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bstract

We developed a highly sensitive and quantitative method to detect bile acid 3-sulfates in human urine employing liquid chromatogra-
hy/electrospray ionization-tandem mass spectrometry. This method allows simultaneous analysis of bile acid 3-sulfates, including nonamidated,
lycine-, and taurine-conjugated bile acids, cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), ursodeoxycholic acid

UDCA), and lithocholic acid (LCA), using selected reaction monitoring (SRM) analysis. The method was applied to analyze bile acid 3-sulfates
n human urine from healthy volunteers. The results indicated an unknown compound with the nonamidated common bile acid 3-sulfates on
he chromatogram obtained by the selected reaction monitoring analysis. By comparison of the retention behavior and MS/MS spectrum of the
nknown peak with the authentic specimen, the unknown compound was identified as 3�,12�-dihydroxy-5�-cholanoic acid 3-sulfate.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Bile acids, major cholesterol metabolites in the liver, are
xcreted into the small intestine via the bile duct. In the intesti-
al lumen, bile acids assist in lipolysis and the absorption of
ats, and are reabsorbed through the intestinal wall to migrate
ver to the liver. Because of their efficient hepatic uptake, bile
cids are present only at low concentrations in the peripheral
lood. In humans, the two primary bile acids, cholic acid (CA)
nd chenodeoxycholic acid (CDCA), are biosynthesized from

holesterol in the liver under negative feedback regulation of
he farnesoid X receptor [1,2]. Secondary bile acids, deoxycholic
cid (DCA), lithocholic acid (LCA), and ursodeoxycholic acid

∗ Corresponding author. Tel.: +81 22 717 7525; fax: +81 22 717 7545.
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UDCA), are produced by the action of enzymes existing in the
icrobial flora of the colonic environment. In hepatocytes, both

rimary and secondary bile acids undergo amino acid conjuga-
ion at the C-24 carboxylic acid on the side chain, and almost all
ile acids in the bile duct therefore exist as glycine- or taurine-
onjugated forms. Glucuronides of bile acids have been found in
he urine of jaundiced patients [3,4], and exist as not only ether-
ype 3-glucuronides [5] but also ester-type 24-glucuronides [6,7]
n the urine of healthy subjects. In addition, amino acid conju-
ated bile acids strongly suppress the acyl glucuronidation of
rugs possessing carboxyl groups [8], and, hence, inhibit the
ormation of protein-drug adducts, which may cause hypersen-
itive reactions [9–12]. The major phase II metabolism of bile

cids is sulfation [13,14], mainly catalyzed by the hydroxys-
eroid sulfotransferase SULT2A1, which is expressed in hep-
tocytes [15–17]. The concentration of bile acid sulfates in
rine is significantly increased in hepatobiliary diseases with

mailto:jun-goto@mail.pharm.tohoku.ac.jp
dx.doi.org/10.1016/j.jchromb.2006.08.013


7 atog

b
t
a
d

m
m
b
l
g
w
m
h
a
t
t
m
i
a
t
t
[
e
s

s
e
3
h

2

2

f
c
G
t
s
b
a
p
(
e
c
T
w
a

2

t
M
v
r

−
,
c
s
b
p
9
b
a
a
f
S
d
w
m
t
r
a
Y
a
a
o
s

w
b
s
l
f
−
v

2

2
h
(
s
c
w
A
w
o
u
t

2

a
U
c

0 T. Goto et al. / J. Chrom

reakdown of enterohepatic circulation [13,18–20]. Therefore,
he separate determination of 3-sulfates with high sensitivity
nd selectivity is required for the diagnosis of hepatobiliary
iseases.

Kato et al. [21] have reported an enzymatic method to deter-
ine the total concentration of serum bile acid 3-sulfates. This
ethod consists of the deconjugation of a 3�-sulfooxy group by

ile acid sulfate sulfatase and the subsequent oxidation of the
iberated 3�-hydroxy bile acids by 3�-hydroxysteroid dehydro-
enase. Finally, the diformazan formed by enzymatic reaction
ith diaphorase is monitored. This method can be used to deter-
ine the total concentration of 3�-sulfates. Ikegawa et al. [22]

ave reported a differentiated determination method for bile
cid 3-sulfates by liquid chromatography/electrospray ioniza-
ion mass spectrometry (LC/ESI-MS). They have also described
he liquid chromatographic behavior of the 3-sulfates of com-

on human bile acids and the features of electrospray ion-
zation of nonamidated, glycine-, and taurine-conjugated bile
cid 3-sulfates. The results indicate that electrospray ioniza-
ion with the negative ion detection is suitable for high sensi-
ive detection of bile acid 3-sulfates. Moreover, Murray et al.
23] have also reported the fragmentation patterns of the low-
nergy collision-induced dissociation (CID) of some bile acid
ulfates.

