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Profiling of urinary bile acids in piglets by a combination
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Abstract We present a method using a combination of enzy-
matic deconjugation and targeted LC-multiple reaction mon-
itoring (MRM)-MS analysis for analyzing all common bile
acids (BAs) in piglet urine, and in particular, for detecting
conjugated BAs either in the absence of their standards, or
when present in low concentrations. Initially, before enzy-
matic deconjugation, 19 unconjugated BAs (FBAs) were de-
tected where the total concentration of the detected FBAs
was 9.90 pmol/l1. Sixty-seven conjugated BAs were identified
by LC-MRM-MS analysis before and after enzymatic decon-
jugation. Four enzymatic assays were used to deconjugate
the BA conjugates. FBAs in urine after cholylglycine hydro-
lase/sulfatase treatment were 33.40 pmol/l, indicating the
urinary BAs were comprised of 29.75% FBAs and 70.25%
conjugated BAs in single and multiple conjugated forms. For
the conjugates in single form, released FBAs from cholylgly-
cine hydrolase deconjugation indicated that the conjugates
with amino acids were 14.54% of urinary BAs, 16.27% glyco-
sidic conjugates were found by (-glucuronidase treatment,
and sulfatase with glucuronidase inhibitor treatment liber-
ated FBAs that constituted 16.67% of urinary BAs. Notably,
chenodeoxycholic acid (CDCA) was initially detected only in
trace amounts in urine, but was found at significant levels
after the enzymatic assays above.lll These results support
that CDCA is a precursor of y-muricholic acid in BA biosyn-
thesis in piglets.—Fang, N., S. Yu, S. H. Adams, M. ]. J. Ronis,
and T. M. Badger. Profiling of urinary bile acids in piglets by
a combination of enzymatic deconjugation and targeted LC-
MRM-MS. J. Lipid Res. 2016. 57: 1917-1933.
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Bile acids (BAs) have an important role in the control of
lipid, glucose, and cholesterol homeostasis. Synthesis of
BAs is the major pathway for the metabolism of cholesterol
and for the excretion of excess cholesterol in mammals.
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BAs are biosynthesized from cholesterol in a complex pro-
cess that utilizes at least 16 enzymes (1). BAs are remark-
ably diverse in structure and exist in many different forms
in different species within mammals, but in the human,
cholic acid (CA) and chenodeoxycholic acid (CDCA) are
most common (2). As the prime experimental models for
humans, the rat and mouse produce several additional
BAs as primary BAs, which include ursodeoxycholic acid
(UDCA), a-muricholic acid (MCA), and BMCA (2-4). The
piglet is also a common model for human infants because
of the similarities in gastrointestinal development between
piglets and human infants (5). However, the domestic pig
has been reported to be virtually unable to synthesize CA.
As a substitute, YMCA (hyocholic acid), an isomer of CA, is
synthesized in amounts equal to those of CA in humans.
YMCA is considered to be a species-specific primary BA in
the pig (6). Another species-specific primary BA is UDCA
(an isomer of CDCA) in bears (7).

BAs constitute a large family of molecules composed of
free BAs and their conjugated forms. Secondary free BAs
are biosynthesized from primary BAs by various reactions,
such as dehydroxylation and epimerization (8). Free BAs
undergo further conjugation with two amino acids (glycine
or taurine), sulfuric acid, glucoside (Glc), glucuronic acid
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(GIcUA), or N-acetylglucosamine (GIcNAc) to form conju-
gated BAs. BA composition can differ significantly between
species, between gender in some species, between neonatal
and adult periods of life, and also between healthy humans
and patients with disorders, such as liver disease (9, 10). It
has been reported that the inborn errors of BA formation
involve isolated defects in the enzymes of the biosynthetic
pathway (10-12), and that most inborn errors of the BA
biosynthetic pathway involve the synthesis of excess inter-
mediates and/or their metabolites that are excreted, in
part, in urine. Also, insulin-resistant individuals had a
blunted increase in blood glycochenodeoxycholic acid in
oral glucose tolerance tests (13). Hence, the differentiated
quantification of BAs in BA profiles may be an important
tool for the diagnosis of disorders in the BA biosynthetic
pathway. BA metabolites facilitate the absorption of dietary
lipids and fatsoluble vitamins by formation of micelles,
and diet has been reported to affect BA metabolism in in-
fants (14). Thus, quantitative comparison of BAs from dif-
ferent synthetic pathways in the urine of piglets can be
used to determine the effect of different diets on the BA
metabolism and to further evaluate the nutritional value of
different diets for infants.

The purpose of this study was to establish a comprehen-
sive profile of free and conjugated urinary BAs in piglets.
Urine was collected from the bladder of 21-day-old breast-
fed piglets at euthanization. A method using a combina-
tion of enzymatic deconjugation and targeted LC-multiple
reaction monitoring (MRM)-MS analysis was developed:
four enzymatic treatments were used to deconjugate BA
conjugates, which included cholylglycine hydrolase
(CGH) for taurine- and glycine-amidated conjugates, 3-
glucuronidase (GUS) for glycosidic conjugates, sulfatase
with GUS inhibitor (S&GI) for sulfate conjugates, and
CGH with sulfatase (CH&S) for all forms of conjugates. In
the S&GI assay, sulfatase from Helix pomatia (type H-1) also
has glucuronidase activity, and GUS inhibitor was added
for inhibiting the glucuronidase activity. LC-MRM-MS was
used for analysis of the BA conjugates, and the big advan-
tage for using LC-MRM-MS scan is that each conjugated
form has its own characteristic precursor-to-product ion
transition for a specific ion pair. The qualitative and quan-
titative analysis of BA conjugates was determined from the
comparison of selected ions [M-H] chromatograms of
free BAs and MRM chromatograms of their conjugates be-
fore and after four enzymatic deconjugations. Further-
more, this work will provide an analytical tool to study the
conjugated metabolites of other chemical classes, which
have not been well studied due to the absence of their
standards commercially.

MATERIALS AND METHODS

Materials

For the enzymatic assays (Fig. 1), CGH from Clostridium perfrin-
gens, sulfatase from Helix pomatia (type H-1), GUS from Escherichia
coli (type VII-A), and d-saccharic acid 1,4-lactone monohydrate
used as glucuronidase inhibitor, sodium acetate, sodium phosphate,
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sodium hydroxide, and hydrochloric acid were purchased from
Sigma-Aldrich (St. Louis, MO). Thirty-four authentic standards of
BAs were used in the study (Fig. 2). Twenty-four of the standards
were purchased from Steraloids, Inc. (Newport, RI): aMCA,
BMCA, yMCA (hyocholic acid), ®MCA, murideoxycholic acid
(MDCA), 5B-cholanic acid-38,12a-diol (isoDCA), 3-deoxycholic
acid (3-DCA), isolithocholic acid (isoLLCA), allolithocholic acid
(alloLLCA), taurocholic acid (T-CA), sodium tauro a-muricholic
acid (T-aMCA), tauro B-muricholic acid (T-MCA), sodium tauro
vy-muricholic acid (T-yMCA sodium salt), taurohyodeoxycholic
acid (T-HDCA), taurochenodeoxycholic acid (T-CDCA), taurour-
sodeoxycholic acid (T-UDCA), taurodeoxycholic acid (T-DCA),
taurolithocholic acid (T-LCA), sodium glycohyocholic acid
(G-yMCA sodium salt), glycohyodeoxycholic acid (G-HDCA), so-
dium glycochenodeoxycholate (G-CDCA sodium salt), glycourso-
deoxycholic acid (G-UDCA), glycodeoxycholic acid (G-DCA),
and glycolithocholic acid (G-LCA). Seven of the standards were
obtained from Sigma-Aldrich: CA, CDCA, UDCA, deoxycholic
acid (DCA), glycocholic acid (G-CA), hyodeoxycholic acid
(HDCA), and lithocholic acid (LLCA). Three sulfate conjugate
standards, chenodeoxycholic acid 3-sulfate disodium salt (CDCA-
3S disodium salt), ursodeoxycholic acid 3-sulfate disodium salt
(UDCA-3S disodium salt), and glycolithocholic acid 3-sulfate diso-
dium salt (G-LCA-3S disodium salt), were purchased from Alsa-
chim (Strasbourg, France). Formic acid (for mass spectrometry,
Fluka) and acetonitrile (Chromasolv®) were obtained from
Sigma-Aldrich. Methanol (MeOH) (Spectranalyzed®) was pur-
chased from Fisher Scientific (Fair Lawn, NJ). Water (HyO) was
obtained from Milli-Q Integral Water Purification System (EMD
Millipore Corporation, Billerica, MA).

