ETH Library

Bile acids and their precursor 7αhydroxy-4-cholesten-3-one as
potential metabolic biomarkers
variation in health and disease

Doctoral Thesis
Author(s):
Steiner, Carine
Publication date:
2011
Permanent link:
https://doi.org/10.3929/ethz-a-006706562
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Diss. ETH No. 19802

BILE ACIDS AND THEIR PRECURSOR
7α-HYDROXY-4-CHOLESTEN-3-ONE AS POTENTIAL
METABOLIC BIOMARKERS: VARIATION IN HEALTH AND DISEASE

A dissertation submitted to the

ETH Zürich
for the degree of

Doctor of Sciences
presented by

Carine Steiner
Eidg. dipl. Apothekerin
born on August 18th, 1981

citizen of
Lausanne (VD) and Altishofen (LU), Switzerland

Accepted on the recommendation of
Prof. Dr. Renato Zenobi, examiner
Prof. Dr. Katharina M. Rentsch, co-examiner
Prof. Dr. Arnold von Eckardstein, co-examiner
Prof. Dr. Karl-Heinz Altmann, co-examiner

Zürich, 2011

To my grandmother, Agnes Steiner-Teuber

TABLE OF CONTENTS

SUMMARY ................................................................................................................................... 5
RÉSUMÉ....................................................................................................................................... 7
ZUSAMMENFASSUNG ................................................................................................................... 9
1. INTRODUCTION ...................................................................................................................... 11
1.1. Bile acids as signaling molecules.................................................................................. 11
1.2. Biosynthesis, structure and terminology of bile acids................................................... 11
1.3. Metabolic effects of bile acids....................................................................................... 14
1.3.1. FXR activation ....................................................................................................... 14
1.3.2. Bile acids and triglyceride metabolism .................................................................. 16
1.3.3. Bile acids and lipoprotein metabolism ................................................................... 16
1.3.4. Bile acids and glucose metabolism ........................................................................ 17
1.4. Biomarkers .................................................................................................................... 17
1.5. Aim of the study............................................................................................................ 18
References ............................................................................................................................ 20
2. MASS SPECTROMETRIC ANALYSIS OF BILE ACIDS ................................................................ 28
2.1. Overview of bile acid analysis ...................................................................................... 28
2.2. Ionization....................................................................................................................... 29
2.3. Analysis ......................................................................................................................... 30
2.4. Method Validation......................................................................................................... 32
References ............................................................................................................................ 35
3. QUANTIFICATION

OF THE

15 MAJOR HUMAN BILE ACIDS

HYDROXY-4-CHOLESTEN-3-ONE IN

SERUM

BY

AND

THEIR PRECURSOR 7α-

LIQUID CHROMATOGRAPHY-TANDEM MASS

SPECTROMETRY ........................................................................................................................ 40
Abstract ................................................................................................................................ 41
3.1. Introduction ................................................................................................................... 42
3.2. Experimental ................................................................................................................. 45
3.2.1 Chemicals ................................................................................................................ 45
3.2.2. Preparation of a bile acid/C4-free serum pool ....................................................... 45
3.2.3. Preparation of standard stock solutions.................................................................. 46
3.2.4. Preparation of deuterated internal standard stock solutions................................... 46
3.2.5. Sample preparation................................................................................................. 46
3.2.6. Quantification......................................................................................................... 47
1

3.2.7. Instrumentation....................................................................................................... 48
3.2.8. Separation, ionisation and detection conditions ..................................................... 50
3.2.9. Method validation .................................................................................................. 51
3.3. Results and discussion................................................................................................... 53
3.3.1. Preparation of standard stock solutions.................................................................. 53
3.3.2. Sample preparation................................................................................................. 53
3.3.3. Separation, ionisation and detection conditions ..................................................... 54
3.3.4. Method validation .................................................................................................. 55
3.3.5. Quantification of bile acids and C4 in a patient with cirrhosis and cholestasis ..... 62
3.4. Conclusions ................................................................................................................... 64
Acknowledgements .............................................................................................................. 64
References ............................................................................................................................ 65
4. SERUM CONCENTRATIONS

OF

7α-HYDROXY-4-CHOLESTEN-3-ONE

AND

BILE ACIDS

IN

PATIENTS WITH CORONARY HEART DISEASE, METABOLIC SYNDROME OR TYPE 2 DIABETES .. 68
Abstract ................................................................................................................................ 69
4.1. Introduction ................................................................................................................... 70
4.2. Materials and methods .................................................................................................. 72
4.2.1. Patients and blood sampling................................................................................... 72
4.2.2. Analytical methods................................................................................................. 73
4.2.3. Statistics ................................................................................................................. 73
4.3. Results ........................................................................................................................... 74
4.3.1. Associations of CAD status with BAs and C4 levels............................................. 76
4.3.2. Associations of MetS or T2DM with BAs and C4 levels ...................................... 77
4.3.3. Correlations of C4 and BAs ................................................................................... 80
4.3.4. Logistic regression and principal component analysis of associations between C4
and MetS .......................................................................................................................... 82
4.4. Discussion ..................................................................................................................... 86
Acknowledgements .............................................................................................................. 88
References ............................................................................................................................ 89
5. DESCRIPTION

OF

SERUM BILE ACID LEVELS

IN

LIPOPROTEINS

AND IN

HUMANS

WITH

MONOGENIC DISTURBANCES OF HIGH DENSITY LIPOPROTEIN METABOLISM ........................... 95
Abstract ................................................................................................................................ 96
5.1. Introduction ................................................................................................................... 97
5.2. Materials and Methods .................................................................................................. 98
2

5.2.1. Patients ................................................................................................................... 98
5.2.2. Lipoprotein Fractionation..................................................................................... 101
5.2.3. Analytical methods............................................................................................... 101
5.2.4. Statistical analysis ................................................................................................ 102
5.3. Results ......................................................................................................................... 102
5.3.1. Bile acid levels in lipoprotein fractions................................................................ 102
5.3.2. Serum levels of bile acids in patients with inborn errors of HDL metabolism .... 107
5.3.3. Bile acid levels in LPDS and HDL fractions from SCARB1 heterozygote mutation
carriers and mutation-free controls ................................................................................ 114
5.4. Discussion ................................................................................................................... 116
References .......................................................................................................................... 118
6. BIOLOGICAL VARIATION

OF

FIFTEEN DIFFERENT BILE ACIDS

AND

THEIR PRECURSOR 7α-

HYDROXY-4-CHOLESTEN-3-ONE IN HEALTHY VOLUNTEERS ................................................... 121

Abstract .............................................................................................................................. 122
6.1. Introduction ................................................................................................................. 123
6.2. Materials and Methods ................................................................................................ 124
6.2.1. Collectives ............................................................................................................ 124
6.2.2. Analytical methods............................................................................................... 125
6.2.3. Statistics ............................................................................................................... 125
6.3. Results ......................................................................................................................... 126
6.3.1. Reference interval and correlations...................................................................... 126
6.3.2. Diurnal profiles of bile acids and C4 ................................................................... 128
6.4. Discussion ................................................................................................................... 135
6.4.1. Interindividual variation ....................................................................................... 135
6.4.2. Intraindividual variation ....................................................................................... 135
References .......................................................................................................................... 139
7. DISCUSSION AND OUTLOOK................................................................................................. 143
References .......................................................................................................................... 149
ACKNOWLEDGEMENTS ............................................................................................................ 152
PUBLICATIONS AND PRESENTATIONS ...................................................................................... 154

3

4

SUMMARY
Bile acids are well known as an excreted end product of cholesterol metabolism and as an
important adjuvant for intestinal lipid adsorption. In addition, bile acids are increasingly
recognized as signaling molecules due to their ability to activate the nuclear factor farnesoid
X receptor (FXR), through which they regulate their own biosynthesis and modulate both
lipid and glucose metabolism. Consequently, they are considered as potential biomarkers for
metabolic disorders. Bile acids represent a complex class of structurally closely related
compounds, which all vary in their ability to activate FXR. In addition, they undergo
enterohepatic circulation, during which metabolisation by intestinal bacteria generates further
complexity. In order to differentiate between newly synthesized bile acids and the ones found
in the circulation after reabsorption from the intestine, we used the bile acid precursor 7αhydroxy-4-cholesten-3-one (C4), which has been shown to reflect bile acid biosynthesis.
The first part of this work consisted in the development and improvement of two methods
based on liquid chromatography coupled to mass spectrometry (LC-MS) for the quantification
of the 15 major human bile acids as well as C4 in serum. These methods have the advantages
of requiring a low sample volume (100µl for each method) as well as identical stationary and
mobile phases, and an identical ionization source. This allows both methods to be used in a
combined manner, providing information on the composition of the bile acid pool on one
hand and on the relative amount of newly synthesized bile acids on the other.
In a second step, we evaluated bile acids and C4 as potential biomarkers for metabolic
syndrome (MetS), type 2 diabetes mellitus (T2DM) and coronary artery disease (CAD) in a
cohort of 150 subjects. While no difference was observed for bile acid concentrations between
the different groups, C4 levels were significantly increased in patients with MetS and T2DM
as compared to the controls. However, C4 was not superior to the canonical components for
MetS and T2DM. Moreover, bile acids and C4 showed a high interindividual variability,
which limited the possibility of observing any further differences.
In addition, we investigated bile acid concentrations in relation to high density lipoprotein
(HDL) metabolism, which is thought to mediate the reverse transport of cholesterol from
peripheral cells to the liver for conversion into bile acids. We analysed the bile acid
distribution among plasma lipoproteins as well as bile acid concentrations in 52 patients with
functionally relevant mutations in six different HDL genes as well as in 50 unaffected family
members (controls). Although a significant amount of bile acids were found to be associated
with plasma lipoproteins, mainly with HDL, this did not affect bile acid concentrations in
5

patients with monogenic defects of HDL metabolism as compared to the controls. We also
quantified bile acids in lipoprotein-depleted serum (LPDS) and HDL lipoprotein fractions
from patients with one deficient allele for the scavenger receptor BI (SCARB1), which
mediates the hepatic uptake of HDL cholesterol, as well as in controls. Here also, no
difference in bile acid levels or composition was observed between mutated patients and
controls. In this study, we also observed a high interindividual variability for bile acid
concentrations.
Due to the high interindividual variability observed in the two studies, we went on to
investigate the diurnal profiles of bile acids and C4 in four healthy volunteers. Serum
concentrations of conjugated bile acids depended mainly on prandial effects, whereas serum
levels of unconjugated bile acids were influenced mainly by chronobiologic effects with an
acrophase during the night and early morning. C4 showed two peaks during the day, which
seemed to be independent of prandial effects since the concentrations started to increase
already before food intake.
In conclusion, we have demonstrated that serum levels of C4, but not of bile acids, are
elevated in patients with MetS and T2DM. However, the association of C4 with these diseases
was not superior to that of the canonical components used to diagnose MetS and T2DM. We
also showed that a significant amount of bile acids are associated with lipoproteins, namely
HDL, but that this did not affect bile acid levels in patients with monogenic disturbances of
HDL metabolism. Finally we provided evidence that extensive diurnal rhythm and
postprandial responses contribute to the high intra- and hence, interindividual variability of
bile acids and C4. This high intraindividual variation makes it difficult to standardize
sampling time and compromises the clinical use of bile acids and C4 as biomarkers.
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RESUME
Les acides biliaires sont connus en tant que produits d’excrétion du métabolisme du
cholestérol ainsi qu’en tant qu’adjuvants primordiaux à la digestion intestinale des lipides. De
plus, les acides biliaires sont de plus en plus reconnus comme molécules de signalisation, de
par leur capacité à activer le récepteur nucléaire farnesoid X receptor (FXR). Grâce à ce
mécanisme, ils contrôlent leur propre biosynthèse et sont capables de moduler le métabolisme
du glucose et celui des lipides. En conséquence, ils sont considérés comme biomarquers
potentiels pour certains troubles du métabolisme. Les acides biliaires représentent une classe
complexe de composés de structure semblable, qui varient pourtant au niveau de leur potentiel
d’activation du FXR. De plus, ils suivent un cycle enterohépatique, durant lequel leur
métabolisation par la flore intestinale ajoute à la complexité existante. Afin de pouvoir
différencier les acides biliaires nouvellement synthétisés de ceux qui ont été réabsorbés par
l’intestin, il est possible de quantifier leur précurseur 7α-hydroxy-4-cholesten-3-one (C4),
dont il a été montré qu’il reflétait la biosynthèse des acides biliaires.
La première partie de ce travail a consisté en le développement et l’amélioration de deux
méthodes utilisant la chromatographie liquide couplée à la spectrométrie de masse pour la
quantification dans le sérum des 15 principaux acides biliaires chez l’être humain ainsi que du
C4. Ces méthodes ont l’avantage de nécessiter un faible volume d’échantillon (100µl pour
chaque méthode), des phases stationnaires et mobiles identiques ainsi que de la même
technique d’ionisation. Ceci permet d’utiliser les deux méthodes de façon combinée et
renseigne d’une part sur la composition du pool d’acides biliaires circulant et fournit d’autre
part une mesure relative de la quantité d’acides biliaires nouvellement synthétisés.
Dans une deuxième étape, nous avons évalué les acides biliaires et C4 en tant que
biomarqueurs potentiels pour le syndrome métabolique, le diabète de type 2 ainsi que pour les
cardiopathies coronariennes dans une cohorte de 150 sujets. Alors qu’aucune différence ne fût
observée entre les différents groupes pour les acides biliaires, les niveaux de C4 furent
significativement plus élevés chez les patients souffrant du syndrome métabolique ainsi que
du diabète que chez les contrôles. C4 ne fut toutefois pas supérieur aux marqueurs usuels pour
le syndrome métabolique et le diabète. En outre, les concentrations d’acides biliaires et de C4
présentèrent une grande variabilité interindividuelle, ce qui a potentiellement limité
l’observation de différences supplémentaires.
Nous avons aussi examiné les concentrations d’acides biliaires en relation avec le
métabolisme des lipoprotéines de haute densité (LHD), qui servent au transport du cholestérol
7

à partir des tissus périphériques vers le foie pour qu’il y soit converti en acides biliaires. Nous
avons analysé la distribution des acides biliaires parmi les lipoprotéines plasmatiques ainsi
que leurs concentrations chez 52 patients avec des mutations affectant la fonction de six
différents gènes des LHD et chez 50 parents sains (contrôles). Bien qu’une quantité
significative d’acides biliaires ait été associée avec les lipoprotéines plasmatiques,
principalement avec les LHD, ceci n’affecta pas les concentrations plasmatiques d’acides
biliaires chez les patients présentant des mutations des gènes du métabolisme des LHD par
rapport aux contrôles. Nous avons aussi quantifié les acides biliaires dans du sérum sans
lipoprotéines ainsi que dans la fraction contenant les LHD qui provenaient de contrôles et de
patients avec un allèle défectueux pour le gène du scavenger receptor BI (SCARB1), dont la
protéine sert à l’absorption par le foie du cholestérol transporté par les LHD. Nous n’avons
pas non plus observé de différences entre les patients atteints et les contrôles, ni au niveau des
concentrations, ni au niveau de la composition du pool des acides biliaires. Dans cette étude
nous avons aussi observé une grande variabilité interindividuelle des concentrations d’acides
biliaires.
En raison de la variabilité interindividuelle observée dans les deux études, nous avons
examiné le profile diurne des acides biliaires et du C4 dans quatre sujets sains. Les
concentrations plasmatiques des acides biliaires conjugués furent principalement influencées
par des effets prandiaux alors que les acides biliaires non conjugués semblèrent dépendre
surtout d’effets chronobiologiques avec des concentrations maximales pendant la nuit et tôt le
matin. C4 présenta deux pics durant la journée qui semblèrent être indépendants d’effets
prandiaux car l’élévation des concentrations commença déjà avant la prise de nourriture.
En conclusion, nous avons démontré que les concentrations plasmatiques de C4, mais pas des
acides biliaires, sont plus élevées chez les patients souffrant du syndrome métabolique et de
diabète de type 2 que chez les contrôles. L’association de C4 avec ces pathologies ne fut
toutefois pas supérieure à celle observée pour les marqueurs traditionnels du syndrome
métabolique et du diabète. Nous avons aussi montré qu’une quantité significative d’acides
biliaires était associée avec les lipoprotéines plasmatiques, notamment avec les LHD, mais
que ceci n’affectait pas les concentrations totales d’acides biliaires dans les patients ayant des
mutations dans les gènes du métabolisme des LHD. Finalement, nous avons prouvé que la
présence d’un rythme diurne et d’effets prandiaux contribuait à la grande variabilité intra- et
par conséquence interindividuelle des concentrations d’acides biliaires et de C4. Cette
variabilité complique la standardisation de l’heure de la prise de sang et compromet ainsi
l’utilisation clinique des acides biliaires et de C4 en tant que biomarqueurs.
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ZUSAMMENFASSUNG
Gallensäuren sind gut bekannt als ausgeschiedenes Endprodukt vom Cholesterinmetabolismus
sowie als ein wichtiges Hilfsmittel für die Fettverdauung im Darm. Zusätzlich werden
Gallensäuren wegen ihre Fähigkeit, den nukleären Rezeptor farnesoid X receptor (FXR) zu
aktivieren, zunehmend als Signalmoleküle anerkannt. Durch diesen Mechanismus regulieren
sie ihre eigene Biosynthese, können aber dadurch auch den Lipid- und Glukosemetabolismus
modulieren. Infolgedessen werden Gallensäuren als potenzielle Biomarker für metabolische
Krankheiten betrachtet. Gallensäuren stellen eine komplexe Mischung strukturell ähnlicher
Verbindungen dar, die aber alle unterschiedlich stark FXR aktivieren können. Zusätzlich sind
Gallensäuren Teil eines enterohepatischen Zyklus, dabei erfahren sie weitere strukturelle
Änderungen durch Darmbakterien was zu einer noch höheren Komplexität führt. Um die neu
synthetisierten Gallensäuren von den vom Darm wiederaufgenommenen Gallensäuren
unterscheiden zu können, benutzt man den Gallensäurenvorläufer 7α-hydroxy-4-cholesten-3one (C4). Es wurde nachgewiesen, dass C4 die Gallensäurenbiosynthese widerspiegelt.
Der erste Teil dieser Arbeit bestand aus der Entwicklung und Optimierung zweier Methoden
für die Quantifizierung der 15 Hauptgallensäuren sowie von C4 im menschlichen Serum.
Diese Methoden basieren auf Flüssigchromatographie gekoppelt mit Massenspektrometrie
und haben den Vorteil, dass sie ein kleines Probenvolumen benötigen (100µl für jede
Methode). Zusätzlich benötigen sie identische stationäre sowie mobile Phasen für die
Chromatographie und die gleiche Ionisierungsquelle. Dies ermöglicht uns beide Methoden in
kombinierter Weise zu verwenden und ergibt einerseits die Zusammensetzung des
Gallensäurenpools und andererseits ein relatives Ausmass der Gallensäurenbiosynthese.
Im zweiten Teil dieser Arbeit haben wir die Gallensäuren und C4 als mögliche Biomarker für
das metabolische Syndrom (MetS), Typ 2 Diabetes Mellitus (T2DM) und Koronare
Herzkrankheit (KHK) in einer Kohorte von 150 Probanden evaluiert. Für die
Gallensäurenkonzentrationen wurden keine Unterschieden zwischen den verschiedenen
Probanden beobachtet, während die C4-Konzentrationen in den MetS und T2DM Patienten
signifikant erhöht waren im Vergleich zu den Kontrollen. Allerdings war C4 den üblichen
Biomarkern für MetS und T2DM untergeordnet. Ausserdem wiesen Gallensäuren- und C4Konzentrationen eine hohe interindividuelle Variabilität, weshalb die Beobachtung von
weiteren potenziellen Unterschieden beschränkt war.
Wir haben zusätzlich den Zusammenhang von Gallensäurenkonzentrationen mit dem high
density Lipoprotein (HDL) Metabolismus untersucht. Wir haben die Gallensäurenverteilung
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innerhalb Plasmalipoprotein-Fraktionen analysiert. Anschliessend haben wir die Gallensäuren
in 52 Patienten mit funktionell relevanten Mutationen in sechs verschiedenen HDL Genen,
sowie in 50 nicht betroffenen Angehörigen (Kontrollen) quantifiziert. Obwohl bedeutende
Mengen Gallensäuren mit Plasmalipoproteinen, hautpsächlich mit HDL assoziert waren, hat
sich dieser Effekt auf die Gallensäurenkonzentrationen in Patienten mit monogenen Defekten
im HDL Metabolismus nicht ausgewirkt im Vergleich zu den Kontrollen. Wir haben die
Gallensäuren auch in lipoproteinfreiem Serum und in der HDL-Fraktion von Patienten mit
einem defektem Allel für das scavenger receptor BI Gen (SCARB1), dessen Protein die
hepatische Aufnahme von HDL vermittelt, sowie in Kontrollen quantifiziert. Auch hier
wurden keine Unterschiede bezüglich Gallensäurenkonzentrationen oder Zusammensetzung
zwischen Patienten mit Genmutationen und Kontrollen beobachtet. Schlussendlich wurde
auch hier eine hohe interindividuelle Variabilität der Gallensäurenkonzentrationen
beobachtet.
Wegen der in beiden Studien beobachteten hohen Variabilität haben wir das diurnale Profil
von Gallensäuren und C4 in vier gesunden Probanden untersucht. Serum konjugierte
Gallensäurenkonzentrationen hingen hauptsächlich von prandialen Effekten ab, während
Serum unkonjugierte Gallensäurenkonzentrationen vor allem durch chronobiologischen
Effekte beeinflusst wurden mit maximaler Konzentration während der Nacht und des frühen
Morgens. C4 wies während des Tages zwei Peaks auf, die unabhängig von prandialen
Effekten zu sein schienen, da die Konzentrationen schon vor der Nahrungsaufname zu steigen
began.
Zusammenfassend haben wir gezeigt, dass Serumkonzentrationen von C4, aber nicht von
Gallensäuren in Patienten mit MetS und T2DM im Vergleich zu den Kontrollen erhöht ist.
Jedoch war die Assoziation von C4 mit diesen Krankheiten nicht stärker als die von den
üblichen Biomarkern für MetS und T2DM. Wir haben auch nachgewiesen, dass signifikante
Mengen Gallensäuren mit Lipoproteinen, nämlich mit HDL assoziert sind aber dass dies auf
die Gallensäurenkonzentrationen in Patienten mit monogenen Störungen im HDL
Metabolismus keinen Effekt hat. Letzlich haben wir nachgewiesen, dass der diurnale
Rhythmus und die prandialen Effekte zur hohen intra- und damit interindividuellen
Variabilität

von

Gallensäuren-

und

C4-Konzentrationen

beitragen.

