
D
i
c

T
A
a

b

c

a

A
R
A
A

K
3
3
d
H
c
i

1

a
g
b
a
3
a
t
d
c
a
o
3
d
c
s
c
e

U
J

1
h

Journal of Chromatography B, 923– 924 (2013) 120– 127

Contents lists available at SciVerse ScienceDirect

Journal  of  Chromatography  B

j ourna l ho me pag e: www.elsev ier .com/ l o cate /chromb

etermination  of  3�-hydroxy-�5-bile  acids  and  related  compounds
n  biological  fluids  of  patients  with  cholestasis  by  liquid
hromatography–tandem  mass  spectrometry

suyoshi  Muraia,∗, Kana  Odaa,  Terutake  Toyoa, Hiroshi  Nittonob, Hajime  Takeib,
kina Mutob, Akihiko  Kimurac,  Takao  Kurosawaa

School of Pharmaceutical Sciences, Health Sciences University of Hokkaido, Kanazawa, Ishikari-Tobetsu, Hokkaido 061-0293, Japan
Junshin Clinic Bile Acid Institute, Haramachi, Meguro-ku, Tokyo 152-0011, Japan
Department of Pediatrics and Child Health, Kurume University School of Medicine, Asahi-machi, Kurume-shi, Fukuoka 830-0011, Japan

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 9 November 2012
ccepted 3 February 2013
vailable online 19 February 2013

a  b  s  t  r  a  c  t

A  method  for  the determination  of conjugated  and  unconjugated  3�-hydroxy-�5-bile  acids  and
related  bile  acids  in  human  urine  and  serum  has  been  developed  using  high-performance  liquid
chromatography–electrospray  ionization-tandem  mass  spectrometry.  Calibration  curves  for  the bile
acids were  linear  over  the  range  of 10–2000  pmol/mL,  and  the detection  limit  was  less  than  4  pmol/mL
for  all  bile  acids  using  selected  reaction  monitoring  analysis.  The  bile  acids  in  urine  and  serum  sam-
eywords:
�-Hydroxy-�5-bile acids
�-Hydroxy-�5-C27-steriod
ehydrogenase/isomerase deficiency
igh-performance liquid

ples  from  two  patients  with  severe  cholestatic  liver  disease  were  measured  by  this  analytical  method.
Glycine-conjugated  3�-hydroxy-�5-bile  acid  3-sulfates  were  determined  to  be the  major  bile  acids  in the
urine and  serum  from  patients  with  a  3�-hydroxy-�5-C27-steriod  dehydrogenase/isomerase  deficiency
or  dysfunction.
hromatography–electrospray
onization-tandem mass spectrometry

. Introduction

In 1987 Clayton et al. discovered a disorder in bile
cid biosynthesis, named 3�-hydroxy-�5-C27-steriod dehydro-
enase/isomerase (HSD3B7) deficiency [1].  It is characterized
y markedly elevated urine levels of glycine and taurine
midates or 3-sufates of 3�-hydroxy-�5-bile acids, such as
�,7�12�-trihydroxy-5-cholenoic acid (�5-3�,7�,12�-ol,  Fig. 1)
nd 3�,7�-dihydroxy-5-cholenoic acid (�5-3�,7�-ol, Fig. 1), and
hese bile acids have been identified in more than thirty chil-
ren with liver diseases [1–9]. Deficiency of HSD3B7 is thought to
ause chronic liver injury in childhood. We  also recently identified
nd quantified these unusual bile acids in urine of a 22-year-
ld patient with liver disease [6].  Since the presence of these
�-hydroxy-�5-bile acids in biological fluids reflects this disor-
er, their measurement in biological fluids is important from a
linical point of view. There have been several reports on the

eparation and quantification of 3�-hydroxy-�5-bile acids by gas
hromatography–mass spectrometry (GC–MS) [1,3,4,6,7].  How-
ver, these procedures have some disadvantages, such as tedious
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sample clean-up and insufficient information concerning the con-
jugation mode of the bile acids. Moreover, under the alkaline or
acidic conditions usually used for deconjugation in the GC–MS
method, 3�-hydroxy-�5-bile acids are expected to be converted
into their dehydrated products or unknown degradation products.

In recent years, high-performance liquid chromatography-
electrospray ionization coupled to tandem mass spectrometry
(LC/ESI-MS/MS) has been developed for the determination of com-
mon  bile acids in human biological fluids [9–16]. The LC/ESI-MS/MS
method, which makes prior deconjugation unnecessary, appears to
be suitable for the determination of 3�-hydroxy-�5-bile acid con-
jugates in human biological fluids. The present paper deals with a
highly sensitive method for the determination of conjugated and
unconjugated 3�-hydroxy-�5-bile acids, including common bile
acids, with an LC/ESI-MS/MS method. It is also reported for the
application of this method to determine these bile acids in biolog-
ical fluids obtained from patients with liver diseases and healthy
volunteers.