Animal experiments

Samples were derived from pig experiments previously de-
scribed (15, 16). Briefly, White x Dutch Landrace x Duroc sows
were artificially inseminated. Newborn male piglets (n = 5) were
allowed to suckle with a sow for the duration of the experiment.
All animals were housed in the animal facilities of the Arkansas
Children’s Hospital Research Institute, an Association for the As-
sessment and Accreditation of Laboratory Animal Care-approved
animal facility. Animal maintenance and experimental treatments
were conducted in accordance with the ethical guidelines for ani-
mal research established and approved by the institutional Ani-
mal Care and Use Committee at the University of Arkansas for
Medical Sciences. Twenty-one-day-old piglets were fasted 6-8 h
following the last feeding and exsanguinated after anesthetization
with isoflurane at 0800-1000 hours. Urine samples were obtained
from the bladder at euthanization and stored at —70°C until ana-
lyzed. A pooled urine sample was made by combining urine from
five piglets.

Enzymatic deconjugation and LC-MS/MS sample
preparation

BMCA was added to urine (300 pmol/ml) as an internal stan-
dard (IS) and the urine containing IS was used for enzymatic as-
says and its control sample. For preparation of the control sample
(Control), 0.5 ml urine with IS in a 1.5 ml graduated microcentri-
fuge tube was frozen at —80°C followed by lyophilization. The
powdered urine in the tube was added with 0.5 ml 80% MeOH/
H,0 and vortexed vigorously for 2 min followed by sonication in
ice-water for 5 min. The mixture was centrifuged at RCF (153,393 g)
for 5 min and the supernatant solution was carefully drawn out
from the tube. The extraction process was repeated two more
times, the supernatants were combined and filtrated through a
17 mm 0.2 pm filter (National Scientific, Rockwood, TN), and
adjusted to exactly 1.5 ml with 80% MeOH/H,O for LC-MS/
MS analysis. The pellet was further extracted with pure MeOH
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(0.5 ml) and MeOH:methylene chloride (1:2) (0.5 ml). These two
extracts were analyzed by LC-MS for examining the efficiency of
three-time 80% MeOH/H,O extractions.

Four enzymatic assays (assays 1-4) were used to deconjugate
BA conjugates, which included CGH, S&GI, CH&S, and GUS
(Fig. 1). The urine with IS (250 pl) for each of assays 1-3 was
added with sodium acetate buffer [100 mM (pH 5.6); 250 pl] con-
taining different enzymes: 15 units of cholylglycine hydrolase (as-
say 1, CGH), 100 units of sulfatase with 200 mM d-saccharic
1,4-lactone glucuronidase inhibitor (assay 2, S&GI), and 15 units
of cholylglycine hydrolase with 150 units of sulfatase (assay 3,
CH&S). The solution in assays 1-3 was incubated at 37°C for 16 h.
For assay 4 (GUS), sodium phosphate buffer [100 mM (pH 6.8),
250 pl] containing 1,000 units of GUS was added to urine with IS
(250 pl), and the solution was incubated at 37°C for 20 h. Incuba-
tions (assays 1-4) were stopped with 500 pl of ice-cold MeOH,
and the mixture was evaporated to dryness under an N, stream,
immediately. The same BA extraction procedure that was used for
control sample preparation above was used here for extraction of
BAs after enzymatic deconjugation. The hydrolysis rate of conju-
gates was determined by comparison of the peak areas between
endogenous conjugates before and after enzymatic assays.

LC-MS/MS analysis

LC-MS/MS was performed using a 4000 QQ TRAP system (Ap-
plied Biosystems, Foster City, CA) equipped with an Agilent 1100
series liquid chromatograph (Agilent Technologies, Wilmington,
DE). The 4000 Q TRAP system included a hybrid triple quadru-
pole/linear ion trap mass spectrometer equipped with an ESI
probe and Analyst® software. Data acquisition was performed us-
ing the AB Sciex Analyst 1.5.1 software in MRM.

To analyze the BAs in urine, a 5 pl aliquot of urine extract that
was equivalent to 1.67 ul of starting sample urine was injected
into the LC-MS/MS instrument. Two LC conditions with the
same LC solvent flow rate of 0.5 ml/min were used in the LC-
MS/MS analysis to confirm the peak yielded by its typical MRM
ion pair. A 150 x 4.6 mm internal diameter 5 um, Eclipse XDB-C18
column (Agilent Technologies) was used in LC-condition-I, and

its LC gradient was 0.1% formic acid/acetonitrile (solvent B) in
0.1% formic acid/H,O (solvent A) as follows: 5% in 0—4 min;
0-30% from 4 to 5 min; 30-40% from 5 to 25 min; 40-85% from
25 to 29 min; held at 85% from 29 to 38 min; 85-100% from 38
to 40 min; held at 100% from 40 to 41 min, and finally back to 5%
in 43 min, with 1 min as column re-equilibration in sequence
analysis. For the LC-condition-II, a 150 mm x 4 mm internal
diameter 5 wm ODS (2), SphereClone column (Phenomenex,
Torrance, CA) was used, and its LC gradient was 0.1% formic
acid/acetonitrile (solvent B) in 0.1% formic acid/HsO (solvent
A) as follows: 38-38% in 15 min; 38-80% from 15 to 18 min; held
at 80% from 18 to 21 min; 80-100% from 21 to 24 min; held at
100% from 24 to 25 min, and finally back to 38% in 26 min, with
1 min as column re-equilibration in sequence analysis.

Each BA component in the eluate was monitored by its typical
MRM ion pair in LC-MS/MS with a negative ion mode (see sup-
plemental Table S1). All parameters for ESI-MS/MS analysis of
HPLC peaks were held constant at: CE, —50; DP, —125.0; EP,
—10; and CXP, —10.0.

Validation of quantitative determination

BMCA was not detected in piglet urine in our preliminary ex-
periment and has a chemical structure similar to that of endoge-
nous free BAs, primary BA yYMCA, and ®MCA. BMCA was used as
IS for analysis of BAs in piglet urine. Individual stock solutions of
BA standards were prepared at 3 pmol/ml in 80% MeOH/H,O
containing 300 pmol/ml BMCA. Stock solutions were then di-
luted to the concentrations of 10,000, 3,000, 1,000, 300, 100, 30,
10, 3, and 1 pmol/ml using 80% MeOH/H,O containing 300
pmol/ml IS BMCA. Six concentrations were chosen according to
the concentration of endogenous BAs in urine for establishment
of six-point calibration curves. The peak-area ratio of each BA
to the IS was used to construct calibration curves. Seventeen cali-
bration curves were established for quantitative determination
(oMCA, YMCA, T-BMCA, T-yMCA, G- yYMCA, MDCA, HDCA,
CDCA, DCA, G-CDCA, G-HDCA, CDCA-3S disodium salt, al-
loLLCA, LCA, T-LCA, G-LCA, and G-LCA-3S disodium salt). Two
quantitative methods were used to calculate the concentration of
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endogenous BAs in the present study. The concentration of indi-
vidual BA compounds was calculated using the peak-area ratio of
cach BA to the IS and its corresponding standard curve. When the
standard of endogenous BA was not available, the standard curve of
its structurally related BA standard was used (supplemental Table
S2). For the concentration of each conjugate group, the liberated
unconjugated BAs (FBAs) by enzymatic deconjugation of assays 1, 2,
and 4 were used to determine the concentration of their corre-
sponding conjugate groups in single conjugated form, such as liber-
ated FBAs from CGH for amidated conjugates (taurine and glycine),
liberated FBAs from GUS for glycosidic conjugates, and liberated
FBAs from S&GI for sulfate conjugates. Liberated FBAs from assay 3
(CH&S) were from all forms of conjugates (Fig. 1). Data are ex-
pressed as mean + SD (n = 3). The recovery (percent + SD) of extrac-
tion was calculated as [IS recovery in urine sample/IS recovery in
standard solution that used for standard curve] (n =18).

