
Genes & Diseases (2018) 5, 358e366
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http: / /ees.elsevier .com/gendis/default .asp
FULL LENGTH ARTICLE
Targeted metabolomics of sulfated bile acids
in urine for the diagnosis and grading of
intrahepatic cholestasis of pregnancy

Yuchao Li a, Xiaoqing Zhang a, Jianbo Chen b, Chengya Feng a,
Yifan He a, Yong Shao c, Min Ding a,*
a Key Laboratory of Clinical Laboratory Diagnostics, Ministry of Education, School of Laboratory
Medicine, Chongqing Medical University, Chongqing, 400016, PR China
b Guangzhou Kingmed Center for Clinical Laboratory, Guangzhou, 510005, PR China
c Department of Obstetrics and Gynecology, The First Affiliated Hospital of Chongqing Medical
University, Chongqing, 400016, PR China
Received 6 December 2017; accepted 17 January 2018
Available online 31 January 2018
KEYWORDS
Biomarker;
HPLC-MS/MS;
Intrahepatic
cholestasis of
pregnancy;
Sulfated bile acids;
Targeted
metabolomics;
Urine
* Corresponding author. Fax: þ86 23
E-mail address: dingmin@cqmu.ed
Peer review under responsibility o

https://doi.org/10.1016/j.gendis.201
2352-3042/Copyright ª 2018, Chongqi
CC BY-NC-ND license (http://creative
Abstract Intrahepatic cholestasis of pregnancy (ICP) is related to cholestatic disorder in
pregnancy. Total urinary sulfated bile acids (SBAs) were found increased in ICP. We distin-
guished the metabolic profiling of urinary SBAs in ICP to find potential biomarkers for the diag-
nosis and grading of ICP. The targeted metabolomics based on high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) was used to analyze urinary SBAs
profiling in mild and severe ICP cases, as well as healthy controls. 16 kinds of urinary SBAs were
determined by HPLC-MS/MS. Sulfated dihydroxy glycine bile acid (di-GBA-S), glycine cholic
acid 3-sulfate (GCA-3S), sulfated dihydroxy taurine bile acid (di-TBA-S) and taurine cholic acid
3-sulfate (TCA-3S) increased significantly in ICP group compared with the control group. Seven
kinds of SBAs were significantly different (p < 0.05) between the ICP group and the control
group, with the variable importance in the projection (VIP) value more than one by the orthog-
onal partial least squares discriminant analysis (OPLS-DA). GCA-3S was well-suited to be used
as the biomarker for the diagnosis of ICP with the sensitivity of 100% and specificity of 95.5%. A
multi-variable logistic regression containing GCA-3S and di-GBA-S-1 was constructed to distin-
guish severe ICP from mild ICP, with the sensitivity of 94.4% and specificity of 100%. The devel-
oped HPLC-MS/MS method is suitable for the measurement of urinary SBAs profiling. Moreover,
the urinary SBAs in the metabolomic profiling have the potential to be used as non-intrusive
biomarkers for the diagnosis and grading of ICP.
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Introduction

Intrahepatic cholestasis of pregnancy (ICP) is a pregnancy-
associated liver disease with onset mainly in the second or
third trimester of pregnancy. ICP is characterized by pru-
ritus, cholestasis with raised maternal serum bile acids
(BAs) and transaminases.1,2 The incidence of ICP is reported
to be from 0.2% to 2%. Whereas, it varies widely with the
ethnicity and geographic location.3 ICP is associated with
an increased risk of adverse pregnancy outcomes, including
spontaneous preterm delivery, fetal distress, meconium
staining of the amniotic fluid, fetal bradycardia, pneu-
monia, and unexplained intrauterine fetal demise
(IUFD),4e6 which particularly occur in those severe ICP
cases with serum total bile acid (TBA) level exceeding
40 mmol/L.7