2. Experimental
2.1. Reagents and chemicals

Cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic
acid (DCA), lithocholic acid (LCA) and urusodeoxycholic acid

dx.doi.org/10.1016/j.jchromb.2013.02.003
http://www.sciencedirect.com/science/journal/15700232
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R1 R2

CA ( 1) H OH

G-CA ( 2) H NHCH2COOH

T-CA ( 3) H NH(CH2)2SO3H

CA-S ( 4) SO3H OH

G-CA-S ( 5) SO3H NHCH2COOH

T-CA-S ( 6) SO3H NH(CH2)2SO3H

R1 R2

CDCA ( 7) H OH

G-CDCA ( 8) H NHCH2COOH

T-CDCA ( 9) H NH(CH2)2SO3H

CDCA -S (10 ) SO3H OH

G-CDCA -S (11 ) SO3H NHCH2COOH

T-CDCA -S (12 ) SO3H NH(CH2)2SO3H

R1 R2

UDCA (25 ) H OH

G-UDCA (26 ) H NHCH2COOH

T-UDCA (27 ) H NH(CH2)2SO3H

UDCA-S (28 ) SO3H OH

G-UDCA-S (29 ) SO3H NHCH2COOH

T-UDCA-S (30 ) SO3H NH(CH2)2SO3H

R1 R2

LCA (19 ) H OH

G-LCA (20 ) H NHCH2COOH

T-LCA (21 ) H NH(CH2)2SO3H

LCA-S (22 ) SO3H OH

G-LCA-S (23 ) SO3H NHCH2COOH

T-LCA-S (24 ) SO3H NH(CH2)2SO3H

R1 R2

DCA (13) H OH

G-DCA (14 ) H NHCH2COOH

T-DCA (15 ) H NH(CH2)2SO3H

DCA-S (16 ) SO3H OH

G-DCA -S (17 ) SO3H NHCH2COOH

T-DCA -S (18 ) SO3H NH(CH2)2SO3H

R1 R2
5-3 ,7 ,12 -ol (31 ) H OH

G- 5-3 ,7 ,12 -ol  (32 ) H NHCH2COOH

T- 5-3 ,7 ,12 -ol (33 ) H NH(CH2)2SO3H
5-3 ,7 ,12 -ol -S (34 ) SO3H OH

G- 5-3 ,7 ,12 -ol -S ( 35) SO3H NHCH2COOH

T- 5-3 ,7 ,12 -ol -S (36 ) SO3H NH(CH2)2SO3H

R1 R2
5-3 ,7 -ol  (37 ) H OH

G- 5-3 ,7 -ol  (38 ) H NHCH2COOH

T- 5-3 ,7 -ol (39 ) H NH(CH2)2SO3H
5-3 ,7 -ol -S (40 ) SO3H OH

G- 5-3 ,7 -ol-S (41 ) SO3H NHCH2COOH

T- 5-3 ,7 -ol -S (42 ) SO3H NH(CH2)2SO3H

Fig. 1. Chemical structures of the unconjugated and conjugated bile acids used in this study.
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UDCA) were purchased from Sigma Chemical Co (St. Louis,
O,  USA) and used after chromatographic purification. 3�,7�-
ihydroxy-5�-cholenoic acid (�5-3�,7�-ol) and 3�,7�,12�-

rihydroxy-5�-cholenoic acid�5-3�,7�,12�-ol) were synthesized
s previously reported [17]. Glycine- and taurine-conjugated bile
cids and bile acid 3-sulfates were all stock samples synthe-
ized in our laboratory. Chemical structures of all bile acids and
heir abbreviations are shown in Fig. 1. Stable isotope-labeled bile
cids, [2,2,3,4,4-2H5]-CA (CA-d5), [2,2,3,4,4-2H5]-CDCA (CDCA-d5),
2,2,3,4,4-2H5]-LCA (LCA-d5), and [2,2,3,4,4-2H5]-UDCA (UDCA-
5), and their glycine- and taurine-conjugates and 3-sulfates
isotopic purity > 98.5%) were all stock samples that were synthe-
ized in our laboratory. These stable isotope-labeled bile acids were
sed as internal standards (ISs) for the quantitative determination
f bile acids by LC/ESI-MS/MS. An Oasis HLB 96-well plate car-
ridge (Waters Co., Milford, MA,  USA) was washed successively with
thanol (0.5 mL)  and water (1 mL)  prior to use. All other reagents
ere of analytical grade.

.2. Collection of biological samples
Urine and serum samples used for the present study were
btained from two patients (1 year and 23 years old) with
SD3B7 deficiency. As a control, urine samples were collected

rom eight healthy volunteers (13–22 years old). Informed consent
was obtained from all subjects. The samples were stored at −25 ◦C
before analysis.

2.3. LC/ESI-MS/MS

LC/ESI-MS/MS analysis was  performed using a API 4000 Q-Trap
hybrid triple quadrupole linear ion-trap mass spectrometer (AB
SCIEX, Foster City, CA, USA) equipped with an ESI probe. High-
purity nitrogen was  produced by a nitrogen generator, 12E-SDA
(System Instruments, Tokyo, Japan). The ion source was  oper-
ated in the negative ion-mode using the following settings: ion
spray voltage, −4000 V; ion source heater temperature, 550 ◦C;
source gas 1, 55 psi; source gas 2, 85 psi; and curtain gas setting,
30 psi. Analytes were monitored by selected reaction monitoring
(SRM). Mass transitions and MS  parameters are shown in Table 1.
The chromatographic system consisted of an Agilent 1200 series
HPLC system (Agilent Technologies, Palo Alto, CA, USA). Gradi-
ent chromatographic separation of bile acids was performed on
a Kinetex XB-C18 column (50 mm  × 2.1 mm i.d., 2.6-�m particles,
Phenomenex, Torrance, CA, USA) at ambient temperature. Mobile
phase A was  15% acetonitrile (MeCN)/10 mM ammonium acetate
(adjusted to pH 7.0 with aqueous ammonia solution), and mobile

phase B was 90% MeCN/10 mM ammonium acetate (adjusted to
pH 7.0 with aqueous ammonia solution). The mobile phase was
delivered at a flow rate of 0.35 mL/min. The gradient program
was as follows: mobile phase B was  increased from 0 to 48%
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Table  1
LC/ESI-MS/MS parameters of reference bile acids.