RESULTS

Extraction of BAs in urine and recovery

The methods for analysis of BAs in piglet urine included
exhaustive extraction of BAs from urine (using several meth-
ods) and LC-MRM-MS analysis was used to monitor the effi-
ciency of BA extraction. In our preliminary experiment,
several solvents, including MeOH, acetonitrile, and different
percentages of aqueous MeOH or acetonitrile, were used to
extract BAs from the lyophilized urine powder. The results
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indicated that 80% MeOH/H,O was more efficient for ex-
traction of free and conjugated BAs from the lyophilized
urine powder. Also, no significant amount of BAs could be
extracted by 80% MeOH/H,O after three-time 80% MeOH/
H,O extractions. In the present study, the process with three
times of 80% MeOH/H,O extraction were used to extract
BAs from the lyophilized urine powder, and this extraction
process was considered nearly complete because there were
no detectable ISs and endogenous BAs in the extracts from a
fourth extraction with 100% MeOH and a fifth extraction
with MeOH:methylene chloride (1:2). The recovery rate was
108.61 + 3.15% supported the complete extraction of BAs.
However, it is unusual that the recovery rate was more than
100%. The more than 100% recovery might be the result of
matrix effects. It has been shown that the LC-MS methodol-
ogy can encounter problems caused by matrix effects (17—
20). In our previous study, the retention time (Rt.) and areas
of LC-peaks of BAs in urine samples from piglets fed dissimi-
lar diets differed significantly from each other under the
same LC-MS conditions (21). Therefore, our 108.61% recov-
ery rate may be partially explained by such effects.

Characterization of urinary BAs by LC-MRM-MS analysis
and enzymatic deconjugations

Conjugated BAs have a characteristic fragmentation pat-
tern for each conjugated form and the typical MRM ion



pairs from the characteristic fragmentation patterns were
used to examine all common conjugated BAs in urine
(supplemental Table S1). Unlike conjugated BAs, FBAs do
not have a characteristic fragmentation pattern for the
whole group in MS analysis. For example, CA and hyo-
cholic acid have different typical MRM ion pairs, m/z
407.4/343.2 and m/z 407.4/389.4, respectively, and typical
MRM ion pairs for unknown FBAs are not available. In or-
der to examine all endogenous FBAs in urine, the selected
ions [M-H]  were used to examine their corresponding
FBAs (supplemental Table SI). Two LC conditions were
used in the LC-MS/MS analysis to confirm the peaks of
BAs. FBAs included primary BAs and their secondary BAs,
which are biosynthesized from primary BAs by hydroxyl-
ation, dehydroxylation, and epimerization. The conjugates
consisted of glycine- and taurine-amidated, sulfate, and gly-
cosidic conjugates in single, double, and triple conjugate
forms. It was notable that each conjugated BA group has its
typical product ion, such as m/z 74 for glycine conjugates,
m/z 124 for taurine conjugates, m/z 97 for sulfate conju-
gates, a neutral loss of 162 Da for Glc conjugates, a neutral
loss of 176 Da for glucuronide conjugates, and a neutral
loss of 203 Da for N-acetylglucosaminide conjugates. While
the common Glcs of BAs are glucuronides, Glcs, and N-
acetylglucosaminides, it has been reported that BA galac-
tosides also exist in the urine (22). Therefore, it is also
possible that the Glc conjugate, which is identified by a
neutral loss of 162 Da in LC-MRM-MS analysis, is a galacto-
side. The typical ion pairs derived from characteristic frag-
mentation patterns of different BA conjugates can be used
by targeted LC-MRM-MS analysis, and this targeted MS
analysis enhances the lower detection limit for BA conju-
gates in biological samples. The enzymatic assays included
CGH assay for taurine- and glycine-amidated conjugates,
GUS assay for glycosidic conjugates, S&GI assay for sulfate
conjugates, and CH&S assay for all forms of conjugates
(Fig. 1). Deconjugation of conjugates by enzymatic assays
was determined by MRM-MS analysis and used as evidence
for identification of a conjugate. Thirty-four BA standards
were used in this study and their chemical structures are
shown in Fig. 2. We previously reported that matrix effects
could change peak Rt. of BAs in LC-MS/MS analysis (21).
In order to avoid matrix effects, the BA standards were
mixed with urine samples and analyzed by LC-MRM-MS.
Identification of endogenous BAs was achieved by overlap
of standard and endogenous BA peaks (Fig. 3).

Identification of conjugates of trihydroxycholanoic acids

As shown in Fig. 4B, MRM ion pair m/2514.6/124.0 yielded
three peaks for possible taurine conjugates of triOH BAs in
control samples. Hydrolysis by CGH treatment resulted in a
77.00 + 0.77% reduction of peak area of the major peak
(peak 8) and the elimination of the other two peaks (peaks 9,
10), permitting the identification of the three compounds of
peaks 8-10 as T-trihydroxycholanoic acids (triOH BAs). Co-
injection of pig urine and standards indicated that the com-
pound of peak 9 was T-BMCA (Fig. 3B). Six LC-peaks (peaks
11-16) and several tiny peaks were generated by scan of
MRM ion pair m/z464.6/74.0 for G-triOH BAs and the peaks

were eliminated after the CGH treatment (Fig. 4C). There-
fore, the compounds of peaks 11-16 were identified as G-
triOH BAs. Co-injection of urine samples and standards
indicated that the major peak 16 was G-yMCA (Fig. 3C). Con-
sistent with the deconjugation of taurine and glycine conju-
gates by CGH, the concomitant increase of the areas of peaks
for free triOH BAs (peaks 1-7) from m/z 407.4 selected ion
monitoring were observed after CGH deconjugation (Fig.
4A). The results from CGH deconjugation suggested that
peaks 1-7 might be free triOH BAs and peaks 5 and 7 were
identified as @MCA and yMCA by their standards (Fig. 3A).
Peaks for free tirOH BAs (peaks 1-7) were also generated by
MRM m/z407.4/389.4. On the basis of our experience from
analyses of glycosidic conjugates and the literature reports,
each type of glycosidic conjugate has a characteristic neutral
loss: 162 Da for BA-Glc, 176 Da for BA-GIcUA, and 203 Da for
BA-GIcNAc in LC-MS/MS with a negative ion mode (23-25).
The product ion generated from the neutral losses of its pre-
cursor [M-H]  was used as product ion in its typical MRM ion
pair to detect glycosidic conjugates (supplemental Table S1).
Seven peaks for glycosidic conjugates were detected by their
respective MRM ion pairs (supplemental Table S1). Three of
them (peaks 17-19) from MRM m/z 583.7/407.4 were hydro-
lyzed by GUS (Fig. 4D) and identified as triOH-GIcUA. While
one peak for triOH BA-Glc (Fig. 4E) and three peaks for
triOH BA-GIcNAc (Fig. 4F) were suggested by MRM-MS scan,
they were not affected by GUS treatment and were not con-
sidered as glycosidic conjugates. No sulfate conjugates of
triOH BA, T-triOH BA, and G-triOH BA were detected in
piglet urine by their respective MRM ion pairs (supplemental
Table S1). However, a peak for T-triOH BA-S (peak 20a) was
detected by MRM ion pair m/z 296.7[M—2H]27/ 97.0 after
GUS deconjugation (Fig. 4H), which suggested a glycosidic
conjugate of T-triOH BA-S. T-triOH BA-S-Glc has three typi-
cal MRM ion pairs, m/z 377.9[M-2H]* /97.0, 756.9/97.0,
and 756.9/124.0, which generated the three peaks at the
same Rt. (peak 20) and these peaks were eliminated in all
four enzymatic assays. The results suggested that the com-
pound of peak 20 is T-triOH BA-S-Glc (Fig. 4G). An unsatu-
rated T-triOH BA-S (peak 21) was also detected by its typical
MRM ion pairs, m/z 294.9[M-2H]* /97.0, 590.7/97.0, and
590.7/124.0, and confirmed by enzymatic hydrolysis in treat-
ment of S&GI (Fig. 4I) and CGH. Furthermore, MRM scan
of m/z 396.4[M-2H]* /97.0, 793.9/97.0, and 793.9/124.0
yielded three peaks at the same Rt. (peak 22) for GlcNAc
conjugate of BA (peak 21) in the control sample and the
disappearance of these peaks after hydrolysis by S&GI (Fig.
4]), CGH, and GUS, which suggested a structure, T-diOH
BA-A-S-GlcNAc, for peak 22. Five peaks for T-triOH-S-GlcUA
were yielded by MRM ion pair m/z 384.7[M-2H] 7 /97.0 (Fig.
4K). However, only one of them (peak 23) was overlapped
with peaks of m/z 770.8/97.0 and 770.8/124.0 and enzy-
matically hydrolyzed by CGH (Fig. 4K), GUS, and S&GI
treatments. The results suggested that only peak 23 was a
T-triOH-S-GIcUA. For the same interpretation of the results
from LC-MRM-MS analysis and treatment of CGH (Fig. 4L),
GUS, and S&GI, an unsaturated T-triOH-S-GlcUA (peak 24)
was identified in piglet urine. One peak for unsaturated
T-triOH BA (peak 25) was generated by MRM m,/2510.6,/124.0
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in the control sample and hydrolyzed by CGH treatment to
liberate an unsaturated triOH BA (peak 25a) (Fig. 4M, N).
Thus, the compound (peak 25) was identified as a taurine
conjugate of unsaturated triOH BA. Because A*3-oxo-steroid
5B-reductase is involved in the BA biosynthetic pathway (11),
the compounds of peaks 21, 22, 24, 25, and 25a were ten-
tatively identified as A*-3-0x0-BAs (Table 1). The gluc-
uronidation is a conjugation pathway with preference for
6-hydroxylated BAs (26, 27). Therefore, we inferred that the
compounds of peaks 17, 20, 22, 23, and 24 were BA-6-Glc
(Table 1). To our knowledge, this is the first literature report
of the triple conjugate of triOH BAs.