Currently, serum TBA is the main laboratory index for
the diagnosis and grading of ICP in clinics. However, the
range of serum TBAs levels in ICP overlaps with that in
healthy pregnant women.8 Thus, it is difficult to make a
reliable diagnosis of ICP by serum TBA. Sulfation is an
important detoxification pathway of BAs and may play an
important role in maintaining BAs homeostasis under
pathologic conditions.9 Sulfated bile acids (SBAs) have good
water solubility and can be easily excreted in urine under
cholestatic conditions, which could decrease the liver
damnification. Urinary SBA was considered to be a useful
indicator of hepatic fibrosis superior to TBA in patients with
chronic hepatitis C.10 Urinary SBA was also beneficial to the
early detection of fibrosis in primary biliary cirrhosis (PBC)
and biliary atresia in infants.11,12 In addition, total urinary
SBA was suggested to be more selective and specific in the
diagnosis of ICP than serum TBA.13

In our previously research, serum BAs profiling could be
used to the diagnosis and clinical grading of ICP.14,15

Masubuchi et al16 found serum BAs profiling and serum
SBA levels were likely to be used as important biomarkers
for the discriminating diagnosis of liver injury types in adult
male SD rats. The urinary BAs profiling were characterized
by different kinds of individual BAs, which were probably
used as diagnostic biomarkers in hepatobiliary diseases.17

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method was widely used for the quantification of
SBAs.17e23 Nevertheless, urinary SBAs profiling of ICP has
not been investigated.

We devote ourselves to identify most of the urinary SBAs
in this study, some even without commercialized stan-
dards. A novel and sensitive high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS)
method was developed and validated to investigate the
metabonomic profiling of urinary SBAs in ICP in comparison
with healthy pregnant women. Enhanced product ion (EPI)
scan and multiple reaction monitoring (MRM) were used to
identify urinary SBAs without standards. Ultimately, urinary
SBAs profiling was applied for the diagnosis and grading of
ICP.

Experimental

Chemicals and reagents

SBA standards of lithocholic acid 3-sulfate (LCA-3S), gly-
colithocholic acid 3-sulfate (GLCA-3S) and taurolithocholic
acid 3-sulfate (TLCA-3S) were purchased from
SigmaeAldrich (St. Louis, MO, USA). The authentic com-
pounds of five kinds of unconjugated BAs, including cholic
acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), ursodeoxycholic acid (UDCA), and hyodeoxycholic
acid (HDCA), and four kinds of glycine conjugated BAs
including GCA, GCDCA, GDCA and GUDCA, and four kinds of
taurine conjugated BAs including TCA, TCDCA, TDCA, and
TUDCA were all obtained from SigmaeAldrich (St. Louis,
MO, USA). 5b-cholanicacid-3a, 6b, 7a-triol, as internal
standard (IS), was purchased from Steraloids Chemical
(Newport, Rhode Island, USA). Water was prepared by a
MilliQ� System (Millipore, Milford, MA, USA). HPLC-grade
methanol (MeOH) and acetonitrile (ACN) were obtained
from Merck KGaA (Merck KGaA, Darmstadt, Germany).

Biological sample collection and pretreatment

Pregnant women diagnosed as ICP and healthy volunteers
were recruited from May 1, 2013 to March 1, 2014 in the
First Affiliated Hospital of Chongqing Medical University.
Informed consent was obtained from each participant. 29
women with ICP and 22 healthy pregnant women as controls
in all cases were enrolled at the same gestation period. 11
cases were clinically diagnosed as mild ICP and 18 cases
were diagnosed as severe ICP in the 29 ICP patients. The
diagnosis of ICP is based on the presence of pruritus,
elevated serum TBAs level, and/or elevated serum trans-
aminases as well as spontaneous relief of signs and symp-
toms within four to six weeks after delivery. The enrollment
criteria of ICP and exclusion criteria of healthy pregnant
women, and the criteria for the diagnosis and grading of ICP
were described in our previous study.15

Urine samples from the patients with ICP were collected
at the first visit for the definite diagnosis without any drug
treatment. And urine samples from normal pregnant women
were also collected as controls. The samples were stored at
�80 �C before analysis. The sample preparation method was
according to the published literature.18,24 200 mL of urine
samples was diluted with 800 mL of 50 mmol/L PBS (pH 7.0,
containing 0.19 mg/mL IS). And the mixed solution was
loaded onto an Oasis HLB SPE cartridge (30 mg/mL, Waters,
Milford, MA, USA) which had been preconditioned with 1 mL
of MeOH and 2 mL of water successively. And then the
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Table 1 MRM transitions and MS parameters of identified
SBAs and IS.

