

Rat Administration

Isotope recovery (%)

no. Weight protocol Dose Cholestasis Bile Urine Plasma Viscera* tsnk:s‘éle Total
g mg
1 269 Trace dose 0.017 No 89.3 0.5 0.4 — —_ 90.2
2 303 Trace dose 0.018 No 85.1 0.5 0.3 — — 85.9
3 255 Trace dose 0.018 No 80.5 09 0.2 — — 81.6
4 448 Trace dose 0.025 No 101.3 0.5 0.2 — — 102.0
5 385 Load by bolus 31 Partial 105.6 0.7 0.0 0.2 — 106.5
6 354 Load by bolus 3.9 Complete 41.0 0.1 24 5.8 - 46.9
7 367 Load by bolus 5.4 Partial 99.0 0.1 0.1 0.7 40 103.8
8 521 Load by bolus 1.7 Complete 23.2 1.3 16.8 16.3 49.4 90.2
9 634 Load by infusion 48.6 Complete 46.8 0.1 11.5 8.7 — 55.6
10 198 Load by infusion 21.8 Partial 82.5 0.1 1.6 1.9 - 84.5
11 449 Load by infusion 242 Complete 52.3 1.5 2.7 9.1 42.5 105.4
12 479 Load by infusion 28.1 Complete 46.2 1.4 8.8 10.8 484 106.8

* Viscera include liver, small and large intestines, and kidneys. $ Total excludes plasma for rats 5-12 (see text).

plasma (0.6+0.1 and 0.3+0.1% of the dose, respectively), while
the overall recovery of the administered dose was 89.9+4.4%.

Analysis of bile from rats receiving a tracer dose of P H]LCG.
Bile samples from rats receiving microgram doses of [*HJLCG
were subjected to S-glucuronidase hydrolysis, acidified, and ex-
tracted into diethyl ether. 89% of the radiolabel contained in
the sample was ether extractable, and, of this fraction, 80.9%
of the radiolabel, after TLC in solvent system I (designed to
separate unconjugated bile acids), migrated with an Rf (retar-
dation factor) of 0.52, which was identical to that of authentic
lithocholic acid. 10.1% of the radiolabel remained at the origin,
and there were no other identifiable bands of radiolabel.

Bile samples were then applied directly to TLC plates and
developed in solvent system II (designed to separate bile acid
conjugates). 81.0% of the radiolabel migrated with an Rf of
0.33, which was identical to that of authentic LCG. An additional
14.9% of the radiolabel migrated in a band with an Rf of 0.13.
No other discrete bands of radiolabel were observed on the
chromatogram.
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Figure 2. Biliary secretion of [*H]lithocholate 3-O-g-D-glucuronide.

Each point represents the mean of four experiments and the brackets

give the SEM.
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Recovery of radiolabel after administration of a [PHILCG
load. Rats 5-8 received 3.1-7.7 mg (1.3-2.6 pmol, 100 g™! body
weight) of [P'H]LCG as a bolus intravenous injection. Bile flow
of rats 5 and 7 decreased by 18.5 and 79.6% of the mean prein-
jection value within 20 min of injection. Radiolabel was re-
covered nearly exclusively in bile (Table I), and total recoveries
slightly exceeded 100%. In rats 6 and 8, bile flow stopped com-
pletely within 30 min of injection. 23.2 and 41.0% of radiolabel
was secreted in bile up to the time that flow stopped. Radiolabel
was found in plasma, viscera, and, when sought, carcass. Bile
became visibly turbid shortly after [*H]LCG administration to
rats 6-8; this was attributable to a white crystalline precipitate.

Rats 9-12 received an initial intravenous infusion of tau-
rocholate alone (0.05 pmol, 100 g~' body weight, minute™")
followed by the addition of [P H]LCG at progressively increasing
rates of infusion (Fig. 3). Bile flow decreased within 20 min of
the start of the infusion of [*HJLCG at a rate (0.05 umol, 100
g~! body weight, minute™') at which taurocholate and LCG
deliveries were equimolar. Plasma LCG concentration rose to
42.5 uM within the first 15 min of the infusion and then doubled
over the next 45 min. Bile became turbid in each of the four
rats, and complete cessation of flow occurred in three of four.
Recoveries in bile and total recoveries of radiolabel from rats
receiving an infusion of [PHJLCG were comparable to those
obtained in rats receiving a bolus injection (Table I). As would
be expected, lesser quantities of radiolabel were secreted in bile
when complete cessation of bile flow occurred. Urinary excretion
of radiolabel for rats 1-12 was consistently <2%.