In this study, we report a sensitive and reliable method for
imultaneous analysis of bile acid 3-sulfates in human urine
mploying LC/ESI-MS/MS. In addition, an uncommon bile acid
�-sulfate was found as an abundant nonamidated sulfate in
uman urine from healthy subjects.

. Experimental

.1. Materials

CA, CDCA, DCA, LCA, and UDCA were purchased
rom Nacalai Tesque (Kyoto, Japan). 3�,12�-Dihydroxy-5�-
holanoic acid was synthesized as previously reported [24].
lycine- and taurine-conjugated bile acids were prepared by

he carbodiimide method [25], and all bile acid 3-sulfates were
ynthesized in our laboratory [26]. The stable isotope-labeled
ile acids, 3,7,12-[18O,2H]3-CA [27], nonamidated, glycine-,
nd taurine-conjugated 12-[18O,2H]-DCA 3-sulfates [22] were
repared in our laboratory. An OASIS HLB cartridge (30 mg)
Waters, Milford, MA, USA) was washed successively with
thanol (1 mL) and water (2 mL) prior to use. Urine creatinine
ontents were measured by the Jaffé method using a Creatinine
est Kit (Wako Pure Chemical Industries, Osaka, Japan). Glass-
are was silanized, and all other chemicals and solvents were

nalytical reagent grade.

.2. Apparatus

The LC/MS/MS analysis was performed using a Quattro II

riple stage quadrupole tandem mass spectrometer (Micromass,

anchester, UK) equipped with an ESI probe. The capillary
oltage and source temperature were set at −3600 V and 160 ◦C,
espectively. The cone voltage and collision energy were set at

t
(
d
s

r. B 846 (2007) 69–77

50, −50, −30 V and 50, 30, 20 eV for nonamidated, glycine-
and taurine-conjugated bile acid 3-sulfates, respectively. The
ollision gas (Ar) pressure was set at 2.0 × 10−3 mbar. In the
elected reaction monitoring (SRM) analysis of nonamidated
ile acid 3-sulfates, the monitoring ions were m/z 455.3 as a
recursor ion to m/z 97.0 as a product ion, m/z 471.3 to m/z
7.0, and m/z 487.3 to m/z 97.0, for mono-, di-, and trihydroxy
ile acids, respectively. In the case of glycine-conjugated bile
cid 3-sulfates, m/z 512.3 to m/z 432.3, m/z 528.3 to m/z 448.3,
nd m/z 544.3 to m/z 464.3 were used as SRM monitoring ions
or mono-, di-, and trihydroxy derivatives, respectively. In the
RM analysis of taurine-conjugated bile acid 3-sulfates, the
oubly charged ions at m/z 280.7, m/z 288.7, and m/z 296.7
ere selected as precursor ions, and the [M − H − H2SO4]− at
/z 464.3, m/z 480.3, and m/z 496.3 were selected as moni-

oring product ions for mono-, di-, and trihydroxy derivatives,
espectively. The reversed-phase column used in this study was
YMC Pack Pro C18 column (3 �m, 100 mm × 2.0 mm i.d.,
MC, Kyoto, Japan). The mobile phase was 20 mM ammonium

cetate (pH 7.0 adjusted by adding aqueous ammonia solution),
cetonitrile, and ethanol (60:23:17, v/v/v), used at a flow rate
f 0.16 mL/min and delivered by a Nanospace SI-1 pump (Shi-
eido, Tokyo, Japan).

LC/MS analysis to identify the unknown sulfated bile acid
as performed using a JMS-LCmate (JEOL, Tokyo, Japan) dou-
le focusing mass spectrometer equipped with an LC-10AD
olvent delivery system (Shimadzu, Kyoto, Japan). The reso-
ution of the mass spectrometer was set at 750, and the voltages
or electrospray, orifice, and ring lens were −2500, −10, and
100 V, respectively. The temperatures of the orifice and desol-

ating plate were 150 and 250 ◦C, respectively.