Analyte MRM transition
(m/z)

DP(V) EP(V) CEP(V) CE(V) CXP(V)

LCA-3S 455.2 / 97.0 �80 �10 �35 �90 �10
GLCA-3S 432.2 / 97.0 �65 �10 �20 �100 �10
TLCA-3S 562.2 / 482.2 �45 �8 �20 �140 �9
CA-3S 487.2 / 97.0 �50 �10 �30 �80 �8
GCA-3S 544.2 / 464.2 �60 �9 �25 �85 �10
TCA-3S 594.1 / 514.1 �40 �10 �30 �100 �10
di-BA-S 471.1 / 97.0 �50 �9 �35 �80 �9
di-GBA-S 528.0 / 448.1 �55 �10 �20 �90 �9
di-TBA-S 578.0 / 498.4 �90 �8 �30 �110 �10
IS 401 / 248.9 �80 �9 �34 �40 �10
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loaded cartridge was washed with 1 mL of water and eluted
with 1.5 mL of 50% MeOH. The eluate was evaporated under
a nitrogen stream below 40 �C and reconstituted in 1.0 mL of
0.1% formic acid-MeOH (9:1, v/v) solution. 10 mL of the
aliquot was injected into the LC-MS/MS system.

LC-MS/MS analysis

LC-MS/MS analysis was performed with an API 4000 Q-Trap
hybrid triple quadrupole linear ion-trap (QqQLIT) mass
spectrometer (Applied Biosystems/MDS SCIEX; Concord,
ON, Canada) connected to a Shimadzu LC system (Shi-
madzu, Tokyo, Japan). This system was consisted of an LC-
20ADxp pump, an SIL-20AC autosampler, a CTO-20AC con-
trol instrument. The mass spectrometer was equipped with
an electrospray ionization (ESI) source, controlled by Ana-
lyst 1.5 software (Applied Biosystems, Foster City, CA,
USA). A Luna C18 column (150 mm � 2.00 mm, 3 mm,
Phenomenex, Torrance, CA, USA) was used for the chro-
matographic separation.

The mobile phase was composed of (A) 2 mmol/L ammo-
nium acetate and 0.1% formic acid in water and (B) 2 mmol/L
ammonium acetate and 0.1% formic acid in ACN. The mobile
phase was delivered at a flow rate of 0.2 mL/min. The
gradient elution program was set as follows. The mobile
phase B was increased linearly from 30% to 100% over 8 min,
and then held at 100% for 4 min, and ultimately brought back
to 30% in 1 min followed by an equilibrium of 5 min.

Urine SBAs were monitored by MRM in the negative ion
mode. Ion source-dependent parameters were set as fol-
lows. The ion spray voltage was set at �4500 V. The ion
source temperature was set at 500 �C. The curtain gas was
set at 25 (arbitrary units). The ion source gas1 (GS1) was set
at 50 (arbitrary units) and the ion source gas2 (GS2) was
also set at 50 (arbitrary units). The optimum MRM transi-
tions of three kinds of authentic SBAs (LCA-3S, GLCA-3S,
TLCA-3S), 13 kinds of the identified SBAs and IS, as well as
the scheduled MRM operation parameters for each analyte
were shown in Table 1.

Due to the complexity of BAs profiling in urine, the un-
known compounds with the same m/z may have different
structure. So, there may be multiple peaks from HPLC ac-
cording to a certain m/z. Since most of authentic SBAs were
not available, we need identify each peak caught by MRM
using EPI. Compared with non-enhanced basic product ion
scan, the EPI scan delivers high sensitivity, high mass accu-
racy, and fast scanning. Furthermore, the chromatographic
behaviors and MS fragmentation informations were investi-
gated to identify the SBAs without standards. The detailed
procedure was described in the results and discussion.