Identification of conjugates of dihydroxycholanoic acids
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Four peaks (peaks 30-33) for G-dihydroxycholanoic ac-
ids (diOH BAs) were found in urine by their typical MRM
ion pair, m/z 448.6/74.0, and eliminated by CGH treat-
ment (Fig. 5Ba). Comparison with the standards indicated
that conjugates (peaks 32 and 33) were G-HDCA and G-
CDCA, respectively (Fig. 3F). As expected, a selected ion
m/z 391.4 monitoring yielded several tiny peaks in the
urine sample and four of them (peaks 26—29) increased in

10 15 20 25 30 35 40 43

Fig. 3. Selected ion monitoring chromatograms (A,
D, H) and MRM scan chromatograms (B, C, E-G, I-K)
of BAs from co-injection of female piglet urine extract
and standards. S1-S34 are BA standards. S1, oMCA;
S2, aMCA; S3, BMCA; S4, YMCA; S5, CA; S6, T-aMCA;
S7, T-.BMCA; S8, T-yMCA; S9, T-CA; S10, G-yMCA; S11,
G-CA; S12, MDCA; S13, UDCA; S14, HDCA; S15,
isoDCA; S16, CDCA; S17, DCA; S18, 3-DCA; S19, T-
UDCA; S20, HDCA; S21, T-CDCA; S22, T-DCA; S23,
G-UDCA; S24, G-HDCA; S25, G-CDCA; 526, G-DCA;
S27, UDCA-3S; S28, CDCA-3S; S29, alloLCA; S30,
isoLCA; S31, LCA; S32, T-LCA; S33, G-LCA; S34,
G-LCA-3S.

the urine sample after CGH treatment (Fig. bA). Analysis
of urine samples spiked with standards indicated that peaks
26-29 were MDCA, HDCA, CDCA, and DCA, respectively
(Fig. 3D). HDCA and UDCA were shown in one peak in
this LC condition (LC-condition-I). Using LC-condition-II,
LC-peaks for HDCA and UDCA were separated, and HDCA
had a longer Rt. than UDCA. GUS enzymatic deconjuga-
tion resulted in the substantial increase of peak intensity
for free diOH BAs of peaks 26-29 (Fig. bA, from GUS as-
say), which corresponded with the elimination of six peaks
(peaks 34-39) for diOH BA-GIcUA (Fig. 5C). Furthermore,
the chromatogram profiles (Rt. and peak intensity) of

peaks 36-39 for glucuronide conjugates (Fig. 5C) and their
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released free diOH BAs (peaks 26-29) (Fig. bA from GUS
or CH&S assay) were similar. Because released free diOH
BAs (peaks 26-29) were MDCA, HDCA, CDCA, and DCA,
their corresponding peaks (peaks 36-39) were identified as
MDCA-GIcUA, HDCA-GIcUA, CDCA-GIcUA, and DCA-GI-
cUA, respectively. Two diOH BA-GIcNAc (peaks 40 and
41) were detected by their typical MRM m/z 594.8/391.4
and GUS assay (Fig. 5D). Two typical MRM ion pairs m/z
624.3/74.0 and 624.3/391.4 for glucuronide conjugates of
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Fig. 4. Comparison of selected ion monitoring chromatograms of triOH BAs and MRM scan chromatograms of their conjugates in urine
of breast-fed female piglets before and after enzymatic deconjugation. The y-axis on the graph represents the peak-height ratio of endoge-
nous BAs to the IS and the x-axis the Rt. in minutes. A: The chromatogram for free triOH BAs was generated by a selected ion m/z 407.4.
MRM scan chromatograms generated by MRM ion pairs: m/z 514.6/124.0 for T-triOH BAs (B); m/z 464.6/74.0 for G-triOH BAs (C); m/z
583.7/407.4 for wiOH BA-GIcUA (D); m/z 569.7/407.4 for TriOH BA-Glc (E); m/z 610.8/407.4 for TriOH BA- GlcNAc (F); m/z
377.9[M-2H1* /97.0 (red line), 756. 9/97 0 (blue line) and 756.9/124.0 (green line) for T-triOH BA-S-Glc (G); m/z 296.9[M- 9H1* /97.0 for
T-triOH BA- S (H); m/z 294.9[M-2H]*~/97.0 (red line), 590.7/97.0 (blue line) and 590.7,/124.0 (green line) for T-diOH BA-A-one-S (I); m/z
396.4[ M- ZH] 7/97.0 (red line), 793.9/97.0 (blue line) and 793.9/124.0 (green line) for T-diOH BA-A-one-S-GlcNAc q m/z
384.7[M-2H]* /97.0 (red line), 770.8/97.0 (blue line) and 770.8/124.0 (green line) for T-triOH BA-S-GIcUA (K); m/z 382.7[M-2H]~ /97.0
(red line), 766.8/97.0 (blue lme) and 766.8/124.0 (green line) for T-diOH BA—A-one S-GlcUA (L); m/2510.6/124.0 for T-dihydroxy-3-oxo-
4-cholanoic acid (diOH BA- A* -3-one) (M); m/z403.4/403.4 for free diOH BA- A'3-one (N).
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TABLE 1. Urinary BAs and standard BAs

Negative Mode

Concentration in Urine (pmol/1)

Number In Figure Rt. (min) Ql Ion (m/z) Q3 Ion (m/z) Structures (mean + SD)
TriOH cholanic acids and their conjugates:
1 3A, 4A 20.41 407.4° TriOH BA 0.31 +0.01
2 3A, 4A 21.36 407.4 TriOH BA 0.17 +0.01
3 3A, 4A 23.76 407.4 TriOH BA 0.18 £ 0.01
4 3A, 4A 24.98 407.4 TriOH BA 0.09 + 0.00
5+ 851 3A, 4A 27.02 407.4 wMCA 0.57 +0.02
6 3A, 4A 28.47 407.4 TriOH BA 0.15+0.01
S2 3A 28.87 407.4 aMCA n.d.
S3 3A 30.61 407.4 BMCA n.d.
7+ 5S4 3A, 4A 31.58 407.4 YMCA 8.11 +0.22
S5 3A 32.16 407.4 CA n.d.
8 3B, 4B 13.18 514.6 124.0 T-riOH BA 11.24 +0.37
S6 3B 14.85 514.6 124.0 T-aMCA n.d.
9+87 3B, 4B 15.42 514.6 124.0 T-BMCA 2.30 +0.10
10 3B, 4B 15.87 514.6 124.0 T-triOH BA 0.42 + 0.08
S8 3B 17.96 514.6 124.0 T-yMCA n.d.
S9 3B 21.34 514.6 124.0 T-CA n.d.
11 4C 14.48 464.6 74.0 G-triOH BA 0.15 +0.01
12 4C 16.89 464.6 74.0 G-triOH BA 0.18 +0.01
13 4C 17.23 464.6 74.0 G-triOH BA 0.04 +0.02
14 4C 20.29 464.6 74.0 G-triOH BA 0.04 + 0.00
15 4C 21.74 464.6 74.0 G-triOH BA 0.04 = 0.00
16 + S10 3G, 4C 25.15 464.6 74.0 G-yMCA 0.12+0.01
S11 3C 28.37 464.6 74.0 G-CA n.d.
17 4D 18.32 583.7 407.4 wMCA-6-GlcUA 0.51 +0.01
18 4D 19.08 583.7 407.4 BMCA-6-GlcUA 0.06 + 0.00
19 4D 20.76 583.7 407.4 TriOH BA-GlcUA 0.01 +0.00
20 4G 2.89 377.9 97.0 T-triOH BA-S-6-Glc 1.83+0.35
756.9 97.0
756.9 124.0
20a 4H 2.82 296.9 97.0 T-triOH BA-S 1.61 £ 0.04
21 41 2.67 294.9 97.0 T-diOH BA-A"3-one-S 11.55 +0.29
590.7 97.0
590.7 124.0
22 4] 2.58 396.4 97.0 T-diOH BA-A"3-0ne-S-GlcNAc 6.10 = 0.16
793.9 97.0
793.9 124.0
23 4K 2.90 384.9 97.0 T-triOH BA-S-6-GlcUA 2.70 £ 0.90
770.8 97.0
770.8 124.0
24 4L 2.83 382.9 97.0 T-diOH BA-A*3-0ne-S-6-GlcUA 1.27 £0.25
766.8 97.0
766.8 124.0
25 4M 16.03 510.6 124.0 T-diOH-A"3-0ne 0.99 +0.11
25a AN 31.25 403.4 403.4 DiOH-A*3-one 0.39 + 0.09
DiOH cholanic acids and their conjugates:
26 + S12 3D,5A 32.15 391.4" MDCA Trace’
S13 3D 32.55 391.4 UDCA n.d.
27 + S14 3D,5A 32.55 391.4 HDCA Trace
S15 3D 33.44 391.4 isoDCA n.d.
28 +S16 3D,5A 34.61 391.4 CDCA Trace
29 +S17 3D,5A 34.99 391.4 DCA Trace
S18 3D 37.83 391.4 3-DCA n.d.
S19 3E 21.10 498.6 124.0 T-UDCA n.d.
520 3E 21.17 498.6 124.0 T-HDCA n.d.
S21 3E 28.84 498.6 124.0 T-CDCA n.d.
522 3E 30.83 498.6 124.0 T-DCA n.d.
30 3F,5B 26.17 448.6 74.0 G-diOH BA 0.01 +0.00
31 3F,5B 27.13 448.6 74.0 G-diOH BA 0.01 +0.00
S23 3F 29.59 448.6 74.0 G-UDCA n.d.
32 + 824 3F,5B 29.59 448.6 74.0 G-HDCA 0.01 +0.00
33 + 825 3F,5B 32.23 448.6 74.0 G-CDCA Trace
S26 3F,5B 32.65 448.6 74.0 G-DCA n.d.
34 5C 23.21 567.7 391.4 DiOH BA-GIcUA Trace
35 5C 24.81 567.7 391.4 DiOH BA-GIcUA Trace
36 5C 29.18 567.7 391.4 MDCA-6-GlcUA 0.05 +0.01
37 5C 31.01 567.7 391.4 HDCA-6-GlcUA 0.23 +0.04
38 5C 31.35 567.7 391.4 CDCA-6-GIcUA 0.02 + 0.00
39 5C 32.11 567.7 391.4 DCA-6-GlcUA Trace
40 5D 22.40 594.8 391.4 DiOH BA-GIcNAc Trace
41 5D 23.57 594.8 391.4 DiOH BA-GlcNAc 0.01 +0.00
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TABLE 1. Continued.