Bile acid [M−H]−

(m/z)
SRM transition
(m/z)

C.E.
(V)

R.T.
(min)

LOD
(pmol/mL)

I.S.

Common bile acids
CA 407.3 407.3 → 407.3 5 6.9 2.0 CA-d5

G-CA 464.3 464.3 → 74.0 78 6.6 0.5 G-CA-d5

T-CA 514.3 514.3 → 80.0 124 6.8 0.5 T-CA-d5

CA-S 487.2 487.2 → 97.0 90 5.0 0.5 CA-S-d5

G-CA-S 544.3 544.3 → 464.3 30 4.7 2.0 G-CA-S-d5

T-CA-S 594.2 296.6 → 496.3 44 4.9 2.0 T-CA-S-d5

CDCA 391.3 391.3 → 391.3 5 8.9 2.0 CDCA-d5

G-CDCA 448.3 448.3 → 74.0 70 7.9 1.0 G-CDCA-d5

T-CDCA 498.3 498.3 → 80.0 122 8.1 1.0 T-CDCA-d5

CDCA-S 471.2 471.2 → 97.0 88 6.4 1.0 CDCA-S-d5

G-CDCA-S 528.3 528.3 → 448.3 54 5.7 1.0 G-CDCA-S-d5

T-CDCA-S 578.2 288.6 → 480.3 100 5.9 1.4 T-CDCA-S-d5

DCA 391.3 391.3 → 391.3 5 9.1 2.0 DCA-d5

G-DCA 448.3 448.3 → 74.0 70 8.2 0.5 G-DCA-d5

T-DCA 498.3 498.3 → 80.0 122 8.5 1.0 T-DCA-d5

DCA-S 471.2 471.2 → 97.0 88 6.5 1.0 DCA-S-d5

G-DCA-S 528.3 528.3 → 448.3 54 5.9 1.0 G-DCA-S-d5

T-DCA-S 578.2 288.6 → 480.3 100 6.1 2.0 T-DCA-S-d5

LCA 375.3 375.3 → 375.3 5 10.3 2.0 LCA-d5

G-LCA 432.3 432.3 → 74.0 62 9.5 0.5 G-LCA-d5

T-LCA 482.3 482.3 → 80.0 110 9.6 0.3 T-LCA-d5

LCA-S 455.2 455.2 → 97.0 86 8.0 0.5 LCA-S-d5

G-LCA-S 512.3 512.3 → 432.3 30 6.8 1.0 G-LCA-S-d5

T-LCA-S 562.3 280.6 → 464.3 50 7.0 4.0 T-LCA-S-d5

UDCA 391.3 391.3 → 391.3 5 6.7 2.0 UDCA-d5

G-UDCA 448.3 448.3 → 74.0 70 6.1 0.5 G-UDCA-d5

T-UDCA 498.3 498.3 → 80.0 122 6.4 0.5 T-UDCA-d5

UDCA-S 471.2 471.2 → 97.0 88 4.7 0.5 UDCA-S-d5

G-UDCA-S 528.3 528.3 → 448.3 54 4.2 0.5 G-UDCA-S-d5

T-UDCA-S 578.2 288.6 → 480.3 100 4.5 1.0 T-UDCA-S-d5

3ˇ-Hydroxy-�5- bile acids
�5-3�,7�-ol 389.3 389.3 → 389.3 5 6.6 2.0 UDCA-d5

G-�5-3�,7�-ol 446.3 446.3 → 74.0 62 5.9 0.5 G-UDCA-d5

T-�5-3�,7�-ol 496.3 496.3 → 80.0 124 6.1 0.5 G-UDCA-d5

�5-3�,7�-ol-S 469.2 469.2 → 97.0 130 5.6 1.0 G-UDCA-d5

G-�5-3�,7�-ol-S 526.2 526.2 → 446.3 42 5.0 1.0 G-UDCA-d5

T-�5-3�,7�-ol-S 576.2 287.6 → 478.3 32 5.2 0.5 G-UDCA-d5

�5-3�,7�,12�-ol 405.3 405.3 → 405.3 5 4.8 2.0 T-UDCA-S-d5

G-�5-3�,7�,12�-ol 462.3 462.3 → 74.0 70 4.7 0.5 G-UDCA-S-d5

T-�5-3�,7�,12�-ol 512.3 512.3 → 80.0 124 4.9 0.3 G-UDCA-S-d5

�5-3�,7�,12�-ol-S 485.2 485.2 → 97.0 84 4.2 1.2 G-UDCA-S-d5

G-�5-3�,7�,12�-ol-S 542.2 542.2 → 462.3 46 4.0 1.2 T-UDCA-S-d5

T-�5-3�,7�,12�-ol-S 592.2 295.6→494.3 34 4.3 1.2 T-UDCA-S-d5

C.E.: collision energy; R.T.: retention time; LOD: limit of detection (S/N = 5); I.S.: internal standard.

Table 2
Matrix effects for 3�-hydroxy-�5-bile acids and their internal standards.