Analysis of bile from rats receiving a load of [’H1LCG. Bile
samples from rats 7, 9, and 10 were analyzed systematically by
TLC in order to characterize the radiolabeled material in bile;
representative results for rat 7 are shown (Fig. 4). Bile samples
obtained between 0 and 10, 20 to 30, and 50 to 60 min after
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Infusion Protocol

Taurocholate (0.05#mol/ 100g/min)

Normal
Saline

005 Lithocholate
Glucuronide
umol/100g/min
015

304

20

Bile flow (uL/min)

. . ' ,
20 40 60 80 100 130 140 160 180 200 220 240 260 250 300 360 20 h

Time (min)

Figure 3. Bile flow rate in rat 9 during infusion of taurocholate and
increasing concentrations of lithocholate 3-O-3-D-glucuronide.

injection, when chromatographed in system II, contained 85.9,
43.9, and 27.1%, respectively, of radiolabel in a discrete band
with an Rf of 0.33, which was identical to that obtained with
authentic LCG. Additional radiolabel was found in a band at
an Rf of 0.13, and in a separate band at the origin. For bile
collected at the three time intervals, percentage of radiolabel in
the two bands was 10.1, 9.7, and 35.9, and 0, 43.7, and 33.0,
respectively. Bile samples were then hydrolyzed with B-gluc-
uronidase, extracted into diethyl ether, and chromatographed
on TLC plates in solvent system I. 82.8, 66.8, and 48.1% of the
applied radiolabel migrated with an Rf of 0.55, which was iden-
tical to that of authentic lithocholic acid, while the bulk of the
remainder remained in a single band at the origin. When ether
extracts were chromatographed in solvent system II, 8.4, 26.2,
and 39.5% of plated radiolabel migrated with an Rf of 0.51,
which was identical to that for taurolithocholate. The remainder
migrated near the solvent front. 5.4, 33.5, and 39.9% of radiolabel
in bile samples for the three time intervals was not ether ex-
tractable. Chromatography in solvent system II of the radiolabel
remaining in the aqueous portion of bile samples subjected to
B-glucuronidase hydrolysis and ether extraction established that
90.4, 88.3, and 90.9% of the radiolabel migrated with an Rf
identical to that of taurolithocholic acid. The distribution of
radiolabel on chromatograms of bile samples incubated with
B-glucuronidase and saccharolactone was indistinguishable from
that of unhydrolyzed samples.

HPLC of bile extracts showed a peak with a retention volume
(Rv) of 19.65 ml, which corresponded to that of the authentic
LCG standard (Rv: 19.68 ml). When effluent fractions collected
during chromatography were analyzed for isotope, there was a
single major (>90% of the applied label) radioactive peak with
an Rv (19.64 ml) which, after correction for the lag between
detection and collection (0.25 ml), was identical to that of the
peak seen in the chromatograph (Rv: 19.65 ml).

GC analysis of the methyl ester acetate derivatives of bile
extracts under isothermal conditions and with temperature pro-
gramming showed single peaks with retention times (Rt) identical
to those of the same derivative of the LCG standard (isothermal:
Rt of 3.58 min for both extracts and standard; programmed:
Rt of 20.00 min for extracts and 19.99 min for standard).

The white precipitate that appeared in bile after the onset
of cholestasis was not present in adequate quantities to isolate
for chemical analysis. However, it was readily dissolved in the
presence of calcium chelator EDTA or sodium taurocholate,
and centrifugation of bile samples containing the precipitate
decreased the radiolabel content of the supernatant by >30%
from the total content.

Further analysis of bile samples from rats receiving ’H]LCG.
Three additional rats received 3-5 mg [*H]LCG each. Bile was
collected for 60 min and the collections were pooled. The samples
were subjected to column chromatography on Amberlite
XAD-2, Amberlyst A-15, and DEAP Sephadex LH-20 as de-
scribed above. 60% of the radiolabel was eluted with an Rv
identical to that of authentic LCG (at gradient pH ~ 8.5), while
an additional 23% was eluted from the column, only under
more basic conditions (gradient pH ~ 9.0). The larger fraction
was converted to the sodium salt, dried under N, and subjected
to FAB-MS. Pseudomolecular ions of the labeled conjugate un-
der FAB conditions were qualitatively identical to those of an
authentic sample of lithocholate-3-O-8-D-glucuronide disodium
salt. Ions were observed at m/e 619, 597, and 575 corresponding
to (M + Na)*, (M + H)*, and (M + H — Na)* respectively.

