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Abstract Introduction

The aim of this study was to define whether N-acetylglucos-
aminidation is a selective conjugation pathway of structurally
related bile acids in humans. The following bile acids released
enzymatically from N-acetylglucosaminides were identified:
3a,7,8-dihydroxy-5,j-cholanoic (ursodeoxycholic), 3#,7,6-dihy-
droxy-5ft-cholanoic (isoursodeoxycholic), 3,8,7#-dihydroxy-
5a-cholanoic (alloisoursodeoxycholic), 303,7fl-dihydroxy-5-
cholenoic, 3a,7,B,12a-trihydroxy-5fl-cholanoic, and 3a,6a,7f-
trihydroxy-5,8-cholanoic acids. The selectivity of conjugation
was studied by administration of 0.5 g ursodeoxycholic
(UDCA) or hyodeoxycholic (HDCA) acids, labeled with 13C, to
patients with extrahepatic cholestasis, and of 0.5 g of '3C-la-
beled chenodeoxycholic acid (CDCA) to patients with extra- or
intrahepatic cholestasis. After administration of [24-'3q-
CDCA, labeled glucosides, and the glucuronide of CDCAwere
excreted in similar amounts. Labeled N-acetylglucosaminides
of UDCAand isoUDCA were also formed. When I24-Cl~-
UDCAwas given, "3C-label was detected in the N-acetylglu-
cosaminide, the glucosides, and the glucuronide of UDCA, and
in the N-acetylglucosaminide of isoUDCA. In the patient stud-
ied, 32% of the total UDCAexcreted in urine was conjugated
with N-acetylglucosamine. In contrast, 96% of the excreted
amount of [24-'3CHDCA was glucuronidated, and 'IC-labeled
glucosides but no N-acetylglucosaminide were detected. The
selectivity of N-acetylglucosaminidation towards bile acids
containing a 7,8-hydroxyl group was confirmed in vitro using
human liver and kidney microsomes and uridine diphosphate
glucose (UDP)-N-acetylglucosamine. These studies show that
N-acetylglucosaminidation is a selective conjugation pathway
for 78-hydroxylated bile acids. (J. Clin. Invest. 1992.89:1981-
1987.) Key words: ursodeoxycholic acid * glucosidation * glu-
curonidation * gas chromatography-mass spectrometry * stable
isotope labeling
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The metabolism of bile acids in humans includes various conju-
gation reactions. Besides aminoacyl amidation with glycine or
taurine (1) and sulfation (2), three glycosidic conjugation path-
ways have been established both in vivo and in vitro during the
last years: glucuronidation (3, 4), glucosidation (5, 6), and N-
acetylglucosaminidation (7, 8). Semiquantitative estimates in-
dicated a similar urinary excretion rate for the three glycosidic
conjugates, at least in healthy humans (6, 7, 9, 10).

The present paper gives data on urinary bile acid glycosides
after oral administration of '3C-labeled chenodeoxycholic
(CDCA),' ursodeoxycholic (UDCA), and hyodeoxycholic
(HDCA) acids to patients with cholestatic liver diseases. The
results illustrate the structural preferences of the different gly-
cosidation pathways. Determinations of structures of bile acids
conjugated in vivo together with enzymatic data in vitro pro-
vide evidence for a selective conjugation of 7f3-hydroxylated
bile acids like UDCAwith N-acetylglucosamine. This selective
metabolic pathway may help to explain the mechanism of the
beneficial effect of UDCAin patients with cholestatic liver dis-
eases.

Methods
Materials. The sources and the purity of most materials are described
elsewhere (10, 1 1). Alloursodeoxycholic acid and methyl-3,7-diketo-
5a-cholanoate were kind gifts of Drs. H. lida (Nihon University, Fuku-
shima, Japan) and W. H. Elliott (St. Louis University Medical School,
St. Louis, MO), respectively. Isoursodeoxycholic acid synthesized by
Dr. F. C. Chang was obtained from Dr. Bader's Library of Rare Chemi-
cals (Aldrich Chemical Co., Milwaukee, WI). [24-'3CJCDCA, [24-
'3C]UDCA, and [24-'3C]HDCA acids were synthesized in a modifica-
tion (12) of the method by Tserng and Klein (13), giving a 13C excess of
89±2 atom %, calculated (14) from the main fragment ions containing
the side chain.