.3. Analysis of bile acid 3-sulfates in human urine

Urine samples were collected from healthy volunteers aged
2–33 years and frozen until use. One hundred micro liters of
uman urine and 900 �L of 100 mM potassium phosphate buffer
pH 7.5) were added to 100 �L of the internal standard (IS)
olution, thoroughly mixed, and passed through an OASIS HLB
artridge. After washing with 2 mL of water, bile acid 3-sulfates
ere eluted with 2 mL of a 1:9 mixture of water and ethanol.
fter the solvents were evaporated in vacuo at 35 ◦C, the residue
as dissolved in 100 �L of water/ethanol (1:1, v/v), and 5 �L
f the solution was subjected to LC/ESI-MS/MS analysis. The
rinary concentrations of bile acid 3-sulfates were corrected by
he creatinine concentrations.

.4. Method validation

For preparation of standard stock solutions, 3-sulfates of non-
midated, glycine-, and taurine-conjugated CA, CDCA, DCA,
DCA, and LCA were dissolved in water/ethanol (1:1, v/v) at a

oncentration of 0.1 mg/mL. Samples were diluted to concentra-

ions of 20, 60, 200, 600, and 2000 ng/mL using water/ethanol
1:1, v/v). IS stock solutions containing 1 �g/mL of nonami-
ated, glycine-, and taurine-conjugated 12-[18O,2H]-DCA 3-
ulfates were also prepared in water/ethanol (1:1, v/v).
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times of nonamidated, glycine-, and taurine-conjugated LCA 3-
sulfates, which exist in human urine [30,31]. Gradient elution,
which is an effective mode for the reduction of analyzing time,
failed to reproduce the ionization efficiency of 3-sulfates in the
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In the calibration study, a 100-�L aliquot of each standard
olution was mixed with 100 �L of the IS solution and evap-
rated under a nitrogen gas stream at room temperature. The
esidue was dissolved in 100 �L of water/ethanol (1:1, v/v) and
�L of this solution was injected into the LC/ESI-MS/MS sys-

em. The calibration curves were constructed by 1/y2 weighted
east-squares linear regression of the peak area ratio of the
nalyte to the IS, against the concentration of each bile acid
-sulfate. For the accuracy and precision studies, we prepared
uman blank urine by treating urine with activated charcoal. One
undred micro liters aliquot of blank human urine was added to
00 �L of 100 mM potassium phosphate buffer (pH 7.5), and
00-�L aliquots of 20, 200, or 2000 ng/mL stock solution were
eparately spiked into the mixture. The relative error (R.E.%)
as calculated as [(observed concentration − theoretical con-

entration)/spiked concentration] × 100 (%), and the precision
as obtained in terms of the coefficient of variation (R.S.D.%).

.5. Identification of unknown peak A

A human urine sample was injected into an HPLC, and the
raction corresponding to unknown peak A was collected. The
olution was evaporated in vacuo below 35 ◦C, and chemical
olvolysis of the sulfated bile acid was performed as described
28]. After addition of 3,7,12-[18O,2H]3-CA as the IS, the sam-

le was injected into the LC/ESI-MS system to compare the
hromatographic behavior of the liberated bile acid with that
f an authentic specimen. The fraction before solvolysis was
lso subjected to LC/ESI-MS/MS analysis to compare retention

Fig. 1. Structures of bile acid 3-sulfates.
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ime and fragment pattern on low-energy CID with the authentic
pecimen.

. Results

The retention behavior of bile acid 3-sulfates in the reversed-
hase HPLC is greatly influenced by the pH of the mobile phase,
ecause the side chain acidic groups have different properties
Fig. 1), as described for the non-sulfated bile acids [29]. Using
mobile phase with a pH lower than 5, the simultaneous deter-
ination of 3-sulfates was very difficult, due to long retention
ig. 2. Typical electrospray ionization mass spectra (A–C) and product ion
ass spectra (D–F) of nonamidated (A, D), glycine-conjugated (B, E), and