Data collection and multivariate statistical analysis

The statistical analysis was performed using the Statisti-
cal Product and Service Solution (SPSS) software, version
18 (IBM corporation, Armonk, New York). Results are
expressed as median (25th and 75th percentiles). The
ShapiroeWilk test was performed to determine the
normality of the data distribution. The SBAs profiling of the
different groups were compared with the KruskaleWallis H
test. If the p value was less than 0.05, the Wilcoxon test for
nonparametric, independent, two-group comparison was
subsequently performed and the significance level was
adjusted to 0.017 using the Bonferroni method to avoid
type I errors. Multivariate statistical analysis was per-
formed using SIMCA-P software version 14.1 (Umetrics AB,
Umea, Sweden). Principle component analysis (PCA) and
orthogonal partial least squares-discriminant analysis
(OPLS-DA) were performed using the data from MS/MS.
Receiver operating characteristic (ROC) analysis was per-
formed using Medcalc 15.5 to assess the diagnostic perfor-
mance of the analytes. Potential biomarkers were analyzed
and identified comprehensively by the ROC curves and
variable importance in the projection (VIP) values.
Results and discussion

Identification of urinary SBAs

Before the analysis of the profiling of urinary SBAs, we need
identify them firstly. The identification of three authentic
SBAs (LCA-3S, GLCA-3S, TLCA-3S) in urine was operated in
terms of their retention time (tR) in LC and m/z in MS/MS.

Since commercial standards were not available for some
SBAs, we tried some other strategies to identify them. 13
kinds of common BAs were used to study fragmentation
patterns of BAs. Mass transitions and their optimum MS
parameters were listed in the Supporting Information,
Table S1. The use of specific precursor/product ion transi-
tions facilitates increased the specificity and sensitivity of
the quantitative analysis. Selected precursor ion scans
(parents of 97 for sulfated conjugates) and neutral loss
scans (loss of 80 for sulfated conjugates) were used to find
possible SBAs in urine. And the characteristic ion pairs were
determined by MRM transitions. And then, the EPI scans
were used for the identification of SBAs without standards.

We took GCA-3S as an example to illustrate the iden-
tification process of SBAs without standards. Glycine-
conjugated SBAs generated characteristic product ions at
m/z of 74 (a fragment ion of the glycine moiety) and m/z of
96.8 (a fragment of sulfate moiety). The neutral losses of
the sulfate moiety ([M-H-SO3]

�) also can be seen in the CID
spectrums of glycine-conjugated SBAs. So we used transi-
tion 544.2/464.2 as the MRM monitoring ions for GCA-3S.
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Fig. 1(a) shows the extracted ion chromatogram of MRM
transition at m/z of 544.2 / 464.2 ([M-H-80]�). Due to the
superior selectivity and sensitivity, MRM transitions were
used as survey scans, and it triggered the acquisition of EPI
spectra if the signal intensity of the survey scan exceeded a
predefined threshold value. The analyte with a retention
time of 11.95 min displayed a [M-H]� ion at m/z of 544.2.
Representative EPI spectrum of precursor ion (m/z of
544.2) was shown in Fig. 1(b). The product ions at m/z of
96.7 and m/z of 73.6 were the characteristic fragments of
sulfate moiety and glycine moiety, respectively. The pres-
ence of a product ion at m/z of 402.1 was probably
generated by the losses of sulfate and CO2þH2O ([M-H-80-
62]�). Another fragment ion at m/z of 464.2 was resulted
from the [M-H]� ion with the loss of a sulfate unit. The
structure of precursor ion (m/z of 544.2) was proposed
based on both the signal from MRM transition and the EPI
spectrum. The EPI spectrum shown in Fig. 1(b) matched
well to the theoretical EPI spectrum of the parent com-
pound. Hence, the analyte with a retention time of
11.95 min was identified to be GCA-3S.
Figure 1 The MRM chromatogram and EPI spectrum of an
identified BA obtained from a urinary sample. (a) Extracted ion
chromatogram of MRM transition at m/z of 544.2 / 464.2 and
(b) EPI spectrum of precursor ion at m/z of 544.2 with the
retention time of 11.95 min.
Other SBAs without standards were all identified based
on both of the signal from MRM transitions and the EPI
spectra. However, CDCA-3S, DCA-3S and UDCA-3S isomers
showed MS/MS spectra of product ion at of m/z 97 corre-
sponding to sulfate moiety. Therefore, it would be impos-
sible to distinguish the isomers by EPI spectra. It occurred in
both glycine and taurine conjugated isomers. The separation
by LC could discriminate the isomeric forms. The isomeric
forms could not be qualified by the retention time due to
the commercially unavailable standards of some SBAs. Three
unknown peaks from LC were defined as sulfated dihydroxy
BA-1 (di-BA-S-1), di-BA-S-2 and di-BA-S-3 by MS/MS spectra.
The peaks of glycine and taurine conjugated isomers were
named similarly. Nevertheless, four peaks with similar
product fragments to sulfated dihydroxy glycine bile acid
(di-GBA-S) were observed and indicated to be a new com-
pound in urine. The MRM transitions and MS parameters of
SBAs were listed in Table 1. It was also possible to identify
the co-eluting components with SBAs specifically using the
MRM mode to monitor different transitions.