Structure analysis of bile acid N-acetylglucosaminides. Extraction,
purification, and characterization of bile acid N-acetylglucosaminides
was performed using modifications of previously described methods (7,
11). A flow scheme is shown in Fig. 1. In short, total bile acids were
extracted from multiple 24 h collections of urine with Sep-Pak octa-
decylsilane-bonded silica (C18) cartridges and separated by anion ex-
change chromatography on Lipidex-diethylaminohydroxypropyl
(DEAP). A known amount of [24-'4C]cholic acid was added to urine to
monitor separations and recoveries. The first fraction containing un-
conjugated bile acids and nonamidated bile acid glucosides and N-ace-

1. Abbreviations used in this paper: alloisoUDCA, alloisoursodeoxy-
cholic acid; alloUDCA, alloursodeoxycholic acid; CDCA, chenodeoxy-
cholic acid; C18, octadecylsilane-bonded silica; DEAP, diethylamino-
hydroxypropyl; FABMS, fast atom bombardment mass spectrometry;
GC/MS, gas chromatography-mass spectrometry; HDCA, hyodeoxy-
cholic acid; isoUDCA, isoursodeoxycholic acid; M/Z, mass/charge ra-
tio; RI, retention index; 7-epiCA, 7-epicholic acid; 7-epiHCA, 7-epi-
hyocholic acid; TMS, trimethylsilyl; UDCA, ursodeoxycholic acid;
UDP, uridine diphosphate glucose.
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Figure 1. Flow scheme
for the characterization
of bile acid N-acetylglu-
cosaminides from hu-
man urine.

tylglucosaminides was eluted with 0.1 Macetic acid in 70%ethanol and
methylated with diazomethane. Methyl esters of unconjugated bile
acids were removed on Lipidex 5000 yielding a fraction containing bile
acid glucosides and N-acetylglucosaminides. These conjugates were

fractionated by reversed-phase HPLCon a steel column (MBondapak
C18; Waters Assoc., Milford, MA), using a methanol/water gradient
(11) without acetic acid. The methyl esters of '4C-labeled tracers and
bile acid glycosides eluted ml later than the respective free acids

(7, 1 1). Bile acid glycosides were located by gas-liquid chromatography
(GLC), using column A (see below) after conversion into trimethylsilyl
(TMS) ether derivatives. The methyl esters of bile acid N-acetylglucosa-
minides were dissolved in 100 ul methanol and hydrolyzed with 1 U/
ml N-acetylglucosaminidase (Boehringer Mannheim, Mannheim, Ger-
many) in 50 mMsodium citrate, pH 4.5, in a total volume of 50 ml at
37°C for 16 h. Liberated bile acid methyl esters were further separated
by normal-phase HPLCon a silanol column (LiChrosorb DIOL; E.
Merck, Darmstadt, Germany). The equipment was the same as for
reversed-phase HPLC, elution conditions were as follows: isocratic elu-
tion for 40 min with hexane/2-propanol (95:5, vol/vol), followed by a

linear gradient of 5-45% 2-propanol in hexane over a 40-min period.
Fractions of I ml were collected at a flow rate of 1 ml/min. The bile acid
methyl esters were located by GLCand were analyzed by gas chroma-
tography-mass spectrometry (GC/MS) using columns A and B (see
below) after converting into TMSether derivatives. In addition, unsatu-
rated bile acid methyl esters were hydrogenated with HJPtO2 in 200 ,ul
glacial acetic acid (15). Hydroxyl groups were oxidized with chromic
acid (Jones reagent) in acetone at 0°C (16). The methyl esters ofthe oxo

bile acids obtained were dissolved in acetone and analyzed by GLCand
GC/MSusing column A (see below).

Patients studied. Clinical and relevant routine laboratory data are

given in Table I. One patient (A) with intrahepatic cholestasis due to
alcoholic liver disease and another patient (B) with extrahepatic chole-
stasis were given 0.5 g of [24-'3C]CDCA. Twoother patients with extra-
hepatic cholestasis obtained 0.5 g of [24-'3C]UDCA (C), and [24-'3C]-
HDCA(D), respectively. Informed consent was given by all patients.
The study was carried out in accordance with the Helsinki Declaration
II and was approved by the local ethics committee.

Analysis of bile acids in urine after oral administration of '3C-la-
beled bile acids. Total bile acids were extracted from 24-h collections of
urine by repetitive use of Sep-Pak C18 cartridges. Group separation of
bile acids by anion-exchange chromatography on Lipidex-DEAP was

performed by a modification of the original method of Alme et al. (17)
for the estimation of glycosidic bile acid conjugates (10). Three frac-
tions are obtained: (a) unconjugated bile acids and nonamidated bile
acid glucosides and N-acetylglucosaminides; (b) glycine- or taurine-
conjugated bile acids and glycine- or taurine-conjugated bile acid glu-
cosides; and (c) bile acid glucuronides. In addition, a fraction (d) con-