Diese

hohe

intraindividuelle Variation erschwert die Standardisierung des Zeitpunktes für die
Blutentnahme und beeinträchtigt den klinischen Nutzen von Gallensäuren und C4 als
Biomarker.
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1. INTRODUCTION
1.1. Bile acids as signaling molecules
It was long believed that the main purpose of bile acids consisted in the elimination of
cholesterol from the body and in the emulsification of dietary fat. In the late 1990’s however,
bile acids were discovered to be natural ligands of the farnesoid X receptor (FXR) (1-3),
thereby exerting metabolic control beyond bile acid homeostasis, for example on lipid and
glucose metabolism (4). As a consequence, these molecules are increasingly regarded as
potential biomarkers, not only in the case of hepatobiliary diseases, but for other conditions
ranging from metabolic disorders (5, 6) to inflammatory bowel disease (7, 8) or even to viral
infection in the case of hepatitis C (9).

1.2. Biosynthesis, structure and terminology of bile acids
The human body eliminates approximately 1g cholesterol per day; one half is metabolized
prior to excretion whereas the other half is secreted unchanged into the bile and solubilized in
mixed micelles. Bile acids are the major catabolic products of cholesterol as nearly 90% of
the metabolized cholesterol is eventually converted into bile acids. The remaining 10% are
converted into steroid hormones and vitamin D (10, 11).
In addition to a typical steroid structure with a steroid core and a side-chain in position 17,
bile acids are characterized by the presence of hydroxyl groups linked to the steroid core in
various amounts and positions. The term “bile acid” used here comprises C24 bile acids, i.e.
compounds for which the side-chain was shortened and is terminated by a carboxylic acid on
carbon 24, in opposition to C27 bile acids and C27 bile alcohols (12). The pKa of unconjugated
bile acids is typical for a carboxylic acid and ranges from 5.0 to 6.5, whereas glycineconjugated bile acids have a lower pKa (approximately 3.8 to 5.0). Unconjugated and glycineconjugated bile acids therefore mostly exist as negatively charged species at physiological pH,
but a maximum of 1 to 10% exists as neutral species and is capable of crossing cell
membranes by passive diffusion. Due to their sulfonic acid group, taurine-conjugated bile
acids have a much lower pKa (< 2) and exist only as their conjugate base at physiological pH
(13, 14).
The enzymatic pathways converting cholesterol to bile acids comprise 10-17 different
enzymes according to different sources (10, 15). It was previously believed that conversion of
cholesterol into bile acids can take place exclusively in the liver. Although many of the
involved enzymes are preferentially expressed in the liver, the initial step of bile acid
11

biosynthesis may take place in an extrahepatic organ, but the latter steps almost exclusively
take place in the hepatocyte (15). Bile acid formation may be initiated by three different
hydroxylases, all of which belong to the cytochrome P450 group (15). Cholesterol 7αhydroxylase (CYP7A1) is expressed only in the liver and is considered to be the rate-limiting
step in bile acid biosynthesis (10), whereas cholesterol 24-hydroxylase (CYP46) is expressed
almost exclusively in the brain and sterol 27-hydroxylase (CYP27) is present in most organs
and tissues (15). CYP7A1 hydroxylates the steroid core in position 7, whereas CYP46 and
CYP27 hydroxylate the side chain in position 24 and 27 respectively. CYP46 contributes little
to overall bile acid synthesis but it plays an important role for cholesterol turnover in the brain
(10), whereas CYP27 is thought to represent an alternative pathway to reverse cholesterol
transport (RCT), removing cholesterol from macrophages in the form of a more soluble
oxysterol (16, 17). In the liver, bile acids are synthesized mainly via two pathways, the
classical (also known as the neutral) pathway, which accounts for the majority of bile acid
biosynthesis and the alternative (also known as the acidic) pathway (15). The classical
pathway is initiated by CYP7A1. In this case, modification of the steroid core precedes
shortening of the side-chain, whereas in the alternative pathway, initiated by CYP27,
oxidation and shortening of the side chain represent the first steps of the conversion into bile
acids. Bile acid biosynthesis is tightly regulated and although other regulation pathways exist,
all converging to CYP7A1, the main mechanism of this regulation is the repression of
CYP7A1 via FXR activation in the presence of bile acids (10).
The final products of the biosynthesis are called primary bile acids, and comprise cholic acid
(CA) and chenodeoxycholic acid (CDCA) (Figure 1). An important enzyme in this regard is
sterol 12α-hydroxylase (CYP8B), the activity of which determines the relative amounts of CA
and CDCA, which in the end also influences the physico-chemical and biological properties
of the bile acid pool (18). Prior to secretion into the bile, bile acids are extensively (>98%)
conjugated to an amino acid, namely glycine or taurine (10). Conjugation increases the
solubility of bile acids by decreasing their pKa, which prevents them from diffusing through
cell membranes (10) The ratio of glycine- to taurine-conjugated bile acids in humans seems to
depend only on the relative abundance of both amino acids (10), however this ratio was also
reported to be approximately 3 to 1 (11). Other types of conjugates, such as sulphates,
glucuronides, or n-acetyl glucosamides exist, however they are thought to be only minor
species of the bile acid pool and to mainly serve to eliminate potentially toxic bile acids via
urine when the biliary route is compromised (12, 19, 20).
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Figure 1 Generation of the 5 major unconjugated human bile acids (cholic acid, chenodeoxycholic acid,
deoyxcholic acid, lithocholic acid and ursodeoxycholic acid) in the liver and in the intestine. Of note is the
various amount and positions of the hydroxyl groups.

After secretion into the duodenum upon food intake and following lipid emulsification, bile
acids are almost quantitatively reabsorbed from the intestine and returned to the liver through
a combination of passive and active reuptake (21). Because of their pKa, a small percentage
of the unconjugated bile acids and an even lower amount of glycine-conjugated bile acids are
reabsorbed by passive diffusion throughout the small intestine. (13, 14, 22). However, active
transport from the ileum accounts for the large majority of intestinal bile acid uptake and is
the exclusive route for taurine-conjugated bile acids (13, 14). In the colon, bile acids which
escaped reabsorption undergo further structural modification by bacterial enzymes. The most
important of these modifications is 7-dehydroxylation (12, 23) and the most common
secondary bile acids are deoxycholic acid (DCA) and lithocholic acid (LCA), which are
formed by 7-dehydroxylation of CA and CDCA respectively (Figure 1). In addition, other
types of bacterial biotransformations are possible, such as deconjugation of the glycine or
taurine moiety or oxidation of a hydroxyl group into an oxo group (23, 24). For instance
ursodeoxycholic acid (UDCA), an additional secondary bile acid found in humans, is formed
by bacterial oxidation of the 7α-hydroxy group into an oxo group and followed by reduction
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into a β-hydroxy group in the liver. Bile acids which have hydroxyl substituents on both sides
of the steroid nucleus plane are more hydrophilic than bile acids with all hydroxyl substituents
in the alpha configuration as demonstrated by UDCA and CDCA respectively (25). The
mixture of primary and secondary as well as of unconjugated and conjugated bile acids
formed by this way is returned to the liver in order to be recycled, thereby completing the
enterohepatic circulation. The bile acid pool comprises 3-5g bile acids and circulates 6-10
times per day through the enterohepatic circulation. The amount of bile acids which is thereby
lost in feces is approximately 0.5g and corresponds to the daily amount of newly synthesized
bile acids (11).

1.3. Metabolic effects of bile acids
1.3.1. FXR activation
CDCA was shown to be the most potent natural activator of FXR with an EC50 of
approximately 50µM (1). Both the 5β-cholanoic acid backbone as well as the 3α,7αdihydroxy conformation are needed for optimal activation of FXR as demonstrated by CDCA,
whereas UDCA is a poor FXR activator (2) (Figure 2). DCA and LCA are also able to
activate FXR with a lower efficiency, whereas UDCA, as a partial agonist, it is able to inhibit
CDCA activity (26, 27). In addition, it seems that conjugated bile acids are also able to
activate FXR (1, 3).

Figure 2 Differentiated FXR activation potencies of the various bile acids.
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The main mechanism involved in the negative feedback regulating bile acid biosynthesis is
mediated by FXR (28) (Figure 3). Upon binding of a ligand, FXR associates with another
nuclear receptor, namely retinoid X receptor (RXR) to form a heterodimer, which in turn
induces the synthesis of a suppressor named small heterodimer partner (SHP). SHP
inactivates the liver receptor homolog-1 (LRH-1) and the hepatocyte nuclear factor-4α
(HNF4α), which both bind to bile acid response elements (BAREs) located on the CYP7A1
promoter. This leads to the decreased transcription of CYP7A1 and the subsequent decrease
in bile acid biosynthesis (28, 29). A second FXR-dependant feedback mechanism involves
expression and release of the fibroblast growth factor 19 (FGF19) from the ileal enterocyte,
which suppresses CYP7A1 expression by a mechanism independent of SHP gene-induction
(30).

Figure 3 FXR modulates the fasting-refeeding transition. In the post-prandial state, bile acids returned to the
liver after reabsorption from the intestine activate FXR, which inhibits bile acid synthesis via a negative
feedback mechanism involving SHP. FXR activation also inhibits de novo lipogenesis by repressing the
expression of several lipogenic enzymes and it inhibits glycolysis, which in turn leads to production of glycogen
(31).
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In addition, bile acids may also activate other nuclear receptors such as the pregnane X
receptor (PXR), the vitamin D receptor (VDR) and the constitutive androstane receptor
(CAR) (32). Recently, bile acids were also shown to activate a G-protein coupled membrane
receptor named TGR5 (33). Bile acids are thereby modulators of numerous metabolic
pathways including FXR-dependent and FXR-independent mechanisms.

1.3.2. Bile acids and triglyceride metabolism
A link between bile acids and lipid metabolism was known to exist since the 1970’s when
patients administrated bile acid sequestering resins displayed increased levels of plasma
triglycerides (TG) and high density lipoprotein-cholesterol (HDL-C) as well as reduced levels
of plasma low density lipoprotein-cholesterol (LDL-C) (34-36). Accordingly, FXR activation
reduces hepatic lipogenesis as well as plasma TG and cholesterol levels (37). Mice treated
with FXR agonists present with decreased levels of Srebp-1c mRNA levels, a transcription
factor involved in fatty acid and TG synthesis (38, 39). This repression seems to be mediated
by SHP (39). However, FXR knockout (FXR-/-) mice present with normal SREBP-1c
expression, therefore FXR-independent mechanisms are presumably also involved (38, 40). In
addition, FXR activation leads to upregulation of hepatic receptors involved in lipoprotein
clearance. FXR activation has several additional effects on lipid metabolism, such as
induction of the peroxisome proliferator-activated receptor α (PPARα), which in turn induces
enzymes involved in fatty acid β-oxidation (41).

1.3.3. Bile acids and lipoprotein metabolism
Data concerning bile acids and lipoprotein metabolism is still controversial. Activation of
FXR influences cholesterol metabolism by repressing the expression of CYP7A1 and thereby
repressing the conversion of cholesterol into bile acids. In the absence of bile acids, CYP7A1
is induced, increasing 7α-hydroxylation of cholesterol, which in turn upregulates the low
density lipoprotein-receptor (LDL-R) expression in order to compensate for the depleted
hepatic cholesterol. As a consequence, plasma levels of LDL-C are decreased. In opposition,
it was also observed that CDCA increases LDL-R gene expression and activity in vitro (42,
43). However, this effect seems not to be mediated by FXR activation but rather to involve a
mitogen-activated protein (MAP) kinase-mediated stabilization of LDL-R mRNA (43).
There is evidence that FXR activation leads to repression of human and murine apolipoprotein
A-I (apoA-I), the main protein constituent of high density lipoprotein (HDL), both in vitro
and in vivo (44) and to decreased HDL-C levels (45). Accordingly, administration of bile acid
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sequestrants increases HDL-C concentrations in humans (36, 46). However, hepatic and ileal
apoA-I expression is unaffected in FXR-/- mice (47) although HDL-C levels are elevated in
these mice. A possible explanation comprises a decreased reuptake of HDL-C due to reduced
expression of the scavenger receptor BI (SR-BI) rather than to an increased HDL production
(48). FXR also increases the expression of the phospholipid transfer protein (PLTP) (49) and
represses the expression of hepatic lipase (HL) (50).

1.3.4. Bile acids and glucose metabolism
Different studies demonstrated that bile acid metabolism is disrupted in diabetes (51). It
seems that bile acid levels are increased in the presence of diabetes, as observed in different
rat models for type 1 diabetes (52, 53). These changes in the bile acid pool size were reversed
upon insulin therapy (54, 55). It is likely that these effects are mediated by FXR, since hepatic
FXR gene expression is decreased in streptozotocin-treated rats as well as in Zucker diabetic
fatty rats, a rat model for type 2 diabetes mellitus (T2DM) (56). As a consequence, liver
CYP7A1 mRNA levels are increased in these animals, but FXR as well as CYP7A1 gene
expression are restored by insulin treatment (56). However, data from diabetic mice are
inconsistent with data from diabetic rats since mice present with increased FXR mRNA levels
in opposition to diabetic rats. Nevertheless, they are consistent with in vitro data showing that
glucose stimulates and insulin represses FXR gene expression in rat hepatocytes (56). Studies
in humans also showed some alteration of bile acid metabolism in diabetes, although results
from these studies were not consistent (57-59).
The exact role of FXR regarding glucose metabolism remains controversial. It is known that
FXR activation induces phosphoenolpyruvate carboxykinase (PEPCK) expression (60, 61). In
vitro however, treatment of human hepatoma cell lines with CDCA decreased PEPCK
expression (62). In vivo, treatment with the FXR agonist GW4064 increased PEPCK mRNA
levels in a FXR-dependent way, but was associated with decreased plasma glucose levels (61,
63). Moreover, treatment of humans and animals with bile acid binding resins were shown to
decrease blood glucose levels (51). Finally, activation of FXR with GW4064 improved
insulin sensitivity in several models of diabetic mice (63, 64) while glucagon was shown to
inhibit CYP7A1 gene expression (65).

1.4. Biomarkers
A biomarker is defined as « a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes or pharmacologic responses to
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a therapeutic intervention » according to the American National Institute of Health (NIH)
(66). Biomarkers can therefore be classified in three main groups, namely as indicators of the
disease trait (risk factor), disease state (preclinical or clinical), or the disease rate
(progression). Thereby, they can represent antecedent, screening, diagnostic, staging or
prognostic biomarkers (66). In order to be of clinical value, a new biomarker should fulfill a
number of conditions. Its measurement should be accurate and reproducible and pre-analytical
issues such as sample processing or intra- and interindividual variablilty should be evaluated.
In addition, the biomarker should show a high sensitivity and specificity for the outcome it is
expected to identify. Finally, a new biomarker should have a superior performance compared
to existing tests (66, 67).

1.5. Aim of the study
The bile acid pool’s complexity is at least in part generated by the fact that two different
mechanisms and anatomical sites contribute to bile acid biosynthesis, the first being de novo
biosynthesis from cholesterol in the hepatocyte whereas the second consists in modification of
primary bile acids by intestinal bacteria. This leads to the formation of a class of compounds
with similar structures, only differentiated by the number and position of the hydroxyl
substituents of the steroid core and by the conjugated state of the side-chain. Because all of
these bile acids vary in their abilities to activate FXR, in their susceptibilities to be
metabolized by intestinal bacteria and in their half-lives in the enterohepatic circulation (10),
it is important to have an analytical tool capable of quantifying individual bile acid species. In
addition to the analytical challenge represented by the quantification of such a mixture, the
low plasma concentration of these compounds (≤1 µmol/L) represents a further point needing
consideration. A method based on liquid chromatography-tandem mass spectrometry (LCMS/MS) was developed previously by our group for the differentiated quantification of bile
acids in serum (68). However, due to limitations of the instrument, the analysis could only be
performed with 3 repeated injections for the unconjugated, the glycine-conjugated and the
taurine-conjugated bile acids respectively. This led to a total mass spectrometric analysis time
of approximately 2 hours per sample and a high sample volume. The first part of this work
focused on improving the existing method by reducing analysis time as well as sample
volume. The bile acids included in the method were CA, CDCA, DCA, LCA and UDCA as
well as their glycine- and taurine-conjugates. In addition, a method was developed for the
quantification of the bile acid precursor of the classical biosynthetic pathway 7α-hydroxy-4cholesten-3-one (C4). C4 is a marker of bile acid biosynthesis and because bile acids undergo
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enterohepatic cycling, it is useful as a relative indicator of the amount of newly synthesized
bile acids compared to bile acids which were reabsorbed from the intestine. It was shown that
7α-hydroxycholesterol reflects the activity of CYP7A1 and was thus considered as the
preferred marker for bile acid biosynthesis. However, 7α-hdroxycholesterol can be formed as
an artefact due to lipid peroxidation (69), so that the lipid extract may also contain 7αhydroxycholesterol of non-enzymatic origin. C4 is the immediate enzymatic product of 7αhdroxycholesterol and it is not formed by lipid peroxidation. In addition, C4 was also shown
to reflect bile acid biosynthesis (70-72).
In a second part, we investigated whether metabolic syndrome (MetS), T2DM and coronary
artery disease (CAD) or monogenic disorders of HDL metabolism and RCT are associated
with different concentrations of bile acids or C4.
Finally, due to high interindividual variation observed for bile acid and C4 concentrations in
the two previously mentioned studies and to reports showing the presence of diurnal variation
for these compounds, we investigated the inter- and intraindividual variability of bile acids
and C4 in a cohort of 50 subjects and in a study with 4 healthy volunteers, respectively.

19

References
1.

Makishima, M., A. Y. Okamoto, J. J. Repa, H. Tu, R. M. Learned, A. Luk, M. V. Hull,

K. D. Lustig, D. J. Mangelsdorf, and B. Shan. 1999. Identification of a nuclear receptor for
bile acids. Science 284: 1362-1365.
2.

Parks, D. J., S. G. Blanchard, R. K. Bledsoe, G. Chandra, T. G. Consler, S. A.

Kliewer, J. B. Stimmel, T. M. Willson, A. M. Zavacki, D. D. Moore, and J. M. Lehmann.
1999. Bile acids: natural ligands for an orphan nuclear receptor. Science 284: 1365-1368.
3.

Wang, H., J. Chen, K. Hollister, L. C. Sowers, and B. M. Forman. 1999. Endogenous

bile acids are ligands for the nuclear receptor FXR/BAR. Mol Cell 3: 543-553.
4.

Kuipers, F., J. H. Stroeve, S. Caron, and B. Staels. 2007. Bile acids, farnesoid X

receptor, atherosclerosis and metabolic control. Curr Opin Lipidol 18: 289-297.
5.

Suhre, K., C. Meisinger, A. Doring, E. Altmaier, P. Belcredi, C. Gieger, D. Chang, M.