Optimization of LC parameters

The separation of isomers is a crucial parameter for LC in
method development. Different kinds of mobile phase
were tested, according to the previously used method for
the separation of SBAs.18,25 0.1% (v/v) of formic acid was
added as the modifier, to make the peak shape improved.
Different gradient elution conditions were also investi-
gated for the improved separation of SBAs in urine. Using
the optimum chromatographic conditions, the separation
of 16 kinds of SBAs with desirable peak shape in urine was
achieved in 18 min including the re-equilibrium time. The
chromatograms were shown in Fig. 2. Three groups of
structure isomers, di-BA-S-1w3, di-GBA-S-1w4, and
sulfated dihydroxy taurine bile acid (di-TBA-S-1w3), were
separated in each group. Some SBAs could not be sepa-
rated completely. Nevertheless, they could be differenti-
ated with different MRM modes. Two isomeric SBAs, di-
TBA-S-2 and di-TBA-S-3, could not be totally separated.
Fortunately, the reproducibility of these two SBAs was
satisfactory.

Optimization of sample preparation procedure

The sample preparation of SBAs in human urine for LC/ESI-
MS/MS analysis using solid phase extraction (SPE) was
described as follows. Unsulfated BAs were eluted in MeOH
as reported in previous work.24 SBAs have a lipophilic ste-
roid nucleus and hydrophilic groups, such as hydroxyl and
sulfate groups. Therefore, these sulfates were eluted in
methanol-water solution because of their good hydrophi-
licity. The proportion of MeOH in the eluent was investi-
gated by varying from 0 to 100% (v/v). When the proportion
of MeOH was 50%, SBAs could be eluted with high efficiency.

Method validation

SBAs in the mixed urine samples from 20 healthy pregnant
women were determined to estimate the accuracy and
precision of the method. Measurements were repeated five



Figure 2 Chromatograms of 16 kinds of SBAs in urine. 1. di-GBA-S-1, 2. di-GBA-S-2, 3. CA-3S, 4. GCA-3S, 5. di-TBA-S-1, 6. di-BA-S-
1, 7. di-BA-S-2, 8. di-GBA-S-3, 9. di-GBA-S-4, 10. TCA-3S, 11. di-BA-S-3, 12. GLCA-3S, 13. di-TBA-S-2, 14. di-TBA-S-3, 15. LCA-3S, 16.
TLCA-3S.
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times on the same day, and also on five consecutive days to
investigate the intra-day and inter-day precisions, respec-
tively. Results were shown as the ratio of the peak area of
individual SBA to IS, expressed by A (SBA)/A (IS). To reduce
the effect of urine volume on the concentration, the
measured urinary SBAs levels were adjusted by the urinary
creatinine concentration. The intra-day and inter-day
Table 2 Profiling of urinary SBAs in women with normal pregnan