taining bile acid mono- and disulfates, was collected by elution with 15
ml 0.3 Mammoniumacetate, pH 9.6, in 70%ethanol (17). Fraction (b)
was treated with cholylglycine hydrolase yielding deamidated bile acids
and bile acid glucosides (10), and fraction (c) was hydrolyzed with cho-
lylglycine hydrolase and the digestive juice of Helix pomatia yielding
deamidated and deglucuronidated bile acids (GlcA in Table II). Frac-
tion (d) was solvolysed with trifluoroacetic acid in tetrahydrofuran (18)
and treated with cholylglycine hydrolase (Sulfates in Table II). After
extraction with Sep-Pak C18 and methylation, fractions (a) and (b) were

further subfractionated on Lipidex 5,000 with chloroform/hexane 1:4-
1:1 (vol/vol) (19), yielding unconjugated bile acids, bile acid glucosides,
and N-acetylglucosaminides from fraction (a) (Uncon, Glc, and
GlcNAc in Table III), and deamidated bile acids and deamidated bile
acid glucosides from fraction (b) (G/T and G/T-Glc in Table II). The
methyl esters of bile acid N-acetylglucosaminides were hydrolyzed with
N-acetylglucosaminidase as described above. After conversion to TMS
ether derivatives, nonamidated and amidated glucosides (Glc and G/T-
Glc) were analyzed by GLCand GC/MSusing column A, while both
columns A and B were used for all other fractions (Uncon, GlcNAc,
G/T, GlcA, and Sulfates).

GLCand mass-spectrometry. GLC, GC/MS, and fast atom bom-
bardment mass spectrometry (FABMS) were performed using the
equipment and conditions previously described (I 1). Column A was a

24 m X 0.32 mmID fused silica capillary coated with crosslinked

Table I. Clinical and Relevant Routine Laboratory Data
Obtained Immediately Before Oral Administration of
'3C-labeled Bile Acids to the Patients Studied

Alkaline -y-Glutamyl
Patient Disease Bilirubin phosphatase transpeptidase

mg/dl U/liter U/liter

(0.1-1.2) (30-1 15) (<30)
A Alcoholic liver 3.0 181 40

cirrhosis
B Carcinoma of the 12.7 786 288

head of the
pancreas

C Carcinoma of the 21.7 304 125
ampulla of
vater

D Carcinoma of the 14.0 420 289
gallbladder

The normal ranges are given in parentheses.
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Table II. Urinary Excretion (,gg/24 h) of Bile Acids during the First 24 h after Oral Administration of 0.5 Gof '3C-labeled Bile Acids

Urinary bile acid excretion (g - 24 h-')

Bile
Patient acid Uncon Glc GlcNAc G/T G/T-Glc GlcA Sulfates

A* Total 272 176 459 7065 935 653 10184
(% of total) (1.4) (0.9) (2.3) (35.8) (4.7) (3.3) (51.6)
CDCA 28 88 ND 1051 552 451 6926
(% 13C) (19) (7) (5) (5) (7) (6)
HDCA ND ND ND 14 7 39 40
UDCA 4 45 53 578 11 3 173
(% 13C) (19) (49) (47) (45) (63) (63) (55)

B Total 92 76 741 3235 609 1259 18838
(% oftotal) (0.4) (0.3) (3.0) (13.0) (2.5) (5.1) (75.8)
CDCA 2 18 ND 538 137 451 14887
(% 13C) (46) (9) (5) (5) (3) (5)
HDCA ND 22 ND 20 3 168 63
UDCA 4 4 23 113 9 8 822
(% '3C) (9) (5) (12) (15) (5) (12) (19)

C Total 97 194 1785 7025 1482 1419 10610
(% oftotal) (0.3) (0.9) (7.9) (31.1) (6.6) (6.3) (46.9)
CDCA 2 40 ND 384 352 744 6257
HDCA ND 26 ND 21 3 34 157
UDCA 7 113 1517 1647 207 212 1062
(% 13C) (90) (60) (65) (72) (72) (72) (62)

D Total 379 1729 456 4176 1764 46177 15369
(% oftotal) (0.5) (2.5) (0.7) (6.0) (2.5) (65.9) (21.9)
CDCA 5 7 ND 157 215 1902 6537
HDCA 79 1418 ND 244 18 42483 17
(% 13C) (89) (87) (80) (86) (90) (79)
UDCA ND 127 42 40 4 115 150

The extent of 13C-labeling is given as atom percent excess. Abbreviations: [13C]CDCA, ['3C]HDCA, ['3C]UDCA, 13C-labeled chenodeoxycholic,
hyodeoxycholic, and ursodeoxycholic acids, respectively; Uncon, unconjugated bile acids; Glc, GlcNAc, GIcA, bile acid glucosides, N-acetylglu-
cosaminides and glucuronides, respectively; G/T, glycine- or taurine-conjugated bile acids; G/T-Glc, glycine- or taurine-conjugated bile acid
glucosides; ND, not detected. * Patient A and B received ['3C]CDCA, patient C 0.5 g ['3C]UDCA, and patient D0.5 g [13C]HDCA.