V. Milburn, W. E. Gall, K. M. Weinberger, H. W. Mewes, M. H. de Angelis, H. E.
Wichmann, F. Kronenberg, J. Adamski, and T. Illig. 2010. Metabolic Footprint of Diabetes: A
Multiplatform Metabolomics Study in an Epidemiological Setting. Plos One 5: -.
6.

Zhao, X. J., J. Fritsche, J. S. Wang, J. Chen, K. Rittig, P. Schmitt-Kopplin, A. Fritsche,

H. U. Haring, E. D. Schleicher, G. W. Xu, and R. Lehmann. 2010. Metabonomic fingerprints
of fasting plasma and spot urine reveal human pre-diabetic metabolic traits. Metabolomics 6:
362-374.
7.

Gnewuch, C., G. Liebisch, T. Langmann, B. Dieplinger, T. Mueller, M. Haltmayer, H.

Dieplinger, A. Zahn, W. Stremmel, G. Rogler, and G. Schmitz. 2009. Serum bile acid
profiling reflects enterohepatic detoxification state and intestinal barrier function in
inflammatory bowel disease. World J Gastroenterol 15: 3134-3141.
8.

Camilleri, M., A. Nadeau, W. J. Tremaine, J. Lamsam, D. Burton, S. Odunsi, S.

Sweetser, and R. Singh. 2009. Measurement of serum 7alpha-hydroxy-4-cholesten-3-one (or
7alphaC4), a surrogate test for bile acid malabsorption in health, ileal disease and irritable
bowel

syndrome

using

liquid

chromatography-tandem

mass

spectrometry.

Neurogastroenterol Motil 21: 734-e743.
9.

Jorquera, F., M. J. Monte, J. Guerra, S. Sanchez-Campos, J. A. Merayo, J. L. Olcoz, J.

Gonzalez-Gallego, and J. J. Marin. 2005. Usefulness of combined measurement of serum bile
20

acids and ferritin as additional prognostic markers to predict failure to reach sustained
response to antiviral treatment in chronic hepatitis C. J Gastroenterol Hepatol 20: 547-554.
10.

Russell, D. W. 2003. The enzymes, regulation, and genetics of bile acid synthesis.

Annu Rev Biochem 72: 137-174.
11.

Murray, R. K., D. K. Granner, P. A. Mayes, and V. A. Rodwell. 1993. Harper's

Biochemistry Appleton & Lange, Norwalk (Connecticut).
12.

Hofmann, A. F. 1994. The Liver: Biology and pathobiology Raven Press, Ltd., New

York.
13.

Carey, M. C. 1984. Bile acids and bile salts: ionization and solubility properties.

Hepatology 4: 66S-71S.
14.

Alrefai, W. A., and R. K. Gill. 2007. Bile acid transporters: structure, function,

regulation and pathophysiological implications. Pharm Res 24: 1803-1823.
15.

Bjorkhem, I., and G. Eggertsen. 2001. Genes involved in initial steps of bile acid

synthesis. Curr Opin Lipidol 12: 97-103.
16.

Babiker, A., O. Andersson, E. Lund, R. J. Xiu, S. Deeb, A. Reshef, E. Leitersdorf, U.

Diczfalusy, and I. Bjorkhem. 1997. Elimination of cholesterol in macrophages and endothelial
cells by the sterol 27-hydroxylase mechanism. Comparison with high density lipoproteinmediated reverse cholesterol transport. J Biol Chem 272: 26253-26261.
17.

Bjorkhem, I., O. Andersson, U. Diczfalusy, B. Sevastik, R. J. Xiu, C. Duan, and E.

Lund. 1994. Atherosclerosis and sterol 27-hydroxylase: evidence for a role of this enzyme in
elimination of cholesterol from human macrophages. Proc Natl Acad Sci U S A 91: 85928596.
18.

Einarsson, K. 1968. On the properties of the 12 alpha-hydroxylase in cholic acid

biosynthesis. Bile acids and steroids. 198. Eur J Biochem 5: 101-108.
19.

Ostrow, J. D. 1993. Hepatic Transport and Bile Secretion: Physiology and

Pathophysiology Raven Press, Ltd., New York.
20.

Goto, T., K. T. Myint, K. Sato, O. Wada, G. Kakiyama, T. Iida, T. Hishinuma, N.

Mano, and J. Goto. 2007. LC/ESI-tandem mass spectrometric determination of bile acid 321

sulfates in human urine 3beta-Sulfooxy-12alpha-hydroxy-5beta-cholanoic acid is an abundant
nonamidated sulfate. J Chromatogr B Analyt Technol Biomed Life Sci 846: 69-77.
21.

Walters, H. C., A. L. Craddock, H. Fusegawa, M. C. Willingham, and P. A. Dawson.

2000. Expression, transport properties, and chromosomal location of organic anion transporter
subtype 3. Am J Physiol Gastrointest Liver Physiol 279: G1188-1200.
22.

Love, M. W., and P. A. Dawson. 1998. New insights into bile acid transport. Curr

Opin Lipidol 9: 225-229.
23.

Prabha, V., and M. Ohri. 2006. Review: Bacterial transformations of bile acids. World

Journal of Microbiology and Biotechnology 22: 191-196.
24.

Macdonald, I. A., V. D. Bokkenheuser, J. Winter, A. M. McLernon, and E. H.

Mosbach. 1983. Degradation of steroids in the human gut. J Lipid Res 24: 675-700.
25.

Roda, A., and A. Fini. 1984. Effect of nuclear hydroxy substituents on aqueous

solubility and acidic strength of bile acids. Hepatology 4: 72S-76S.
26.

Campana, G., P. Pasini, A. Roda, and S. Spampinato. 2005. Regulation of ileal bile

acid-binding protein expression in Caco-2 cells by ursodeoxycholic acid: role of the farnesoid
X receptor. Biochem Pharmacol 69: 1755-1763.
27.

Howard, W. R., J. A. Pospisil, E. Njolito, and D. J. Noonan. 2000. Catabolites of

cholesterol synthesis pathways and forskolin as activators of the farnesoid X-activated nuclear
receptor. Toxicol Appl Pharmacol 163: 195-202.
28.

Monte, M. J., J. J. Marin, A. Antelo, and J. Vazquez-Tato. 2009. Bile acids: chemistry,

physiology, and pathophysiology. World J Gastroenterol 15: 804-816.
29.

Hofmann, A. F., and L. R. Hagey. 2008. Bile acids: chemistry, pathochemistry,

biology, pathobiology, and therapeutics. Cell Mol Life Sci 65: 2461-2483.
30.

Lundasen, T., C. Galman, B. Angelin, and M. Rudling. 2006. Circulating intestinal

fibroblast growth factor 19 has a pronounced diurnal variation and modulates hepatic bile acid
synthesis in man. J Intern Med 260: 530-536.
31.

Lefebvre, P., B. Cariou, F. Lien, F. Kuipers, and B. Staels. 2009. Role of bile acids

and bile acid receptors in metabolic regulation. Physiol Rev 89: 147-191.
22

32.

Lee, F. Y., H. Lee, M. L. Hubbert, P. A. Edwards, and Y. Zhang. 2006. FXR, a

multipurpose nuclear receptor. Trends Biochem Sci 31: 572-580.
33.

Watanabe, M., S. M. Houten, C. Mataki, M. A. Christoffolete, B. W. Kim, H. Sato, N.

Messaddeq, J. W. Harney, O. Ezaki, T. Kodama, K. Schoonjans, A. C. Bianco, and J.
Auwerx. 2006. Bile acids induce energy expenditure by promoting intracellular thyroid
hormone activation. Nature 439: 484-489.
34.
and

Angelin, B., K. Einarsson, K. Hellstrom, and B. Leijd. 1978. Effects of cholestyramine
chenodeoxycholic

acid

on

the

metabolism

of

endogenous

triglyceride

in

hyperlipoproteinemia. J Lipid Res 19: 1017-1024.
35.

Crouse, J. R., 3rd. 1987. Hypertriglyceridemia: a contraindication to the use of bile

acid binding resins. Am J Med 83: 243-248.
36.

Shepherd, J., C. J. Packard, H. G. Morgan, J. L. Third, J. M. Stewart, and T. D.

Lawrie. 1979. The effects of cholestyramine on high density lipoprotein metabolism.
Atherosclerosis 33: 433-444.
37.

Zhang, Y., and P. A. Edwards. 2008. FXR signaling in metabolic disease. FEBS Lett

582: 10-18.
38.

Zhang, Y., L. W. Castellani, C. J. Sinal, F. J. Gonzalez, and P. A. Edwards. 2004.

Peroxisome proliferator-activated receptor-gamma coactivator 1alpha (PGC-1alpha) regulates
triglyceride metabolism by activation of the nuclear receptor FXR. Genes Dev 18: 157-169.
39.

Watanabe, M., S. M. Houten, L. Wang, A. Moschetta, D. J. Mangelsdorf, R. A.

Heyman, D. D. Moore, and J. Auwerx. 2004. Bile acids lower triglyceride levels via a
pathway involving FXR, SHP, and SREBP-1c. J Clin Invest 113: 1408-1418.
40.

Duran-Sandoval, D., B. Cariou, F. Percevault, N. Hennuyer, A. Grefhorst, T. H. van

Dijk, F. J. Gonzalez, J. C. Fruchart, F. Kuipers, and B. Staels. 2005. The farnesoid X receptor
modulates hepatic carbohydrate metabolism during the fasting-refeeding transition. J Biol
Chem 280: 29971-29979.
41.

Pineda Torra, I., T. Claudel, C. Duval, V. Kosykh, J. C. Fruchart, and B. Staels. 2003.

Bile acids induce the expression of the human peroxisome proliferator-activated receptor
alpha gene via activation of the farnesoid X receptor. Mol Endocrinol 17: 259-272.
23

42.

Carlson, T. L., and B. A. Kottke. 1989. Effect of 25-hydroxycholesterol and bile acids

on the regulation of cholesterol metabolism in Hep G2 cells. Biochem J 264: 241-247.
43.

Nakahara, M., H. Fujii, P. R. Maloney, M. Shimizu, and R. Sato. 2002. Bile acids

enhance low density lipoprotein receptor gene expression via a MAPK cascade-mediated
stabilization of mRNA. J Biol Chem 277: 37229-37234.
44.

Claudel, T., E. Sturm, H. Duez, I. P. Torra, A. Sirvent, V. Kosykh, J. C. Fruchart, J.

Dallongeville, D. W. Hum, F. Kuipers, and B. Staels. 2002. Bile acid-activated nuclear
receptor FXR suppresses apolipoprotein A-I transcription via a negative FXR response
element. J Clin Invest 109: 961-971.
45.

Leiss, O., and K. von Bergmann. 1982. Different effects of chenodeoxycholic acid and

ursodeoxycholic acid on serum lipoprotein concentrations in patients with radiolucent
gallstones. Scand J Gastroenterol 17: 587-592.
46.

Angelin, B., K. S. Hershon, and J. D. Brunzell. 1987. Bile acid metabolism in

hereditary forms of hypertriglyceridemia: evidence for an increased synthesis rate in
monogenic familial hypertriglyceridemia. Proc Natl Acad Sci U S A 84: 5434-5438.
47.

Lambert, G., M. J. Amar, G. Guo, H. B. Brewer, Jr., F. J. Gonzalez, and C. J. Sinal.

2003. The farnesoid X-receptor is an essential regulator of cholesterol homeostasis. J Biol
Chem 278: 2563-2570.
48.

Malerod, L., M. Sporstol, L. K. Juvet, S. A. Mousavi, T. Gjoen, T. Berg, N. Roos, and

W. Eskild. 2005. Bile acids reduce SR-BI expression in hepatocytes by a pathway involving
FXR/RXR, SHP, and LRH-1. Biochem Biophys Res Commun 336: 1096-1105.
49.

Urizar, N. L., D. H. Dowhan, and D. D. Moore. 2000. The farnesoid X-activated

receptor mediates bile acid activation of phospholipid transfer protein gene expression. J Biol
Chem 275: 39313-39317.
50.

Sirvent, A., A. J. Verhoeven, H. Jansen, V. Kosykh, R. J. Darteil, D. W. Hum, J. C.

Fruchart, and B. Staels. 2004. Farnesoid X receptor represses hepatic lipase gene expression.
J Lipid Res 45: 2110-2115.
51.

Staels, B., and F. Kuipers. 2007. Bile acid sequestrants and the treatment of type 2

diabetes mellitus. Drugs 67: 1383-1392.
24

52.

Hassan, A. S., M. T. Subbiah, and P. Thiebert. 1980. Specific changes of bile acid

metabolism in spontaneously diabetic Wistar rats. Proc Soc Exp Biol Med 164: 449-452.
53.

Nervi, F. O., A. Gonzalez, and V. D. Valdivieso. 1974. Studies on cholesterol

metabolism in the diabetic rat. Metabolism 23: 495-503.
54.

Nervi, F. O., C. H. Severin, and V. D. Valdivieso. 1978. Bile acid pool changes and

regulation of cholate synthesis in experimental diabetes. Biochim Biophys Acta 529: 212-223.
55.

van Waarde, W. M., H. J. Verkade, H. Wolters, R. Havinga, J. Baller, V. Bloks, M.

Muller, P. J. Sauer, and F. Kuipers. 2002. Differential effects of streptozotocin-induced
diabetes on expression of hepatic ABC-transporters in rats. Gastroenterology 122: 1842-1852.
56.

Duran-Sandoval, D., G. Mautino, G. Martin, F. Percevault, O. Barbier, J. C. Fruchart,

F. Kuipers, and B. Staels. 2004. Glucose regulates the expression of the farnesoid X receptor
in liver. Diabetes 53: 890-898.
57.

Bennion, L. J., and S. M. Grundy. 1977. Effects of diabetes mellitus on cholesterol

metabolism in man. N Engl J Med 296: 1365-1371.
58.

Abrams, J. J., H. Ginsberg, and S. M. Grundy. 1982. Metabolism of cholesterol and

plasma triglycerides in nonketotic diabetes mellitus. Diabetes 31: 903-910.
59.

Andersen, E., P. Hellstrom, and K. Hellstrom. 1987. Cholesterol biosynthesis in

nonketotic diabetics before and during insulin therapy. Diabetes Res Clin Pract 3: 207-214.
60.

Cariou, B., D. Duran-Sandoval, F. Kuipers, and B. Staels. 2005. Farnesoid X receptor:

a new player in glucose metabolism? Endocrinology 146: 981-983.
61.

Stayrook, K. R., K. S. Bramlett, R. S. Savkur, J. Ficorilli, T. Cook, M. E. Christe, L. F.

Michael, and T. P. Burris. 2005. Regulation of carbohydrate metabolism by the farnesoid X
receptor. Endocrinology 146: 984-991.
62.

Yamagata, K., H. Daitoku, Y. Shimamoto, H. Matsuzaki, K. Hirota, J. Ishida, and A.

Fukamizu. 2004. Bile acids regulate gluconeogenic gene expression via small heterodimer
partner-mediated repression of hepatocyte nuclear factor 4 and Foxo1. J Biol Chem 279:
23158-23165.

25

63.

Zhang, Y., F. Y. Lee, G. Barrera, H. Lee, C. Vales, F. J. Gonzalez, T. M. Willson, and

P. A. Edwards. 2006. Activation of the nuclear receptor FXR improves hyperglycemia and
hyperlipidemia in diabetic mice. Proc Natl Acad Sci U S A 103: 1006-1011.
64.

Cariou, B., K. van Harmelen, D. Duran-Sandoval, T. H. van Dijk, A. Grefhorst, M.

Abdelkarim, S. Caron, G. Torpier, J. C. Fruchart, F. J. Gonzalez, F. Kuipers, and B. Staels.
2006. The farnesoid X receptor modulates adiposity and peripheral insulin sensitivity in mice.
J Biol Chem 281: 11039-11049.
65.

Song, K. H., and J. Y. Chiang. 2006. Glucagon and cAMP inhibit cholesterol 7alpha-

hydroxylase (CYP7A1) gene expression in human hepatocytes: discordant regulation of bile
acid synthesis and gluconeogenesis. Hepatology 43: 117-125.
66.

Vasan, R. S. 2006. Biomarkers of cardiovascular disease: molecular basis and

practical considerations. Circulation 113: 2335-2362.
67.

Morrow, D. A., and J. A. de Lemos. 2007. Benchmarks for the assessment of novel

cardiovascular biomarkers. Circulation 115: 949-952.
68.

Burkard, I., A. von Eckardstein, and K. M. Rentsch. 2005. Differentiated

quantification of human bile acids in serum by high-performance liquid chromatographytandem mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci 826: 147-159.
69.

Torchia, E. C., E. D. Labonte, and L. B. Agellon. 2001. Separation and quantitation of

bile acids using an isocratic solvent system for high performance liquid chromatography
coupled to an evaporative light scattering detector. Anal Biochem 298: 293-298.
70.

Lovgren-Sandblom, A., M. Heverin, H. Larsson, E. Lundstrom, J. Wahren, U.

Diczfalusy, and I. Bjorkhem. 2007. Novel LC-MS/MS method for assay of 7alpha-hydroxy-4cholesten-3-one in human plasma. Evidence for a significant extrahepatic metabolism. J
Chromatogr B Analyt Technol Biomed Life Sci 856: 15-19.
71.

Sauter, G., F. Berr, U. Beuers, S. Fischer, and G. Paumgartner. 1996. Serum

concentrations of 7alpha-hydroxy-4-cholesten-3-one reflect bile acid synthesis in humans.
Hepatology 24: 123-126.
72.

Yoshida, T., A. Honda, N. Tanaka, Y. Matsuzaki, J. Shoda, B. He, T. Osuga, and H.

Miyazaki. 1994. Determination of 7 alpha-hydroxy-4-cholesten-3-one level in plasma using
26

isotope-dilution mass spectrometry and monitoring its circadian rhythm in human as an index
of bile acid biosynthesis. J Chromatogr B Biomed Appl 655: 179-187.

27

2. MASS SPECTROMETRIC ANALYSIS OF BILE ACIDS
2.1. Overview of bile acid analysis
Bile acid analysis is commonly used nowadays as a routine diagnostic test, mainly in the case
of hepatobiliary diseases, for example cholestasis or liver cirrhosis. These routine methods are
still widely based on an enzymatic reaction, in which a 3α-hydroxysteroid dehydrogenase
oxidizes bile acids in 3-oxo bile acids. NAD+ added to the reaction is simultaneously reduced
to NADH, which further reduces nitrotetrazolium blue in diformazan. Diformazan production
is then quantified by direct spectrophotometry at 540nm (1). Because of the low
concentrations of bile acids in biological samples and the low sensitivity of
spectrophotometric methods, more sensitive methods were developed. These are based either
on a radioimmunoassay (2-8) or on an enzyme immunoassay, which spares the use of
radiolabeled isotopes (9, 10). In addition to a high cost and handling precautions in the case of
the radioimmunoassay, all of these methods have the disadvantage of still having a relatively
low sensitivity and of providing total bile acid concentrations. The coupling of a separation
technique, namely gas chromatography (GC), to a detector such as flame ionization detection
(FID) or mass spectrometry (MS) brought much improvement as it allowed to develop
methods capable of quantifying individual bile acid species (11). In particular gas
chromatography coupled to mass spectrometry (GC-MS) had the advantage of enabling
structure elucidation and quantification of individual bile acids species in a sensitive and
specific manner. This led to a number of new methods and new applications for bile acid
quantification in the 1960’s and 1970’s (12-15). Various ionization techniques have been used
for the GC-MS analysis of bile acids, including electron impact (EI), chemical ionization (CI)
and fast atom bombardment (FAB) (11). However, methods based on GC require extensive
sample preparation, namely separation of the different bile acid classes (unconjugated, glycine
or taurine amidated), hydrolysis of the amide bond as well as of the hydroxyl group
derivatives (glucuronides and sulfates) and finally conversion into volatile and thermostable
trimethylsilyl- or trifluoroacetyl- derivatives (11, 16). Thus, the sample preparation represents
the limiting step in GC-MS analysis. Nevertheless, methods based on GC-MS have been
extensively used for the quantification of bile acids before high performance liquidchromatography coupled to mass spectrometry (LC-MS) was available. In the past 20 years,
liquid chromatography coupled to UV, fluorimetric or light scattering detection (17) as well
as LC-MS have become widely used techniques for the quantification of bile acids in
biological matrices (18, 19). The main advantage of LC over GC is that the hydrolysis and
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derivatization steps are no longer required. However, combined to UV detection, the analysis
suffers from low sensitivity and specificity and is useless for the quantification of
unconjugated bile acids due to their particularly poor absorbance, rendering this type of
detection unsuitable for quantification in low-concentrated matrices such as serum. An
increase in sensitivity can be achieved with a pre- or post-column derivatization in order to
overcome the poor UV absorption. Ionization techniques previously coupled with LC for the
analysis of bile acids, such as FAB (20, 21) or thermospray (22) have been largely replaced
by electrospray ionization (ESI). Other methods for the separation of bile acids such as
supercritical fluid chromatography and capillary electrophoresis have also been described
(11). Nowadays, methods used for the differentiated quantification of individual bile acid
species mostly use LC-MS with an ESI source. Although there are fewer published methods
for the quantification of 7α-hydroxy-4-cholesten-3-one (C4) in serum or plasma,
quantification with GC-MS (23) or liquid chromatography-tandem mass spectrometry (LCMS/MS) was reported (24) (25).