aurine-conjugated (C, F) chenodeoxycholic acid 3-sulfates. The singly charged
epronated molecules at m/z 471 and 528 were selected as precursor ions for
he nonamidated and glycine-conjugated forms, and the doubly charged depro-
onated molecule at m/z 289 was used for the taurine-conjugated form. Injection
mounts were 5 ng for nonamidated and glycine-conjugated forms and 10 ng
or taurine-conjugated form. Other analytical conditions are described in the
xperimental section.
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SI mode. Therefore, we selected a neutral mobile phase using
n ODS column, the YMC Pack Pro C18. Organic modifiers
nfluenced the peak shape of the 3-sulfates. The use of acetoni-
rile as an organic modifier in a buffer solution resulted in the
roadening of the 3-sulfate peaks, especially of LCA 3-sulfates.
ile acid 3-sulfates have both a lipophilic steroid nucleus and
ydrophilic groups, such as hydroxyl, sulfate, and side chain
cidic groups. Therefore, these sulfates are soluble in methanol
nd ethanol. In addition, these alcohols may inhibit hydrogen
onding between residual silanol groups on the surface of the
acking material and polar functional groups of the bile acid
-sulfates, which may be a major cause of peak tailing. Accord-
ngly, a solution of 20 mM ammonium acetate (pH 7.0 adjusted
y adding aqueous ammonia solution), acetonitrile, and ethanol
as used for the simultaneous separation of bile acid 3-sulfates.
We have previously investigated the ionization of bile acid

-sulfates using the ESI process, and have reported that organic
nion used as a mobile phase modifier greatly influences ion-
zation efficiency [22]. Although the obtained mass spectra
f nonamidated, glycine-, and taurine-conjugated bile acid 3-
ulfates were similar to those in our previous report, the relative
ntensities of doubly charged ions of glycine- and taurine-
onjugated bile acid 3-sulfates to the corresponding singly

harged ions were slightly different, due to the instrumen-
al differences (Fig. 2A–C). The doubly charged deprotonated
olecule had one-fifth the intensity of the singly charged ion for

lycine-conjugated bile acid 3-sulfates. Moreover, for taurine-

t
s
a
i

ig. 3. Typical MRM chromatograms of the authentic standards of 15 bile acid 3-su
xperimental section.
r. B 846 (2007) 69–77

onjugated bile acid 3-sulfates, the doubly charged deprotonated
olecule was more intense than [M − HSO3]− and [M − H]−.
The steroid nucleus is very stable under low-energy CID

32]; however, the glycine- or taurine-residues on the side chain
nd sulfate group at the 3� position are easily fragmented.
he product ion mass spectra of nonamidated, glycine-, and

aurine-conjugated CDCA 3-sulfates are illustrated in Fig. 2D–F.
he sole product ion of nonamidated sulfates was HSO4

− at
/z 97. Murray et al. [23] have reported that glycine- and

aurine-conjugated sulfates produce acidic group product ions
t m/z 74, 80, 107, and 124, as well as HSO4

−. In addi-
ion, we also found a steroid nucleus-containing product ion
M − HSO3]− under mild CID conditions, especially for glycine
onjugates. In the product ion mass spectra of taurine-conjugated
-sulfates, we found another steroid nucleus-containing prod-
ct ion [M − H − H2SO4]−, whereas HSO4

− at m/z 97 was the
ost intense peak, with a low noise level; this may lead to higher

ensitivity under SRM analysis. Therefore, we selected HSO4
−

ormed from [M − H]− for nonamidates, [M − HSO3]− formed
rom [M − H]− for glycine-conjugates, and [M − H − H2SO4]−
ormed from [M − 2H]2− for taurine-conjugates as monitoring
ons under SRM analysis.

Typical SRM chromatograms for authentic specimens of fif-

een bile acid 3-sulfates are shown in Fig. 3, indicating the
imultaneous separation and determination of all targeted bile
cid 3-sulfates within 25 min. This method has sufficient linear-
ty for all bile acid 3-sulfates tested in this study, and analysis

lfates. Chromatographic and mass spectrometric conditions are detailed in the
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Table 1
Accuracy and precision of the analysis of bile acid 3-sulfates in human urine (n = 5)

Bile acid 3-sulfate 20 ng/mL 200 ng/mL 2000 ng/mL

Observed
conc: (ng/mL)

R.S.D.% R.E.% Observed
conc: (ng/mL)

R.S.D.% R.E.% Observed
conc: (ng/mL)