methyl silicone (film thickness 0.25 ,m; Quadrex Corp., NewHaven,
CT). Column B was a 25 mx 0.32 mmID polar fused silica capillary
(Unicoat UC-1625) coated with silicone gum containing 25% 4-phen-
oxyphenyl, 2% vinyl, and 73% methyl groups (KSV Chemicals, Hel-
sinki, Finland). For GLC, the samples were injected on column in 1 ul
hexane at 60'C. The temperature of column B was then taken to
280'C at 30'C/min in analyses of liberated bile acids, while column A
was taken to 300'C at 30'C/min in analyses of nonamidated and ami-
dated bile acid glucosides and N-acetylglucosaminides. Bile acid deriva-
tives were identified by comparisons with authentic compounds and by
typical mass spectra. They were quantitated from peak areas as related
to that given by the internal standard cholestane. Derivatives of bile
acid glucosides were identified by comparison with the derivatives of
enzymatically prepared reference compounds (6, 7) and were quanti-
tated from peak areas using the TMSderivative of deoxycorticosterone
glucoside as standard (kindly donated by Dr. R. Neher, Ciba Corp.,
Basel, Switzerland). Retention indices were calculated in relation to the
n-alkanes C30 and C36 at 280'C, and C40, C44, and C46 at 300'C, respec-
tively. For GC/MS, a falling needle injection system was used and the
samples were analyzed isothermally at 280'C (column B) and 300'C
(column A), respectively. The 13C content of dihydroxy bile acid glyco-
sides was calculated as described (12). The 13C content of TMSethers of
liberated methyl dihydroxy cholanoates was determined from m/z 369,
370, 371, and 372. Negative ion FAB spectra of N-acetylglucosamin-
ides of UDCAand isoUDCA synthesized in vitro were recorded as
described (7, 11).

Synthesis of bile acid N-acetylglucosaminides in vitro. Activities of
N-acetylglucosaminyltransferase from human liver and kidney micro-
somes were determined as previously described (8). The following mod-
ifications were used for the synthesis of N-acetylglucosaminides of
UDCAand isoUDCA in amounts suitable for structural analysis: - 4
mg of microsomal protein prepared as described (20) were incubated
for 1 h at 370C in 18 ml reaction mixture containing 3 mMUDP-N-
acetyl-D-glucosamine, 0.1 Msodium acetate (pH 6.2), 2 mMMgCl2,
0.002% Brij, 0.05 mMADP, and 0.1 mMUDCAand isoUDCA, respec-
tively. After extraction with Sep-Pak Cia cartridges, the N-acetylglu-
cosaminides of UDCAand isoUDCA were purified by chromatogra-
phy on Lipidex-DEAP and reversed-phase HPLC, and analyzed by
GLC, GC/MS, and negative-ion mode FABMS(7, 1 1).

Results
Structure analysis of bile acid N-acetylglucosaminides
Bile acid N-acetylglucosaminides from urine of three healthy
subjects were purified on Lipidex-DEAP and, after methyl-
ation, on Lipidex 5000. They were localized and partially char-
acterized by GC/MSgiving the typical fragments m/z 173 and
186 from the derivatized N-acetylglucosamine moiety, m/z
461 and 371 from saturated dihydroxy, m/z 459 and 369 from
unsaturated dihydroxy, and m/z 549, 459, and 369 from satu-
rated trihydroxy bile acid derivatives (6, 7). Table III gives the
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Table III. Chromatographic and Structural Characteristics of the Intact Bile Acid N-Acetylglucosaminides from Human Urine
and of the Bile Acids Liberated by N-Acetylglucosaminidase

Bile acid N-acetylglucosaminides Bile acids liberated by N-acetylglucosaminidase

GLC-RI Bile acid Bile acid
RP-HPLC column GlcNAc SP-HPLC GLC-RI column structure

ml A ml A B

50-51 4402 B-diol 64-65 3260 3350 7-epiCA
42-44 4408 B-triol 27-32 3230 3405 isoUDCA
48-50 4436 B-diol 31-32 3230 3449 UDCA
48-52 4438 B-triol 64-65 3291 3449 B-triol
49-50 4463 BA-diol 36-37 3282 3485 B-diol
49-52 4488 BA-diol 41-42 3282 3485 B'-diol
45-47 4502 B-triol 42-43 3288 3507 BA-diol
42-44 4512 B-triol 41-42 3289 3518 3#,7#-As
46-47 4528 B"-diol 64-65 3407 3549 7-epiHCA
50-51 4535 B-diol 35-39 3346 3572 alloisoUDCA
49-52 4552 B-diol 64-65 3365 3609 B-triol