Bile acid Urine samples Seume samples

Relative peak area C.V. Relative peak area C.V.
(%,  mean, n = 5) (%) (%, mean, n = 5) (%)

�5-3�,7�-ol 98.5 4.9 98.3 3.5
G-�5-3�,7�-ol 100.2 2.0 97.9 4.5
T-�5-3�,7�-ol 99.4 3.2 100.4 5.2
�5-3�,7�-ol-S 98.7 4.6 98.4 4.6
G-�5-3�,7�-ol-S 99.3 3.3 99.7 4.9
T-�5-3�,7�-ol-S 97.6 3.9 98.6 4.3
�5-3�,7�,12�-ol 98.4 4.8 99.2 3.3
G-�5-3�,7�,12�-ol 98.8 4.6 97.9 3.7
T-�5-3�,7�,12�-ol 99.6 2.9 99.2 2.9
�5-3�,7�,12�-ol-S 100.1 2.4 99.3 3.9
G-�5-3�,7�,12�-ol-S 102.6 3.8 100.5 4.1
T-�5-3�,7�,12�-ol-S 99.8 2.9 100.3 2.8
UDCA-d5 97.8 5.3 99.7 4.5
G-UDCA-d5 98.9 3.6 97.8 4.3
G-UDCA-S-d5 97.4 2.7 98.7 5.2
T-UDCA-S-d5 101.2 5.1 99.2 3.1

C.V.: coefficient value.
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Fig. 2. Typical SRM chromatograms of authentic standards of bi

ver 8 min  and then from 48% to 100% over 3 min. The column
as washed at 100% B for 1 min  and re-equilibrated at 0% B for

 min.

.4. Quantitative analysis of bile acids in human urine and serum

Sample preparation of human urine and serum for LC/ESI-
S/MS  analysis using a solid phase extraction (SPE) was  performed

y the method previously reported [18,19].  SPE was  performed
sing Oasis HLB 96-well plate cartridges, a vacuum manifold
nd a vacuum source. After addition of internal standards (each
0 pmol) to urine or serum (5–100 �L), the mixture was  diluted
ith 0.1 M phosphate buffer (pH 7.4, 0.2 mL), and the solu-

ion was loaded onto an Oasis HLB 96-well plate cartridge at a
ow rate of approximately 4 mL/min. The cartridge was sequen-

ially washed with water (0.4 mL). After the cartridge was dried
nder vacuum for 2 min, the bile acids were eluted with ethanol
0.4 mL). The eluate was evaporated to dryness under reduced
ressure. The residue was dissolved with 50 �L of mobile phase
s. Peak number and compounds are the same as those in Fig. 1.

A,  and an aliquot (5 �L) was injected into the LC/ESI-MS/MS
system.

2.5. Method validation

For preparing standard stock solutions, glycine- and taurine-
conjugated bile acids and sulfated bile acids were dissolved in
methanol at a concentration of 200 �M.  Samples were diluted to
concentrations of 10, 20, 50, 100, 200, 500, 1000, and 2000 pmol/mL
using methanol. An IS stock solution containing 400 pmol/mL of
stable isotope-labeled bile acids was  also prepared in methanol. A
50-�L aliquot of each standard solution was mixed with 50 �L of IS
solution and evaporated under nitrogen gas at room temperature.
The residue was  dissolved in 50 �L of mobile phase A, and 5 �L
of this solution was  injected into the LC/ESI-MS/MS system. Cali-
bration curves were constructed by plotting the peak-area ratio of

each bile acid to those of ISs versus the weights of the bile acid.
For the accuracy studies, blank samples (bile acid-free samples)
were prepared from urine or serum of healthy volunteers by treat-
ing with activated charcoal. In order to assess matrix effects, blank
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rine and serum samples were extracted using the assay procedure
escribed above. After extraction, these samples were spiked with
efined amounts of standard stock solution (10 pmol/mL) and IS
tock solution (400 pmol/mL). Matrix effects were assessed by com-
aring the peak area of spiked urine and serum samples (A) to those
f samples containing only standard stock solutions (B). The peak
rea ratio (A/B × 100) % was  used to evaluate the matrix effects. The
ecovery rates through the assay procedure were tested by adding
nown concentrations of bile acids (10, 100, and 1000 pmol/mL) to
lank urine and serum.

. Results and discussion

.1. LC/ESI-MS/MS analysis of 3ˇ-hydroxy-�5-bile acids and
elated compounds

It has been reported that glycine- and taurine-conjugated bile
cids and nonamidated bile acid 3-sulfates are easily fragmented

nder the condition of low-energy collision-induced dissociation
CID), and those product ions formed from the deprotonated

olecule [M−H]− were observed at m/z 74 for glycine-conjugated
ile acids, at m/z 80 for taurine-conjugate bile acids, and at m/z

able 3
elative recoveries of bile acids from urine.

Bile acid Relative recovery (%, mean ± S.D., n = 5)

Concentration added 10 pmol/mL Con

CA 105.1 ± 2.2 (2.1) 101
G-CA 100.9 ± 1.8 (1.8) 100
T-CA 99.2 ±  2.4 (2.4) 100
CA-S  95.9 ± 1.3 (1.4) 99
G-CA-S 95.5 ± 3.7(3.9) 98
T-CA-S 95.4 ± 3.8(4.0) 100
CDCA 99.6 ± 1.5(1.5) 101
G-CDCA 101.9 ± 4.6(4.5) 101
T-CDCA 100.0 ± 0.9(0.9) 99
CDCA-S 99.9 ±  3.9(3.9) 100
G-CDCA-S 100.8 ± 2.8(2.8) 97
T-CDCA-S 101.4 ± 3.4(3.4) 101
DCA  102.6 ± 3.5(3.4) 104
G-DCA 102.2 ± 3.8(3.7) 101
T-DCA 99.0 ± 1.2(1.2) 98
DCA-S 99.9 ± 3.8(3.8) 100
G-DCA-S 100.8 ± 2.9(2.9) 99
T-DCA-S 99.7 ± 6.3(6.3) 101
LCA  105.8 ± 1.6(1.5) 102
G-LCA 104.8 ± 2.0(1.9) 99
T-LCA 98.4 ± 1.1(1.1) 98
LCA-S 98.5 ± 2.0(2.0) 102
G-LCA-S 99.5 ± 4.1(4.1) 96
T-LCA-S 99.4 ± 4.2(4.2) 98
UDCA 100.1 ± 3.5(3.5) 101
G-UDCA 98.9 ± 1.7(1.7) 99
T-UDCA 97.5 ± 2.3(2.4) 101
UDCA-S 98.0 ± 4.4(4.5) 100
G-UDCA-S 96.0 ± 4.6(4.8) 98
T-UDCA-S 99.3 ± 3.0(3.0) 101

