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Abstract Bile acids constitute a group of structurally
closely related molecules and represent the most abundant
constituents of human bile. Investigations of bile acids have
garnered increased interest owing to their recently discov-
ered additional biological functions including their role as
signaling molecules that govern glucose, fat and energy
metabolism. Recent NMR methodological developments
have enabled single-step analysis of several highly abundant
and common glycine- and taurine- conjugated bile acids,
such as glycocholic acid, glycodeoxycholic acid, glycoche-
nodeoxycholic acid, taurocholic acid, taurodeoxycholic
acid, and taurochenodeoxycholic acid. Investigation of these
conjugated bile acids in human bile employing high field
(800 MHz) 'H-NMR spectroscopy reveals that the ratios
between two glycine-conjugated bile acids and their tau-
rine counterparts correlate positively (R? = 0.83-0.97;
p = 0.001 x 107°-0.006 x 1077) as do the ratios between
a glycine-conjugated bile acid and its taurine counter-
part (R* = 0.92-0.95; p = 0.004 x 107°-0.002 x 10~'%.
Using such correlations, concentration of individual bile
acids in each sample could be predicted in good agreement
with the experimentally determined values. These insights
into the pattern of bile acid conjugation in human bile between
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glycine and taurine promise useful clues to the mechanism of
bile acids’ biosynthesis, conjugation and enterohepatic cir-
culation, and may improve our understanding of the role of
individual conjugated bile acids in health and disease.
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Introduction

Bile acids constitute a group of structurally closely related
molecules. Their steroid-like moieties consist of mono-, di-,
or tri-hydroxy groups. Tri- and di-hydroxy bile acids, such as
cholic acid and chenodeoxycholic acid, respectively, are
known as primary bile acids because they are biosynthesized
from cholesterol in hepatocytes. The others are known as
secondary bile acids. Secondary bile acids are thought to be
the products of gut bacterial deconjugation during enter-
ohepatic circulation. In human bile, both primary and
secondary bile acids are normally conjugated to glycine or
taurine. Conjugated bile acids are the major components of
human bile, with their total concentration exceeding that of
any other metabolite in bile.
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Bile acids have long been known to play an important,
but less appreciated, biological role in lipid absorption and
cholesterol catabolism. Recently, they have also been
recognized as signaling molecules with systemic endocrine
functions [1]. In addition, it is shown that increased bile
acid levels facilitate liver regeneration and decreased levels
inhibit re-growth [2]. The role of bile acids in maintaining
energy homeostasis has been recently highlighted [3].
Strong evidence for a previously unknown mechanism by
which conjugated bile acids facilitate their antimicrobial
effects in the small intestine was recently presented [4].
Bile acids are also shown to have close links with human
diseases including hepatocellular carcinoma and cholan-
giocarcinoma [5-8]. Key differences in bile acid metabo-
lism observed in diabetes based on investigations of human
subjects, suggest yet another important role of bile acid
metabolism [9, 10].

The link between bile acids and a multitude of delete-
rious effects in humans has increased the interest in better
understanding of the bile acid physiology [11, 12].
Although, mass spectrometry based methods are highly
useful for analyzing bile acids, establishing the relationship
between glycine- and taurine-conjugation has not been
possible so far [13—16]. This may be due to the tedious and
often not so reproducible separation procedures associated
with such analysis methods. In contrast, NMR spectros-
copy is highly reproducible and quantitative. Hence, it is an
attractive technique for analyzing a large number of bile
acids in a single-step, particularly when the concentration
is not a limiting factor. Recently, from a series of com-
prehensive NMR studies of human bile and authentic bile
acids, we reported simple NMR methodologies for
detecting and quantifying major bile metabolites including
a number of conjugated bile acids in human bile [17-20].
Subsequently, using these methods we have shown sig-
nificant differences in the concentrations of bile metabo-
lites between liver disease patients and controls [21]. Such
developments would be useful for discovering biomarkers
in light of the emerging area of ‘metabolomics’, which is
based on single-step analysis of multiple metabolites in
biological systems [22-27]. In the present study, we
hypothesized that understanding of the conjugation pattern
of bile acids is important to explore its pathophysiological
significance in human health and disease. Accordingly,
continuing our studies of human bile, we have investigated
bile acids conjugation pattern using NMR spectroscopy at
high magnetic fields (800 MHz). The investigations reveal
that glycine- and taurine-conjugation of bile acids in
human bile is not random, but follows a highly correlative
pattern. Such findings open new avenues for exploring
physiology of bile acids in health and understanding the
possible links between conjugation pattern and liver
diseases.
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Materials and Methods
Chemicals

Deuterium oxide (D,0), and sodium salt of trimethylsi-
lylpropionic acid-d, (TSP) were purchased from Sigma-
Aldrich (Milwaukee, WI, USA).