2.2. Ionization
A major breakthrough in the field of LC-MS was the development of robust interfaces
allowing to transfer molecules from the liquid phase of the chromatography into ions in the
gaseous phase for analysis in the high-vacuum region of the mass analyzer. Nowadays, the
two main atmospheric pressure ionization techniques are atmospheric pressure chemical
ionization (APCI) and ESI. A more recent ionization technique is atmospheric pressure
photoionization (APPI), which is derived from APCI. Although its use is not as common as
that of APCI and ESI, it is particularly suited for the analysis of non polar and thermolabile
compounds and is therefore useful in the field of lipidomics (26).
The ionization mechanism of ESI relies on the application of a high electrical potential
(typically 3-5kV) to the ESI nozzle, which attracts ions of the same polarity out of the nozzle
and causes them to form a “Taylor Cone” from which charged droplets are emitted. It is
thought that the solvent evaporates from the droplets, leading them to shrink and their surface
charge to increase. When the charge repulsion becomes too strong, the droplet undergoes a
Coulombic explosion and smaller droplets are formed (27). The process goes on until
eventually some ions are totally desolvated. For this reason, ESI requires that the ions are
preformed in solution and is therefore better adapted for the ionization of polar compounds
(28, 29).
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In the case of APCI, application of sheath gas plays an important role in the formation of
droplets at the probe nozzle, whereas the solvent is evaporated due to the vaporizer
temperature (350-550°C). The formation of reagent ions such as hydronium ions (H3O+) is
triggered by the application of a high voltage on the corona discharge needle. The analyte is
ionized after charge transfer from these intermediate ions (30).
In summary, both ESI and APCI are soft ionization techniques, although ESI is softer than
APCI. ESI is better suited for polar as well as thermolabile analytes, whereas APCI is better
suited for non-polar and thermostable compounds.
Bile acids are a special class of lipids as they are amphipathic molecules and are thereby best
soluble in alcohols. However, to the contrary of most lipids, bile acids are also soluble to
some extent in aqueous solvents. Because of their polarity, they are ideal candidates for ESI,
although lipids are typically ionized with APCI. C4 was expected to be best ionized using
APCI. Existing methods for quantification of C4 used either APCI or ESI after derivatisation.
To our surprise however, C4 was also efficiently ionized with ESI without derivatization. We
therefore chose to use ESI for quantification of C4 with the idea of being able to combine
both methods.

2.3. Analysis
One of the advantages of atmospheric ionization techniques is that only charged species are
introduced into the mass analyzer using electrical forces, which reduces risk of detector noise
due to neutral compounds. Once the ions have been transferred from the area at atmospheric
pressure where ionization takes place to the first vacuum stage area of the mass spectrometer,
the ions are focused and led into regions of increasing vacuum by a series of electronic lenses.
The first lens is the tube lens and depending on the instrument, its potential can be
individually optimized for each analyte. This potential allows to de-solvate and decluster
adduct ions and its optimization was of high importance in the case of bile acids. According to
our observations and previous reports (31, 32), bile acids tend to form singly-charged
multimers, which are detected by the mass analyzer. This complicates the quantification
process because correction factors need to be used and most importantly, it leads to a
significant decrease of the monomer peak intensity. Because we used the monomer peak as
the precursor ion for selected reaction monitoring (SRM) analysis, the use of relatively high
tube lens potentials (-110V to -145V) allowed us to breakdown the multimers and
significantly increase the peak intensity of the monomer and therefore the sensitivity of our
method.
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Different types of mass analyzers exist, which are typically used for the analysis of small
molecules. The best adapted for the quantification of small molecules are triple stage
quadrupoles because of their scan speed, and because the use of MS/MS scans allows specific
and sensitive quantification. Other mass analyzers exist, which are more adapted to other
applications. For example time of flight and orbitrap mass analyzers are typically used for
proteomics because a high resolution is required, whereas ion traps are used for structure
elucidation since they allow to perform MSn scans.
Ions are guided into the mass analyzer by the application of a radiofrequency (RF) on the
opposite poles of the quadrupole. Opposite poles are connected so that the same voltage is
applied to both poles. This voltage is oscillated over time and the same RF oscillation can be
set to the opposing two poles with a phase shift of 180°, so that when one is positive, the other
is negative and vice-versa. Consequently, the ions are successively attracted to each pole, but
only the resonant ions of a given m/z ratio pass through the quadrupole without hitting the
poles. The RF applied on the quadrupole determines the m/z ratio of the transmitted ions.
Quadrupoles 1 and 3 (Q1 and Q3 respectively) are used as m/z selecting devices whereas
quadrupole 2 (Q2) is used as a transmission device or as the collision cell depending on the
scan type used.
Finally, ions are detected as they hit a concave metal surface called the conversion dynode.
This generates secondary particles, which are focused and sent into the electron multiplier,
which generates a cascade of electrons. This leads to the formation of an electrical current,
which is measurable and proportional to the amount of ions which hit the conversion dynode.
A triple stage quadrupole mass analyzer allows mainly three types of MS/MS experiments
which include product ion scan, precursor ion scan and neutral loss scan (Figure 1). In the
first case, the RF of Q1 is set to transmit ions of a given m/z ratio (precursor ion). The
precursor ion is fragmented in the collision cell and product ions are scanned in Q3. The
precursor ion scan does more or less the opposite: Q1 operates in fullscan mode, while Q3 is
set to transmit only a particular mass. This scan is typically used to screen for a class of
compounds, in which the different species are known to give identical fragments such as
sphingolipids for example (33). For neutral loss scan, Q1 and Q3 scan simultaneously and are
synchronized so that when Q1 transmits a precursor ion of m/z = A, Q3 transmits a fragment
ion of m/z = (A – neutral loss). The neutral loss experiment is often used to screen for a class
of compounds which loose an identical neutral fragment upon collision, for example
phosphocholines (34).
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Figure 1 different types of MS/MS experiments, which can be performed using a triple stage quadrupole: 1)
product ion scan, 2) precursor ion scan, 3) neutral loss scan

For the quantification of bile acids and C4, we used the product ion scan method. Conjugated
bile acids as well as C4 yielded reproducible fragments. We therefore quantified them using
multiple reaction monitoring (MRM), monitoring 2-3 transitions for each compound and
using the sum of the fragments for quantification. Monitoring several transitions per precursor
ion can improve the detection limits of the method. Since unconjugated bile acids did not
yield any stable fragments, we chose to quantify them using pseudo-SRM. In pseudo-SRM,
Q1 is set to transmit the precursor. Low collision energy is applied in Q2, which however
does not fragment the analyte and Q3 is set to transmit m/z of the precursor ion. This scan
type is less specific but allows to decrease the background noise, which in turn improves the
sensitivity.

2.4. Method Validation
The validation process of bioanalytical methods is an important step following method
development. Depending on the application, high costs may arise from the analysis itself as
well as from the decisions based on the analysis results. Thus, the demonstration that the
measurement process produces valid measurements is of high importance (35). Unlike drug
metabolites for example, which are not normally present in biological fluids and tissues,
biomarkers are endogenously present. The traditional approach for quantifying analytes in a
biological matrix is to spike this matrix with different concentrations of a standard solution in
order to build a calibration curve for quantification. However, the use of this method is
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compromised in the presence of high endogenous concentrations of the analyte. Indeed,
spiking over the endogenous amounts, and subtracting these after analysis of a matrix
containing no added analyte not only increases the data analysis step, but most importantly it
introduces an additional error in the quantification. In order to solve this problem, some
groups use stock solutions dissolved in water or methanol to build calibration curves. For the
bile acid and C4 methods, we used a serum previously treated with activated charcoal, which
removed endogenous bile acids and C4. This “modified” matrix has the advantage of being
more representative of the original matrix than diluted stock solution. In such methods where
the calibration matrix is not equivalent to the sample matrix, the validation step is particularly
important and original matrix should be used whenever possible during method validation (for
example matrix effects evaluation).
Validation can be performed to various extents and several guidelines describe the procedure
for validation of (bio)analytical methods (35-37). According to the US Food and Drug
Administration (FDA), “Bioanalytical method validation includes all of the procedures that
demonstrate that a particular method used for quantitative measurement of analytes in a given
biological matrix, such as blood, plasma, serum, or urine, is reliable and reproducible for the
intended use”. This procedure comprises the evaluation of different performance
characteristics of the method. For example, the accuracy of a method represents a measure of
the closeness of the mean result to the true concentration of the analyte, while the precision
describes the scattering of individual measures of an analyte when the procedure is applied
repeatedly to multiple aliquots. These two parameters are usually assessed by analyzing
several identical samples during one sequence or on following days in order to obtain the
intra- and inter-day precision and accuracy. If the method is to be applied in different
locations, reproducibility can be assessed as the precision between two different laboratories.
Selectivity represents the ability of the method to differentiate and quantify the analyte in
presence of other (potentially interfering) components in the sample and it is mainly used with
non endogenous compounds. Evaluation of the quantification domain includes linearity as
well as the lower (or upper) limit of quantification, which are determined as the lowest (or
highest) concentration at which the analyte can still be quantified with sufficient precision and
accuracy. Additional parameters can be tested and each step should be well documented and
reassessed over time if necessary.
The evaluation of matrix effects is often not mentioned in validation guidelines as this issue is
proper to LC-MS, but it has become clear that it is of high importance for the analysis of
biological samples. The suppressing or enhancing effect of matrix constituents on the signal is
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generally not reproducible from one sample to another, therefore compromising the
quantification (38). Although matrix effects can have deleterious effects on both ESI and
APCI, it seems that ESI is more frequently subject to matrix effects, explaining why APCI is
considered to be more robust and is sometimes preferred over ESI (39). Several mechanisms
for matrix effects in ESI were proposed, including a competition between matrix components
and the analyte for access to the droplet surface prior to gas phase emission (40-43). It was
also thought that matrix effects are due mainly to matrix components, however compounds
deriving from the sample handling or chromatographic separation may also cause ion
suppression (44, 45). The use of stable isotopes as internal standards (IS) is the best solution
to minimize quantification errors due to matrix effects. Because the IS generally has the same
structure as the analyte of interest except for the heavy isotopes, it should behave identically
as the analyte in presence of interfering matrix constituents. In case of fluctuations of
ionization efficiency, both signals of the analyte and of the IS should change proportionally,
thereby maintaining the original analyte to IS ratio and allowing accurate quantification.
However, the use of deuterated IS is not foolproof, since it was demonstrated that the analyte
may suppress the signal of the IS and vice versa (46, 47). The assessment of matrix effects
was of particular importance for the bile acid method since not every single bile acid had a
structurally identical IS. The difference of retention time between an analyte and the closest
IS could therefore lead to quantification issues if the ionization efficiency changed within an
analytical run. Nowadays, several procedures have been described for the assessment of
matrix effects, including qualitative as well as quantitative procedures (38, 48, 49).
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Abstract
Bile acids are increasingly gaining attention since they were discovered to be activators of the
transcription factor farnesoid X receptor (FXR) in addition to their well-established role in
dietary lipid emulsification. Moreover, the differential activation potency of bile acids on
FXR, which is due to structural variation of the ligands, generates the need for new analytical
tools that are sensitive and specific enough to quantify the individual species of this complex
class of compounds. Because bile acids undergo enterohepatic circulation, the additional
assessment of a bile acid precursor as a marker for bile acid biosynthesis is used to
differentiate between newly synthesised bile acids and bile acids reabsorbed from the
intestine.
This paper describes two new methods using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) for the quantification of the major unconjugated bile acids in
human serum (cholic acid, chenodeoxycholic acid, deoxycholic acid, lithocholic acid and
ursodeoxycholic acid) with their glycine- and taurine-conjugates as well as their precursor
7alpha-hydroxy-4-cholesten-3-one (C4). Intra- and inter-day variation was less than 12% and
accuracy was between 84% and 102% for all analytes. Extraction recovery was between 78%
and 100% for the bile acids whereas it was 62% for C4 and limit of quantification values
ranged from 2-50nmol/l for all compounds.
These two methods have the practical advantage of requiring low sample volume (100µl
serum for each method) and identical eluents, stationary phase as well as ionisation technique,
so that they can be used in a combined way. Moreover, they provide information on the
composition of the bile acid pool on one hand and on the relative amount of newly
synthesised bile acids on the other, which taken together, gives new insights in the
investigation of bile acid metabolism.
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3.1. Introduction
Bile acids play an important physiological role in the elimination of cholesterol from the
human body since they represent the main degradation pathway for this poorly soluble lipid.
Moreover, their emulsifying properties are essential for digestion of dietary fat and lipophilic
vitamins. In the last decade, bile acids were additionally discovered to be natural ligands of
the farnesoid X receptor (FXR) (1-3), a nuclear transcription factor through which they
regulate their own biosynthesis via a negative feedback. Moreover, it is now well established
that FXR activation by bile acids results in the regulation of various genes involved not solely
in bile acid homeostasis but also in cholesterol, triglyceride and glucose metabolism (4-9).
Therefore, bile acids have gained much attention since they might be of interest as biomarkers
or as pharmacological targets in several intestinal and metabolic conditions ranging from
Crohn’s disease to metabolic syndrome (5, 10-12).
Biosynthesis of bile acids mainly takes place in the liver. Oxidation of the cholesterol steroid
core by the microsomal cholesterol 7α-hydroxylase (CYP7A1) in the classical pathway
represents the rate-limiting step in bile acid biosynthesis and leads to the formation of the
precursor 7α-hydroxycholesterol. The final products of the enzymatic cascade are the two
primary bile acids cholic acid and chenodeoxycholic acid, which are conjugated to an amino
acid, usually glycine or taurine, prior to excretion. Once they are in the intestine, a fraction of
conjugated cholic acid and chenodeoxycholic acid are deconjugated and/or converted to
secondary bile acids by intestinal bacteria. The mixture of primary and secondary bile acids
formed in this way is reabsorbed from the small intestine and returns to the liver via the portal
system in order to be recycled and secreted again into the bile, thus completing the
enterohepatic circulation (5). The bile acid pool of an organism subsequently contains twenty
or more different species varying in their abilities to activate FXR, in their susceptibilities to
be metabolised by the intestinal bacteria flora and in their half-lives in the enterohepatic
circulation. In order to have a better overview on the amount of newly synthesised bile acids
out of cholesterol (in contrast to bile acids found in the circulation after reabsorption from the
intestine), quantification of a bile acid precursor may be used. In this regard, it was shown that
plasma levels of 7α-hydroxycholesterol, the precursor for the classical pathway, reflect bile
acid synthesis in vivo (13). However, this steroid may be formed from cholesterol as an
artefact due to lipid peroxidation and therefore a sample might contain undefined amounts of
7α-hydroxycholesterol of non-enzymatic origin 7α-hydroxy-4-cholesten-3-one (C4), the
immediate enzymatic product of 7α-hydroxycholesterol is not formed by lipid peroxidation
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and was shown to reflect the activity of CYP7A1 in humans as well. Therefore, it can also be
used as a marker for bile acid biosynthesis (14, 15).
Because of the complexity of this class of compounds and their low concentration in the
peripheral circulation as a result of efficient first-pass extraction by the liver, quantification of
bile acids requires analytical techniques which offer high sensitivity and specificity.
Moreover, due to the broad spectrum of activation potencies of the various bile acids on FXR,
differentiated quantification of these metabolites is needed in order to understand the
molecular mechanisms in which bile acids are involved. This was achieved as
chromatographic techniques were coupled to mass spectrometry and has led to the expansion
of this field of research. In contrast to gas chromatography, which requires laborious sample
preparation including hydrolysis and derivatisation, liquid chromatography coupled with mass
spectrometry (LC-MS(/MS)) nowadays represents the most convenient alternative for this
type of analysis, as demonstrated by the number of new quantification methods developed in
the past years for bile acids (16-24) and C4 (12, 14, 25, 26).
In this paper, we present two new LC-MS/MS methods for the combined quantification in
serum of the 15 major human bile acids on one hand and their precursor for the classical
pathway, namely C4, on the other (Figure 1). The main assets of these methods are that they
require low sample volume (100µl for each method) and that they enable a detailed
description of bile acid metabolism since they provide information not only on the
composition of the circulating bile acid pool but also on the amount of newly synthesised bile
acids via C4 quantification. Moreover, these methods can be combined since they require
identical eluents for the mobile phase, an identical stationary phase and the same ionisation
technique. This simplifies the procedure and spares hardware modifications because neither
the column nor the source needs to be changed between different types of samples. Together
with another method previously developed in our group for the quantification of the bile acid
precursor for the alternative biosynthesis pathway, namely 27-hydroxycholesterol (27), these
tools allow a detailed description of bile acid metabolism in humans.
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Figure 1A)

Figure 1B)

Figure 1 Structures of A) the major unconjugated, glycine- and taurine-conjugated bile acids and B) the bile acid
precursor C4
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3.2. Experimental
3.2.1 Chemicals
Cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lithocholic acid
(LCA),

ursodeoxycholic

acid

(UDCA),

glycochenodeoxycholic

acid

(GCDCA),

glycodeoxycholic acid (GDCA), taurochenodeoxycholic acid (TCDCA) and taurodeoxycholic
acid (TDCA) were purchased from Sigma-Aldrich (Buchs, Switzerland), whereas the glycineand taurine-conjugates of CA (GCA and TCA), LCA (GLCA and TLCA) and UDCA
(GUDCA and TUDCA) were obtained from Calbiochem (Darmstadt, Germany). The
deuterated bile acid internal standards cholic acid-2,2,4,4-d4 (CA-d4) and chenodeoxycholic
acid-2,2,4,4-d4 (CDCA-d4) were obtained from Cambridge Isotope Laboratories, Inc.
(Andover, MA, USA), whereas deoxycholic acid-2,2,4,4-d4 (DCA-d4), lithocholic acid2,2,4,4-d4 (LCA-d4), ursodeoxycholic acid-2,2,4,4-d4 (UDCA-d4), glycocholic acid-2,2,4,4-d4
(GCA-d4) and glycochenodeoxycholic acid-2,2,4,4-d4 (GCDCA-d4) were purchased from
C/D/N Isotopes, Inc. (Pointe-Claire, Quebec, Canada).
The bile acid precursor C4 was purchased from Toronto Research Chemicals, Inc. (North
York, Ontario, Canada) and its deuterated internal standard 7alpha-hydroxy-4-cholesten-3one-25,26,26,26,27,27,27-d7 (C4-d7) was obtained from Medical Isotopes, Inc. (Pelham, NH,
USA).
The salts for buffers and methanol were of HPLC grade. Activated charcoal and ammonium
acetate were purchased from Sigma-Aldrich (Buchs, Switzerland), ammonium carbonate was
obtained from Scharlau Chemie (Barcelona, Spain), methanol was obtained from Honeywell
Burdick & Jackson (Seelze, Germany) and hydrochloric acid 32% (GR for analysis) was
obtained from Merck (Darmstadt, Germany). Human serum from healthy volunteers was
obtained from PAA Laboratories (Pasching, Austria) and purified water was obtained using a
central water purification installation from Burkhalter (Worblaufen, Switzerland).

3.2.2. Preparation of a bile acid/C4-free serum pool
In order to construct calibration curves in a matrix free from endogenous bile acids and C4
but similar to the real sample matrix, serum was mixed overnight with 100mg/ml activated
charcoal, known for its high adsorption capacity. The mixture was then centrifuged at 13’000
x g and 10°C for 20min, after which the supernatant was collected and centrifuged again.
After three centrifugation cycles, the supernatant was filtered with a 0.45µm filter and stored
at -20°C until analysis. Prior to use, newly prepared charcoal treated serum batches were
tested for the absence of any remaining endogenous bile acids or C4 (data not shown).
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3.2.3. Preparation of standard stock solutions
Bile acid standard stock solutions were prepared by dissolving the respective 15 bile acids in
the appropriate amount of methanol in order to obtain individual stock solutions of 5µmol/ml.
The 15 individual stock solutions were then pooled together to obtain a 100µmol/l solution in
methanol, which was further diluted with purified water to obtain standard stock solutions
containing 25, 10, 5, 0.5 and 0.05µmol/l of each bile acid, respectively.
A 1µmol/ml C4 standard stock solution was prepared by dissolving C4 in the appropriate
amount of acetonitrile. This solution was further diluted with methanol to obtain 0.5, 0.1, 0.05
and 0.01µmol/l standard stock solutions.