�5-3�,7�-ol 100.2 ± 4.2(4.2) 103
G-�5-3�,7�-ol 97.1 ± 1.8(1.9) 95
T-�5-3�,7�-ol 97.2 ± 4.6(4.7) 104
�5-3�,7�-ol-S 101.6 ± 3.4(3.3) 101
G-�5-3�,7�-ol-S 99.0 ± 4.7(4.7) 95
T-�5-3�,7�-ol-S 102.4 ± 3.7(3.6) 100
�5-3�,7�,12�-ol 101.3 ± 1.7(1.7) 104
G-�5-3�,7�,12�-ol 102.0 ± 2.6(2.5) 99
T-�5-3�,7�,12�-ol 100.5 ± 3.8(3.8) 99
�5-3�,7�,12�-ol-S 100.1 ± 2.7(2.6) 95
G-�5-3�,7�,12�-ol-S 97.0 ± 2.3(2.4) 99
T-�5-3�,7�,12�-ol-S 98.0 ± 3.5(3.6) 98

.D.: standard deviation; values in parentheses represent coefficient values.
3– 924 (2013) 120– 127

97 for nonamidated bile acid 3-sulfates [10–14].  It has also been
reported that glycine- and taurine-conjugated bile acid 3-sulfates
give doubly charged [M−2H]2− ions in an ammonium acetate-
MeCN mobile phase [10,12,14].  Goto et al. [12] reported that
taurine-conjugated bile acid 3-sulfates give a steroid nucleus-
containing product ion [M–H–H2SO4]−, formed from the doubly
charged ion [M–2H]2−, with a low noise level and also that glycine-
conjugated bile acid 3-sulfates give the steroid nucleus-containing
product ion [M–HSO3]−, formed from the deprotonated molecule
[M–H]−, under mild CID conditions. In contrast to conjugated bile
acids, it has been reported that unconjugated bile acids show no
prominent product ion [13,14].  First, we  investigated the fragmen-
tation of deprotonated bile acids in the negative ion mode using 50%
MeCN/10 mM ammonium acetate (adjusted to pH 7.0 by adding an
aqueous ammonia solution) as the mobile phase. The glycine- and
taurine-conjugated 3�-hydroxy-�5-bile acids (G-�5-3�,7�-ol, G-
�5-3�,7�,12�-ol and T-�5-3�,7�-ol, T-�5-3�,7�,12�-ol)  and the
nonamidated 3�-hydroxy-�5-bile acid 3-sulfates (�5-3�,7�-ol-S

and �5-3�,7�,12�-ol-S) gave product ions at m/z  74, m/z  80 and
m/z 97, respectively. T-�5-3�,7�,12�-ol-S gave a doubly charged
ion [M-2H]2− at m/z  295.6 and a product ion [M–H–H2SO4]−

at m/z 494.3. G-�5-3�,7�,12�-ol-S gave the deprotonated ion

centration added 100 pmol/mL Concentration added 1000 pmol/mL

.3 ± 1.6 (1.6) 100.1 ± 0.9 (0.9)

.7 ± 2.2 (2.2) 102.1 ± 1.1 (1.1)

.4 ± 1.2 (1.2) 100.8 ± 1.9 (1.9)

.8 ± 3.0 (3.0) 101.1 ± 1.7 (1.7)

.3 ± 1.9(1.9) 99.4 ± 2.1(2.1)

.7 ± 2.8(2.8) 100.2 ± 1.8(1.8)

.5 ± 1.2(1.2) 100.5 ± 0.8(0.8)

.3 ± 1.3(1.3) 101.1 ± 1.3(1.3)

.0 ± 2.4(2.4) 99.2 ± 0.8(0.8)

.6 ± 1.8(1.8) 99.5 ± 1.1(1.1)

.6 ± 1.6(1.6) 100.6 ± 1.3(1.3)

.6 ± 4.1(4.0) 100.0 ± 2.2(2.2)

.1 ± 1.7(1.6) 100.4 ± 1.1(1.1)

.4 ± 2.1(2.1) 101.7 ± 1.7(1.7)

.9 ± 2.3(2.3) 102.5 ± 1.3(1.3)

.6 ± 2.1(2.1) 99.5 ± 1.7(1.7)

.8 ± 2.9(2.9) 99.5 ± 2.8(2.8)

.3 ± 1.1(1.1) 101.8 ± 4.6(4.5)

.3 ± 1.2(1.2) 99.5 ± 1.0(1.0)

.7 ± 2.6(2.6) 101.1 ± 0.7(0.7)

.9 ± 1.8(1.8) 99.4 ± 1.4(1.4)

.7 ± 1.2(1.2) 99.3 ± 1.8(1.8)

.1 ± 2.6(2.7) 97.2 ± 1.5(1.5)

.6 ± 3.3(3.3) 98.1 ± 1.3(1.3)

.1 ± 1.7(1.7) 100.0 ± 0.9(0.9)

.9 ± 2.0(2.0) 101.5 ± 2.3(2.3)

.7 ± 2.6(2.6) 100.8 ± 1.2(1.2)

.9 ± 1.5(1.5) 99.5 ± 1.3(1.3)