R.S.D.% R.E.%

(A) Intra-day validation
Unconjugate

CA 3S 21.1 2.6 5.4 211 3.2 5.3 2051 2.1 2.5
CDCA 3S 20.9 1.6 4.4 203 2.9 1.4 2004 1.9 0.2
DCA 3S 20.5 3.2 2.4 200 4.0 0.0 1973 1.9 −1.3
LCA 3S 20.5 5.3 2.3 187 3.3 −6.3 1894 2.9 −5.3
UDCA 3S 21.4 1.8 7.2 201 1.5 0.4 2057 2.2 2.8

Glycine conjugate
CA 3S 20.5 6.3 2.6 207 4.3 3.3 2156 2.7 7.8
CDCA 3S 21.2 4.2 5.9 201 4.2 0.3 2028 2.1 1.4
DCA 3S 20.9 5.6 4.4 203 3.9 1.4 2090 1.6 4.5
LCA 3S 21.4 2.7 7.2 185 6.0 −7.5 1892 2.1 −5.4
UDCA 3S 18.8 4.5 −5.9 196 3.9 −2.0 2155 2.8 7.8

Taurine conjugate
CA 3S 20.3 6.6 1.3 217 1.3 8.3 2091 2.8 4.6
CDCA 3S 21.3 6.4 6.7 216 1.7 8.2 2138 1.6 6.9
DCA 3S 20.4 1.2 2.2 215 2.5 7.5 2149 1.9 7.5
LCA 3S 21.2 8.3 6.2 217 2.6 8.7 2125 2.0 6.3
UDCA 3S 20.4 7.5 1.9 216 2.3 7.9 2151 2.4 7.6

(B) Inter-day validation
Unconjugate

CA 3S 20.5 7.3 2.6 202 4.7 0.8 2047 5.4 2.3
CDCA 3S 21.1 2.1 5.3 203 6.3 1.7 2068 5.0 3.4
DCA 3S 20.8 6.2 3.9 199 4.1 −0.4 2036 3.3 1.8
LCA 3S 20.7 3.1 3.5 202 8.5 0.9 2023 7.1 1.2
UDCA 3S 22.3 7.8 9.6 212 8.9 5.9 2158 6.0 7.9

Glycine conjugate
CA 3S 20.1 6.2 0.3 203 7.9 1.4 2040 6.4 2.0
CDCA 3S 21.3 4.8 6.5 199 1.4 −0.3 2020 4.2 1.0
DCA 3S 21.3 4.7 6.7 200 6.0 0.1 2052 3.2 2.6
LCA 3S 20.5 8.6 2.6 199 4.1 −0.6 1949 7.8 −2.6
UDCA 3S 19.1 6.2 −4.5 210 6.4 4.9 2141 4.7 7.0

Taurine conjugate
CA 3S 20.9 5.6 4.7 218 4.0 8.8 2106 3.0 5.3
CDCA 3S 21.7 4.2 8.6 209 7.4 4.6 2044 7.1 2.2
DCA 3S 19.8 3.5 −1.1 217 0.5 8.5 2106 2.0 5.3
LCA 3S 20.9 2.6 4.7 204 5.6 1.9 1980 8.7 −1.0
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UDCA 3S 20.0 6.1 −0.2 216

an be performed with a 100-fold dynamic range and excellent
orrelations (greater than 0.999). The deviations of calibra-
ion standards from nominal concentrations were less than 10%
or the all points in the calibration range. The detection limits
S/N = 5) were 0.7–1.5, 1.6–2.5, and 1.5–3.6 ng/mL for non-
midated, glycine-, and taurine-conjugated bile acid 3-sufates
n urine, respectively. The assay validation in Table 1 demon-
trates that the method simultaneously determines 3-sulfates of
ommon human bile acids in urine in a range of 20–2000 ng/mL.

The method was applied to the determination of bile acid 3-

ulfates in human urine from six male and six female healthy
olunteers. The typical SRM chromatograms of sample No. 8,
btained from a male volunteer, are shown in Fig. 4. All bile
cid 3-sulfates detected in this study were well separated without

l
t
c

0.9 8.2 2143 2.2 7.1

ndogenous contaminants. The assay results of all healthy vol-
nteers are summarized in Table 2. In the glycine- and taurine-
onjugated fraction, the secondary bile acid 3-sulfates, DCA
nd LCA 3-sulfate, were determined at relatively high concen-
rations. In particular, GDCA 3-sulfate was the most abundant
ulfate in 12 samples, and glycine-conjugated sulfates accounted
or approximately 85% of the total sulfates of bile acids. In all
rine samples, only a small quantity of nonamidated sulfates
as found with a slightly higher concentration in the six female

amples than the six male samples.