3.2.4. Preparation of deuterated internal standard stock solutions
The 7 deuterated bile acids were dissolved in the appropriate amount of methanol in order to
obtain individual 3µmol/ml solutions. These solutions were then pooled together to obtain a
75µmol/l solution in methanol, which was further diluted with water to obtain an internal
standard solution containing 15µmol/l of each deuterated bile acid.
A 1µmol/ml C4-d7 solution was prepared in acetonitrile and further diluted with methanol to
obtain a 0.1µmol/l C4-d7 internal standard solution.

3.2.5. Sample preparation
Calibrators and quality control samples (QCs) were prepared by adding the appropriate
amount of the different standard stock solutions to 100µl of charcoal treated serum and
extracting these using the corresponding sample preparation procedure described below.

3.2.5.1. Sample preparation for the 15 bile acids
100µl serum sample (respectively 100µl charcoal treated serum with defined amounts of the
appropriate standard stock solution) were mixed with 100µl ammonium carbonate buffer
100mM, pH 9.3. The volume was completed to 700µl with purified water and 30µl of the
15µmol/l deuterated bile acids internal standard solution were added, after which the samples
were vortexed.
Sample preparation was performed by solid-phase extraction (SPE) with 200mg Bond Elut
C18 cartridges from Varian, Inc. (Palo Alto, CA, USA) using a procedure previously
described by our group (24), after minor adaptations (mainly reduction of sample volume).
Pre-conditioning of the cartridges was achieved by activation with 2ml methanol followed by
2ml purified water and finally 2ml ammonium carbonate buffer 100mM, pH 9.3, upon which
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the sample was loaded onto the cartridge and allowed to pass through it by gravity.
Thereafter, the cartridge was washed with 2ml purified water and dried under vacuum. The
retained compounds were eluted with 3ml of methanol using gravity and the samples were
evaporated at 30°C under vacuum using a rotavapor from Büchi (Flawil, Switzerland). The
residue was dissolved in 60µl methanol and mixed with 30µl ammonium acetate buffer
10mM, pH 6.5, upon which the sample was centrifuged at 13’400 x g and 10°C for 10min.
The supernatant was collected and 30µl were injected into the LC-MS system for analysis.

3.2.5.2. Sample preparation for C4
100µl serum sample (respectively 100µl charcoal treated serum with defined amounts of the
appropriate standard stock solution) were mixed with 500µl purified water and 50µl of the
0.1µmol/l C4-d7 internal standard solution. The methanol volume (including 50µl internal
standard solution and various amounts of standard stock solutions) was completed to 150µl in
all samples in order to avoid variations due to different methanol contents while loading the
samples on the SPE cartridges. Finally, 60µl of 1M hydrochloric acid were added to all
samples and these were vortexed immediately afterwards in order to loosen the C4 fraction
presumably bound to plasma proteins.
Sample preparation was performed using the same solid-phase extraction cartridges as for the
bile acids sample preparation. Pre-conditioning of the cartridges was achieved by activation
with 2ml methanol followed by 2ml purified water, upon which the sample was loaded onto
the cartridge and allowed to pass through it by gravity. The cartridge was washed and samples
were eluted and evaporated as described in the bile acid sample preparation procedure (2.5.1).
The residue was dissolved in 80µl methanol and mixed with 10µl ammonium acetate buffer
10mM, pH 6.5, upon which the sample was centrifuged at 13’400 x g and 10°C for 10min.
The supernatant was collected and 30µl were injected into the LC-MS system for analysis.

3.2.6. Quantification
The calibration domain for the 15 bile acids ranged from 0.02µmol/l to 50µmol/l and could be
extended to 100µmol/l without affecting linearity by adding two additional calibrators if
required (for highly concentrated samples). Due to the large calibration range, the intercept
contributed significantly to the peak area ratios of low concentrated samples. Therefore
samples with concentrations above 5µmol/l were calculated using all 6 (respectively 8)
calibrators 0.02, 0.5, 5, 10, 30 and 50µmol/l (respectively 75 and 100µmol/l), whereas
samples with concentrations below 5µmol/l were calculated using only the first 3 calibrators.
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Samples with concentrations below 0.02µmol/l as well as samples for which the peak area
ratio was below the absolute value of the intercept of its respective 3 points calibration curve
were calculated by proportional conversion using the respective peak area ratio of the first
calibration standard. Since deuterated internal standards with identical structure were not
commercially available for each of the 15 bile acids at the time the method was developed,
those lacking an identical deuterated homologue were attributed the corresponding
unconjugated deuterated bile acid (Table 1). Although the deuterated bile acids used as
internal standards were of high purity, they contained a fraction of corresponding
undeuterated bile acid which contributed to the peak area of the analytes in the samples as
well as in the calibrators and the QCs. The percentage of undeuterated bile acids contained in
the various internal standards varied from 0.1% to 1.2% and this effect was corrected by
subtracting a defined percentage of the internal standard peak from the corresponding
undeuterated analyte peak in every analysis.
The calibration domain for C4 ranged from 0.01µmol/l to 0.4µmol/l and sample concentration
was calculated similarly as described above. Samples with concentrations above 0.05µmol/l
were calculated using all 6 calibrators 0.01, 0.02, 0.05, 0.1, 0.2 and 0.4µmol/l, whereas
samples with concentrations below 0.05µmol/l were calculated using only the 3 first
calibrators. Samples with concentrations below 0.01µmol/l as well as samples for which the
peak area ratio was below the absolute value of the intercept of its respective 3 points
calibration curve were calculated by proportional conversion using the respective peak area
ratio of the first calibration standard. Since only insignificant amounts of undeuterated C4
impurity could be detected in the C4-d7 internal standard solution, the peak area of C4 did not
need to be corrected in contrast to that of bile acids.

3.2.7. Instrumentation
The LC-MS system consisted of an HTC PAL autosampler from CTC Analytics (Zwingen,
Switzerland) coupled with a Rheos 2200 HPLC pump from Flux Instruments (Reinach,
Switzerland) and a TSQ Quantum Access mass spectrometer from Thermo Scientific
(Waltham, MA, USA). Separation was achieved using a 125mm x 2.0mm Uptisphere C18
5µm particle size ODB column from Interchim (Montluçon, France), which was protected by
a 10mm x 2.0mm modulo-cart QS guard column also from Interchim. Data acquisition was
performed using Xcalibur software (version 2.0.6) from Thermo Scientific.
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Table 1 Parent and product ions of the analytes with individually optimised detection parameters (tube lens and
collision energy) as well as corresponding internal standard used for quantification. If more than one fragment
was reported, the sum of the signals of the different product ions was used for quantification.
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Table 1 (continued)

3.2.8. Separation, ionisation and detection conditions
Mobile phase for both methods consisted of methanol (eluent A) and 10mM ammonium
acetate buffer at pH 6.5 (eluent B).
For separation of the bile acids, the eluents were set to 65% A and 35% B during the first
10min, after which the proportions were changed within 2min to 70% A and 30% B and
maintained for 4min. After 16min of analysis, the proportions were changed again within
1min to 80% A and 20% B and maintained for 8min. At 25min, the proportions were changed
to 100% A and maintained for 5min in order to flush the column, upon which the conditions
were set to the beginning proportions of 65% A and 35% B for 20min to equilibrate the
chromatographic column. The flow rate was set to 300µl/min during the whole analysis.
The separation of the more hydrophobic C4 was achieved with a mobile phase containing
93% A and 7% B at a flow rate of 250µl/min. After 10min the column was flushed for 5min
with 400µl/min of eluent A and finally the column was equilibrated for 10min at a flow rate
of 300µl/min with the beginning proportions of 93% A and 7% B.
In both methods, ionisation was performed using an electrospray ionisation (ESI) source,
which was operating in the negative mode for bile acids and in the positive mode for C4.
Ionisation parameters were tuned for the different compounds and optimal conditions are
shown in Table 2. The tube lens and collision energy values were individually optimised for
each analyte and are reported in Table 1. Collision pressure was set to the default value of
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1.5mTorr. Scan time was set to 0.05s for the bile acids and to 0.5s for C4, while scan width
was set to 0.002m/z for both methods. Due to the lack of stable fragments for unconjugated
bile acids, their detection was performed in the pseudo-selected reaction monitoring mode.
This detection mode uses low collision energy, which does not fragment the parent ion, but
decreases the background noise and therefore leads to a better signal-to-noise ratio. In
contrast, all of the conjugated bile acids as well as C4 showed reproducible fragments which
are reported in Table 1.

Table 2 Optimised ionisation and detection parameters and polarity for the 15 bile acids and C4

3.2.9. Method validation
A detailed validation procedure was performed according to the Food and Drug
Administration (FDA) guidelines (28).

3.2.9.1. Linearity
Defined amounts of standard stock solutions were added to charcoal treated serum for
preparation of 6 calibration points ranging from 0.02µmol/l to 50µmol/l for bile acids and
from 0.01µmol/l to 0.4µmol/l for C4. The samples were extracted as described in paragraph
2.5.1 and 2.5.2 respectively. Calibration curves were plotted as the peak area ratio of the
respective bile acid over its internal standard against the nominal concentration of the
calibrator. The line of best fit was determined by least square linear regression for the lower
calibration domain (3 lowest calibrators) as well as for the entire calibration domain for both
methods and for six freshly prepared calibration curves. Calculation of the mean correlation
coefficient was used to assess linearity.

3.2.9.2. Precision and accuracy
In order to assess intra-day precision and accuracy, six QCs of a low and of a high
concentration (0.5µmol/l and 30µmol/l for bile acids versus 0.02µmol/l and 0.2µmol/l for C4)
were extracted and analysed using a freshly prepared calibration curve on a given day.
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Additional QCs for each the low and the high concentrations were also analysed on five
different days, each time with a freshly prepared calibration curve, in order to assess inter-day
precision and accuracy. Precision of the method was represented by the coefficient of
variation while accuracy was obtained by expressing the mean of the measured concentrations
as a percentage of the nominal concentration.

3.2.9.3. Recovery
Since matrix constituents are known to influence the extraction process, the recovery
experiment was performed using untreated serum instead of a charcoal treated serum in order
to have extraction conditions as close as possible to those of real samples.
In order to assess efficiency of the extraction procedure, twelve serum samples were extracted
for each a low and a high concentration (0.5µmol/l and 30µmol/l for bile acids versus
0.02µmol/l and 0.2µmol/l for C4). From these twelve samples, six were spiked with the
appropriate amount of standard stock solutions and internal standards before extraction. The
six remaining samples were extracted as blanks and spiked with the same amount of standard
stock solutions and internal standards after the extraction. Six additional blank samples
containing only endogenous bile acids or C4 were extracted without addition of any standard
stock solutions or internal standards. Thereafter all samples were evaporated and dissolved in
mobile phase according to 2.5.1 and 2.5.2 respectively. After correction of the spiked serum
samples by subtraction of endogenous amounts of the respective analyte, recovery was
obtained by expressing the mean peak area of samples spiked before extraction as a
percentage of that of samples spiked after extraction.

3.2.9.4. Limit of quantification
QCs were spiked with concentrations ranging from 0.002µmol/l to 0.05µmol/l for the bile
acids and 0.001µmol/l to 0.01µmol/l for C4. Five replicates were extracted and analysed for
each concentration and limit of quantification (LOQ) was determined as being the lowest
concentration at which the analyte could be quantified with sufficient precision and accuracy.

3.2.9.5. Matrix effects
Matrix effects were assessed by two different methods, in both a quantitative and a qualitative
manner. Because of the major role played by matrix components, these experiments were
performed using untreated serum instead of charcoal treated serum.
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In order to assess matrix effects in a quantitative manner, six blank serum samples were
extracted using the procedures described for bile acids and C4 respectively. After extraction,
three samples were spiked with defined amounts of standard stock solutions (10µmol/l for bile
acids versus 0.1µmol/l for C4) and internal standards, while the remaining three samples were
kept as blank samples. Simultaneously, identical amounts of standard stock solutions and
internal standards were pipetted into three clean vials. All samples were then evaporated and
dissolved in mobile phase according to 2.5.1 and 2.5.2 respectively. After correction of the
spiked serum samples by subtraction of endogenous amounts of the respective analyte,
quantitative matrix effects were assessed by expressing the peak area of spiked serum samples
(with matrix) as a percentage of the peak area of samples containing only the pure standard
stock solutions (without matrix).
The qualitative evaluation of potential ion suppression or enhancement effects due to matrix
components was preformed by post-column infusion of a solution containing the analyte of
interest while an extracted blank serum sample was simultaneously injected by the
autosampler. Matrix components interfering with the ionisation process show an increase (ion
enhancement) or more often a decrease (ion suppression) in the signal.

3.3. Results and discussion
3.3.1. Preparation of standard stock solutions
During method development, a rapid decrease in peak intensity was observed in aqueous
solutions of C4 (data not shown). This decrease was probably due to poor aqueous solubility
of C4 because it was not observed when C4 was dissolved in methanol. Therefore all C4
standard stock solutions were prepared in methanol, although this should be avoided as much
as possible when using solid-phase extraction. Nevertheless, in order to have identical
extraction conditions, the methanol volume was completed to 150µl in all C4 samples. In
contrast to C4, bile acids were dissolved in water and showed no decrease in peak intensity.

3.3.2. Sample preparation
Our new methods each required only 100µl of serum sample, which was less than for many of
the existing methods (12, 14, 16, 20, 22-24) although methods for quantification of C4 in even
smaller sample volumes exist (25, 26). A low sample volume represents an important
advantage if the method is to be adapted for analysis of mouse samples (muricholic acids),
since mice have a very small blood volume. In addition, our C4 method offers the advantage
of requiring a rather short sample preparation in comparison to other existing methods (14,
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25, 26) and no derivatization (25, 26). However, in order for these methods to be improved,
efforts should be made to find a combined extraction procedure for bile acids and C4, which
would reduce sample volume to only 100µl instead of twice 100µl and would lead to a shorter
total analysis time. This was not achieved yet since C4 seems to be bound to plasma proteins
and required the addition of hydrochloric acid in order to obtain sufficient recovery, which in
turn would probably hydrolyse the gylcine and taurine moieties of conjugated species if the
same procedure was applied to bile acids.

3.3.3. Separation, ionisation and detection conditions
The baseline separation of the two isomers CDCA and DCA as well as their glycine- and
taurine-conjugates represented the main limitation for the chromatographic separation of the
15 bile acids since these isomers behave identically with respect to fragmentation and
therefore they cannot be distinguished from each other by mass spectrometry only. Separation
of the 15 major bile acids was consequently achieved in 20min. In the case of C4, the peak
retention time was delayed to approximately 8min because it needed to be separated from a
100 times more intense co-eluting peak of unknown origin in order to minimise ion
suppression effects (data not shown).
Selectivity is undeniably lower for unconjugated bile acids due to the absence of reproducible
fragments, which was also the case in previously developed LC-MS methods for bile acids.
However, the relevance of this analytical limitation depends on the context of the intended
application.
Examples of mass chromatograms of bile acids and C4 in serum from a healthy volunteer is
shown in Figure 2. The total bile acid concentration in this serum reached 5.0µmol/l with
GCDCA being the most concentrated species (1.4µmol/l), while the concentration obtained
for C4 was 24.5nmol/l.
ESI was chosen for the ionisation of bile acids since these molecules possess a carboxyl group
(unconjugated and glycine-conjugated bile acids) or a sulfonyl group (taurine-conjugated bile
acids) which easily generates negatively charged ions in solution. Ionisation of C4 was also
performed using ESI although atmospheric pressure chemical ionisation (APCI) would
probably have been a better suited ionisation technique regarding the polarity of the analyte.
Nevertheless, ESI was preferred because it offered the possibility of combined application of
both methods in addition to a sufficient sensitivity for the analysis of C4. The combined
application of both methods represents an advantage, particularly for the analysis of large
batches of samples. Indeed, the fact that both methods require the same eluents, stationary
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phase and ionisation source allows to run sequences containing both types of samples without
any modifications of hardware (column, source), thereby sparing time and reducing the risk of
handling errors.
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Figure 2 Representative chromatograms of an extracted serum (100µl) from a healthy volunteer, spiked with A)
7 deuterated bile acids (30µl, 15µmol/l) and showing endogenous amounts of the 15 major bile acids; B) C4-d7
(50µl, 0.1µmol/l) and showing endogenous amounts of C4. The total bile acid concentration represented
5.0µmol/l, whereas the C4 concentration was 24.5nmol/l. RT: retention time (min), PI: peak intensity

3.3.4. Method validation
3.3.4.1. Linearity
The calibration curves were linear in both calibration ranges for the 15 bile acids and C4. For
the bile acids, the mean correlation coefficients r (n = 6) ranged from 0.9983 to 1.0000 for the
lower calibration domain (0.02-5µmol/l) and from 0.9994 to 1.0000 for the entire calibration
domain (0.02-50µmol/l). Linearity was also observed if the calibration domain was extended
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to 100µmol/l for high concentrated samples (data not shown). For C4, the mean correlation
coefficient r (n = 6) was 0.9993 for both the lower (0.01-0.05µmol/l) and the entire (0.010.4µmol/l) calibration domain.

3.3.4.2. Precision and accuracy
Intra- and inter-day precision and accuracy data are summarized in Table 3. For bile acids,
intra-day (inter-day) variation (n = 6) ranged from 0.3% to 4.8% (0.7% to 11.9%). Intra-day
(inter-day) accuracy (n = 6) ranged from 87.6% to 102% (84.7% to 102%). For C4, intra-day
(inter-day) variation (n = 6) was below or equal to 5.2% (3.6%). Intra-day (inter-day)
accuracy (n = 6) was 89.1% and 98.4% (97.7% and 98.3%) for the low and the high QCs
respectively. The precision and accuracy data were within the interval set by the FDA
concerning validation of bioanalytical methods (28).
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Table 3 Precision, accuracy and recovery data for the 15 bile acids and C4 (n = 6). CV: coefficient of variation

3.3.4.3. Recovery
The extraction recoveries (n = 6) of the different bile acids and C4 are shown in Table 3. This
experiment only took in account the efficiency of the extraction procedure per se and not the
matrix effects which are discussed below. In this case, matrix effects were identical for all
samples since serum samples spiked before extraction were compared to serum samples
spiked after extraction.
The extraction recoveries for bile acids ranged from 78.3% to 99.3% and were slightly higher
for 30µmol/l than for 0.5µmol/l samples, which might be due to imprecision in low
concentrated samples when correcting for endogenous amounts, since error is proportionally
higher on low concentrations. However, this did not affect linearity as demonstrated in 3.4.1.
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Table 4 summarizes and compares extraction recoveries of the here and previously reported
methods for the measurement of bile acids and C4. Extraction recoveries for bile acids were
quite similar to those reported for other existing methods (16-18, 20, 22-24). The extraction
recovery for C4 was found to be approximately 62%, which was markedly lower than for bile
acids and for other C4 methods (12, 14, 25, 26). This is presumably explained by its lipophilic
properties and by the fact that the others methods used different sample preparation
techniques (protein precipitation, liquid-liquid extraction followed by SPE, derivatisation and
salting-out respectively).