.2 ± 0.7(0.7) 100.6 ± 1.5(1.5)

.7 ± 3.8(3.7) 100.9 ± 1.7(1.7)

.1 ± 1.2(1.2) 98.5 ± 1.2(1.2)

.4 ± 4.2(4.4) 97.5 ± 2.9(3.0)

.2 ± 4.1(3.9) 97.2 ± 4.3(4.4)

.9 ± 2.2(2.2) 106.6 ± 1.2(1.1)

.2 ± 3.4(3.5) 99.9 ± 3.3(3.3)

.8 ± 4.9(4.9) 98.1 ± 3.4(3.5)

.2 ± 4.0(4.7) 99.3 ± 1.0(1.0)

.3 ± 2.5(2.5) 100.2 ± 2.2(2.2)

.5 ± 4.9(4.9) 104.9 ± 1.2(1.1)

.3 ± 2.7(2.9) 97.8 ± 2.1(2.1)

.7 ± 4.9(4.9) 99.5 ± 1.9(1.9)

.2 ± 3.0(3.1) 102.3 ± 3.3(3.2)
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M-H]− at m/z  542.2 and a product ion [M–HSO3]− at m/z 462.3.
nconjugated 3�-hydroxy-�5-bile acids did not yield any major

ragments except deprotonated ion [M−H]−. These results are con-
istent with previously reported findings. Therefore, we  selected
hese product ions as monitoring ions for SRM analysis, and we
ptimized the collision energy to obtain the highest signal-to-noise
atio. For unconjugated bile acids, the same mass was  monitored
or both precursor and product ions (Table 1). Typical SRM chro-

atograms for authentic samples of 3�-hydroxy-�5-bile acids and
elated compounds are shown in Fig. 2, indicating the simulta-
eous separation and determination of all bile acids within 11 min.
alibration curves for all bile acids were linear over the range of
0–2000 pmol/mL, with linear correlation coefficients of more than
.999. The deviations of calibration standards were less than 10%
n = 5) for all points in the calibration range. The detection limit was
ess than 4 pmol/mL (S/N = 5) for all bile acids in blank urine. The
C/ESI-MS/MS parameters of the reference bile acids are summa-
ized in Table 1. The results of the matrix effects test are shown

n Table 2. The mean matrix effect values of 3�-hydroxy-�5-bile
cids and their ISs were 97.4–102.6% of the peak area of samples
ontaining only standard stock solutions with coefficients of varia-
ion that were less than 5.3%. The results showed that no significant

able 4
elative recoveries of bile acids from serum.

Bile acid Relative recovery (%, mean ± S.D., n = 5)

Concentration added 10 pmol/mL 

100  pmol/mL

CA 105.9 ± 2.3(2.2) 

G-CA 101.8 ± 2.5(2.5) 

T-CA  99.6 ± 3.8(3.8) 

CA-S  99.9 ± 2.6(2.6) 

G-CA-S 99.0 ± 3.8(3.8) 

T-CA-S  97.3 ± 4.9(5.0) 

CDCA 102.3 ±  2.8(2.7) 

G-CDCA 100.8 ± 1.3(1.3) 

T-CDCA 99.6 ± 3.0(3.0) 

CDCA-S 103.1 ± 3.5(3.4) 

G-CDCA-S 100.8 ± 1.9(1.9) 

T-CDCA-S 101.5 ± 3.7(3.6) 

DCA  106.2 ± 3.3(3.1) 

G-DCA 99.7 ±  1.7(1.7) 

T-DCA  105.7 ± 4.5(4.3) 

DCA-S  99.9 ± 1.7(1.7) 

G-DCA-S 101.6 ± 3.2(3.1) 

T-DCA-S 102.6 ± 4.1(4.0) 

LCA 98.4 ± 2.6(2.6) 

G-LCA  100.2 ± 3.4(3.4) 

T-LCA  99.7 ± 1.0(1.0) 

LCA-S  100.8 ± 1.8(1.8) 

G-LCA-S 98.7 ± 3.4(3.4) 

T-LCA-S 98.4 ± 2.6(2.6) 

UDCA  99.6 ± 2.5(2.5) 

G-UDCA 101.5 ± 4.8(4.7) 

T-UDCA 104.2 ± 4.5(4.3) 

UDCA-S 96.3 ± 4.6(4.5) 

G-UDCA-S 101.5 ± 1.3(1.3) 

T-UDCA-S 100.2 ± 2.8(2.8) 

�5-3�,7�-ol 98.8 ± 3.3(3.3) 

G-�5-3�,7�-ol 100.7 ± 2.0(2.0) 

T-�5-3�,7�-ol 99.5 ± 4.9(4.9) 

�5-3�,7�-ol-S 100.7 ± 1.2(1.2) 

G-�5-3�,7�-ol-S 104.3 ± 3.4(3.3) 

T-�5-3�,7�-ol-S 96.8 ± 2.7(2.8) 

��5-3�,7�,12�-ol 99.8 ± 4.3(4.3) 

G-�5-3�,7�,12�-ol 100.9 ± 4.6(4.6) 

T-��5-3�,7�,12�-ol 99.7 ± 2.9(2.9) 

�5-3�,7�,12�-ol-S 100.8 ± 2.4(2.4) 

G-�5-3�,7�,12�-ol-S 102.6 ± 1.6(1.5) 

T-�5-3�,7�,12�-ol-S 101.0 ± 1.7(1.7) 

.D.: standard deviation; values in parentheses represent coefficient values.
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ion suppression or enhancement effects were observed. In addition,
significant matrix effects for other bile acids were not observed
(data not shown).