Negative Mode

Concentration in Urine (pmol/1)

Number In Figure Rt. (min) QI Ion (m/z) Q3 Ion (m/z) Structures (mean + SD)
42 5E 11.03 624.7 74.0 G-diOH BA-GIcNAc 0.04 + 0.00
624.7 391.4
42a 5B 28.60 448.6 74.0 G-diOH BA 0.03 + 0.00
S27 3G 27.67 471.6 97.0 UDCA-3S n.d.
43 3G,5F 27.67 471.6 97.0 HDCA-3S Trace
44 3G,5F 30.91 471.6 97.0 DiOH BA-3S 0.01 +0.00
45 + S28 3G,5F 32.29 471.6 97.0 CDCA-3S 0.03 + 0.00
46 5G 2.97 288.9 97.0 T-HDCA-3S 0.05 +0.01
578.8 97.0
578.8 124.0
47 5G 11.90 288.9 97.0 T-diOH BA-3S 0.02 + 0.00
48 5G 13.26 288.9 97.0 T-CDCA-3S 0.08 £ 0.00
49 5H 2.81 286.9 97.0 T-monoOH BA-A*3-one-S 0.14 +0.03
574.7 97.0
574.7 124.0
50 51 2.66 390.4 97.0 T-diOH-S-GIcNAc 0.17 £ 0.03
781.9 97.0
781.9 124.0
51 5l 2.82 390.4 97.0 T-diOH-S-GlcNAc 3.10 + 0.61
781.9 97.0
781.9 124.0
TetraOH cholanic acids and their conjugates:
52 6A 16.17 423 4" TetraOH BA 0.05 + 0.00
53 6A 19.18 423.4 TetraOH BA 0.06 = 0.00
54 6A 19.97 423.4 TetraOH BA 0.06 + 0.01
55 6A 21.08 423.4 TetraOH BA 0.02 +0.00
56 6A 24.77 423.4 TetraOH BA 0.01 + 0.00
57 6A 27.79 423.4 TetraOH BA 0.06 = 0.00
58 6B 15.51 530.6 124.1 T-tetraOH BA 1.30 £ 0.08
59 6C 14.50 480.6 74.0 G-tetraOH BA 0.13 + 0.00
60 6C 16.58 480.6 74.0 G-tetraOH BA 0.04 + 0.00
61 6C 18.68 480.6 74.0 G-tetraOH BA 0.12 £ 0.01
62 6D 2.58 679.8 97.0 TetraOH BA-S-GlcUA 0.03 + 0.00
63 6D 2.73 679.8 97.0 TetraOH BA-S-GIcUA 0.02 + 0.00
64 6F 2.51 665.8 97.0 TetraOH BA-S-Glc 0.01 + 0.00
65 6E 2.66 665.8 97.0 TetraOH BA-S-Glc 0.05 + 0.00
66 6F 2.76 304.9 97.0 T-tetraOH-S 0.04 + 0.00
610.8 97.0
610.8 124.0
67 6F 2.88 304.9 97.0 T-tetraOH-S 0.06 + 0.00
610.8 97.0
610.8 124.0
68 6G 2.59 392.9 97.0 T-tetraOH BA-S-GIcUA 0.13 +0.01
786.8 97.0
786.8 124.0
69 6G 2.73 392.9 97.0 T-tetraOH BA-S-GlcUA 0.21 +0.01
786.8 97.0
786.8 124.0
70 6H 2.82 390.9 97.0 T-triOH BA-A*-3-0ne-S-GlcUA 6.41 +0.04
782.8 97.0
782.8 124.0
71 61 2.61 406.4 97.0 T-tetraOH BA-S-GIcNAc 0.24 +0.03
813.9 97.0
813.9 124.0
72 61 291 406.4 97.0 T-tetraOH BA-S-GlcNAc 0.04 +0.01
813.9 97.0
813.9 124.0
73 6] 2.60 404.4 97.0 T-triOH BA-A*-3-0ne-S-GlcNAC 0.01 +0.00
809.8 97.0
809.8 124.0
74 6] 2.75 404.4 97.0 T-triOH BA-A*3-0ne-S-GIcNAC 0.04 +0.01
809.8 97.0
809.8 124.0
75 6K 2.92 385.9 97.0 T-tetraOH BA-S-Glc 0.15+0.01
772.9 97.0
772.9 124.0
76 6L 2.69 383.9 97.0 T-triOH BA-A*3-one-S-Glc 0.09 +0.01
768.8 97.0
768.8 124.0
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TABLE 1. Continued.
Negative Mode
Concentration in Urine (pmol/1)

Number In Figure Rt. (min) Ql Ion (m/z) Q3 Ion (m/z) Structures (mean + SD)
MonoOH cholanic acids and their conjugates:

77+S29 3H,7A 33.54 375.4" alloLCA 0.05 + 0.00

S30 3H 37.54 375.4 isoLCA n.d.

78+S31 3H,7A 39.09 375.4 LCA Trace

S32 31 34.43 482.6 124.0 T-LCA n.d.

79 3],7B 11.62 432.6 74.0 G-monoOH BA 0.03 + 0.00

80 3],7B 12.75 432.6 74.0 G-monoOH BA 0.03 + 0.00

S33 3] 35.01 432.6 74.0 G-LCA n.d.

S34 3],3K 32.21 255.8 97.0 G-LCA-3S n.d.

432.6 74.0

81 7C 2.83 455.6 97.0 MonoOH BA-S 0.84+0.13

82 7D 15.42 551.7 375.4 MonoOH BA-GIcUA 1.76 + 0.05

83 7D 21.04 551.7 375.4 MonoOH BA-GIcUA 1.51 £ 0.53

84 7D 25.15 551.7 375.4 MonoOH BA-GIcUA 0.85+0.18

85 7E 2.75 658.8 124.0 T-monoOH BA-GIcUA 2.14+0.11

86 7E 2.83 658.8 124.0 T-monoOH BA-GIcUA 2.10 + 0.20

triOH BA—A4—3—one, trihydroxy-3-oxo-4-cholanoic acid; diOH BA—A4—3—one, dihydroxy-3-oxo-4-cholanoic acid; n.d., not detected.