Human Gallbladder Bile

Gallbladder bile was obtained from 44 patients (22 male;
22 female; mean age 50.7 years). These included both
liver disease (n = 27) and non-liver disease patients
(n = 17). Liver disease included both malignant, hepato-
cellular carcinoma (n = 10) and cholangiocarcinoma
(n = 7), and non-malignant (n = 9) disease patients. Non-
malignant liver disease included patients with alcoholic
cirthosis (n = 3); cirrhosis due to hepatitis C infection
(n = 3); non-alcoholic steatohepatitis cirrhosis (n = 1);
choledochal cyst (n = 1) and primary sclerosing cholan-
gitis (n = 1).

Bile Collection and Storage

Gallbladder bile was taken at the beginning of the case,
prior to any devascularization of the gallbladder. A purse
string suture was placed in the fundus of the gallbladder.
Through an 18-gauge needle, 10 mL of bile was removed
and placed immediately into a red top tube treated with
0.1% sodium azide. The suture was tied down to eliminate
any bile leakage and the gallbladder taken off the liver.
Bile specimen was then divided into 1-mL aliquots and
stored at —80 °C until analysis. An Institutional Review
Board protocol, approved at both Indiana University
School of Medicine and Purdue University, was in place
for the collection, storage, and analysis of human bile for
research purposes.

NMR Experiments

All '"H-NMR experiments were performed on a Bruker
Biospin Avance 800 MHz NMR spectrometer using a
5-mm CHN inverse probehead equipped with automatic
tune and match, and shielded triple axis (x, y, z) gradients.

Bile solutions were prepared for NMR analysis by
diluting 100 pL of bile to 600 pL using doubly distilled
water. A reusable co-axial capillary tube containing TSP in
D,0 was inserted into the NMR tube before recording
"H-NMR spectra. While D,O served as a field-frequency
locking solvent, TSP served as chemical shift as well as
a quantitative reference. Recently, from the comprehen-
sive analysis of bile "H-NMR spectra, we have shown
that the characteristic amide signals constituting three
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glycine-conjugated bile acids, glycocholic acid (GCA),
glycodeoxycholic acid (GDCA), glycochenodeoxycholic
acid (GCDCA), and their taurine counterparts, taurocholic
acid (TCA), taurodeoxycholic acid (TDCA) and tauroche-
nodeoxycholic acid (TCDCA), invariably appear in the
region 7.8-8.1 ppm [20]. We have also shown that these bile
acids signals are better distinguished when the coupling
between amide protons and the attached methylene pro-
tons is removed by decoupling. Hence, one dimensional
"H-NMR spectra were obtained using a one pulse sequence
with (and without) homonuclear decoupling of the methy-
lene protons. Simultaneous decoupling of the amide protons
of all the conjugated bile acids was achieved by setting the
decoupling frequency at 3.65 ppm, in between the chemi-
cal shifts of methylene protons of conjugated taurine
(3.56 ppm) and conjugated glycine (3.75 ppm).

It is shown from the experiments performed at different
pH that the amide signals of individual conjugated bile
acids represent more quantitatively over the pH range
6 + 0.5 [18, 20]. Hence, the pH of each bile solution was
adjusted to this range by the addition of 1-2 pL. of 1 N
hydrochloric acid. Typical parameters used were: spectral
width: 12,000 Hz; time domain data points: 32 K; flip
angle: 45°; acquisition time: 1.4 s; relaxation delay: 3 s;
number of transients: 64; spectrum size: 32 K points.
This resulted in an acquisition time of 4.6 min for each
NMR experiment. Water signal suppression was achieved
by presaturation during the relaxation delay while

Fig. 1 Typical '"H-NMR
spectrum at 800 MHz of human
gallbladder bile (100 pL bile
diluted to 600 pL)

homonuclear decoupling was performed during the data
acquisition. The recycle delay was chosen based on the
optimization studies performed earlier using delays varying
from 1 to 10 s [20]. Thus, we rule out any change in
intensity of the amide signals either due to relaxation or
NOE buildup during decoupling of the adjacent methylene
protons.