3.2. Determination of 3ˇ-hydroxy-�5-bile acids in human urine
and serum

The LC/ESI-MS/MS method was applied to determination of 3�-
hydroxy-�5-bile acids in human urine and serum from patients
with liver disease, in which an abnormality in HSD3B7 was sug-
gested. Urine and serum samples were submitted to a clean-up
procedure using conventional reversed-phase extraction prior to
LC/ESI-MS/MS analysis. The recovery rates through the assay pro-
cedure described in the Section 2 were tested by adding known
concentrations of 3�-hydroxy-�5-bile acids and related com-
pounds to blank urine and serum. The relative recoveries of bile
acids were 95.2–106.6% of the added amounts of their standard
samples with coefficients of variation that were less than 6.3%,

as shown in Tables 3 and 4. Decomposition or dehydration of the
3�-hydroxy-�5-bile acids was  not observed in the clean-up pro-
cedure. Typical SRM chromatograms of urine samples obtained
from a healthy volunteer and from a patient with liver disease

Concentration added Concentration added
1000 pmol/mL 1000 pmol/mL

102.0 ± 1.1(1.1) 101.0 ± 1.2(1.2)
99.5 ± 2.3(2.3) 101.1 ± 2.7(2.7)

101.7 ± 3.5(3.4) 102.1 ± 0.8(0.8)
102.9 ± 2.1(2.0) 100.0 ± 2.3(2.3)
102.3 ± 3.3(3.2) 97.6 ± 1.4(1.4)
100.8 ± 2.4(2.4) 101.1 ± 2.8(2.8)
104.0 ± 1.1(1.1) 99.7 ± 1.1(1.1)
100.8 ± 2.5(2.5) 99.9 ± 1.6(1.6)
102.8 ± 1.4(1.4) 99.1 ± 1.2(1.2)
102.0 ± 1.6(1.6) 99.5 ± 1.3(1.3)
102.8 ± 0.4(0.4) 100.0 ± 0.9(0.9)
101.4 ± 2.7(2.7) 100.8 ± 2.8(2.8)
103.6 ± 2.0(1.9) 100.9 ± 2.0(2.0)
104.2 ± 1.8(1.7) 97.4 ± 1.0(1.0)
103.4 ± 2.3(2.2) 105.0 ± 1.9(1.8)
102.9 ± 1.8(1.7) 100.0 ± 1.0(1.0)
103.7 ± 1.3(1.3) 101.6 ± 3.4(3.3)

98.6 ± 2.0(2.0) 97.1 ± 2.1(2.2)
100.9 ± 0.4(0.4) 97.2 ± 1.1(1.1)
102.2 ± 1.0(1.0) 100.8 ± 1.8(1.8)

98.7 ± 2.0(2.0) 100.2 ± 3.4(3.4)
100.6 ± 3.6(3.6) 99.8 ± 2.1(2.1)

99.7 ± 1.0(1.0) 97.2 ± 1.5(1.5)
100.9 ± 0.4(0.4) 98.1 ± 1.3(1.3)

98.6 ± 3.3(3.3) 97.7 ± 3.1(3.2)
99.8 ± 2.1(2.1) 101.5 ± 1.8(1.8)

101.8 ± 1.3(1.3) 98.1 ± 2.7(2.8)
102.4 ± 1.9(1.9) 100.2 ± 2.2(2.2)
103.9 ± 1.8(1.7) 99.1 ± 1.2(1.2)

102.6 ± 2.7(2.6) 96.1 ± 4.5(4.7)
101.4 ± 1.0(1.0) 98.6 ± 1.2(1.2)
100.9 ± 3.1(3.0) 99.2 ± 3.0(3.1)

99.5 ± 4.9(4.9) 98.4 ± 4.3(4.4)
101.9 ± 1.0(1.0) 100.4 ± 2.4(2.4)
101.9 ± 0.9(0.9) 100.0 ± 2.5(2.5)

99.7 ± 1.3(1.3) 99.6 ± 2.1(2.1)
104.1 ± 1.3(1.3) 98.5 ± 1.1(1.1)

99.8 ± 1.8(1.8) 100.3 ± 3.3(3.3)
102.7 ± 3.2(3.2) 101.9 ± 2.8(2.8)
101.6 ± 1.8(1.8) 101.7 ± 1.2(1.2)
101.9 ± 0.9(0.9) 102.0 ± 3.6(3.5)
103.9 ± 1.8(1.8) 101.2 ± 4.7(4.6)



126 T. Murai et al. / J. Chromatogr. B 923– 924 (2013) 120– 127

Table  5
Concentration of bile acids in urine and serum from patients with liver disease and from healthy controls.

Bile acid Urine (nmol/mL) Serum (nmol/mL)