“A selected ion [M-H] ™ was used to monitor FBAs.
"Trace: calculated value was less than 0.01 pmol/l in urine.

G-diOH BA yielded two peaks at the same Rt. (peak 42)
suggesting that the compound of peak 42 might be a G-
diOH BA-GIcUA (Fig. 5E). GUS treatment caused an 87.75 =
1.69% decrease of the peak area and added an extra peak
(peak 42a) in the profile of a G-diOH BA (Fig. 5Bb). The
GUS assay confirmed the structural assignment of G-diOH
BA-GIcUA to peak 42. Study of diOH BA-Glc and -GlcUA in
human urine indicated that the sugar moiety of Glcs and
glucuronide of CDCA, HDCA, and DCA was attached at a
ring position and not at C-24 (28), which suggested that
the sites of glycosidic conjugations in diOH BA-GIcUA of
peaks 40-42 were at a ring position. Three sulfate conju-
gates of diOH BA (peaks 43-45) were detected in piglet
urine by MRM m/z 471.3/97.0 and confirmed by S&GI as-
say (Fig. bF). Peak 45 was overlapped with the peaks of
CDCA-3S (Fig. 3G) and identified as CDCA-3S. Peak 43 was
a tiny peak (Fig. 5F) and overlapped with that of standard
UDCA-3S (Fig. 3G). G-conjugates of UDCA and HDCA
(Fig. 3F) had similar Rt., and HDCA and its G-conjugate
were found in urine. Thus, the compound of peak 43 was
tentatively identified as HDCA-3S even though peak 43 was
overlapped with UDCA-3S peak. Though the peak at Rt.
2.70 min was hydrolyzed by S&GI, it was also hydrolyzed by
CGH (Fig. 5F). Moreover the 2.70 min Rt. in RP C18 LC
condition was too short for a glucuronide conjugate of
diOH BA in comparison with the Rt. of peaks 43-45, and
therefore the peak at Rt. 2.70 min in Fig. 5F was not consid-
ered as a glucuronide conjugate of diOH BA. MRM m/z
288.7[M—2H]27/97.0 scan yielded three peaks (peaks 46—
48) for T-diOH BA-S and another two typical MRM ion
pairs for T-diOH BA-S, m/z 578.8/97.0 and 578.8/124.0,
did not generate the peak for peaks 47and 48 (Fig. 5G).
However, the enzymatic deconjugation of compounds
(peaks 47 and 48) strongly suggested that these compounds
were T-diOH BA-S. As shown in Fig. 5F, G, CGH deconju-
gation caused a nearly 10-fold decrease of peak intensity of
T-diOH BA-3S (peaks 46—48) and a more than 2-fold in-
crease of the peak intensity of diOH BA-S (peaks 43-45),
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which led to identification of peaks 46-48 as T-diOH BA-S.
Comparison of the profiles of T-diOH-S in the control and
diOH-S after CGH deconjugation makes it reasonable to
assume that peaks 46 and 48 are the taurine conjugates of
UDCA-3S (peak 43) and CDCA-3S (peak 45), respectively.
An unsaturated T-diOH BA-S (peak 49) and two GlcNAc
conjugates of T-diOH BA-S (peaks 50 and 51) were also
detected by their multiple typical MRM ion pairs scan and
enzyme assays (Fig. 5H, I). A total of 25 diOH BAs were
detected in piglet urine, which included four FBAs, twenty
conjugated BAs, and one unsaturated BA.

Identification of conjugates of tetrahydroxycholanoic
acids

Tetrahydroxycholanoic acid (TetraOH BA) was exam-
ined by its selected ion [M-H] ', and T-tetraOH BA and G-
tetraOH BA were examined by their respective MRM ion
pairs shown in supplemental Table S1. A selected ion m/z
423.4 for tetraOH BAs yielded six peaks in control samples
and all of them (peaks 52-57) had the peak area increase
after CGH, S&GI, and CH&S treatments (Fig. 6A), which
suggested that compounds (peaks 52-57) were tetraOH
BAs. One peak for T-tetraOH BA (peak 58) and three
peaks for G-tetraOH BAs (peaks 59-61) were detected in
the control sample and eliminated by CGH deconjugation
(Fig. 6B, C), which was in line with a more than 2-fold in-
crease of the intensity of peak 52 and mild increase of peak
53 (Fig. 6A, from CGH assay). The results suggested that
hydrolysis by CGH cleaved the amide bond of T-tetraOH
BA (peak 58) and G-tetraOH BAs (peaks 59-61), produc-
ing two FBAs (peaks 52 and 53). On the basis of the Rt. and
intensity increase of peaks for two released FBAs (peaks 52
and 53), it is reasonable to assume that the compounds
(peaks 59 and 61) might be glycine conjugates of peaks 52
and 53, respectively. However, the final structural identifi-
cation of peaks 52, 53, 59, and 61 could not be completed
here because their standards were unavailable. No glycosidic
conjugates of tetraOH BA were detected by their typical
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Fig. 5. Comparison of selected ion monitoring chromatograms of diOH BAs and MRM scan chromatograms of their conjugates in urine
of breast-fed female piglets before and after enzymatic deconjugation. Y-axis on the graph represents the peak-height ratio of endogenous
BAs to the IS and the X axis the Rt. in minutes. A: Chromatogram for free diOH BAs was generated by a selected ion m/z 391.4. MRM scan
chromatograms generated by MRM ion pairs: m/z 448.6/74.0 for G-diOH BAs (Ba) and (Bb); m/2567.7/391.4 for diOH BA-GIcUA (C); m/z
594.8/391.4 for diOH BA-GIcNAc (D); m/z 624.7/97.0 (red line), 624.7/391.4 (blue line) for G-diOH BA-GIcUA (E); m/z 471.6/97.0 for
diOH BA-GIcNAc (F); m/z 288.9[M-2H]*"/97.0 (red line), 578.8/97.0 (blue line) and 578.8/124.0 (green line) for T-diOH BA-S (G); m/z
286.9[M-2H]* /97.0 (red line), 574.7/97.0 (blue line) and 574.7,/124.0 (green line) for T'monoOH BA-A* 3-one-S (H); m/2390.4[M-2H]* /97.0
(red line), 781.9/97.0 (blue line) and 781.9/124.0 (green line) for T-diOH BA-S-GIcNAc (I).

MRM ion pairs (supplemental Table S1), and the conclu-
sions were confirmed by unaffected free tetraOH BA in
GUS assay (Fig. 6A, from GUS assay). Three peaks for glyco-
sidic conjugates of T-tetraOH were yielded by their typical
MRM ion pairs: m/z 706.4/124.0 for T-tetraOH BA-GIcUA,

m/2'733.4/124.0 for T-tetraOH BA-GIcNAc, and m/2692.3/
124.0 for T-tetraOH BA-Glc in the control sample, and
were eliminated by GUS or CGH/sulfatase treatments
(chromatograms not shown). A combination of product
ions and neutral losses has been reported to be the typical
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Fig. 6. Comparison of selected ion monitoring chromatograms of tetraOH BAs and MRM scan chromatograms of their conjugates in urine
of breast-fed female piglets before and after enzymatic deconjugation. The y-axis on the graph represents the peak-height ratio of endoge-
nous BAs to the IS and the x-axis the Rt. in minutes. A: The chromatogram for free tetraOH BAs was generated by a selected ion m/z 423.4.
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(green line) for T-tetraOH BA-S-GlcUA (G); m/z 390.9[ M- 9H1%/97.0 (red line), 782.8/97.0 (blue line) and 782.8/124.0 (green line) for
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MRM ion pairs for glycosidic conjugates of BAs (24, 25).
However, the typical MRM ion pairs for glycosidic conju-
gates of tetraOH BA ([M-1] /530.6 or [M-1] /423.4) did
not yield any peak. Therefore, the three peaks generated
by their typical MRM ion pairs ([M-1]/124) would not be
identified as glycosidic conjugates of T-tetraOH BA. Three
typical MRM ion pairs for T-tetraOH BA-S, including m/z
304.9[M-2H]*" /97.0, 610.8/97.0, and 610.8/124.0, yielded
peaks at the same Rt. (peaks 66 and 67), and the peaks
were enzymatically hydrolyzed by CGH and GUS (Fig. 6F).
The results led to the identification of these two compounds
(peaks 66 and 67) as T-tetraOH BA-S. Also, T-tetraOH
BA-S’s GIcUA conjugates (peaks 68 and 69), GlcNAc conju-
gates (peaks 71 and 72), and Glc conjugate (peak 75) were
identified by their multiple typical MRM ion pairs and
enzymatic deconjugation in CGH, GUS, S&GI, and CH&S
(Fig. 6G, I, K). The glycosidic conjugates of T-tetraOH-S
(peaks 68, 69, 71, 72, and 75) were in triple conjugate form
and had high levels in the control (Fig. 6G, I, K). CH&S
treatment deconjugated these conjugates of triple conju-
gate form and led a more than 7-fold increase of free
tetraOH BAs (Fig. 6A, from CH&S), which confirmed the
structural assignments for peaks 68, 69, 71, 72 and 75 (Ta-
ble 1). Furthermore, the same procedure identified their
corresponding unsaturated BAs, such as T-tetraOH BA-A-S-
GIcUA (peak 70), T-tetraOH BA-A-S-GlcNAc (peaks 73 and
74), and T-tetraOH BA-A-S-GIcUA (peak 76) (Fig. 6H, J,
L). The unsaturated BAs (peaks 70, 73, 74, and 76) were
identified as A*3-oxo BAs due to the A*3-oxo-steroid 5p-
reductase in a complex biochemical pathway of BAs. For
the tetraOH BAs, six free tetraOH BAs, eighteen conju-
gated BAs, and four unsaturated BAs were characterized in
piglet urine (Table 1).