Although nonamidated bile acid 3-sulfates existed at trace

evels, we found an abundant unknown peak A, with a retention
ime of 5.2 min on the SRM chromatogram (m/z 471 to m/z 97),
orresponding to nonamidated dihydroxylated bile acid mono-
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Fig. 4. Typical MRM chromatograms of bile acid 3-sulfates in urine from healthy volunteers. Chromatographic and mass spectrometric conditions are detailed in
the experimental section.

Table 2
Bile acid 3-sulfates in urine from healthy volunteers

Observed (ng/mg creatinine)

1 2 3 4 5 6 7 8 9 10 11 12 Average ± S.D.
f f f f f f m m m m m m

Unconjugate
CA 3S – – – – – – – – – – – – –
CDCA 3S NQ 11.5 – – – – NQ NQ – – NQ – 0.96 ± 3.3
DCA 3S NQ NQ NQ 59.6 NQ NQ 25.8 12.2 NQ NQ NQ NQ 8.13 ± 18
LCA 3S – – – NQ – – NQ – – – – NQ –
UDCA 3S 20.3 NQ NQ 100 NQ 50.6 40.5 23.8 15.2 27.7 37.0 8.60 27.0 ± 28

Glycine conjugate
CA 3S NQ 11.8 40.0 NQ NQ NQ NQ 39.6 NQ – 37.0 14.3 11.9 ± 17
CDCA 3S 338 285 348 422 325 316 152 300 111 95.4 578 216 291 ± 136
DCA 3S 20.8 53.6 337 1411 1386 1019 690 592 363 318 335 261 566 ± 474
LCA 3S NQ 39.5 28.9 971 389 810 555 112 282 377 127 331 336 ± 312
UDCA 3S 249 110 341 NQ 69.1 81.9 29.8 85.4 15.6 NQ 603 24.5 134 ± 181

Taurine conjugate
CA 3S – – – NQ NQ – – – – – – – –
CDCA 3S 54.3 42.4 71.1 74.4 72.6 54.1 21.8 22.5 NQ 34.9 52.4 29.7 44.2 ± 23
DCA 3S NQ NQ 59.6 235 241 146 46.9 30.2 28.5 54.4 32.5 35.2 75.9 ± 85
LCA 3S NQ NQ NQ 280 187 174 74.4 10.8 63.5 123 30.9 77.6 85.2 ± 90
UDCA 3S 24.6 NQ 38.8 NQ NQ – – NQ – – 29.6 NQ 7.75 ± 14

Total 709 555 1265 3555 2672 2654 1637 1230 881 1031 1864 999 1588 ± 929

f, female; m, male; NQ, less than the limit of quantitation.
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Fig. 5. Electrospray ionization mass spectra (A, B) and product ion mass spectra
(C, D) of unknown peak A (A, C) and 3�,12�-dihydroxy-5�-cholanoic acid 3-
s
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Table 3
Retention factors of the authentic specimens and the liberated products relative
to 18O-labeled cholic acid

pH Retention factors relative to 18O-labeled cholic acid

The liberated product after
chemical solvolysis

3�,12�-dihydroxy-5�-cholanoic
acid

7.0 1.08 1.08
6.5 1.11 1.11
6.0 1.18 1.18
5.0 1.30 1.30
4.0 1.29 1.29
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ulfate (B, D). The singly charged deprotonated molecules at m/z 471 were
elected as precursor ions. Collision energy was set at 30 eV. Other analytical
onditions are described in the experimental section.

ulfate, in all urine specimens measured. As shown in Fig. 5A,
e found a deprotonated molecule at m/z 471 as a base peak

orresponding to a nonamidated dihydroxylated bile acid mono
ulfate. The product ion mass spectrum of this deprotonated
olecule is illustrated in Fig. 5C. The characteristic fragment ion

t m/z 97 corresponding to the HSO4
− was found with the neutral

oss of 374. To identify this compound, we collected the fraction
ontaining peak A and subjected it to chemical solvolysis fol-

owed by LC/ESI-MS analysis. One intense peak was observed
n the chromatogram at m/z 391, corresponding to a deproto-
ated molecule of dihydroxylated bile acid (data not shown).
he retention time was almost identical to that of 3�,7�,12�-