B, cholan-24-oic acid; ', double bond; GlcNAc, N-acetylglucosamine; RP-HPLC and SP-HPLC, reversed-phase and normal-phase HPLC;
GLC-RI, retention indices in GLCas methyl ester TMSether derivatives on columns A and B (see Methods); 3(3,7(,3P, 3(3,7(3-dihydroxy-5-cho-
lenoic acid.

retention indices and proposed structures for derivatized bile
acid N-acetylglucosaminides isolated by reversed-phase HPLC.
These conjugates were quantitatively cleaved with N-acetylglu-
cosaminidase giving rise to four major peaks at RI:s 3,287,
3,350, 3,356, and 3,397 representing the methyl ester TMS
ether derivatives of two saturated and two unsaturated dihy-
droxy bile acids (7). Using the same column at a final tempera-
ture of 280'C the retention index (RI):s were 3,230, 3,282,
3,288, and 3,346, respectively. This modification shifted the RI
of derivatized cholic acid from 3,275 (7) to 3,210 and permit-
ted a better comparison with data from a comprehensive study
on the separation of isomeric bile acid derivatives on different
GLCcolumns (Ichimiya, I., M. Axelson, and J. Sjtvall, manu-
script submitted for publication). Detailed GC/MSstudies of
the four major peaks indicated the presence of more than four
compounds incompletely separated on the methyl silicone col-
umn. The derivatives of ursodeoxycholic and isoursodeoxy-
cholic acids, which were eluted together at RI 3,230 on the
methyl silicone column separated on UC-1,625. The deriva-
tives of two unsaturated bile acids coeluted at RI 3,288 on the
methyl silicone column but at RI 3,507 and 3,518, respectively,
on UC-1,625. On the polar column the peak of derivatized
UDCAat RI 3,449 contained a derivatized trihydroxy bile
acid, and the peak at RI 3,485 also represented a mixture. For
this reason, an additional separation of the bile acid methyl
esters by normal-phase HPLCwas performed. Table III gives
the fractions of elution upon normal-phase HPLC, the reten-
tion indices on UC-1,625, and the proposed structures for the
bile acids obtained after hydrolysis with N-acetylglucosamini-
dase. Three saturated and one unsaturated dihydroxy and two
saturated trihydroxy bile acids conjugated with N-acetylgluco-
samine were identified.

3/3, 7fl-dihydroxy-5f3-cholanoic and 3a, 7(3-dihydroxy-5#-
cholanoic acids (isoursodeoxycholic and ursodeoxycholic
acids). The isoursodeoxycholic and ursodeoxycholic acids were
identified by comparison with authentic bile acids. In addition,
the configuration at C-5 was determined by chromic acid oxi-
dation and comparison of the dioxocholanoates formed with
authentic methyl 3,7-dioxo-5#3-cholanoate (RI 3,326 on

methyl silicone). IsoUDCA and UDCAconstituted - 5- 10%
and 10-15%, respectively, of the total bile acid N-acetylglucos-
aminides.

3(3, 7f3-dihydroxy-Sa-cholanoic acid (alloisoursodeoxy-
cholic acid). The derivative of 3(3,7fl-dihydroxy-5a-cholanoic
acid (Fig. 2) had RI:s of 3,346 on the methyl silicone and 3,572
on the UC-1625 columns. Chromic acid oxidation yielded
methyl 3,7-dioxo-5a-cholanoate, with an RI of 3403 on methyl
silicone (Fig. 3). The mass spectrum of this compound was
identical to that of authentic methyl 3,7-dioxo-5a-cholanoate
(21). The 3(3,7(3-positions of the hydroxyl groups were charac-
terized by the shift of RI:s in comparison with the RI:s of the
derivatives of authentic 3a,7a- and 3a,7(3-dihydroxy-5a-cho-
lanoic acids (3,184 and 3,297 on the methyl silicone, and 3,243
and 3,456 on the UC-1,625 column, respectively) as well as the
derivatives of authentic 3a-hydroxy-5a-cholanoic and 3j3-hy-
droxy-Sa-cholanoic acids (3,120 and 3,170 on the methyl sili-
cone, and 3,364 and 3,494 on the UC-1,625 column, respec-
tively). AlloisoUDCA constituted 20-25% of the total bile acid
N-acetylglucosaminides.