Identification of conjugates of monohydroxycholanoic
acids

As shown in Fig. 7A, B, the selected ion [M-H] monitor-
ing detected two peaks (peaks 77 and 78) for monohy-
droxycholanoic acids (monoOH BAs) in the control
sample, and compounds of peaks 77 and 78 were identified
as alloLCA and LCA by co-injection of sample and standard
in LC-MS analysis (Fig. 3H). Also, two peaks (peaks 79 and
80) were detected for glycine conjugates of monoOH BAs.
Enzymatic deconjugation using CGH resulted in the hy-
drolysis of these two compounds (Fig. 7B) and the increase
of peaks 77 and 78 (Fig. 7A, from CGH assay). However,
the increase was too small (Fig. 7A, from CGH) for the hy-
drolyzed conjugates of peaks 79 and 80 (Fig. 7B). Also,
standard comparison indicated that the compounds of
peaks 79 and 80 were not G-LCA (Fig. 3]). Thus, the com-
pounds of peaks 79 and 80 were tentatively identified
as glycine conjugates of monoOH BAs. As neither NMR
data of these minor compounds nor their standards were

available, identification of these compounds could not be
completed by LC-MRM-MS analysis in this study. For the
sulfate conjugate of monoOH BAs, one good peak (peak
81) at Rt. 2.83 min for monoOH BA-3S was detected in the
control by its typical MRM ion pair, m/z 455.6/97.0. In
comparison with the Rt. of diOH BA-3S (Rt. 29.58 min for
UDCA-3S and 32.36 min for CDCA-3S), the peak at 2.83
min should not be a monoOH BA-S. However, the elimina-
tion of the peak at 2.83 min (Fig. 7C) and increase of free
monoOH BAs (Fig. 7A, from S&GI) by S&GI assay sug-
gested that peak 81 might be a monoOH BA-S. No ami-
dated (T- and G-) conjugates of monoOH BA-S were
detected by their corresponding MRM ion pairs (supple-
mental Table S1). Three peaks (peaks 82-84) were gener-
ated by MRM m/z551.3/375.2 for monoOH BA-GIcUA and
two peaks (peaks 85 and 86) by MRM m/z 658.3/124.0 for
T-monoOH BA-GIcUA (Fig. 7D, E). Elimination of all five
peaks (peaks 82-86) after GUS deconjugation suggested
that they were GlcUA conjugates. Furthermore, CGH treat-
ment totally hydrolyzed the compounds of peaks 85 and 86.
In agreement with the hydrolysis of T-monoOH BA-GlcUA
of peaks 85 and 86 by CGH treatment, CGH treatment
caused a more than 2-fold increase of monoOH BA-GIcUA
peak 84 (Fig. 7D, E), which indicated that peaks 85 and 86
were T-monoOH BA-GIcUA. G-monoOH BA-GIcUA was
not detected in the piglet urine and in the samples after
CGH and GUS enzymatic deconjugation. Monohydroxyl-
ated BA has been reported to have two potential glucuroni-
dation sites: the 3-hydroxy group and the side chain carboxyl
group (29), and compounds (peaks 82-86) should be 3-0-
or carboxyl-attached glucuronides of LCA. However, their
particular glucuronidation sites could not be determined
without their authentic standards in the present study.

Quantitative determination

In this study, two quantitative methods were used to
calculate the concentrations of endogenous BAs. In the
first method, the concentration of each individual BA
was calculated using the ratio of its peak-area to the IS
and its corresponding standard curve (supplemental Ta-
ble S2). The concentrations of the individual BAs are
presented in Table 1. BAs are remarkably diverse in struc-
ture and exist in the piglet urine, and BA standards were
not available for all detected BAs, in which case the con-
centration of a detected BA was calculated using the stan-
dard curve of a structurally related BA standard. However,
the calculated concentration may differ depending on
which structurally related standard was chosen. For ex-
ample, given the peak area of an analyte, the concentra-
tion of the analyte calculated using the T-yMCA standard
curve would be 43 times higher than that calculated us-
ing the G-yMCA standard curve (supplemental Table S2)
even though both T-yMCA and G-yMCA are in the amidated

T-trihydroxy-3-oxo-4-cholanoic acid (triOH BA—A4—3—0ne)—S—GlcUA (H); m/z 406.4[M—2H]27/ 97.0 (red line), 813.9/97.0 (blue line) and
813.9/124.0 (green line) for T-tetraOH BA-S-GlcNAc (I); m/z 404.4[M-2H]27/97.0 (red line), 809.8/97.0 (blue line) and 809.8/124.0 (green
line) for T-triOH BA-A"3-one-S-GlcNAc q); m/z 385.9[M-2H]* /97.0 (red line), 772.9/97.0 (blue line) and 772.9.9/124.0 (green line) for
T-tetraOH BA-S-Glc (K); m/z 383.9[M-2H]* /97.0 (red line), 768.8/97.0 (blue line) and 768.8/124.0 (green line) for T-triOH BA-A'3-one-

S-Gle (L).
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Endogenous free monoOH BAs and liberated free monoOH BAs by different enzymatic deconjugations
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Fig. 7. Comparison of selected ion monitoring chromatograms of monoOH BAs and MRM scan chromatograms of their conjugates in
urine of breast-fed female piglets before and after enzymatic deconjugation. The y-axis on the graph represents the peak-height ratio of en-
dogenous BAs to the IS and the x-axis the Rt. in minutes. A: The chromatogram for free monoOH BAs was generated by a selected ion m/z
375.4. MRM scan chromatograms generated by MRM ion pairs: m/z 432.6/74.0 for G-tetraOH BAs (B); m/z 455.6/97.0 for MonoOH BA-S
(C); m/2551.7/375.4 for MonoOH BA-GIcUA (D); m/z 658.8/124.0 for T-monoOH BA-GIcUA (E).

form with the only difference between them being that
they are amidated with different amino acids. Thus, the
concentration of an analyte calculated using the stan-
dard curve of a structurally related standard might be dif-
ferent from the analyte’s real concentration in urine due
to the difference in sensitivity between the analyte and
the structurally related standard in LC-MRM-MS analysis
(supplemental Table S2).

In the second method, the concentration of each conju-
gate group was determined by the FBAs liberated from enzy-
matic deconjugation. Conjugates were hydrolyzed by four
enzymatic assays: CGH for amidated conjugates (taurine and
glycine), GUS for glycosidic conjugates, S&GI for sulfate con-
jugates, and CH&S for all forms of conjugates (Fig. 1). The
results are shown in Fig. 8. The total concentration of FBAs
was 9.90 + 0.20 pwmol/1 in urine control and increased to
33.40 £+ 2.31 pmol/1 in urine after CH&S treatment, indicat-
ing the urine was comprised of 29.75 + 2.44% FBAs and
70.25 + 2.44% conjugated BAs in single and multiple conju-
gated forms. CGH hydrolyzed the conjugates with two amino
acids (glycine or taurine) and released 4.87 + 0.64 pmol/1 of
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FBAs, which was 14.54 + 1.08% of total urinary BAs. Glyco-
sidic conjugates at 5.43 + 0.92 wmol/l were found by GUS
treatment and represented 16.27 + 2.65% of urinary BAs.
S&GI treatment liberated 5.56 + 0.33 wmol/1 of FBAs, which
constituted 16.67 + 0.42% of urinary BAs. The released FBAs
in CGH, GUS, and S&GI treatments only represented the
concentration of single conjugates because the conjugated
BAs in multiple conjugated forms could not liberate the
FBAs during their enzymatic deconjugation by CGH, GUS,
and S&GI treatments. For example, T-triOH BA-S-Glc (peak
20 in Fig. 4G) was enzymatically hydrolyzed by GUS to release
T-triOH BA-S (peak 20a in Fig. 4H). yMCA was found to be a
dominant FBA and comprised 81.94 + 0.70% of FBAs (8.11 =
0.22 pwmol/1) in female piglet urine. The total concentration
of triOH BAs and their conjugates was 27.54 + 1.99 pmol/1
and 82.47 + 0.34% of total urinary BAs. DiOH BAs were ini-
tially detected only in trace amounts in urine, but were found
in significant levels after the enzymatic assays above (Fig. 8C).
The most abundant diOH BA released by CH&S treatment
was HDCA (2.19 + 0.17 pmol/1), and the concentration of
released CDCA was 0.24 + 0.01 pmol/1.
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Fig. 8. Endogenous free diOH BAs and liberated free diOH BAs in urine of breast-fed female piglets by different enzymatic deconjuga-
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ment; S&GI, urine sample after sulfatase with glucuronidase inhibitor treatment; CH&S, after choloylglycine hydrolase and sulfatase
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DISCUSSION increasingly common in studies of postnatal development