Table 4 Comparison of extraction recoveries, limit of quantification and sample volume between the new
methods and methods previously described. LOQ values given in ng/ml were converted to nmol/l based on an
average molecular mass of 400. LOQ values were extrapolated for a corresponding sample volume of 100µl in
order to allow comparison between the methods.
a
LOQ was measured using a standard stock solution (in contrast to spiked sample matrix)
n.r.: not reported

3.3.4.4. Limit of quantification
LOQ was defined as the lowest concentration at which the analyte could be quantified with a
coefficient of variation below 20% and accuracy between 80% and 120% (n = 5). For bile
acids, LOQ ranged from 2nmol/l to 50nmol/l. After correction for sample volume, this was
comparable or slightly better than what has been reported in recent publications providing
LOQ values (16, 18-20, 23, 24) (Table 4). For C4, LOQ was 5nmol/l, which is similar to what
was reported by DeBarber et al. (25). The detailed LOQ values for the individual analytes are
shown in Table 5.
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Table 5 Limit of quantification values for the 15 bile acids and C4

3.3.4.5. Matrix effects
The results of the quantitative matrix effects test (n = 3) are shown in Table 6. In contrast to
recovery, this experiment takes into account only the matrix effects (and not the loss that
occurs during extraction) since the analytes were added to the matrix after extraction and
compared to the same amount of analytes in pure solvents.
The signal in presence of matrix components was between 73% and 103% of the signal in
pure standards for all analytes, which indicated some competition between the analytes and
interfering matrix components during ionisation. However, assessment of matrix effects in a
qualitative way with post-column infusion of the analytes showed no significant ion
suppression or enhancement effects in relevant detection timeframes, as demonstrated in
Figure 3.
In this paper, recovery and matrix effects were evaluated in separate experiments (2.9.3 and
2.9.5) unlike in some publications where recovery is assessed by comparing an extracted
spiked sample to a stock solution. In this latter case, it would not be clear whether a decrease
in signal intensity is due to insufficient extraction recovery or to ion suppression.
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Table 6 Quantitative assessment of matrix effects for the 15 bile acids and C4 as well as for their internal
standards (n = 3). The analytical response in presence of matrix was expressed as a percentage of the analytical
response in the absence of matrix. CV: coefficient of variation
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Figure 3A)

Figure 3B)
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Figure 3C)

Figure 3D)

Figure 3 Qualitative assessment of matrix effects for the 15 bile acids and C4. The figure shows the effect of an
extracted serum matrix on the signal of directly infused analytes for A) unconjugated bile acids; B) glycineconjugated bile acids; C) taurine-conjugated bile acids and D) C4. Chromatograms of standard stock solutions
(bile acids: 10µl, 10µmol/l; C4: 10µl, 1µmol/l) were superimposed to facilitate visualisation of relevant detection
timeframes. Concentrations and flow rates of the infused solutions were chosen as the minimum still covering
the signal of endogenous peaks and are reported for every compound.

3.3.5. Quantification of bile acids and C4 in a patient with cirrhosis and
cholestasis
As an application example, bile acids and C4 were quantified in the serum of a 39-year old
woman suffering from liver cirrhosis and cholecystolithiasis (gallstones) among other
conditions (Figure 4). Clinical findings showed increased levels of total bilirubin (32µmol/l),
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gamma-glutamyl transferase (356U/l) and alkaline phosphatase (189U/l), which indicate the
presence of cholestasis and liver damage. The total bile acid concentration in this patient was
10 times higher than in the serum from a healthy volunteer displayed in Figure 2 (56.5µmol/l
versus 5.0µmol/l), which is often observed in cholestatic conditions. While glycine and
taurine conjugates of the primary bile acids (GCA, GCDCA, TCA and TCDCA) showed up to
an 80-fold increase in concentration compared to serum from a healthy volunteer, all
secondary bile acids except GUDCA had concentrations below LOQ. Several of them
(GDCA, TDCA and TLCA) were totally absent from the circulation as a consequence of
breakdown of enterohepatic circulation. The concentration obtained for C4 was 1.2nmol/l,
(<LOQ) and indicates poor liver function due to cirrhosis, as C4 concentrations in healthy
subjects have been reported to be between 12nmol/l and 120nmol/l (5-48ng/ml) (14).
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Figure 4 Chromatograms of an extracted serum (100µl) from a patient suffering from liver cirrhosis and
cholecystolithiasis spiked with A) 7 deuterated bile acids (30µl, 15µmol/l); B) C4-d7 (50µl, 0.1µmol/l).
The total bile acid concentration represented 56.5µmol/l, whereas the C4 concentration was 1.2nmol/l (<LOQ).
RT: retention time (min), PI: peak intensity
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3.4. Conclusions
In addition to their traditionally recognized role in lipid emulsification, bile acids were found
to be biologically important signaling molecules, which has resulted in an increased relevance
of these metabolites in biology and medicine and in a greater demand for sensitive, precise
and accurate methods for the quantification of bile acids in recent years.
In this paper, we described two new methods based on LC-MS/MS for the combined
quantification of the 15 major human bile acids and their precursor for the classical
biosynthesis pathway, namely C4, in serum. The advantage of these methods lies in their
ability to describe both the composition of the circulating bile acid pool and the amount of
newly synthesised bile acids, reflected by C4 concentrations. Combination of both methods is
possible since the eluents for the mobile phase, the stationary phase as well as the ionisation
source are identical. These new methods allow detailed insight into bile acid metabolism in
humans, which will provide additional valuable information while performing clinical studies
to determine the prognostic and/or diagnostic value of cholesterol metabolites in various
diseases.
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Abstract
Bile acids (BAs) regulate glucose and lipid metabolism. In a case-control-study, we
investigated whether serum concentrations of the 15 major BAs or the biosynthetic precursor
7α-hydroxy-4-cholesten-3-one (C4) differ between patients with or without coronary artery
disease (CAD) or between patients with diabetes mellitus type 2 (T2DM), patients with nondiabetic metabolic syndrome (MetS) and metabolically healthy controls. The cohort consisted
of

six

subgroups,

each

with

25

age-

and

gender-matched

subjects:

1.

CAD:no/MetS:no/T2DM:no ; 2. CAD:yes/MetS:no/T2DM:no; 3. CAD:no/MetS:yes; 4.
CAD:yes/MetS:yes; 5. CAD:no/T2DM:yes; 6. CAD:yes/T2DM:yes. Comparisons of
subgroups 2+4+6 vs 1+3+5 revealed no statistically significant association of CAD with BAs
or C4. Comparisons of subgroups 1+2 vs 3+4 vs 5+6 revealed significantly increased serum
levels of C4 in patients with MetS and T2DM. C4 but not bile acid levels correlated with most
of the canonical components of MetS and T2DM. Upon multiple regression analysis, body
mass index (BMI) and plasma levels of triglycerides (TG) evolved as independent
determinants of C4 levels. Multivariate and principle component analyses revealed that the
association of C4 with T2DM and/or MetS was not independent of or superior to the
canonical MetS components, i.e. TG, high density lipoprotein cholesterol, glucose, waist
circumference, and systolic blood pressure. In conclusion, serum levels of C4, which are a
biomarker of BA synthesis, are significantly increased in patients with MetS and T2DM but
confounded with BMI and TG.
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4.1. Introduction
The metabolic syndrome (MetS) is defined as a clustering of metabolic risk factors for
cardiovascular disease including abdominal obesity, elevated blood pressure, impaired fasting
glucose (IFG) or overt diabetes mellitus type 2 (T2DM), hypertriglyceridemia and low high
density lipoprotein cholesterol (HDL-C) levels (1-4). In addition to these canonical
components, patients with MetS frequently present with several additional homoeostatic
disturbances in the regulation of metabolism, inflammation and coagulation, a state which has
been termed metaflammation (5). The symptoms and consequences of MetS are as
heterogenous as the pathogenic origin appears to be diverse. Although excess or ectopic fat
deposition and the resulting insulin resistance are considered as pivotal pathomechanisms, it is
important to note additional possible pathogenic pathways. For example, disturbances in the
intestinal microflora (6) and bile acid (BA) metabolism (7, 8) have been associated with MetS
and T2DM.
The BA pool is constituted of primary BAs, which are synthesized in the liver by the classical
and the alternative pathways, each involving a variety of different enzymes (9), as well as of
secondary BAs, which are generated by deconjugation and/or dehydroxylation of primary
BAs by intestinal bacteria. 7α-hydroxy-4-cholesten-3-one (C4) is a relatively stable
intermediate metabolite in the classical pathway of BA biosynthesis and is considered to be a
plasma biomarker of BA synthesis (10). Most human BAs are either conjugated to an amino
acid, namely glycine (G) or taurine (T), or unconjugated. Primary BAs include cholic acid
(CA) and chenodeoxycholic acid (CDCA) as well as their glycine- and taurine-conjugates
(GCA, GCDCA, TCA and TCDCA respectively). Secondary BAs comprise deoxycholic acid
(DCA), lithocholic acid (LCA) and ursodeoxycholic acid (UDCA) as well as their glycineand taurine-conjugates (GDCA, GLCA, GUDCA, TDCA, TLCA and TUDCA respectively).
After biliary secretion and intestinal deconjugation and/or dehydroxylation, BAs are
extensively reabsorbed from the intestine and returned to the liver in order to be secreted
again in the bile, thereby completing the enterohepatic circulation (11).
In the last decade, BAs were discovered to be natural ligands of the nuclear transcription
factor farnesoid X receptor (FXR) (12-14). In addition to their traditionally recognized role in
cholesterol elimination and emulsification of dietary fat, BAs exert regulatory effects on their
own biosynthesis but also on glucose and lipid metabolism via activation of FXR. The link
between BAs and lipid metabolism was observed already in the 1970’s when dyslipidemic
patients treated with BA sequestrating resins, such as cholestyramine, were observed to
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present not only with decreased low density lipoprotein cholesterol (LDL-C) but also with
increased plasma levels of triglycerides (TG) and HDL-C (15-17).
In vitro, BAs inhibit the production of very low density lipoproteins (VLDL) by cultured rat
and human hepatocytes in a dose-dependent and BA species-dependant manner (18, 19).
Moreover, FXR knock-out (Fxr-/-) mice display elevated plasma levels of VLDL and low
density lipoprotein (LDL) (20) as well as of HDL-C (21). Conversely, treatment of wild-type
mice with a specific FXR agonist decreased plasma cholesterol levels. Underlying
mechanisms include the repression of the transcription factor sterol regulatory elementbinding protein 1c (SREBP-1c) and its lipogenic target genes (22, 23), as well as increased
hepatic expression of receptors involved in lipoprotein clearance (VLDL receptor (24) and
syndecan-1 (25)) and increased apoC-II levels (co-activates lipoprotein lipase) (26). Taken
together, these data suggest that FXR activation decreases plasma levels of all lipoprotein
fractions. The effect of FXR activation on atherosclerosis is currently controversial. Despite
their pro-atherogenic lipoprotein profile (20), Fxr-/- mice inconsistently presented with either
increased or decreased atherosclerosis in different studies (27-29).
FXR also regulates gluconeogenesis, glycogen synthesis and insulin sensitivity. For example,
hepatic glycogen levels were found to be increased in diabetic mice after FXR activation (30)
and reduced in Fxr-/- mice (31). In addition, activation or over-expression of FXR improved
glucose tolerance and insulin sensitivity of diabetic mice (30, 32), whereas Fxr-/- mice showed
peripheral insulin resistance and impaired glucose tolerance compared to wild-type mice (30,
32, 33). These euglycemic effects of FXR activation are thought to be at least partly due to the
repression of hepatic gluconeogenic genes (phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6Pase)) (30, 32). However, in contrast to studies with diabetic
mice, treatment of wild-type mice with FXR agonists has yielded inconsistent results on
PEPCK activity or glucose levels (30, 33-36). Several studies have shown that the BA pattern
is changed in experimental diabetic rats, with the CA pool being increased and the CDCA
pool being decreased (37-40).
The few and small studies characterizing the BA profile in patients with T2DM have yielded
inconsistent results (41-43). In this case-control study we explored whether coronary artery
disease (CAD) or MetS and components thereof including T2DM are associated with
different plasma concentrations of distinct BA species or of the BA precursor C4.
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4.2. Materials and methods
4.2.1. Patients and blood sampling
The study was approved by the Ethics Committee of the University of Innsbruck and all
participants gave written informed consent. Six sex- and age-matched patient samples, each
encompassing 25 patients were selected from a previously described cohort of consecutive
patients undergoing coronary angiography for the evaluation of established or suspected
stable CAD (44). The six patient groups differed by the presence or absence of CAD,
nondiabetic

MetS

or

CAD:yes/MetS:no/T2DM:no;

T2DM:
3.

1.

CAD:no/MetS:no/T2DM:no

CAD:no/MetS:yes;

4.

;

CAD:yes/MetS:yes;

2.
5.

CAD:no/T2DM:yes; 6. CAD:yes/T2DM:yes. In the CAD classification, the control group
comprised cohorts 1+3+5 whereas the CAD patients group comprised cohorts 2+4+6. For the
MetS/T2DM classification, the controls, the MetS patients and the T2DM patients comprised
cohorts 1+2, 3+4, and 5+6 respectively.

One patient from

control cohort 1

(CAD:no/MetS:no/T2DM:no) presented with extremely high serum levels of BAs because of
liver cirrhosis. Therefore his data were excluded from the statistical data analysis.
According to NCEP-ATPIII guidelines, the MetS in individuals of cohorts 3 and 4 was
diagnosed if three or more of the five following stigmata were present: waist circumference
>102 cm in men and >88 cm in women, TG ≥1.7 mmol/l (150 mg/dl), HDL-C <1.0 mmol/l
(40 mg/dl) in men and <1.3 mmol/l (50 mg/dl) in women, blood pressure ≥130 / ≥85 mmHg,
and fasting glucose ≥6.1 mmol/l (110 mg/dl) but <7 mmol/L. T2DM in cohorts 5 and 6 was
diagnosed by either fasting glucose levels ≥ 7 mmol/l (126 mg/dl), or plasma glucose levels ≥
11.1mmol/l (200 mg/dl) two hours after an oral bolus of 75g glucose (i.e. 2h OGTT) or
previously diagnosed T2DM. “Metabolic controls” (cohorts 1+2) were defined by the absence
of both MetS and T2DM.
Selective coronary angiography was performed by the Judkins technique. The angiograms
were recorded in multiple projections with a biplanar digital cardiac imaging system (Philips
Integris DCI). Cine angiograms were reviewed by experienced cardiologists who were
blinded to DXA results. Stenoses were identified, and the percentage of lumen diameter
stenoses was assessed by visual analysis. Significant CAD was diagnosed by the presence of
significant coronary stenoses with lumen narrowing of at least 50% (cohorts 2, 4 and 6). In
addition, the severity of CAD was quantified as the sum of all stenoses percentages of a given
patient divided by the number of coronary stenoses in this patient. The extent was calculated
as the number of significant coronary stenosis with lumen narrowing ≥ 50% in a given
patient.
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4.2.2. Analytical methods
Venous blood samples were collected after an overnight fast of 12 hours and prior to
angiography. All laboratory measurements except for BAs and C4 were performed on freshly
isolated serum or plasma samples or full blood for glycated hemoglobin (HbA1c) in the
central laboratory of the VIVIT study in Feldkirch (Austria). Serum samples for BAs and C4
measurements were stored at -80°C.
Serum levels of TG, total cholesterol, LDL-C and HDL-C were determined using enzymatic
assays and precipitation techniques (TG: GPO-PAP, cholesterol: CHOD/PAP, LDL-C:
QuantolipLDL, HDL-C: QuantolipHDL; all Roche, Basel, Switzerland) on a HitachiAnalyzer 717 or 911. HbA1c was determined by high-performance liquid chromatography on
a Menarini-Arkray KDK HA 8140 (Arkray KDK, Kyoto, Japan), and glucose levels were
measured enzymatically from venous fluoride plasma by the hexokinase method (Roche,
Basel, Switzerland) on a Hitachi 717 or 911. Insulin levels were determined by using an
enzyme immunoassay on an AIA 1200 (Tosoh, Tokyo, Japan). The HOMA-insulin resistance
index (HOMA-IR) was calculated according to Matthews et al. (45). The 15 major human
BAs and the BA precursor C4 were quantified in two 100µl-aliquots of serum using liquid
chromatography-tandem mass spectrometry as previously developed by our group (46).

4.2.3. Statistics
Statistical analyses were performed using IBM® SPSS® Statistics, version 19 (IBM
Corporation, Somers NY, USA) and SIMCA-P+® 12.0.1.0 (Umetrics Inc., Umeå, Sweden).
Values below limit of quantification were also included into the different statistical analyses.
Because data on BAs and C4 did not follow a Gaussian frequency distribution, univariate
statistics were performed using the non-parametric Mann-Whitney and Kruskal-Wallis tests.
A Bonferroni correction was used to compensate for multiple comparisons. Results were
considered to be statistically significant when the p-value was below a threshold obtained by
dividing 0.05 by the number of statistical tests per experiment, which corresponds to an α of
0.05. Correlations of BA parameters with each other and other continuous variables were
calculated by using the Spearman rank test.
For multivariate and multiple regression analyses, data which did not follow a normal
distribution were transformed into base 10 logarithms in order to obtain a frequency
distribution close to Gaussian whenever possible. A multiple regression analysis with forward
stepwise selection was used to identify independent contributors of MetS and T2DM
components to BAs or C4 levels. Logistic regression with forward stepwise and backward
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stepwise selection was used to find any contributions of BAs or C4 to the classification into
healthy or diseased adjusting for the commonly used biomarkers for MetS and T2DM as well
as to calculate odds ratios.
An orthogonal partial least square-discriminant analysis (OPLS-DA) was used to estimate the
importance of the individual variables as discriminating biomarkers. OPLS-DA was fitted in
order for the classes to get the highest Q2 value. The confidence levels for the model
parameters were set to 95% and the significance levels for DModX and Hotellings T2 were
set to 0.05. Normalization of the distance to the model was achieved using standard deviation
units. The SIMCA-P+® 12.0.1.0 program performed cross-validation with 7 groups as a
default. CV-ANOVA (significance of Q2YCV using the F-distribution) was performed for the
models as well as misclassification tables and Fisher’s probability. Data for diabetes
medication as well as age and gender were not included in the model in order to avoid bias in
the case of medication and because patients were matched for age and gender. Samples which
were beyond the 95% confidence interval of the normal multivariate distribution (Hotelling’s
T2) were considered as outliers and were left out from the final model.

4.3. Results
In order to simplify the initial analysis and to avoid excessive multiple testing, the 15
individual BAs were grouped into primary versus secondary BAs, unconjugated versus
conjugated BAs, and total BAs. The BA precursor C4 was analyzed individually. In a first
step we tested whether age or gender affects BA or C4 concentrations. Neither the 5 BA
groups nor C4 were affected by age or gender, neither in the healthy cohort 1
(CAD:no/MetS:no/T2DM:no) nor in the entire cohort of 149 individuals (Supplementary
Tables 1 and 2). Furthermore, there were no differences in levels of the 5 BA groups or C4
between treated versus untreated patients for statin use, insulin therapy or combined oral
hypoglycemic drugs (Supplementary Table 2). We therefore performed further statistical
analyses on unadjusted data.

Supplementary Table 1 Spearman correlation matrix (2-tailed) of bile acids and C4 with age.
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Supplementary Table 2 Bile acid and C4 levels in patients according to the gender and the intake of medication
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a

Mann-Whitney U test

4.3.1. Associations of CAD status with BAs and C4 levels
Table 1 compares the demographic, anthropometric and clinical data of 75 patients with CAD
and 74 controls free of significant CAD. The two groups differed significantly from each
other only by systolic blood pressure, the prevalence of statin treatment (35% versus 59%) as
well as the severity and extent of CAD. Table 2 describes the medians and ranges for the 5
BA groups and C4 in CAD patients and CAD free controls. Mann-Whitney tests revealed no
statistically significant differences in plasma levels of C4 or grouped BAs between CAD free
controls and CAD patients. This was also true when comparing the data of the following
cohorts: CAD:no/MetS:no/T2DM:no versus CAD:yes/MetS:no/T2DM:no; CAD:no/MetS:yes
versus CAD:yes/MetS:yes and CAD:no/T2DM:yes versus CAD:yes/T2DM:yes. We therefore
performed the subsequent comparisons on the associations of BAs and C4 with MetS and
T2DM without further sub-stratification for the presence of absence of CAD.