SBAs Normal pregnancy I

M

3S-LCA 0.001 (0.000,0.001) 0
di-BA-S-1 0.028 (0.011, 0.060) 0
di-BA-S-2 0.009 (0.003, 0.032) 0
di-BA-S-3 0.045 (0.018, 0.135) 0
CA-3S 0.090 (0.002, 0.864) 1
GLCA-3S 0.201 (0.084 0.442) 0
di-GBA-S-1 0.371 (0.117, 1.609) 1
di-GBA-S-2 0.097 (0.046, 0.154) 0
di-GBA-S-3 0.552 (0.263, 1.124) 5
di-GBA-S-4 1.028 (0.428, 2.698) 4
GCA-3S 0.077 (0.047, 0.215) 1
TLCA-3S 0.111 (0.034, 0.211) 0
di-TBA-S-1 0.124 (0.036, 0.286) 0
di-TBA-S-2 0.208 (0.081, 0.407) 3
di-TBA-S-3 0.499 (0.281, 1.252) 3
TCA-3S 0.070 (0.016, 0.137) 1
Total unconjugated SBA 0.287 (0.095, 0.960) 2
Total GBA-S 3.101 (1.242, 5.184) 1
Total TBA-S 1.165 (0.689, 2.072) 9
Total SBAs 4.938 (3.271, 7.992) 2

Results are expressed as median ((25th and 75th percentiles)). Wilcox
groups.

a Means significantly different from the group of normal pregnancy
b Means significantly different from the group of normal pregnancy
c Means significantly different from the group of mild ICP.
precisions for 16 kinds of SBAs in urine were both less than
5% (Supporting Information, Table S2). The results indicated
that the precisions of the method were satisfactory. The
recoveries for the three authentic SBAs ranged from 93% to
97%, showing the recoveries were acceptable (Supporting
Information, Table S3). The assay was linear over the
tested concentration range of 9.0e1080.0, 9.3 to 1123.3
cy, mild ICP, and severe ICP (in peak area ratios of SBA and IS).

CP

ild ICP Severe ICP

.001 (0.000,0.002) 0.002 (0.001,0.006)

.098 (0.038, 0.143)a 0.130 (0.037, 0.474)b

.023 (0.018, 0.056) 0.181 (0.021, 5.374)b

.180 (0.101, 0.244) 0.216 (0.092, 0.385)b

.849 (1.725, 2.044)a 1.870 (1.198, 3.514)b

.403 (0.213, 1.094) 1.827 (0.243, 3.846)b

.204 (0.515, 2.219) 10.524 (0.892, 44.205)b

.667 (0.239, 1.002)a 0.766 (0.247, 1.746)b

.903 (2.755, 6.587)a 11.932 (5.989, 16.967)b,c

.540 (2.184, 7.604)a 9.513 (4.945, 18.579)b,c

.457 (1.115, 3.326)a 7.604 (3.679, 10.432)b,c

.348 (0.139, 0.498)a 1.905 (0.292, 3.775)b

.978 (0.299, 1.597)a 1.861 (0.876, 23.245)b

.616 (1.483, 4.424) 12.563 (4.344, 22.159)b,c

.142 (0.968, 5.543) 7.881 (5.628, 13.853)b,c

.350 (0.609, 2.446)a 8.980 (2.492, 17.224)b,c

.137 (1.884, 2.341)a 3.606 (2.274, 7.949)b,c

6.950 (11.396, 20.956)a 55.520 (36.387, 80.127)b,c

.945 (6.983, 20.455)a 50.240 (27.473, 74.890)b,c

9.407 (22.429, 38.275)a 100.866 (80.760,178.595)b,c

on test was used to assess the significance of difference between

.

.
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and 9.7e998.0 ng/mL for LCA-3S, GLCA-3S and TLCA-3S in
urine, respectively. And the linear correlation coefficients
for the three kinds of SBAs were all more than 0.999
(Supporting Information, Table S4). And the limit of
detection for the individual SBAs was 5 mg/mL.

Characteristics of patients

The clinical informations on all of the participants were
given in Supporting Information, Table S5. It showed no
difference (p > 0.05) in maternal age and gestational age
among the normal pregnancy, mild ICP and severe ICP
groups. Glycocholic acid (CG), TBA, alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) elevated
significantly in the sera derived from both mild and severe
Figure 3 Score plots of PCA and OPLS-DA based on SBAs profiling
the controls, mild ICP and severe ICP patients. (b) OPLS-DA score
mild ICP patients and severe ICP patients.
ICP patients as compared with the healthy pregnant women.
However, no significant difference was found in alkaline
phosphatase (ALP) in the three groups. Direct bilirubin
(DBIL) and total bilirubin (TBIL) increased significantly in
severe ICP group compared with the control group.