Quantitative Estimation of Individual Conjugated
Bile Acids

Peak areas for the characteristic bile acids’ amide signals
(between 7.8 and 8.1 ppm; see Figs. 1, 2) and the TSP
reference were obtained by integration. The total bile acid
concentration in each bile sample was first determined
using these integrals and the concentration of the reference
compound after taking into account the number of protons
contributed from the bile acids as well as the reference
compound. Subsequently, the relative area under each
conjugated bile acid signal was determined by signal
deconvolution using Bruker xwinnmr software. For the
deconvolution of the spectra, Lorentzian line shape was
used. The concentration of individual bile acids was then
determined using the relative integrals of individual bile
acids and the amount of total bile acids as determined
above. Decoupled spectra were used for the analysis of bile
acids.
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Fig. 2 Left Portions of the 800 MHz 'H-NMR spectra of gallbladder
bile from five different patients (four from non-liver disease controls
and one from hepatitis C patient). The spectra were obtained by
decoupling methylene protons of glycine-/taurine-conjugated bile
acids. Right The corresponding deconvoluted spectra obtained for
estimating the integrals. GCA glycocholic acid; GCDCA glycoche-
nodeoxycholic acid; GDCA glycodeoxycholic acid; TCA taurocholic
acid; TCDCA: taurochenocholic acid and TDCA taurodeoxycholic
acid

Assessment of Bile Acids Conjugation

Glycine- and taurine-conjugation in human bile samples
was assessed by comparing the bile acids individually and
in the following combinations. (1) The ratio between gly-
cine- and the corresponding taurine-conjugated bile acid in
different bile samples was assessed by comparison. (2) The
ratio between two glycine-conjugated bile acids was
compared with the ratio between the corresponding
taurine-conjugated counterparts. (3) The ratio between a
glycine-conjugated bile acid and its taurine-conjugated
counterpart was compared with the ratio between another
glycine-conjugated bile acid and its taurine-conjugated
counterpart. Linear regression analysis was performed for
the ratios obtained in the latter two steps (steps 2 and 3) to
estimate the inter-relationship between the ratios of the bile
acids.

Finally, concentration of each conjugated bile acid was
predicted using experimentally determined values of the
other three bile acids. This prediction was based on the
results of the regression analysis as described below which
indicate that the ratio between two glycine-conjugated bile
acids linearly correlates with the ratio between the
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corresponding taurine-conjugated bile acids or, alterna-
tively, the ratio between a glycine-conjugated bile acid and
its taurine-conjugated counterpart linearly correlates with
the ratio between another glycine-conjugated bile acid and
its taurine-conjugated counterpart. The predicted bile acids
concentrations were then compared with the experimen-
tally determined values from the NMR spectra for the six
conjugated bile acids, individually.

Statistical Analysis

All linear regression analyses were made using Microsoft
Excel and R statistical package (version 2.8.1). The Excel
software was first used to calculate the ratios of various
combinations of the glycine- and taurine-conjugated bile
acids (TCA/TCDCA, GCA/GCDCA, TCA/TDCA, GCA/
GDCA, TDCA/TCDCA, GDCA/GCDCA, GCA/TCA,
GCDCA/TCDCA, GCA/TCA, GDCA/TDCA, GCDCA/
TCDCA and GDCA/TDCA) for each patient using the
concentration of individual bile acids obtained from
'"H-NMR spectra. The plots of the ratio of TCA/TCDCA
versus GCA/GCDCA, TCA/TDCA versus GCA/GDCA,
TDCA/TCDCA versus GDCA/GCDCA, GCA/TCA versus
GCDCA/TCDCA, GCA/TCA versus GDCA/TDCA and
GCDCA/TCDCA versus GDCA/TDCA were then made to
assess the correlation of the ratios. Subsequently, using the
Excel software, the linear regression analysis was made
and, the equations for the line-fitting and the correlation
coefficient (R?) were determined. Further, the statistical
significance of the correlations was determined using the R
program using Pearson product moment correlation
analysis.