Table 1 Baseline characteristics of the study population according to CAD classification.

a

The Mann-Whitney U test was used to test quantitative variables and the Chi-square test was used to test qualitative variables

* 8 missing values (4 in CAD free controls and 4 in CAD patients)
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Table 2 Associations of bile acids and C4 levels with CAD. In order to account for multiple comparisons, a
Bonferroni-corrected α error of 0.0083 (6 tests) was set as significance threshold for the Mann-Whitney test.

a

Mann-Whitney U test

4.3.2. Associations of MetS or T2DM with BAs and C4 levels
Table 3 compares the demographic, anthropometric and clinical data of cohorts which had
either T2DM (N = 50), non-diabetic MetS (N = 50) or were free of either metabolic disorder
(N = 49). As expected by the definitions of MetS and T2DM, both diseased cohorts differed
significantly from healthy controls by body mass index (BMI), waist circumference, systolic
blood pressure, HbA1c, HDL-C, TG, and HOMA-IR index. In addition, T2DM patients and
MetS patients differed from each other by waist circumference, glucose, HbA1c, HOMA-IR
index, TG, total cholesterol, non-HDL-C and LDL-C as well as by treatment with statins, oral
antidiabetics, and insulin.
Table 4 summarizes the medians and ranges for the 5 BA groups and C4 in the three
subgroups. Only C4 levels showed a statistically significant difference as reported by the
Kruskal Wallis test, which however was lost after correction for multiple comparisons (p =
0.009; α = 0.05 corresponds to p = 0.0083). Separate comparisons of the data from MetS
patients and T2DM patients with those of controls by Mann-Whitney tests revealed a
statistically significant difference in C4 levels between controls and T2DM patients, which
persisted also after Bonferroni correction for multiple comparisons (p = 0.002; α = 0.05
corresponds to p = 0.0028). None of the other BA parameters showed any difference between
the three groups.
Because all T2DM patients also fulfilled the definition of MetS, we also compared the
compiled data of these two patient groups (i.e. T2DM + MetS) with those of the controls. In
this analysis also, serum levels of C4 differed significantly from those of controls (controls:
median = 0.029, range = 0.004-0.146; combined MetS and T2DM: median = 0.054, range =
0.003-0.266; p = 0.003). No difference was observed between controls and combined MetS
and T2DM patients for any of the BAs.
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Table 3 Baseline characteristics of the study population according to MetS and T2DM classification.
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a

The Mann-Whitney U test was used to test quantitative variables and the Chi-square test was used to test qualitative variables

* 8 missing values (4 in MetS and T2DM free controls, 2 in MetS patients and 2 in T2DM patients)

Table 4 Associations of bile acids and C4 levels with MetS and T2DM. In order to account for multiple comparisons, a Bonferroni-corrected α
error of 0.0083 (6 tests) was set as significance threshold for the Kruskal-Wallis test whereas a corrected α error of 0.0028 (18 tests) was set as
significance threshold for the Mann-Whitney test.
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a

Kruskal-Wallis test

b

Mann-Whitney U test

* indicates a statistically significant difference after Bonferroni correction for multiple testing

Because of previous reports we also tested whether MetS and T2DM patients differ from
controls by the ratio of primary to secondary BAs (47), the glycine-conjugated BA GCDCA
(48) or the ratio of CA to CDCA (43). The ratio of primary to secondary BAs differed
significantly between diabetics and controls (p = 0.011), but this statistical significance was
lost after correction for multiple comparisons. When we compared the compiled data of the
MetS and the T2DM group with controls, the ratio primary / secondary BAs also differed
between patients and controls (p = 0.042), but again the statistical significance was lost after
correction for multiple comparisons.

4.3.3. Correlations of C4 and BAs
Table 5 shows the bivariate correlations of C4 and grouped BAs with each other as well as
with biomarkers of MetS or T2DM. C4 plasma levels showed weak but statistically
significant correlations with unconjugated BAs (r = 0.199; p = 0.015) secondary BAs (r =
0.210; p = 0.010) and total BAs (r = 0.165; p = 0.044). C4 correlated more with some
components of the MetS, glucose and lipid metabolism, namely with BMI (r = 0.210; p =
0.010), glucose (r = 0.174; p = 0.034), HbA1c (r = 0.271; p = 0.001), HOMA-IR (r = 0.317; p
= 1.29E-04), TG (r = 0.356; p = 8.35E-06), non-HDL-C (r = 0.260; p = 0.001), total
cholesterol (r = 0.219; p = 0.007) and LDL-C (r = 0.213; p = 0.009).
Most of the BAs were highly correlated with each other. Additional statistically significant
correlations were found to exist between secondary BAs and HbA1c (r = 0.166; p = 0.043) or
TG (r = 0.181; p = 0.027), between unconjugated BAs and HbA1c (r = 0.203; p = 0.013), TG
(r = 0.201; p = 0.014) or HOMA-IR (r = 0.223; p = 0.008) and between total BAs and HbA1c
(r = 0.168; p = 0.041), TG (r = 0.177; p = 0.031) or HOMA-IR (r = 0.173; p = 0.040). The
ratio primary / secondary BAs did not show any statistically significant correlations with C4,
unconjugated BAs, conjugated BAs or any of the parameters characterizing glucose or lipid
metabolism.
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Table 5 Spearman correlation matrix (2-tailed) of bile acids and other continuous variables. Significant correlations are highlighted.
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* and ** indicate statistically significant correlations (p ≤ 0.05 and p ≤ 0.01 respectively)

Because the components of the MetS were also highly correlated with each other, we
performed a multiple linear regression analysis to unravel independent determinants of C4
levels as well as the role of C4 as an independent determinant of the other variables. For these
tests we included C4, TG, HOMA-IR, HbA1c, non-HDL-C as well as BMI as either the
dependent or the determinant variables (Table 6). We did not consider waist circumference,
glucose, total or LDL-C because these variables were redundant and correlated less with C4
than BMI, HbA1c, and non-HDL-C, respectively. In this multiple regression analysis, only
TG and BMI evolved as significant independent determinants of C4 (adjusted R2 = 0.145; p =
7.26E-06). When BMI was set as the dependent variable, it was significantly and
independently associated with C4 levels as well as with HOMA-IR (adjusted R2 = 0.227; p =
7.03E-09). No other MetS and T2DM parameter was independently determined by C4 (Table
6).

Table 6 Results of the multiple regression analysis showing the standardized coefficients for each determinant
variable which significantly contributed to a given model. The variable inclusion criterion was set to p ≤ 0.05.
n.s.: not significant.

4.3.4. Logistic regression and principal component analysis of associations
between C4 and MetS
Based on the results of the univariate analyses and correlations described in Tables 2, 4 and 5,
logistic regression and principal component analyses were performed to test whether C4
shows a statistically independent association with the MetS. To this end we compared data of
MetS and T2DM free controls (N = 49) with combined data from patients with MetS or
T2DM (N = 100).
Logistic regression analysis was used to determine whether plasma levels of C4 are associated
with MetS and T2DM independently of those components of the MetS which showed the
highest correlations with C4 (Table 5), namely TG, HbA1c, HOMA-IR, non-HDL-C and
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BMI. Upon both forward and backward stepwise regression analysis, the association of C4
with MetS/T2DM was lost, whereas TG and HbA1c remained significantly associated with
MetS/T2DM in either model (classification table: 87%, Nagelkerke R2 = 0.639). These results
indicate that C4 is not independently associated with MetS and T2DM.
Figure 1 shows the results of the OPLS-DA. After reducing the dimensions of the data to a
single principal component and an orthogonal component, the two groups showed a clear
tendency for separation, however complete separation was not achieved (Figure 1A).
According to the model evaluation, R2Y (percent of the model fitting the data) represented
50% and Q2Y (goodness of prediction) represented 43% (Figure 1B). The loading plots,
which show the weights of the individual variables within the model and hence their
contribution to the disease state, revealed that TG, HDL-C (inversely), HOMA-IR, HbA1c,
glucose, waist circumference, BMI and systolic blood pressure contributed most strongly to
the model (95% CI > 0) (Figure 1C). Among the BA parameters, C4 was the strongest
contributor to the model, followed by the secondary BA DCA. All other parameters
(including all BAs except DCA) had a 95% CI beyond zero and therefore they did not
significantly contribute to the model. The variable importance for the projection (VIP) plot
shows the contribution of each variable to the variation in both the X space and the Y space
(hence its correlation with other variables and the control or disease state). A coefficient value
> 1 means that the variable is “important”. In our model, the VIP plot showed that TG,
HOMA-IR, HDL-C, HbA1c, glucose and waist circumference had the highest VIP
coefficients (Figure 1D). BMI, systolic blood pressure, C4 and DCA also contributed to the
model; however their 95% CI extended below 1.0, so that their contribution to the model must
be interpreted with caution. All other parameters did not significantly contribute to the model
according to the VIP plot.
Another OPLS-DA model was fitted to the data of the 50 T2DM patients versus the 49
controls without MetS and T2DM (supplementary Figure 1). In this case, the separation
between the two groups became clearer although some overlap was still present. R2Y and Q2Y
represented 69% and 58% respectively. In the loading plot, the variables contributing most
strongly to the T2DM model were the same as in the previous model but with HbA1c, glucose
and HOMA-IR coming first as expected. A noteworthy difference in this model was that C4
contributed more strongly to the model than did systolic blood pressure.

83

Figure 1 OPLS-DA of combined MetS and T2DM patients (N=100) versus MetS and T2DM free controls
(N=49). A) Score plots showing individual measurements (black triangles: controls; white triangles: MetS and
T2DM patients). B) Model evaluation: R2X, R2Y and Q2Y represent the amount of explained X-variation, Yvariation and predicted Y-variation respectively. Cross validation (CV) is evaluated using the CV-ANOVA pvalue, which represents the significance of the predicted Y-variation for the given F value. Correct classification
shows the percentage of values classified correctly for the entire group according to the model and Fisher’s
probability represents the likelihood of obtaining the same classification result by chance. C) Loading column
plots with the weights representing the contribution of each variable to the model component scores. D) Variable
importance of the projection (VIP) coefficient plot indicating which variables are important in explaining both
the X- and the Y-data. Error bars show 95% confidence intervals for the calculated weights and importance.
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Supplementary Figure 1 OPLS-DA of T2DM patients (N=50) versus MetS and T2DM free controls (N=49).
A) Score plots showing individual measurements (black triangles: controls; white triangles: MetS and T2DM
patients). B) Model evaluation: R2X, R2Y and Q2Y represent the amount of explained X-variation, Y-variation
and predicted Y-variation respectively. Cross validation (CV) is evaluated using the CV-ANOVA p-value, which
represents the significance of the predicted Y-variation for the given F value. Correct classification shows the
percentage of values classified correctly for the entire group according to the model and Fisher’s probability
represents the likelihood of obtaining the same classification result by chance. C) Loading column plots with the
weights representing the contribution of each variable to the model component scores. D) Variable importance of
the projection (VIP) coefficient plot indicating which variables are important in explaining both the X- and the
Y-data. Error bars show 95% confidence intervals for the calculated weights and importance.
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4.4. Discussion
In this study, we explored whether CAD, non-diabetic MetS or T2DM are associated with
differences in serum concentrations of BAs or of the biosynthetic bile acid precursor C4.
None of the BA parameters was associated with CAD upon univariate statistical analyses,
therefore we did not perform further analyses with the CAD classification. By contrast, both
MetS and T2DM were associated with similarly elevated plasma levels of C4. This finding
appears to be in agreement with previous studies which reported increased BA synthesis in
diabetic patients, at least before insulin treatment (39-41). Upon multivariate analysis of our
data however, the association of C4 with T2DM and MetS was lost, mainly because of the
dependence of C4 levels of TG and BMI. In the orthogonal partial least square-discriminant
analysis as well, C4 was a weaker contributor to MetS than its canonical components. We also
could not detect statistically significant associations of other serum markers of BA
metabolism with T2DM or MetS upon univariate analyses, including those which were
previously associated with T2DM, namely GCDCA (41), primary to secondary BAs ratio (44)
and CA to CDCA ratio (45).
The weaker or not independent association of C4 (and possibly the absent associations of
BAs) with MetS or T2DM must be interpreted in the light of the very large interindividual
variation of BAs and C4 serum levels. The coefficient of variation for C4 within the
individual cohorts ranged from 62% to 99% compared to 33% to 78% for TG, which
otherwise is the most variable component of the MetS. One important reason for this large
variation is the diurnal variation of C4 and BA levels ((49, 50) and unpublished own
observations). According to published data, even within a single individual, C4 levels vary
considerably within the rather narrow time window (8h to 10h) in which the blood samples
for this study were taken. This large intraindividual variation translates into even larger
interindividual variation because not all participants are synchronized and it is further
increased by additional influencing factors. Serum levels of BAs are even more strongly
influenced by internal factors than C4, because they undergo an extensive enterohepatic
circulation. Thus the lack of independent association of C4 and the lack of any statistically
significant association of the BAs with MetS and T2DM does not contradict the pathogenic
links between BA metabolism and MetS or T2DM, for which many lines of evidence have
been produced by animal experiments and intervention studies in humans (51, 52).
Interestingly, C4 showed several positive and statistically significant correlations with single
components of the MetS, namely BMI, TG, glucose, HbA1c, and HOMA-IR. Some of these
variables also showed statistically significant positive correlations with other parameters of
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BA metabolism, namely secondary, unconjugated and total BAs, but none was as strong as
those with C4, probably also because of the biological reasons indicated before. At first sight
the positive correlations of C4 and the BAs with TG, non-HDL-C, glucose, HbA1c and
HOMA-IR are surprising: BAs activate the nuclear hormone receptor FXR and thereby
repress several lipogenic and gluconeogenic target genes and hence lower plasma levels of
cholesterol, TG and glucose (53). Most recently BAs were also found to activate the Gprotein coupled receptor TGR5 and thereby exert anti-obesity as well as insulin sensitizing
effects (54). The cholesterol lowering and euglycemic effects of treatment with BA
sequestrants (7), which causes a compensatory increase of BA synthesis by 40%, are also in
opposition with the positive correlations that we observed for C4. Only the positive
correlation between C4 and TG agree with the hypertriglyceridemic effects of BA
sequestration or inborn defects of intestinal BA reabsorption (55).
A possible explanation for our many, at first sight counterintuitive observations is provided by
the results of our multiple regression analyses. In these analyses BMI and TG were identified
as independent determinants of C4 serum levels. On the contrary and interestingly, C4 levels
were not found to be an independent determinant of the components of MetS and T2DM
except for BMI. The direction of these multivariate correlations suggests that the synthesis of
BAs is influenced by triglyceride metabolism and adipose tissue. As yet this direction of the
possibly mutual relationships between BA synthesis and several components of the MetS has
not been much investigated by experiments. For example, patients with gallstones, which
occur at an increased frequency in patients with MetS, show increased production of both TG
and BAs (56). In addition one must consider the possibility that BA synthesis, triglyceride
metabolism and adipose tissue are not only causally linked with each other but regulated in
parallel by another factor.
Our study has several limitations. The problem of diurnal variation and the resulting large
inter- and intra-individual variation of C4 and BAs has been discussed before. In view of the
large variation in C4 and BA levels, our study suffers from a relatively small study size (N =
150), although to the best of our knowledge, it is as yet the largest study investigating the
associations of CAD, T2DM and MetS with BAs and C4. Another limitation is the medication
of many patients with statins or anti-diabetics which may influence BA synthesis and
metabolism, although we did not see any statistically significant differences between
consumers and non-consumers of these drugs.
In conclusion, patients with MetS and T2DM present with significantly increased plasma
levels of C4, a biomarker of BA synthesis. This association is confounded by positive
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correlations of C4 with TG and BMI. These data suggest that BAs are not only influencing
lipid and glucose metabolism as well as adiposity but also that triglyceride metabolism and
adipose tissue reciprocally influence BA synthesis.
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Abstract
Bile acid formation is considered as an important final step in reverse cholesterol transport
(RCT), but the effects of disordered high density lipoprotein (HDL) metabolism on bile acids
have not been investigated in humans yet. Moreover, bile acids can modulate HDL
metabolism by repressing several genes via activation of the farnesoid X receptor (FXR).
Here, we investigated bile acid metabolism in relation with HDL metabolism in humans. We
described the distribution of the 15 major human bile acids among plasma lipoproteins. The
majority (84%) of total bile acids was recovered in the lipoprotein-depleted serum (LPDS),
whereas approximately 11% of total bile acids were found in the HDL fraction and
approximately 5% were found in the combined low density lipoprotein (LDL) / very low
density lipoprotein (VLDL) fraction. In addition, we quantified bile acids in sera of patients
with functionally relevant mutations in genes involved in HDL metabolism, namely
apolipoprotein A-I (APOA1), ATP binding cassette transporter A1 (ABCA1), and lecithincholesterol acyltransferase (LCAT) which are associated with low high density lipoprotein
cholesterol (HDL-C), or cholesteryl ester transfer protein (CETP), scavenger receptor BI
(SCARB1) and hepatic lipase (LIPC) which are associated with elevated HDL-C levels.
Mutations in HDL metabolism had no significant effect on bile acid concentrations compared
to those of controls. Moreover, the lipoprotein distribution of bile acids in LPDS and HDL
fractions from SCARB1 heterozygote patients and controls also showed no significant
difference.
In conclusion, we showed that 10-20% of bile acids are associated with the lipoprotein
fractions, predominantly with HDL. However, this did not lead to significant changes in bile
acid levels in patients with monogenic disturbances of HDL metabolism. This suggests that
functionally relevant mutations in HDL genes do not influence bile acid metabolism by
changing either the concentrations of HDL particles or RCT.
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5.1. Introduction
Reverse cholesterol transport (RCT) is considered as an important anti-atherogenic
mechanism, which involves the efflux of cholesterol from peripheral tissues, notably the lipid
laden macrophages of the arterial wall, and the subsequent delivery of cholesterol to the liver
for its excretion from the body. High density lipoprotein (HDL), a heterogeneous class of
serum lipoproteins characterized by a density between 1.063 and 1.21 g/ml are considered as
the major players in RCT (1). HDL particles are constituted of protein and lipid components,
of which apolipoprotein A-I (apoA-I), the major protein constituent of HDL, is synthesized
both by the liver and in the intestine (2). After secretion into plasma, apoA-I is lipidated with
cellular phospholipids and cholesterol via the ATP-binding cassette transporter-1, sub-family
A, class 1 (ABCA1) (3). The resulting nascent HDL particles are converted into mature HDL
by the acquisition of additional lipids from cells and lipoproteins and esterification of free
cholesterol with the sn-2 fatty acid of phosphatidylcholine by the lecithin-cholesterol
acyltransferase (LCAT) (4). Functionally relevant mutations in the genes encoding for apoA-I
(APOA1), ABCA1 or LCAT cause gene-dosage-dependent decreases of high density
lipoprotein cholesterol (HDL-C) plasma concentrations so that carriers of two defective
alleles are virtually HDL-deficient and carriers of one defective allele have about half-normal
HDL-C levels (5, 6).
Cholesteryl esters are removed from mature HDL particles mostly by the liver, either directly
by selective uptake or indirectly after transfer to very low density lipoproteins (VLDL) or low
density lipoproteins (LDL). The first process involves the scavenger receptor class BI (SR-BI)
(7). The second process is mediated by the cholesteryl ester transfer protein (CETP), which
exchanges cholesteryl esters from HDL against triglycerides (TG) from VLDL (8). The TG
received by HDL are rapidly hydrolysed by hepatic lipase (HL) (9). Functionally relevant
mutations in the genes encoding for SR-BI (SCARB1), CETP or HL (LIPC) lead to increased
plasma levels of HDL-C (10, 11).
Following hepatic uptake, cholesterol may be utilized for the de novo synthesis of lipoproteins
and membranes or excreted into the bile, either directly or after conversion into bile acids.
The biosynthesis of bile acids involves several different enzymes and leads to the formation
of primary bile acids, namely cholic acid (CA) and chenodeoxycholic acid (CDCA) in
humans. Prior to their secretion into the bile, primary bile acids are conjugated with either
glycine (GBAs) or taurine (TBAs) (12). Further complexity of bile acids is generated by the
action of intestinal bacteria, which give rise to secondary bile acids by deconjugation and/or
7α-dehydroxylation. Secondary bile acids include deoxycholic acid (DCA), lithocholic acid
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(LCA) and ursodeoxycholic acid (UDCA). The mixture of primary and secondary bile acids is
extensively reabsorbed from the intestine and returned to the liver via the blood stream in
order to be secreted again into the bile, thereby completing the enterohepatic circulation (13).
In the blood stream, albumin acts as the major transporter of bile acids (14, 15). In addition,
both conjugated and unconjugated CA and CDCA have been recovered in lipoproteins (16).
Thus, bile acids have at least two relationships with HDL metabolism: They are final products
of RCT and they are partially transported by these lipoproteins. In addition, as activating
ligands of the nuclear receptor farnesoid X receptor (FXR), bile acids may also contribute to
the regulation of HDL metabolism, as FXR activation represses the gene expression of apoA-I
(17), SR-BI (18) and HL (19). We here set out to study whether these at least triple
relationships between bile acid and HDL metabolism translate into altered serum
concentrations of the 15 major human bile acids in patients with mutations in HDL genes.

5.2. Materials and Methods
5.2.1. Patients
Fasting blood samples were collected in the morning after a minimum of 10 hours fast from
48 Dutch patients with functionally relevant mutations in the genes encoding either APOA1,
ABCA1, LCAT, SCARB1, CETP or LIPC. Control samples were obtained from 45
unaffected family members of these patients. In addition, 4 Danish patients with mutations in
the genes encoding APOA1 or CETP as well as 5 age- and sex-matched controls were
included. The mutations of these individuals as well as their demographic, anthropometric and
lipoprotein traits have been described previously. (For details see supplementary Table 1).
Serum was prepared by centrifugation of the whole blood at 3000 rpm for 10 min at 25°C
after having allowed it to clot for at least 30 minutes. Aliquots were immediately frozen at 80°C until analysis. The Medical Ethics Committee of the Academic Medical Center (AMC)
in Amsterdam, The Netherlands, as well as the Danish Ethics Committee for Copenhagen and
Frederiksberg, Denmark, approved all genetic and phenotypic studies described and all
participants signed an informed consent to join the study.
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Supplementary Table 1 Anthropometric data of the study participants. Concentrations are
presented as mean ± standard deviation and values between brackets indicate the number of
missing values.
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* Amino acid changes are localized on the basis of the entirely translated protein, that is including the signal peptides. To
define the position within the mature protein, correct ApoA-I by -24 amino acids, ABCA1 by -60 amino acids, LCAT by
-24 amino acids, SR-BI by 0 amino acids, CETP by -17 amino acids and HL by -22 amino acids.