Lithocholate solubility in aqueous solutions. The aqueous
solubilities of lithocholic acid and its conjugates were measured
(Table II). The glucuronide conjugate was ~20 times more
soluble than the unconjugated parent compound, 50 times more
soluble than the amide conjugates, and seven times more soluble
than the sulfate conjugate. The solubility of the combined amide-
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Figure 4. Distribution of isotope in biliary metabolites of lithocholate
3-O-6-D-glucuronide. Bile samples collected from rat 7 at 10, 30, and
60 min after administration of [*H]lithocholate 3-O-8-D-glucuronide
were analyzed by TLC in solvent system II (see text). Open bars
show the percentage of isotope chromatographing with the Rf of
standard lithocholate 3-O-8-D-glucuronide (Rf: 0.33), while the
hatched bars represent the sum of isotope associated with more polar
metabolites (Rf’s 0 and 0.13).
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Table I1. Aqueous Solubility (mM) at 25°C
of Sodium Salts of Lithocholic Acid and Conjugates

Solubility

mM
Lithocholic acid 2.3
Glycolithocholic acid 1.3
Taurolithocholic acid 0.8
Lithocholic acid sulfate 75
Taurolithocholic acid sulfate 40.9
Lithocholic acid glucuronide 51.7

sulfate conjugate, taurolithocholic acid sulfate, was similar to
that of LCG.

Table III illustrates the effect of added calcium on LCG
solubility. The reported differences between initial and final bile
salt concentrations reflect the amount of bile salt precipitated
by a given calcium concentration. In the absence of taurocholate,
calcium readily precipitated equimolar amounts of LCG. In-
clusion of taurocholate decreased LCG precipitation. Calcium
had no effect upon ['“C]taurocholate solubility in the presence
or absence of [PHJLCG.

Discussion

It is well established that bile acids are conjugated with taurine
and glycine through amide bonds at the steroid side-chain car-
boxyl group (1). Bile acids also form sulfates, primarily, though
not exclusively, through esterification of the 3-hydroxyl group.
It is less generally appreciated that glucuronide formation plays
a role in bile acid metabolism (3-6). Bile acid glucuronyl trans-
ferase is a microsomal enzyme with bile acid specificity inversely
proportional to the number of hydroxyl groups on the steroid
moiety (4). Enzyme activity is induced by the administration
in vivo of phenobarbital and is competitively inhibited by bil-
irubin (4). Microsomal enzyme activity in vitro is increased by
certain detergent substances and might be altered by the detergent
properties of bile acids themselves.

It is, therefore, not surprising that bile acid glucuronides are
demonstrable in vivo. The amounts found in normal individuals
are minute, but greater amounts have been shown to be present
in the bile, urine, and plasma of patients with cholestasis (3, 5,
6). Glucuronides of the full range of conventional human bile
acids have been identified, as have atypical bile acid glucuronides.
As might be predicted from the specificity of bile acid glucuronyl
transferase, glucuronide conjugates of monohydroxylated bile
acids are most plentiful, and in some patients may represent
20-30% of the monohydroxylated bile acid fractions in plasma
or urine (5). The relative percentage of bile acid glucuronides
increased with phenobarbital treatment of cholestasis (5).

In the present study we have examined the metabolism and
disposition of LCG. Bile acid glucuronide metabolism has not

1512

been examined in detail previously. The metabolism of LCG
is of especial interest since, as noted above, the percentage con-
version of monohydroxylated bile acids is considerable, because
LCG accumulates in patients with cholestasis, and because of
the known toxicity of lithocholate and certain of its other de-
rivatives.

The results show that microgram doses of radiolabeled LCG
administered intravenously were rapidly secreted in bile, and
that three quarters of the labeled material in bile was unaltered
LCG. After hydrolysis with B-glucuronidase, chromatographic
behavior was identical to lithocholate. Before hydrolysis, the
radiolabel migrated on TLC identically to authentic LCG’s mi-
gration, and its FAB-MS spectrum contained fragment peaks
identical to those of LCG. '

When milligram quantities of [P H]LCG were administered,
a portion of the dose was secreted in bile as unaltered LCG;
but, as time elapsed after administration, an increasing fraction
was secreted as more polar radiolabeled metabolites. The in-
creased polarity was indicated by slower migration in a TLC
system that promotes rapid migration of less polar substituents.
That at least a major fraction of this more polar material was
the taurine conjugate of LCG is strongly suggested by the studies
in which the unknown polar conjugate(s) was subjected to hy-
drolysis with g-glucuronidase. The chromatographic behavior
of the hydrolyzed material was identical to that of authentic
taurolithocholic acid, and hydrolysis was completely inhibited
by inclusion of the 8-glucuronidase inhibitor, saccharolactone,
in the incubation medium. Direct chromatographic comparison
of the polar metabolite with taurolithocholate glucuronide was
not possible, since an authentic standard of the latter was not
available.