Results

This investigation aims at understanding the conjugation
pattern of glycine- and taurine-conjugated bile acids in
humans. Considering the fact that the glycine and taurine
conjugation depends on a number of factors and the
amount of bile acids varies widely between the two types
even across the non-liver disease patients (as shown later),
it will not be possible to trace possible relationship between
the two types of bile acids in humans from a glycine- and a
taurine-conjugated bile acids. It thus necessitated compar-
ison of the ratios of a pair of glycine- conjugated bile acids
with the corresponding pair of taurine-conjugated bile
acids. Hence, all the bile samples that showed less than a
pair of glycine and the corresponding taurine-conjugated
bile acids were omitted from the analysis (see for example,
supplementary Fig. S1). In addition, four bile samples in
which individual bile acids could not be quantified
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Table 1 Patient profile and the
number of bile acids observed
by NMR

Disease type

Number of Number of patients Number of patients in

# Six bile acids detected were
GCA, GCDCA, GDCA, TCA,
TCDCA, and TDCA

b Secondary bile acids, GDCA,

patients in which all six which only four conjugated

conjugated bile acids bile acids were detected®
were detected”

Hepatocellular carcinoma 6 2 4

Cholangio-carcinoma 3 1 2

Hepatitis C 2 0 2

Alcoholic cirrhosis 1 0 1

Non-alcoholic steatohepatitis cirrthosis 1 0 1

Non-liver disease 11 7 4

and TDCA, were not detected in
these patients

accurately due to excessive line broadening were also
omitted to avoid possible error in the measurement of the
signal integrals adversely influencing the outcome of the
study (see for example, supplementary Fig. S2). Of the 44
bile samples, 24 met the minimum requirement which were
used for evaluating the bile acids conjugation pattern.
Table 1 shows the patient profile and the number of con-
jugated bile acids detected in each category of patients
considered in this study.

Figure 1 shows a typical one-dimensional 'H-NMR
spectrum of intact human gallbladder bile obtained at
800 MHz. Owing to the amphipathic nature of major bile
metabolites such as phospholipids, cholesterol and bile
acids which exist in aggregated form, the spectral lines
appear somewhat broad as seen in the figure. All major
metabolites which contribute to the bulk of the complex
NMR spectra of bile have recently been individually
identified by exhaustive NMR studies at different magnetic
fields [20]. Six of the metabolites were bile acids conju-
gated to glycine or taurine (GCA, GCDCA, GDCA, TCA,
TCDCA, and TDCA). In the present study, all the six
conjugated bile acids were observed in 14 of 24 bile
samples, while only four (GCA, GCDCA, TCA, and
TCDCA) were observed in the remaining 10 (Table 1). It
may be noted that, in the entire set of 24 bile samples, all
the glycine- conjugated bile acids were the counterparts of
the taurine-conjugated bile acids or vice versa.

Not surprisingly, the concentration of the individual bile
acids varied significantly across the sample set as shown in
Figs. 2 and 3. Even the ratios between the total glycine-
and taurine-conjugated bile acids (Fig. 4a) or between a
glycine-conjugated bile acid and its taurine counterpart
varied significantly (Fig. 4b—d). Interestingly, however, the
ratios between two glycine-conjugated bile acids and
between their taurine counterparts linearly correlated
(Fig. 5) and the significance of the correlations was very
high for all the ratios. The correlation coefficients and p
values were, R?> = 0.83 and p = 0.006 x 1077 for the
correlation of ratio of GCA and GCDCA with the ratio of
TCA and TCDCA (Fig. 5a); 0.97 and 0.004 x 10~* for the
correlation of the ratio of GCA and GDCA with the ratio of