Profiling of SBAs in human urine

Since the standards for most SBAs were unavailable
commercially, relative quantitation was performed by
determining the relative ratio of the peak area of the
analytes and IS. The profiling of urinary SBAs in healthy
pregnant women, mild ICP, and severe ICP groups were
shown in Table 2. The level of total urinary SBAs was 6.0-
fold (p < 0.017) higher in mild ICP group and 20.4-fold (p
in urine of ICP patients and the controls. (a) PCA score plots for
plots for ICP patients and controls. (c) OPLS-DA score plots for
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< 0.017) higher in severe ICP group than that in the healthy
pregnant group. And the level of total GBA-S was 5.5-fold
higher in mild ICP group and 17.9-fold higher in sever ICP
group. Meanwhile, the level of total TBA-S was 8.5-fold
higher in mild ICP group and 43.1-fold higher in severe
ICP group, shown in Table 2. Furthermore, the peak area
ratio of TBA-S to GBA-S, expressed as A (TBA-S)/A (GBA-S),
was 0.38, 0.59 and 0.90 in healthy pregnancy, mild ICP and
severe ICP group, respectively.

TBA-S and GBA-S were the main components of SBAs,
accounting for more than 90% in urine. The conjugation of
BAs with glycine and taurine decreases their pKa, which
increases their ionization and solubility and enhances their
urinary elimination so that the toxicity decreases
greatly.22,26 The amidation with glycine is predominant
over that with taurine in the serum of healthy volunteers in
previous reports.21,27,28 In the present study, we found that
GBA-S were the major SBAs in urine, which was consistent
with Goto’s report.18 Glycine was more abundant than
taurine in peroxisomes, which may attribute to the pre-
dominance of glycine amidation in humans.29 Nevertheless,
the increase in the proportion of TBA-S was more correlated
to the severity of the disease than that of GBA-S. Taurine-
amidated BAs are generally less cytotoxic than the glycine-
amidated BAs. Sulfated unconjugated BAs were kept in low
concentrations. And LCA-3S was the least abundant in the
measured urinary SBAs. No obvious differences of LCA-3S
were observed among the three groups, confirming the
low level of LCA in serum in the previous reports.30

Furthermore, PCA was used as an unsupervised statisti-
cal method to study the metabolic differences among
healthy pregnancy group, mild ICP group and severe ICP
group. An obvious clustering effect was observed between
the healthy pregnancy group and the severe ICP group,
displayed in Fig. 3(a). OPLS-DA analysis (R2Xcum Z 0.578,
R2Ycum Z 0.564, Q2Ycum Z 0.407) was performed to
discriminate the ICP patients from the healthy controls
using the profiling of 16 kinds of SBAs, shown in Fig. 3(b).
The correct rate of 88.24% was observed in the OPLS-DA
Table 3 Potential biomarkers discovered by VIP value and ROC

Biomarkers VIP AUC p Sensitivity (%)

Normal-ICP
di-GBA-S-3 1.38 0.975 <0.0001 96.6
GCA-3S 1.37 0.997 <0.0001 100
di-TBA-S-3 1.30 0.929 <0.0001 86.2
di-TBA-S-2 1.25 0.983 <0.0001 96.6
TCA-3S 1.24 0.995 <0.0001 100
CA-3S 1.16 0.873 <0.0001 79.3
TLCA-3S 1.05 0.828 <0.0001 69.0
Mild-severe ICP
di-GBA-S-3 1.40 0.773 0.0031 72.2
GCA-3S 1.36 0.874 <0.0001 77.8
di-TBA-S-2 1.30 0.768 0.0041 77.8
di-TBA-S-3 1.29 0.884 <0.0001 83.3
TLCA-3S 1.27 0.763 0.0057 72.2
TCA-3S 1.19 0.803 0.0003 77.8
di-BA-S-2 1.04 0.707 0.0331 50
di-GBA-S-1 1.03 0.717 0.025 72.2
model. The OPLS-DA (R2Xcum Z 0.496, R2Ycum Z 0.589,
Q2Ycum Z 0.348) was also performed between the mild ICP
group and the severe ICP group, shown in Fig. 3(c). And the
correct rate of 93.1% was obtained. None over-fitting was
observed in the OPLS-DA models with 200 random permu-
tations. The VIP value, calculated by the formula described
in the user’s guide of SIMCA-P, indicated the contribution of
each metabolite ion in the classification. Variables with a
VIP value more than one meant above average contribution
to the explanation of the Y matrix (classification).