Table II1. Effect of Calcium on
[*H]Lithocholate Glucuronide Solubility

Observed differences in mM between
the initial and final [*H]lithocholate
glucuronide concentrations in solution
for each calcium concentration

Initial

[LCG)* Initial [Ca**]
mM mM mM mM mM
0.1 0.5 1.0 2.0

LCG 1.96 0.09 0.52 1.03 1.81
LCG:TC (1:1) 1.95 0.01 0.48 0.97 1.67
LCG:TC (1:4) 2.00 0.03 0.46 1.00 1.76
LCG:TC (1:12) 1.94 0.02 0.02 0.03 0.05
TCt 1.98 0.10 0.12 0.07 0. lO

LCG, lithocholate glucuronide; TC, taurocholate.

* The last value refers to initial [TC].

1 Values in this line are for decreases in ['“C]taurocholate concentra-
tion (mM).
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To our surprise, LCG proved to be a highly active cholestatic
agent. Although rats are less susceptible than humans to lith-
ocholate-induced cholestasis because of alternative metabolic
pathways for lithocholate detoxification (11), the plasma con-
centrations of LCG associated with cholestasis in this model
were still within the range of reported human plasma lithocholate
concentrations during intrahepatic cholestasis (12). As such, the
cholestatic potential of LCG is likely to be of pathophysiologic
significance. As shown above, LCG is extremely water soluble
in comparison with lithocholate and most of its other metab-
olites. The activity of lithocholate and its derivatives as cholestatic
agents has been thought previously to relate, in part, to their
water solubility (13, 14). Moreover, it has been suggested that
bile acid glucuronide formation, along with sulfation, is an ef-
fective mode of detoxification that prevents passage across cell
membranes and promotes urinary excretion (3, 5, 14-16).

Intravenous administration of LCG, however, resulted in
partial or complete cholestasis in the rat at doses as low or lower
than those at which lithocholate, glycolithocholate, and tau-
rolithocholate produce cholestasis (13-17). Lithocholate sulfate
is appreciably less cholestatic than LCG (14, 18, 19). Most bile
acids given in sufficient quantity are capable of producing cho-
lestasis, but the precise mechanism is not fully understood (20).
The characteristics of lithocholate that permit it and certain of
its derivatives, at low doses, to produce cholestasis have not
been adequately explained. It is readily seen, therefore, that no
simple explanation is available for the cholestatic properties of
another lithocholic acid derivative, LCG. Nevertheless, the sol-
ubility characteristics of LCG may be relevant. As shown above,
LCG is highly water soluble, but it is precipitated by equimolar
concentrations of calcium chloride. LCG is partially or com-
pletely maintained in calcium-containing solutions if excess
taurocholate is added. In view of the relative concentrations of
LCG and other bile acids in bile at the time bile became turbid
(~2 mM), LCG precipitation would be anticipated. ‘

It remains to be seen whether LCG precipitation per se
initiates cholestasis. After a sufficient dose, bile plugs capable
of obstructing the polyethylene catheter are present in bile that
are most likely composed of calcium salts of LCG. A similar
deposition of LCG might obstruct flow at the ductal, ductular,
and/or canalicular level. It has also been suggested that lith-
ocholate and its derivatives produce cholestasis by changing the
physical and chemical properties of canalicular membrane, or
by altering the vesicular transport across the liver cell of sub-
stances destined to enter bile (12, 13, 17, 21). Alternatively, it
is tempting to speculate that lithocholate derivatives and, spe-
cifically, LCG may bind intracellular calcium and/or change
entry of calcium into hepatocytes, thereby altering intracellular
calcium concentrations. Were this to occur, changes in a broad
spectrum of cellular functions might be anticipated in view of
the role of intracellular calcium as a modulator of basic cellular
functions (22). Systematic study of lithocholate and its derivatives
might offer an interesting probe with which to dissect the patho-
genesis of cholestasis and hepatocellular toxicity.

Finally, the role of the increased concentrations of LCG in

the plasma of patients with cholestasis should be reconsidered.
Lithocholate and other monohydroxylated bile acids may ac-
cumulate disproportionately in cholestasis because of increased
activity of alternate bile acid biosynthetic pathways (23). Bio-
synthetic pathways for the glucuronidation of monohydroxylated
bile acids may also be stimulated (5). The present results suggest
that glucuronidation of lithocholate does not diminish its ca-
pacity for producing cholestasis, and in this sense does not appear
to be an effective mechanism for detoxification of lithocholate.
The accumulation of LCG may be both an effect of cholestasis
and a contributory cause for its maintenance.
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