TCA and TDCA (Fig. 5b) and 0.92 and 0.001 x 1072 for
the correlation of the ratio of GDCA and GCDCA with the
ratio of TDCA and TCDCA (Fig. 5c). Similarly the ratios
between glycine-conjugated bile acid and its taurine
counterpart, and those between another glycine-conjugated
bile acid and its taurine counterpart were also highly lin-
early correlated: R = 0.92 and p = 0.002 x 10~ '° for the
correlation of the ratio of GCA and TCA with that of
GCDCA and TCDCA (Fig. 5d); 0.95 and 0.003 x 1073 for
the correlation of the ratio of GCA and TCA with that of
GDCA and TDCA (Fig. 5e) and 0.94 and 0.004 x 1073 for
the correlation of the ratio of GCDCA and TCDCA with
that of GDCA and TDCA (Fig. 5f). The regression equa-
tions of the correlations show a slope of close to one for the
ratios of bile acids as shown in Fig. 5.

The concentration of individual bile acids in each bile
sample was predicted using such correlations and experi-
mentally determined values of the other three bile acids as
follows. The concentration of GCA was predicted using the
experimental values of TCA, GCDCA, and TCDCA; the
concentration of GDCA using GCA, TCA, and TDCA;
the concentration of GCDCA using GCA, TCA, and
TCDCA; the concentration of TCA using GCA, GCDCA,
and TCDCA; the concentration of TDCA using GCA,
TCA, and GDCA and the concentration of TCDCA using
GCA, TCA, and GCDCA. The correlations between the
experimental and predicted values for the six conjugated
bile acid are shown in the supplementary Fig. S3; as
excepted from the results shown in Fig. 5, the experimental
and predicted values for all the bile acids were highly
correlated (supplementary Fig. S3).

Discussion

This study takes advantage of recent methodological
advancements in NMR which enabled identification of major
bile metabolites in intact human bile [19, 20]. Employing
these methodologies and using "H-NMR spectroscopy at
800 MHz, we have studied human bile to investigate glycine
and taurine conjugation patterns of bile acids.

&) Springer ANOCS &
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Generally, in human bile, six conjugated bile acids can
be detected using a simple one-dimensional NMR experi-
ment (Fig. 1). These constitute two primary bile acids,
cholic acid and chenodeoxycholic acid, and a secondary
bile acid, deoxycholic acid, each of which is conjugated to
glycine, resulting in GCA, GCDCA, and GDCA, or taurine,
resulting in TCA, TCDCA, and TDCA. Depending upon
the status of the liver, concentration of these bile acids vary
in individual patients so much that, in the present study,
bile acids in 16 patients were either undetectable or fewer
than four. Since our aim was to investigate the conjugation
pattern by comparing and correlating the ratios between
two glycine-conjugated bile acids and their taurine coun-
terparts or the ratios between glycine-conjugated bile acid
and its taurine counterpart, we considered only those bile
samples which showed at least a pair of glycine-conjugated
bile acids and their taurine counterparts.

Significant variation in each of these bile acids con-
centration across the sample set (Figs.2, 3) may be
attributed to a number of factors such as altered
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biosynthesis, cholestatic liver disease, bile acid mal-
absorption or disturbed enterohepatic circulation arising from
the heterogeneity of the patients used in this study. Inter-
estingly, from the systematic comparison of the variation in
glycine- and taurine-conjugated bile acids concentrations
within a bile sample as well as across a set of bile samples,
a fundamental relationship between glycine- and taurine-
conjugated bile acids levels in human bile could be
established (Figs. 2, 5). Despite many factors that can
affect individual bile acid concentration and the hetero-
geneity of the human subjects involved, who varied from
non-liver disease patients to patients with liver diseases
including hepatocellular carcinoma and cholangiocarci-
noma, the ratios between glycine-conjugated bile acids and
between taurine-conjugated bile acids did not vary ran-
domly. This is particularly true for the six conjugated bile
acids, GCA, GCDCA, GDCA, TCA, TCDCA, and TDCA
commonly detected by NMR in a single step. The slope of
nearly one for the line-fitting obtained from linear regres-
sion analysis and a very low p value clearly shows the
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Fig. 4 Ratios of a glycine- to taurine-conjugated bile acids and b—d
glycine to the corresponding taurine-conjugated bile acid. Abbrevi-
ations are as described before in Fig. 2 caption