Potential biomarkers for ICP

The ROC curve was constructed by plotting the sensitivity
against the corresponding false-positive rate, which was
expressed as 1-specificity. The analytes with the area under
curve (AUC) > 0.70 and with VIP value > 1.0 were selected
as the potential biomarkers and were listed in Table 3. The
sensitivity, specificity, Youden index and likelihood ratio for
the selected cut-off value of each parameter were given in
Table 3. As described in Table 3, seven kinds of SBAs
including di-GBA-S-3, GCA-3S, di-TBA-S-3, di-TBA-S-2, TCA-
3S, CA-3S, and TLCA-3S may be the potential biomarkers
to distinguish ICP patients from normal pregnant women.
Furthermore, GCA-3S had the highest AUC (>0.95) and
Youden index (>0.95) among the seven possible biomarkers.
The correct rate of 98% was obtained at the suggested cut-
off value (0.49) of GCA-3S for the diagnosis of ICP. However,
lower correct rate of 82.8% was obtained at the suggested
cut-off value (3.46) of GCA-3S for the grading diagnosis of
severe ICP group and mild ICP group. Fortunately, the cor-
rect rate of 93.1% was observed with the sensitivity of 94.4%
and the specificity of 100% when multivariable logistic
regression with the combination of GCA-3S and di-GBA-S-1
was applied for the grading diagnosis of ICP.

Some SBAs such as TCA-3S, GCA-3S and sulfated conju-
gated dihydroxy BAs elevated significantly in severe ICP
group compared to mild ICP group. These SBAs were
abundant relatively in urine and can be detected easily,
analysis.

Specificity (%) Youden index þLR -LR Cut-off

90.9 0.875 10.6 0.04 1.66
95.5 0.955 22.0 0 0.49
100 0.862 e 0.14 1.60
100 0.966 e 0.03 0.93
95.5 0.955 22 0 0.37
95.5 0.748 17.5 0.22 1.21
90.9 0.599 7.59 0.34 0.34

90.9 0.631 7.94 0.31 6.90
90.9 0.687 8.56 0.24 3.46
81.8 0.596 4.28 0.27 4.42
90.9 0.742 9.17 0.18 5.63
90.9 0.631 7.94 0.31 0.67
81.8 0.596 4.28 0.27 2.45
90.9 0.409 5.5 0.55 0.25
72.7 0.450 2.65 0.38 1.33
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which made them the potential biomarkers for the grading
diagnosis of ICP. From the results, we proposed that urinary
SBAs could be a substitute to serum BAs for its non-intrusive
sample collection in the diagnosis of ICP.

The total SBAs increased remarkably in ICP patients.
More BAs were sulfated and excreted into urine with the
development of ICP, which might be the adaptive response
to cholestasis. Nevertheless, it was also considered that
cholestasis was caused by the disfunction of the BAs sul-
fating. Whatever, it requires further research.
Conclusions

In this study, HPLC-MS/MS method was developed and
applied for the identification and quantification of SBAs in
human urine samples. The level of total urinary SBAs
increased remarkably in ICP patients, especially for
sulfated glycine-amidated and taurine-amidated BAs, indi-
cating that sulfation was a major pathway for the elimi-
nation of BAs in human. The characteristics of the SBAs
profiling might provide insights into the mechanisms of
underlying fetal complications and the disease progression
of ICP. It is also possible to further understand the change
of urinary SBAs profiling in patients with ICP, which might
contribute to the grading diagnosis and the clinical treat-
ment strategies for ICP. Since a limited number of samples
were included in this study, further research needs large
sample size to confirm these observations.
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