Patient 1 Patient 2 Healthy control (mean ± S.D., n = 8) Patient 1 Patient 2

Common bile acids
CA 0.36 0.37 0.41 ± 0.50 0.04 0.05
G-CA  1.70 1.48 0.44 ± 0.80 0.53 0.21
T-CA 0.89 0.84 0.03 ± 0.03 0.16 0.09
CA-S 0.24 0.24 0.01 ± 0.02 0.02 0.03
G-CA-S 3.02 1.03 0.20 ± 0.35 0.19 0.05
T-CA-S 0.69 0.30 0.01 ± 0.04 0.06 0.03
CDCA  n.d. n.d. 0.03 ± 0.07 n.d. n.d.
G-CDCA 9.40 3.17 0.12 ± 0.13 0.35 0.52
T-CDCA 1.45 1.13 n.d. n.d. n.d.
CDCA-S n.d. n.d. 0.07 ± 0.10 n.d. n.d.
G-CDCA-S 5.80 7.20 2.31 ± 3.66 0.66 0.49
T-CDCA-S 2.53 1.55 0.22 ± 0.37 0.52 0.18
DCA  n.d. n.d. 0.15 ± 0.23 n.d. n.d.
G-DCA n.d. n.d. 0.04 ± 0.02 n.d. n.d.
T-DCA n.d. n.d. n.d. n.d. n.d.
DCA-S n.d. n.d. n.d. n.d. n.d.
G-DCA-S n.d. n.d. 1.80 ± 1.71 n.d. n.d.
T-DCA-S n.d. n.d. 0.15 ± 0.06 n.d. n.d.
LCA  n.d. n.d. 0.01 ± 0.02 n.d. n.d.
G-LCA n.d. n.d. n.d. n.d. n.d.
T-LCA n.d. n.d. n.d. n.d. n.d.
LCA-S n.d. n.d. 0.02 ± 0.06 n.d. n.d.
G-LCA-S n.d. n.d. 0.87 ± 0.56 n.d. n.d.
T-LCA-S n.d. n.d. 0.52 ± 0.32 n.d. n.d.
UDCA n.d. n.d. 0.04 ± 0.07 n.d. n.d.
G-UDCA n.d. n.d. 0.12 ± 0.13 n.d. n.d.
T-UDCA n.d. n.d. n.d. n.d. n.d.
UDCA-S n.d. n.d. 0.09 ± 0.13 n.d. n.d.
G-UDCA-S 1.13 2.03 0.56 ± 0.74 n.d. n.d.
T-UDCA-S n.d. n.d. 0.02 ± 0.03 n.d. n.d.
3ˇ-Hydroxy-�5-bile acids
�5-3�,7�-ol n.d. 1.18 n.d. 6.40 16.9
G-�5-3�,7�-ol 12.4 97.5 0.09 ± 0.06 0.71 2.89
T-�5-3�,7�-ol n.d. 1.56 n.d. n.d. 0.13
�5-3�,7�-ol-S 261 545 0.01 ± 0.02 38.7 28.7
G-�5-3�,7�-ol-S 1165 1360 0.14 ± 0.11 118 60.5
T-�5-3�,7�-ol-S 121 56.5 n.d. 18.0 5.70
�5-3�,7�,12�-ol 23.0 107 n.d. 0.99 2.85
G-�5-3�,7�,12�-ol 142 1095 0.06 ± 0.03 1.50 5.15
T-�5-3�,7�,12�-ol 10.2 39.7 n.d. 0.28 0.78
�5-3�,7�,12�-ol-S 291 368 0.01 ± 0.01 18.2 14.2
G-�5-3�,7�,12�-ol-S 2040 1400 0.03 ± 0.03 74.5 24.7
T-�5-3�,7�,12�-ol-S 150 43.9 0.01 ± 0.01 6.70 1.52
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profile of these bile acids in biological fluids may  provide useful
Total 4242 5134

.D.: standard deviation; n.d., not detectable.

re shown in Fig. 3. 3�-Hydroxy-�5-bile acids were identified
n the urine of patients and were hardly detected in normal
rine. The assay results obtained from healthy volunteers and
atients with liver disease are summarized in Table 5. The lev-
ls of 3�-hydroxy-�5-bile acids in urine of liver disease patients
ere markedly increased compared with those in urine of nor-
al  subjects. The proportion of 3�-hydroxy-�5-bile acids and

heir conjugates in urine of liver disease patients was greater
han that in urine of normal volunteers (ca. 99% of total bile
cids). Although common bile acids, such as CA, CDCA and UDCA,
ere also detected in urine of liver disease patients, the pro-
ortion of these common bile acids was less than 1.0% of total
ile acids. G-�5-3�,7�,12�-ol-S and G-�5-3�,7�-ol-S were pre-
ominant components in liver disease patients, accounting for
ore than 50% of the total amount of bile acids. Clayton et al.

2,9] investigated the bile acid profiles in urine of patients with
SD3B7 deficiency using FAB-MS, ESI-MS, and GC-MS methods
nd reported that sulfated 3�-hydroxy-�5-bile acids and their

lycine conjugates are the major bile acids excreted in urine of
he patients. Our results are in good accordance with previous
eports.
9 ± 8.40 288 166

Subsequently, the profiles of serum bile acids from patients
with liver disease were also determined using the LC/ESI-MS/MS
method. Although the total amounts of 3�-hydroxy-�5-bile acids
in serum of liver disease patients were much lower than those
in urine of the patients, the proportion of total 3�-hydroxy-
�5-bile acids and their conjugates was more than 98% of the
total bile acids (Table 5). G-�5-3�,7�,12�-ol-S and G-�5-3�,7�-
ol-S were the predominant bile acids in serum of liver disease
patients as well as in urine of the patients. These results
suggest that 3�-hydroxy-�5-bile acids are mainly converted
into sulfated glycine conjugates and excreted predominantly in
urine.

In conclusion, this LC/ESI-MS/MS method is suitable for simul-
taneous determination of 3�-hydroxy-�5-bile acids in routine
clinical analysis. It is suggested that these 3�-hydroxy-�5-bile
acids are the major components in urine and/or serum of patients
with liver disease by the malfunction of HSD3B7. Analysis of the
information on the function of HSD3B7. Further studies on the clin-
ical application of this LC/ESI-MS/MS method are now in progress
and the details will be reported in the near future.
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Fig. 3. Typical SRM chromatograms of bile acids in urine from a patient with
cholestasis (A) and from a healthy control (B). Peak number and compounds are
the same as those in Fig. 1.
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