4

i

ig. 6. MRM chromatograms of the authentic standards of dihydroxylated bile
cid 3-sulfates (A) and human urine extract (B). Chromatographic and mass
pectrometric conditions are detailed in the experimental section.

rihydroxy-5�-cholanoic acid. Nambara and Goto [29] have pro-
ided the retention factors of nonamidated 5�-cholanoic acids,
nd 3�-hydroxylated bile acids are rapidly eluted with relative
etention factors that are approximately one-half of those of the
�-epimers. The results for the bile acid produced by solvolysis
f unknown peak A suggested that it was 3�-hydroxylated bile
cid 3-sulfate. Therefore the retention behaviors of the liber-
ted unknown bile acid were compared to those of the authentic
�,12�-dihydroxy-5�-cholanoic acid, with the use of stable
sotope-labeled CA as an IS. The retention behaviors at differ-
nt pH of the mobile phase agreed completely (Table 3). Next,
e prepared 3�,12�-dihydroxy-5�-cholanoic acid 3-sulfate and

ompared the retention time and the mass and MS/MS spectra
ith those of unknown peak A. The retention time of unknown
eak A was identical to that of the authentic specimen, 3�,12�-
ihydroxy-5�-cholanoic acid 3-sulfate (Fig. 6), and an ESI mass
pectrum and a product ion spectrum of unknown peak A were
dentical to those of the authentic specimen, respectively (Fig. 5).
n consequence, unknown peak A was identified as 3�,12�-
ihydroxy-5�-cholanoic acid 3-sulfate.
. Discussion

In hepatobiliary diseases, the excretion of bile acid 3-sulfates
nto the urine commonly increases [13,18–20]; therefore, the
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nalysis of the sulfates is useful in diagnosing liver diseases.
n this paper, we report a highly sensitive and selective LC/ESI-

S/MS method for simultaneous analysis of bile acid 3-sulfates
n human urine. The separate determination of 3-sulfates and
omparison with normal state are required for the diagnosis
f hepatobiliary diseases. This method improves on a previ-
usly reported method [21] that can be used to determine the
otal bile acid 3�-sulfate concentration in human serum, but
as a disadvantage in the simultaneous analysis of individual
ile acid sulfates. We have also previously reported a separatory
etermination method using LC/ESI-MS, where the sulfates are
onitored by only deprotonated molecules [22]. However, it is

ifficult in the respect of sensitivity to apply this method to urine
rom healthy subjects. The present method using an LC/ESI-

S/MS is enough sensitive for analyzing bile acid 3-sulfates in
uman urine not only from patients with liver diseases but also
rom healthy subjects.

Using the new method, we found that urine contains a tiny
uantity of nonamidated bile acid 3-sulfates, which can be deter-
ined with a good signal to noise ratio. Almost all bile acids

re converted into glycine or taurine conjugates in hepatocytes,
here hydroxysteroid sulfotransferase converts bile acids into

heir sulfates [15–17]. Interestingly, UDCA 3�-sulfate is rela-
ively abundant among nonamidated bile acid 3-sulfates, except
�,12�-dihydroxy-5�-cholanoic acid 3-sulfate. On the other
and, the concentration of glycine-conjugated UDCA 3-sulfate
s lower than other 3-sulfates. Nakamura et al. [33] have reported
hat UDCA 3-sulfate levels increase in the serum and urine of
atients with chronic liver disease after UDCA therapy. This
esult indicates that nonamidated UDCA is easily converted into
he corresponding 3�-sulfate by the action of sulfotransferase in
he liver. In the case of glycine conjugates, the average concen-
ration of urinary DCA 3-sulfate for all specimens is the highest.
t has been reported that the relatively lipophilic secondary bile
cids, glycine-conjugated DCA and LCA, tend to undergo sulfa-
ion [17]. Sulfation is a phase II metabolism and plays a key role
n the detoxification of endogenous and exogenous lipophilic
ompounds. Although human serum commonly contains higher
oncentrations of the nonsulfated form of CDCA than DCA,
ulfation may be more favorable for DCA than CDCA. The
arboxyl and sulfonyl groups on the side chain of DCA form
ntramolecular hydrogen bonds with the 12�-hydroxyl group
29] at neutral pH, resulting in increased hydophobicity, which
ay be favorable for sulfation.
We have identified the uncommon sulfated bile acid, 3�,12�-