and nutrition. Because conjugated BAs have characteristic

The purpose of the present work was to obtain a compre-  fragmentation patterns in MS analysis, and most endoge-
hensive profile of urinary BAs in piglets, an animal model ~ nous conjugated BAs are present in low concentrations in
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biological samples, targeted LC-MRM-MS analysis is gener-
ally accepted as the preferred technique for detecting and
quantitating conjugated BAs in a biological matrix. However,
in the absence of a corresponding standard for a particular
BA, a non-BA compound in the biological sample would
be mistakenly identified as the BA if the MS of the non-BA
compound contained the same molecular weight and prod-
uct ion as that of a typical MRM ion pair for the BA. There-
fore, herein we present a method for identifying and
quantitating BAs, especially in the absence of their corre-
sponding standards. This method identifies conjugated BAs
using a two-step process: I) the typical MRM ion pairs (sup-
plemental Table S1) were used to scan the BA conjugates in
urine and yielded the peaks of potential BA conjugates; and
2) four enzymatic assays were used to deconjugate the conju-
gated BAs and examine the changes of possible BA peaks by
LC-MRM-MS analysis. The MRM peaks for conjugated BAs in
urine that were diminished or eliminated and liberated new
BA peaks by enzymatic treatment were considered as conju-
gated BAs. For example, as shown in Fig. 4E, F, two good
peaks for Glc and GIcNAc conjugates of triOH BAs were gen-
erated by their typical MRM ion pairs, respectively. These two
peaks were not considered to be glycosidic conjugates be-
cause they were not affected by GUS. On the other hand,
peaks 17-19 were identified as GIcUA conjugates of triOH
BAs because compounds (peaks 17-19) were hydrolyzed
(Fig. 4D) and concomitantly released the free triOH BAs
(Fig. 8A) by GUS treatment. In the present study, enzymatic
deconjugation was used as additional evidence for confirm-
ing the identification of BAs in urine. Also, multiple typical
MRM ion pairs were used for the identification of BAs in mul-
tiple conjugated form in this study (Fig. 4G, I-L). Five peaks
for T-triOH-S-GlcUA were generated by the MRM ion pair
m/z 384.7[M-2H]* /97.0. However, four of these peaks did
not have the peak at the same Rt. by the other two typical
MRM ion pairs (m/z 770.8/97.0 and 770.8/124.0) for T-
triOH-S-GIcUA (Fig. 4K). Furthermore, these four peaks
were not affected by CGH treatment. This finding clearly in-
dicates that the four peaks were not those of T-triOH-S-
GlcUA, despite being generated by the typical MRM ion
pair m/z 384.7[M-2H]* /97.0 of T-riOH-S-GIcUA.

The primary BAs in most mammals are CA and CDCA,
and the CYP8B subfamily is required for introduction of a
12a-hydroxyl group to CDCA in CA biosynthesis. However,
it is known that the domestic pig does not synthesize CA
(6). The enzyme (CYP4A21) catalyzing the 6a-hydroxylation
in YMCA biosynthesis, an atypical member of the CYP4A
subfamily, was found in pig (6, 30). An isomer of CA,
3a,60, 7a-trihydroxy-5B-cholanoic acid (yYMCA), is the ma-
jor BA constituent of porcine bile and considered to be a
species-specific primary BA in the pig. Hence, the identifi-
cation of YMCA as a dominant urinary BA component
(81.94 + 0.70% of FBAs in urine) in the present study is
consistent with the literature (6). CDCA is considered to be
a precursor of YMCA biosynthesis using 6o-hydroxylase
(CYP4A21), and itis expected that the ratio between YMCA
and CDCA in pigs is comparable to that of CA and CDCA
in most other mammals (6). In the present study, free
diOH BAs, including CDCA, were only detected in trace
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amounts in urine by a selected ion m/z 391.4, and the ratio
between YMCA and CDCA in pigs is not comparable to
that of CA and CDCA in most other mammals. However, 22
conjugates of diOH BAs were identified in urine (Table 1)
and a significant level of CDCA was found after enzymatic
deconjugation (Figs. 5A, 8C), which supported a role of
CDCA in biosynthesis of BAs and, more specifically, in the
biosynthesis of YMCA via the action of 6a-hydroxylase
(CYP4A21). Also, CYP3A4 has been reported to be involved
in 6a-hydroxylation of both taurochenodeoxycholic acid
and lithocholic acid (31). For the secondary free BAs, six
triOH BAs, three diOH BAs, six tetraOH BAs, and two mo-
noOH BAs were detected, which may be biosynthesized
from primary BA yYMCA and CDCA by epimerization, hy-
droxylation, and dehydroxylation, respectively.

Biosynthesis of BAs from cholesterol results in accumula-
tion of BAs, and BAs in high concentration can be toxic in
the liver. Metabolism of BAs, including various conjugation
reactions, protects the liver by both converting hepatic toxic
BAs into polar BA conjugates and increasing their urinary
elimination. In humans, taurine and glycine conjugates of
primary BAs, CA and CDCA, are a major metabolic pathway
of BAs. Sulfation and three types of glycosidic conjugation
are also known metabolic pathways of BA synthesis (27),
which can be synthesized from nonamidated BAs and their
glycine and taurine conjugates as excretion products in
urine. Sixty-seven conjugated BAs, including 38 in single
conjugated form, 14 in double conjugated form, and 15 in
triple conjugated form, were detected in female piglet urine
by the method of a combination of enzymatic deconjuga-
tion and targeted LC-MRM-MS analysis. The qualitative and
quantitative results of conjugated BAs in female piglet urine
are summarized in Table 1 and Fig. 8. Liberated FBAs from
urinary BA conjugates by CH&S treatment was 23.50 + 2.46
pmol/1, which represented 70.25 + 2.44% of urinary BAs.
The conjugated BAs in triple conjugated forms are the most
hydrophilic BAs and constitute a major portion of the uri-
nary BAs in piglets (Table 1). Identification of glycine and
taurine conjugates of unsaturated BAs has been reported in
urine of children with defects in the gene or promoter re-
gion of A*-3-oxo-steroid 5B-reductase (gene AKR1D1) (11).
Nine conjugates of unsaturated BAs were detected in this
study and suggested an involvement of A"-3-oxo-steroid 5B-
reductase in biosynthesis of BAs in piglets.

In summary, a method using a combination of enzy-
matic deconjugation and targeted LC-MRM-MS analysis
was developed for analyzing BA conjugates in piglet urine.
Four enzymatic assays were used to deconjugate BA conju-
gates: CGH for taurine- and glycine-amidated conjugates,
GUS for glycosidic conjugates, S&GI for sulfate conjugates,
and CH&S for all forms of conjugates (Fig. 1). YMCA, an
isomer of CA, was identified as a predominant FBA in fe-
male piglet urine, which agrees with the previous report
that YMCA is a species-specific primary BA in the pig (6).
CDCA was detected only in trace amounts in urine before
the enzymatic assays, but was found in a significant amount
after the enzymatic assays, which supports that CDCA is
a precursor of YMCA in BA biosynthesis in piglets. A
high concentration of conjugated BAs in double and



triple conjugated forms in urine suggests that multiple
conjugated forms constitute one of the major pathways for
the excretion of excess cholesterol. Furthermore, the de-
veloped method also can be used in detection of other
classes of metabolites in single and multiple conjugated
forms where their standards are unavailable Bl
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figure preparation.
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