3(3, 7(3-dihydroxy-5-cholenoic acid. The TMS ether of
methyl 3(3,7#-dihydroxy-5-cholenoate gave a mass spectrum
very similar to that of the derivative of 3(3,7a-dihydroxy-5-cho-
lenoic acid (15). However, the retention indices of the 3(3,7(3-
dihydroxy-5-cholenoic acid derivative were about 80 and 120
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U higher on methyl silicone and UC-1,625 columns, respec-
tively. These RI differences are identical to those between the
derivatives of 3,3,7a- and 3(3,7ft-dihydroxy-5#-cholanoic acids
confirming the 3(3,73-configuration. Hydrogenation of 3,B,7,B-
dihydroxy-5-cholenoate gave three products: 3j3-hydroxy-5fl-
cholanoic (isolithocholic acid), 3(3-hydroxy-Sa-cholanoic, and
3fl,7fl-dihydroxy-Sa-cholanoic acids, analogous to the hydro-
genation products of 3(3,7a-dihydroxy-5-cholenoic acid (15).
The RI:s of the derivatized hydrogenation products were 3,335,
3,507, and 3,572, respectively, on UC-1,625. The 3,B,7,B-
dihydroxy-5-cholenoic acid and its derivatives and probably
also the N-acetylglucosamine conjugate are very labile. Water
may be eliminated during enzymatic hydrolysis and derivatiza-
tion yielding a monohydroxy bile acid containing two double
bonds. The methyl ester TMSether derivative of such a prod-
uct had RI:s of 3,181 on methyl silicone and 3,332 on UC-
1,625, and gave a mass spectrum with a base peak at m/z 458.
The hydroxyl group was lost upon hydrogenation, yielding
methyl 5a-cholanoate with an RI of 3,241 on UC-1,625 identi-
fied from its typical mass spectrum (22). The 3,B,7,B-dihydroxy-
5-cholenoic acid constituted - 15% of the total bile acid N-
acetylglucosaminides.

3a, 7#, 12a-trihydroxy-5fl-cholanoic (7-epicholic acid) and
3a,6a, 7f3-trihydroxy-5(3-cholanoic (7-epihyocholic acid) acids.
The 7-epicholic and 7-epihyocholic acids were identified by
comparisons with the retention indices (see Table III) ofauthen-
tic bile acids both on methyl silicone and UC-1,625 columns
(Ichimiya, I., M. Axelson, and J. Sjovall, manuscript submitted
for publication), the mass spectra of the authentic compounds
(23) and in the case of 7-epicholic acid by chromic acid oxida-
tion to methyl 3,7,12-trioxo-5,B-cholanoate. These trihydroxy
bile acids constituted 5-10 %of the total bile acid N-acetylglu-
cosaminides.

Unidentified bile acids. A saturated and an unsaturated di-
hydroxy bile acids constituting 20% of the total bile acid
N-acetylglucosaminides coeluted at RI 3,485 on UC-1,625.
These compounds seem to carry hydroxyl groups in the same
positions since hydrogenation of the unsaturated compound
isolated by normal-phase HPLC yielded the saturated dihy-
droxy compound. The hydrogenation also gave a saturated
monohydroxy compound, the derivative of which eluted at RI
3,231 on UC-1,625. The fragment ion m/z 243, indicative of
TMSethers of 3,7-dihydroxycholanoates (22), was particularly
intense in the spectrum of the unknown saturated dihydroxy-
cholanoate. The presence of two trimethylsiloxy groups in this
ion (22, 23) was supported by the relative intensities of the

K isotope peaks at m/z 244 and 245. Oxidation of the saturated
dihydroxy acid yielded a dioxocholanoate, the mass spectrum
of which was different from available reference spectra. Thus,
the structures of these two acids remain unknown.

The methyl ester TMSether derivatives of the trihydroxy
bile acids with RI:s of 3,449 and 3,609 on UC-1,625 showed
structural relationships giving similar mass spectra with frag-
ments at m/z 195, 208, 243, and 253. The three former ions
were also seen in the mass spectrum of the derivatized dihy-
droxy bile acid with an RI of 3,485 on UC- 1,625, indicative of a
structural relationship. The derivatized trihydroxy bile acid
with an RI of 3,325 on UC-1,625 gave a mass spectrum with
m/z 217 as base peak, very similar to that of the derivative of
Il,3a,7#-trihydroxycholanoic acid (24).

Analysis of bile acid glycosides in urine after oral
administration of '3C-labeled bile acids
Table II shows the urinary excretion of total bile acids and of
CDCA, UDCA, and HDCAduring the first 24 h after oral
administration of '3C-labeled bile acids. The total excretion of
bile acids in urine was 20-25 mg in patients A, B, and C, and
about 70 mg in patient D.