linearity of correlation of bile acids ratios. An earlier
investigation of bile using high pressure liquid chroma-
tography reported somewhat constant proportion of the
three glycine-conjugated bile acids in healthy humans
(GCA, GCDCA, and GDCA) [28]. These results are in
accordance with the relationship between glycine- and
taurine-conjugated bile acids observed in the present study.
Further, these results indicate that it is even possible to
predict the concentration of a bile acid utilizing the

relationship of co-variation of the bile acids ratios (sup-
plementary Fig. S3). Considering the fact that numerous
factors affect individual bile acid’s concentration and that it
is not yet known whether damage to bile acids during en-
terohepatic circulation is corrected in the hepatocytes,
either partially or completely [29], the findings of the
present study that the individual bile acids do not vary
randomly may provide clues to the mechanism of the
regulatory make up of bile acids in the hepatocytes.
Interest in better understanding bile acids metabolism
and their role in a variety of diseases has increased since
the recent discovery of a nuclear receptor for bile acids,
which regulates bile acids synthesis and controls glucose,
fat and energy metabolism. A very recent study on bile
acids kinetics showed significantly higher cholic acid
synthesis in type 2 diabetes patients [9]. Although bile
acids have common structural features, the number and the
position of the hydroxyl groups, and the nature of conju-
gation is anticipated to make each of the bile acids exhibit
widely differing biological functions. For example, tauro-
deoxycholic acid, but not glycodeoxycholic acid, has
inhibitory potential against apoptosis [30], and chenode-
oxycholic acid levels in blood exceeding 15 pmol/L are
indicative of end stage liver disease [31]. Hence, under-
standing the metabolism and physiology of individual bile
acid conjugation becomes an important aspect of the study
of bile acids. Most of the literature about bile acids to date
deals with bile acids as a whole, such as the primary bile
acids, cholic acid and chenodeoxycholic acid, and the
secondary acids, deoxycholic acid and lithocholic acid.
Specific roles for the individual taurine- or glycine-conju-
gated bile acids have not been extensively explored.
Present investigation was based on the six conjugated
bile acids, GCA, GCDCA, GDCA, TCA, TCDCA, and
TDCA that are commonly found in human bile at high
concentrations. Conjugates of ursodeoxycholic acid and
lithocholic acid that are also thought to be present com-
monly in bile were not detected by NMR in this study,
probably, owing to their low concentrations. It is also quite
likely that such undetected low concentration conjugated
bile acids overlap with the signals of the abundant bile
acids. In our earlier investigation, we have shown that all
the bile acids’ signals are resolved even at low magnetic
fields (400 MHz) except the two, TCDCA and TDCA, and
at 800 MHz, all the signals get resolved [20]. Now that the
relationship between glycine- and taurine-conjugated bile
acids is established, it would be possible to predict the
concentrations of TCDCA and TDCA, even if they overlap,
provided the integrals of the other four are known as
described in the supplementary Fig. S3. Thus, the analysis
of individual bile acids can be performed even using
instruments with lower magnetic fields (for example
400 MHz) as long as the correlation of the ratios is valid.
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Conclusions

Bile acids have been intensively studied over the last
several decades; however, investigations with an emphasis
on bile acids conjugation are sparse. With a multitude of
new roles for bile acids in several diseases coming to light,
the need to investigate and understand the specific role of
each member of the bile acid family has gained signifi-
cance. Utilizing the latest methodological developments in
bile acids analysis, we have made a detailed correlative
analysis of individual glycine- and taurine-conjugated bile
acids, which normally occur abundantly in human bile. We
show here that glycine- and taurine-conjugated bile acids
do not vary randomly but follow a definite correlative
relationship, despite significantly altered levels of indi-
vidual bile acids across the sample set. Although, this

&\ Springer ANOCS &

investigation involves a small sample set and only six
conjugated bile acids, the correlations between the two
classes of conjugated bile acids are highly consistent and
striking. Further studies using a greater number of bile
samples targeting additional number of bile acids that are
undetected in the present study are needed to substantiate
the findings and to further our understanding of the phys-
iology of bile acids’ conjugation. Further, it will be inter-
esting and useful to understand the pathophysiological
circumstances which contribute to the deviation of such a
correlation, although present study on a small sample set
has not detected any difference between liver diseases and
non-liver disease controls.
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