ihydroxy-5�-cholanoic acid, in urine from healthy subjects.
he corresponding glycine- and taurine-conjugated sulfates
ere not observed in the same urine specimens. Previously,

he existence of this 3�-hydroxy bile acid sulfate has been
eported in urine from pregnant women [34], and increased
xcretion of the 3�,12�-dihydroxy derivative into feces has
een observed after administration of deoxycholic acid [18]. In
990, Yoneda et al. [35] reported that intravenous administration

f the dehydrocholic acid, 3,7,12-trioxo-5�-cholanoic acid, to
wo cholangiocarcinoma patients who underwent percutaneous
ranshepatic cholangial drainage led to elevated blood levels
f 3�-hydroxy-7,12-dioxo-cholanoic acid. In addition, Goto et

[

[
[
[

r. B 846 (2007) 69–77

l. [36,37] demonstrated that the incubation of 3-oxo-bile acid
ith human blood produced 3�-hydroxylated bile acid as a
ajor metabolite with minor levels of 3�-hydroxylated bile acid.
hese observations suggest that deoxycholic acid is the precur-
or for the formation of 3�,12�-dihydroxy-5�-cholanoic acid.
he 3-sulfate of 3�,12�-dihydroxy-5-cholenoic acid has been
bserved at high concentrations in the urine of patients with bil-
ary atresia [38]. This unsaturated bile acid has a 3�-hydroxy-�5

keleton that is similar to dehydroepiandrosterone, which is the
ost favorable endogenous substrate for the hydroxysteroid sul-

otransferase, SULT2A1 [16]. Thus, SULT2A1 may be involved
ith the sulfation of the 3�,12�-dihydroxy-5�-cholanoic acid.

cknowledgments

This work was supported in part by a grant from the Ministry
f Education, Culture, Sports, Science and Technology of Japan.

eferences

[1] M. Makishima, A.Y. Okamoto, J.J. Repa, H. Tu, R.M. Learned, A. Luk,
M.V. Hull, K.D. Lustig, D.J. Mangelsdorf, B. Shan, Science 284 (1999)
1362.

[2] D.J. Parks, S.G. Blanchard, R.K. Bledsoe, G. Chandra, T.G. Consler, S.A.
Kliewer, J.B. Stimmel, T.M. Willson, A.M. Zavacki, D.D. Moore, J.M.
Lehmann, Science 284 (1999) 1365.

[3] P. Back, K. Spaczynski, W. Gerok, Hoppe-Seyler’s Z Physiol. Chem. 355
(1974) 749.

[4] P. Back, Hoppe-Seyler’s Z Physiol. Chem. 357 (1976) 213.
[5] S. Ikegawa, N. Murao, T. Motoyama, T. Yanagihara, T. Niwa, J. Goto,

Biomed. Chromatogr. 10 (1996) 313.
[6] J. Goto, N. Murao, C. Nakada, T. Motoyama, J. Oohashi, T. Yanagihara, T.

Niwa, S. Ikegawa, Steroids 63 (1998) 186.
[7] S. Ikegawa, H. Okuyama, J. Oohashi, N. Murao, J. Goto, Anal. Sci. 15

(1999) 625.
[8] N. Mano, K. Nishimura, T. Narui, S. Ikegawa, J. Goto, Steroids 67 (2002)

257.
[9] A.M. Williams, R.G. Dickinson, Biochem. Pharmacol. 47 (1994) 457.
10] A. Ding, J.C. Ojingwa, A.F. McDonagh, A.L. Burlingame, L.Z. Benet,

Proc. Natl. Acad. Sci. U.S.A. 90 (1993) 3797.
11] A. Ding, P. Zia-Amirhosseini, A.F. McDonagh, A.L. Burlingame, L.Z.

Benet, Drug Metab. Dispos. 23 (1995) 369.
12] S. Ikegawa, N. Murao, M. Nagata, S. Ohba, J. Goto, Anal. Sci. 15 (1999)

213.
13] I. Makino, H. Hashimoto, K. Shinozaki, K. Yoshino, S. Nakagawa, Gas-

troenterology 68 (1975) 545.
14] I. Makino, K. Shinozaki, S. Nakagawa, K. Mashimo, J. Lipid Res. 15 (1974)

132.
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