[24- '3C]CDCA. Sulfates and glycine or taurine conjugates
comprised about 90% of the urinary bile acids in the patients
with intrahepatic (patient A) and extrahepatic (patient B) chole-
stasis. Total glycosidic conjugates constituted about 11% in
both patients with similar excretion rates of nonamidated and
amidated glucosides, N-acetylglucosaminides, and glucuro-
nides. In patient A, CDCAconstituted 50% of the total nona-
midated glucosides, 60%of the total glycine- or taurine-conju-
gated glucosides, and 70% of the total glucuronides. In patient
B, it contributed to 20% of the total nonamidated glucosides,
20%of the total glycine- or taurine-conjugated glucosides, and
70% of the glucuronides. Only minor amounts (below 10%) of
'3C-labeled CDCAwere present in these conjugate fractions in
both patients. An N-acetylglucosaminide of CDCAwas not
detectable either in patient A or in patient B. In both patients,
however, the conjugates of UDCA, including the N-acetylglu-
cosaminide, had a higher content of 13C than the CDCAconju-
gates. Additionally, isoUDCA N-acetylglucosaminide (12 sg/
24 h) with a 13C excess of 42 atom %was found in the urine
from patient A.

[24-13C] UDCA. Sulfates and glycine- or taurine-conjugates
constituted 78%and glycosides 22%of the urinary bile acids in
patient C. UDCAwas excreted as glycine or taurine conjugates
(35%) and sulfates (22%). Only 2% of UDCAwas excreted as
glucoside (60% of total nonamidated glucosides), 4% as gly-
cine- or taurine-conjugated glucoside (15% of total glycine- or
taurine-conjugated glucosides), and 4%as a glucuronide (15%
of total glucuronides). 32% of UDCAwas excreted as N-ace-
tylglucosaminide constituting 85% of the total N-acetylglucos-
aminides. The 13C excess among the UDCAconjugates was
60-72 atom % for amidated and nonamidated glucosides, 52
atom %for the N-acetylglucosaminide, and 33 atom %for the
glucuronide. The isoUDCA N-acetylglucosaminide (21 sg/24
h) had a 13C excess of 45 atom %and small amounts of labeled
glycine and taurine conjugates of isoUDCA were also detected.

[24-'3C]HDCA. Glycosidic conjugates constituted 72% of
the urinary bile acids in patient D. Sulfates and glycine or tau-
rine conjugates constituted 28% of the urinary bile acids. 96%
of HDCAwas excreted as a glucuronide (90% of the total gluc-
uronides) and 3.2% was glucosidated (82% of total nonami-
dated glucosides). The '3C excess of the glucosides and the gluc-
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uronide of HDCAwere 86-90 atom %, and not significantly
different from that of the administered compound. An N-ace-
tylglucosaminide of HDCAwas not detected.

Bile acid N-acetylglucosaminides synthesized in vitro
Bile acid N-acetylglucosaminides were synthesized in vitro by
incubation of human kidney or liver microsomes with UDP-N-
acetylglucosamine and bile acids containing 7,3-hydroxyl
groups. Bile acid N-acetylglucosaminyltransferase activity was
not detectable towards common primary and secondary bile
acids, with the exception of hyodeoxycholic acid which was
converted at a rate of less than 2 pmol. min-' - mg protein-
(8). The highest activities were observed with isomers of urso-
deoxycholic acid (Table IV).

The N-acetylglucosaminides of UDCAand isoUDCA were
synthesized enzymatically in amounts sufficient for analysis by
GLCand GC/MS. The methyl ester TMSether derivatives of
the N-acetylglucosaminides of UDCAand isoUDCA had the
same RI of 4,438 as the N-acetylglucosaminide of [24-'3C]-
UDCAfrom the urine of patient C, and showed the typical
fragmentation pattern for derivatized dihydroxy bile acid N-
acetylglucosaminides in GC/MS(7). The molecular weights of
these compounds were confirmed by FABMS, showing a
quasimolecular negative ion at m/z 594.

Discussion

Since the first report in 1975 (25), UDCAhas been used suc-
cessfully for the dissolution of cholesterol gallstones (26). More
recently, UDCAhas been shown to significantly improve the
clinical and biochemical indices in patients with primary bili-
ary cirrhosis (27). Beneficial effects have also been observed in
other cholestatic diseases like sclerosing cholangitis, chronic
hepatitis, biliary atresia, and cystic fibrosis [recently reviewed
in 28]. However, little is known about the mechanism(s) of
improvement of the liver function by UDCA. The lowered
pool size of possibly hepatotoxic bile acids like CDCAhas been
suggested as an explanation (29), as well as a choleretic effect of
UDCA(30). A decrease of primary bile acids in serum (31-33)
and urinary excretion (32, 33) has been demonstrated in pa-
tients with primary biliary cirrhosis during treatment with
UDCA. However, in a recent study, UDCAdid not lower the
pool size of CDCAin serum of cholestatic patients (34). Dis-

Table IV. Bile Acid Substrate Specificity
of N-Acetylglucosaminyltransferases

Enzyme activity
(pmol min-' X mg

protein')

Bile acid Kidney Liver

3f,7,B-dihydroxy-5f3-cholanoic acid
(isoUDCA) 67.5 45.9

3a,7,3-dihydroxy-5a-cholanoic acid
(alloUDCA) 22.3 26.3

3a,7,3-dihydroxy-5fl-cholanoic acid
(UDCA) 13.5 8.1

3a,7,B-dihydroxy-5f3-cholanoyltaurine
(TUDCA) 6.8 1.6

3a,7 3-dihydroxy-5 -cholanoylglycine
(GUDCA) 2.6 0.4

placement of hydrophobic, more hepatotoxic bile acids by the
hydrophilic UDCA(35) in bile has been discussed as an expla-
nation, but this theory has also been questioned (36). In vitro, a
direct hepatoprotective effect of UDCA, has been ob-
served (37).

The data from this and a previous (7) study show that
UDCAis among those few bile acids that are conjugated with
N-acetylglucosamine. Additional bile acids released from the
N-acetylglucosaminide conjugates were identified as isourso-
deoxycholic, alloisoursodeoxycholic, 3f3,7(-dihydroxy-5-cho-
lenoic, 7-epicholic, and 7-epihyocholic acids, all containing a
7f3-hydroxyl group. Other commonprimary or secondary bile
acids were not detected, but two major dihydroxy acids remain
unidentified. Use of both polar and nonpolar GLCcolumns
was important for the elucidation of the complexity of the mix-
ture. The need for polar GLCcolumns to separate UDCAand
isoUDCA has recently been demonstrated in studies of bile
acid profiles in plasma or urine after oral administration of
UDCA(24, 33, 38-40).

The labeling of urinary bile acids after oral administration
of '3C-labeled CDCAconfirm the epimerization of CDCAto
UDCAduring the enterohepatic circulation (41-44). The low
content of '3C in the conjugates of CDCA, compared with the
conjugates of UDCA, is probably due to an epimerization of
the orally given CDCAbefore equilibration with the pool of
CDCA, and to the different sizes of the CDCAand UDCA
pools. Oral administration of '3C-labeled UDCAconfirmed
the isomerization of UDCAto isoUDCA (24, 33, 38-40). In
the patient with intrahepatic cholestasis the '3C-labeled CDCA
was converted via UDCAto isoUDCA N-acetylglucosaminide.
An intact enterohepatic circulation seems to be necessary for
this two-step isomerization since '3C-labeled isoUDCA N-ace-
tylglucosaminide was not found in the urine of the patient with
extrahepatic cholestasis given '3C-labeled CDCA.

An important observation in the present study is the high
excretion rate of N-acetylglucosaminides of isoUDCA and
UDCA. In the patient given UDCA, it exceeded the rate of
excretion of the corresponding sulfates. This indicates that the
urinary excretion of UDCAand isoUDCA is higher than previ-
ously realized, since the presence of glucosides or N-acetylglu-
cosaminides has not been considered in published studies.
However, large amounts of nonsulfated, nonglucuronidated
urinary UDCAhave been detected in all cases (33, 36, 39).

Our study further emphasizes ihe specificity in conjugation
reactions. It is well established that the major part of the bile
acid glucuronides in urine are 6-hydroxylated (9), and that
HDCAand other 6-hydroxy bile acids are efficiently glucuroni-
dated at position C-6 (6, 16, 45, 46). The glucuronide of orally
administered '3C-HDCA represented almost 70% of the total
urinary bile acids, which confirms the previous observations
using 14C-labeled HDCA(47). Thus, glucuronidation is a conju-
gation pathway with preference for 6-hydroxylated bile acids.
The structures of the bile acids identified in the present study
indicate that conjugation with N-acetylglucosamine is a selec-
tive pathway for 7fl-hydroxylated bile acids. This is supported
by the in vitro formation of N-acetylglucosaminides of 7fl- but
not 7a-hydroxylated bile acids using both kidney and liver mi-
crosomes. The possibility that this conjugation reaction is re-
lated to the physiological and therapeutical effects of UDCA
observed in patients with primary biliary cirrhosis remains to
be studied. It could be speculated that UDCA, by competing
for the hepatic UDP-N-acetylglucosamine, could decrease the
availibility of this intermediate for other reactions, such as for-
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mation of glycoproteins, and thereby affect important biologi-
cal functions, e.g., of cell membranes.
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