Supplementary Table 1 (continued)
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5.2.2. Lipoprotein Fractionation
Lipoprotein fractions and LPDS from healthy volunteers were isolated after sequential
ultracentrifugation at 59’000 rpm and 15°C on a Beckman Coulter Optima L90K
ultracentrifuge (Beckman Coulter, Brea, CA, USA) using a procedure described previously
(20). The starting material consisted of 450ml of pooled plasma from 2 healthy blood donors
(Zürcher Blutspendedienst, Zurich, Switzerland). The purity of the different fractions was
evaluated by electrophoresis in a 10% sodium dodecyl sulphate polyacrylamide gel (SDSPAGE) and proteins were stained with Coomassie blue according to standard protocols.
Lipoprotein fractions were also isolated from 0.9ml of plasma from 15 SCARB1
heterozygotes and 15 controls. In this case, an Optima MAX bench-top ultracentrifuge
(Beckman Coulter, Brea, CA, USA) was used. The samples were ultracentrifugated at
100’000 rpm and 10°C for 2 hours, after which the fractions were collected using a tube
slicer. The data from a patient of the wild-type group was excluded from the statistical data
analysis, because this patient had a missing terminal ileum, which was expected to influence
bile acid concentrations.

5.2.3. Analytical methods
The 15 major human bile acids were quantified using a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method previously described by our laboratory (21).
Quantifications were performed on either 100µl of total serum or on 300µl of the lipoprotein
fractions isolated from 450ml plasma since lower bile acid concentrations were expected in
most fractions. Because the starting plasma volume (0.9ml) was much smaller for the
fractions obtained after ultracentrifugation of plasma from SR-BI wild-types and
heterozygotes, we used the total fraction volume which was obtained. The volume of
ammonium carbonate buffer 100mM, pH9.3 added before solid phase extraction (SPE) was
adapted in order to correspond to the sample volume and all samples were completed to an
identical sample volume with purified water. After the analysis, the calculated concentrations
of these samples were corrected for the larger sample volume used. The bile acid
concentrations corresponding to the lipoprotein fractions in total plasma were calculated by a
rule of three using the concentration of the analysed fraction, the final volume of the analysed
fractions after ultracentrifugation and the volume of starting material.
27-hydroxycholesterol (27OHC) was quantified in plasma and HDL using a dopant assistedatmospheric pressure photoionization LC-MS method described previously (22, 23).
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Total plasma cholesterol, TG, HDL-C, and low density lipoprotein cholesterol (LDL-C),
apolipoprotein B (apoB) and apoA-I levels were measured with commercial kits (Wako,
Neuss, Germany and Randox, Crumlin, UK) on a Cobas Mira autoanalyzer.

5.2.4. Statistical analysis
Statistical analyses were performed using IBM® SPSS® Statistics, version 19 (IBM
Corporation, Somers NY, USA). Because the data did not follow a Gaussian frequency
distribution, univariate statistics were performed using the non-parametric Mann-Whitney or
Kruskal-Wallis test when appropriate. A Bonferroni correction was used to compensate for
multiple comparisons. Results were considered to be statistically significant when the p-value
was below a threshold obtained by dividing 0.05 by the number of statistical tests per
experiment, which corresponds to an α of 0.05. Significance of correlations was calculated
using the Spearman rank test.

5.3. Results
5.3.1. Bile acid levels in lipoprotein fractions
To confirm previously reported observations on the presence of CA and CDCA in lipoprotein
fractions, we quantified the 15 bile acid species in lipoprotein fractions which were isolated
by sequential ultracentrifugation of plasmas from healthy volunteers (Figure 1). By using
SDS-PAGE and subsequent Coomassie Blue staining, we ruled out any significant
contamination of the HDL and LDL fractions with albumin as well as any contamination of
LDL with apoA-I and of HDL with apoB (Figure 1A). In order to simplify the analysis, we
grouped the bile acids as primary versus secondary, unconjugated versus conjugated and total
bile acids. Based on the concentrations measured in total serum, the recovery for the different
bile acid groups in the summarized density fractions varied between 78% and 82%. Figures
1B-E show the distribution of the individual unconjugated, glycine-conjugated, taurineconjugated as well as grouped bile acids respectively between the various fractions of normal
plasma. In agreement with previous findings, considerable amounts of bile acids were
recovered in the lipoprotein fractions. 11% of total bile acids were found in the HDL fraction,
approximately 5% were found in the combined LDL/VLDL fraction and 84% were found in
the LPDS fraction.
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Grouped bile acids in lipoprotein fractions
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Figure 1 Bile acid levels in the different plasma lipoprotein fractions isolated from healthy blood donors. A)
purity of lipoprotein fractions: protein content was determined for the different lipoprotein fractions, after which
10µg of proteins were loaded for each fraction, migrated by electrophosesis in a 10% SDS-polyacrylamide gel
and revealed using Coomassie blue, B) individual unconjugated bile acids, C) individual glycine-conjugated bile
acids, D) individual taurine-conjugated bile acids, E) summarized bile acid groups.

The composition of the bile acids found in the LPDS, HDL and combined LDL/VLDL
fraction was similar to the composition of bile acids in starting plasma; however some minor
differences were noted. As shown in Figure 2, the proportion of conjugated as well as of
primary bile acids was slightly increased in the HDL fraction relative to the proportion in
other fractions and in plasma. Indeed, conjugated bile acids represented 87% of all bile acids
in HDL, whereas they represented 79-81% of all bile acids in other fractions or in total
plasma. Similarly, primary bile acids represented 78% of all bile acids in HDL, whereas they
represented 71-73% of all bile acids in other fractions or in total plasma. As a consequence,
unconjugated and secondary bile acids were underrepresented in the HDL fraction (Figure 2).
This effect seemed to be due mainly to GCDCA (55% of all bile acids in HDL versus 29-47%
of all bile acids in other fractions and plasma) and TCDCA (7% of all bile acids in HDL
versus 4% of all bile acids in plasma). Proportions of secondary as well as of unconjugated
bile acids were accordingly lower in the HDL fraction than in other fractions and plasma. In
addition, GCDCA was by far the most abundant bile acid in all fractions, followed by GDCA
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and GCA. Another interesting difference was that GCA represented 25% of all bile acids in
the combined LDL/VLDL fraction, whereas it represented only 8-10% of all bile acids in the
other fractions and plasma. On the other hand, GCDCA represented only 29% of all bile acids
in the combined LDL/VLDL while it constituted 47-55% of all bile acids in the other
fractions and plasma.
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Figure 2 Composition of the bile acid pools found in the different fractions isolated from healthy blood donors.
Bars represent the percentage of each bile acid found in the fractions.
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5.3.2. Serum levels of bile acids in patients with inborn errors of HDL
metabolism
In order to simplify the initial statistical analysis and to avoid too many statistical tests in the
relatively small sub-cohorts with the different genotypes, the 15 individual bile acids were
grouped as mentioned previously as primary, secondary, unconjugated, conjugated and total
bile acids. Primary and total bile acid levels were increased in males in the entire cohort
(primary bile acids: p = 0.008; total bile acids: p = 0.047) as well as in controls only (primary
bile acids: p = 0.033; total bile acids: p = 0.048). In both cases, these effects seemed to be due
to their levels of CA, CDCA, GUDCA and GCDCA. However after performing correction for
multiple testing, only the difference for primary bile acids in the entire cohort remained
significant. There were no statistically significant correlations between age and grouped or
individual bile acids in the entire cohort or in controls only, except for LCA in the entire
cohort. However this correlation of LCA with age (r = 0.285, p = 0.004) must be taken with
circumspection because a significant proportion (65%) of LCA concentrations was below the
limit of quantification (LOQ = 0.1 µmol/L) (data not shown).
Tables 1 and 2 summarize the medians and ranges for the 5 bile acid groups in patients with
mutations leading to low HDL-C and high HDL-C, respectively, as well as in all unaffected
controls. To test whether HDL-C lowering or HDL-C increasing mutations affect bile acid
concentrations independently of the specific genetic origin, we also evaluated the summarized
data of patients carrying mutations in either APOA1, ABCA1 or LCAT (Table 1) and of
patients carrying mutations in either SCARB1, CETP or LIPC (Table 2). In addition and
because of gender differences for primary and total bile acids, controls as well as summarized
data for HDL-C lowering and HDL-C increasing mutations respectively were further stratified
according to gender. Other patient groups were not further stratified according to gender
because of the already small patient numbers for the individual mutations.
Compared to all controls, no individual mutation leading to low HDL-C was associated with
any significant difference in bile acid concentrations. After summary of data from all patients
with HDL-C lowering mutations, we did not observe any significant difference in bile acid
levels between patients with low HDL-C disorders and controls, neither did we observe any
difference for the same groups stratified according to gender (Table 1).
A Kruskal-Wallis test between carriers of HDL-C increasing mutations in either CETP,
SCARB1 or LIPC and controls revealed statistically significant a difference for conjugated
bile acids (p = 0.034). However, after correction for multiple testing, this difference was no
longer significant and moreover, no difference could be observed for conjugated bile acids
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when comparing the individual mutations to all controls (Table 2). In addition, secondary bile
acids were found to be decreased in SCARB1 mutation carriers compared to all controls (p =
0.045) as well as in summarized male patients with HDL-C increasing mutations compared to
male controls (p = 0.043). However, the significance of these differences disappeared after
correction for multiple testing.
We also evaluated whether there were correlations between bile acids and several lipid
parameters, namely total cholesterol, HDL-C, non-HDL-C, LDL-C, TG, apoA-I, ApoB, total
27OHC and HDL-27OHC either in the entire cohort (Table 3a) or in mutation-free controls
only (Table 3b). The few bile acids which correlated with lipids showed mostly negative
correlations and were not always consistent between both cohorts. Primary bile acids (r = 0.205, p = 0.039) and CDCA (r = -0.197, p = 0.047) significantly correlated with cholesterol,
but only in the entire cohort. TCA significantly correlated with non-HDL-C (r = -0.217, p =
0.029; r = -0.372, p = 0.008) and ApoB (r = -0.267, p = 0.010; r = -0.330, p = 0.027) in the
entire cohort and in controls respectively and TCA additionally correlated with total
cholesterol (r = -0.312, p = 0.028) and with TG (r = -0.302, p = 0.033). TCDCA significantly
correlated with total cholesterol (r = -0.344, p = 0.0004; r = -0.321, p = 0.023), non-HDL-C (r
= -0.304, p = 0.002; r = -0.343, p = 0.015) and ApoB (r = -0.345, p = 0.001, r = -0.358, p =
0.016) in the entire cohort and controls respectively. In addition, TCDCA also correlated with
LDL-C (r = -0.300, p = 0.005) in the entire cohort. Correlations with LCA, TUDCA and
TLCA were disregarded since more than 50% of their respective concentrations were below
LOQ.
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Table 1 Associations of bile acid levels with HDL-C lowering mutations. In order to account for multiple comparisons, a
Bonferroni-corrected α error of 0.01 (5 variables) was set as significance threshold for each test.
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Table 1 (continued)
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a

Kruskal-Wallis test

b

Mann-Whitney U test

Table 2 Associations of bile acid levels with HDL-C raising mutations. In order to account for multiple comparisons, a
Bonferroni-corrected α error of 0.01 (5 variables) was set as significance threshold for each test.
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Table 2 (continued)

112
a

Kruskal-Wallis test

b

Mann-Whitney U test

Table 3a Spearman correlation matrix (2-tailed) of the 15 individual and grouped bile acids with lipid
parameters in the entire cohort. Significant correlations are highlighted.

* and ** indicate statistically significant correlations (p ≤ 0.05 and p ≤ 0.01 respectively)

Table 3b Spearman correlation matrix (2-tailed) of the 15 individual and grouped bile acids with lipid
parameters in controls only. Significant correlations are highlighted.

* and ** indicate statistically significant correlations (p ≤ 0.05 and p ≤ 0.01 respectively)
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5.3.3. Bile acid levels in LPDS and HDL fractions from SCARB1 heterozygote
mutation carriers and mutation-free controls
Due to the presence of bile acids in lipoprotein fractions, mainly in association with HDL, we
differentiated bile acid levels in plasma, LPDS and HDL fractions from 15 SCARB1
heterozygote mutation carriers as well as 14 mutation-free controls. Most bile acid
concentrations in the LDL and VLDL fractions were below LOQ, therefore they are not
reported here. Table 4 shows the medians and ranges for primary, secondary, unconjugated,
conjugated and total bile acids in both total plasma and its lipoprotein fractions. No difference
was observed between mutation carriers and controls for any of the bile acid groups in any of
the fractions.

Table 4 Bile acid levels in plasma, LPDS and HDL fractions in SRB1 heterozygote mutation carriers (N = 15)
and mutation-free controls (N = 14). In order to account for multiple comparisons, a Bonferroni-corrected α error
of 0.01 (5 variables) was set as significance threshold for each test.

a

Mann-Whitney U test

Moreover, we analysed the composition of the bile acid pools associated with either fraction
or total plasma as a percentage of the total bile acids found in these fractions (Figure 3). The
bile acid distribution was similar in mutation carriers and controls. In addition, bile acids were
similarly distributed between plasma (Figure 3A), the LPDS (Figure 3B) and HDL (Figure
3C) fractions. Primary as well as conjugated bile acids constitute approximately 70-80% and
65-75% respectively of the bile acid pool of each fraction. Moreover, GCDCA was the most
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predominant bile acid in all cases. DCA showed dramatically increased concentrations in the
fractions but not in plasma, which was most probably due to an analytical artefact. Therefore
DCA concentrations are not reported here. Moreover, some bile acids were present in very
low concentrations, mainly in plasma and in the HDL fractions. Bile acids for which more
than 50% of the values were below LOQ are not reported here.
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Figure 3 Composition of the bile acid pools found in A) total plasma, B) LPDS, C) HDL fractions isolated from
15 SCARB1 heterozygote mutation carriers and 14 mutation-free controls. Bars represent the mean percentage
of each bile acid found in the fraction and whiskers represent the standard deviation. Bile acids for which more
than 50% of the values were below LOQ are not reported.

5.4. Discussion
The distribution of bile acids among the different lipoprotein fractions of human plasma
showed that the majority of bile acids are found in the LPDS fraction. This supports previous
data suggesting that albumin is the main transporter of bile acids in the circulation (14, 15).
Nevertheless, significant amounts of bile acids were found to be associated with lipoproteins.
Previous reports also recovered bile acids in lipoproteins, most abundantly in HDL (16).
However, we recovered smaller proportions of bile acids in HDL, namely 11% instead of 1518%. Explanations for this might include differences in the recoveries of bile acids or
separation of the lipoprotein fractions, which is a visual and subjective process. Due to
structure similarity with cholesterol, it is not surprising that bile acids are associated with
lipoproteins. Moreover, there is evidence that bile acid precursors other than cholesterol,
namely 24S- and 27-hydroxycholesterol are also associated with HDL particles in order to be
delivered to the liver (24).
Because of these results, we expected bile acid levels to be influenced by gene defects in HDL
metabolism, however this was not observed. The small differences observed, namely for
secondary bile acids (between SCARB1 heterozygotes and controls and between male carriers
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of HDL-C increasing mutations and male controls) and for conjugated bile acids are most
probably due to multiple testing as they were not supported by other data such as correlations
between HDL-C and bile acids. There are several possible explanations for the absence of any
observable effect on bile acid levels. First of all, only a low percentage of bile acids are
associated with HDL. Therefore the effect of mutations affecting HDL might not be sufficient
to observe a significant change on total plasma levels of bile acids. Moreover, increases and
decreases of HDL-C do not affect all HDL subclasses. Because bile acid concentrations in
HDL are lower than HDL particle concentrations (approximately 20 µmol/L), the amount of
HDL particles carrying bile acids may be unchanged by a given mutation. Finally, bile acid
concentrations show a high interindividual variability, even within subjects with identical
genotypes. This high variability might prevent any potential differences to be significant.
Based on unpublished observations, we suggest that the interindividual variability is due to
the presence of intraindividual fluctuations of bile acid concentrations. Bile acid levels in
LPDS and HDL fractions from SCARB1 heterozygotes were also not significantly different
from those of healthy controls, probably for the same reasons as mentioned previously. The
composition of the bile acid pools from the LPDS and the HDL fractions reflected the bile
acid composition in plasma, indicating that the binding of bile acids to lipoproteins is most
probably not a specific process. However here also, there is a large variation which prevents
us of making further conclusions.
Some bile acids, namely TCA and TCDCA, were negatively correlated with total cholesterol,
non-HDL-C, LDL-C and ApoB. We did not observe any positive correlation between HDL-C
or apoA-I and any of the bile acids. This is in good agreement with our observation showing
no association between bile acids and mutations in HDL genes. In a previous study involving
a larger cohort (N = 150), we found no correlation between bile acids and total cholesterol,
HDL-C, LDL-C or non-HDL-C, but we observed weak correlations between TG and
secondary, unconjugated as well as total bile acids (25). Interestingly, we also did not observe
any correlation between bile acids and 27OHC, although the latter is the precursor of bile
acids in the alternative biosynthetic pathway.
In conclusion, we reported bile acid levels in the different serum lipoprotein fractions and
showed that a considerable amount of bile acids is associated with HDL particles. However,
serum bile acid levels in either plasma or HDL remained unaffected by mutations in genes
involved in HDL metabolism and RCT.
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Abstract
Bile acids are increasingly gaining attention as potential biomarkers due to their metabolic
and regulatory roles in lipid and glucose metabolism. The concentrations of bile acids and the
activities of several enzymes involved in their biosynthesis undergo diurnal variation,
including in response to food intake. Here, we investigated the effects of this biological
variation on serum concentrations of the 15 major human bile acids as well as their
biosynthetic precursor 7α-hydroxy-4-cholesten-3-one (C4). In a cohort of 50 subjects, serum
concentrations of the bile acids and C4 varied by factors 4 to 83 between the 10th and the 90th
percentiles. In order to assess the intraindividual variation, bile acids and C4 were quantified
in serum samples from four healthy subjects. The blood samples were drawn every hour
during 24 hours. Serum concentrations of conjugated and total bile acids increased most
prominently following food intake. Unconjugated bile acids presented an acrophase in the
night and early morning in three out of four subjects and showed little postprandial variation.
C4 concentrations showed two maxima at approximately 13h and 21h, which seemed
unrelated to prandial effects as the concentrations increased already before the food intake.
In conclusion, serum concentrations of bile acids and C4 show a very large degree of
intraindividual and, probably also as the result thereof, interindividual variation. The high
degree of diurnal variation independently of the prandial state is difficult to be overcome by
standardizing sample acquisition time, which limits the clinical usefulness of bile acids and
C4 as biomarkers.

122

6.1. Introduction
Bile acids are the major degradation products of cholesterol. In the liver, cholesterol is
converted into primary bile acids either via the classical pathway, which is initiated by
hydroxylation of the steroid core through cholesterol 7α-hydroxylase (CYP7A1), or via the
alternative pathway, which is initiated by the hydroxylation of the side chain through sterol
27-hydroxylase (CYP27) (1). The activity of sterol 12α-hydroxylase (CYP8B) determines the
relative abundance of the two primary bile acids, namely cholic acid (CA) and
chenodeoxycholic acid (CDCA) (2). Subsequently primary bile acids are almost entirely
conjugated to either glycine (G) or taurine (T) to be then secreted into the intestine via the bile
duct. Secondary bile acids are generated by dehydroxylation of primary bile acids by
intestinal bacteria and include deoxycholic acid (DCA), lithocholic acid (LCA) and
ursodeoxycholic acid (UDCA) as well as their glycine- and taurine-conjugates (GDCA,
GLCA, GUDCA, TDCA, TLCA and TUDCA respectively). To some extent, intestinal
bacteria also deconjugate conjugated bile acids. The resulting mixture of primary and
secondary as well as unconjugated and conjugated bile acids is reabsorbed from the intestine
into the circulation to be returned to the liver for re-secretion into the bile, eventually after reconjugation of unconjugated bile acids (3).
In addition to their traditionally recognized role in cholesterol elimination and emulsification
of dietary fat, bile acids regulate glucose and lipid metabolism by activating the nuclear
receptor farnesoid X receptor (FXR) (4) or signalling via the G-protein coupled receptor
TGR5 (5). Because of these diverse properties and changes of bile acid concentrations in
different animal models of human diseases, bile acids and their biosynthetic intermediates are
increasingly gaining interest as potential biomarkers of various disease states (6-8).
However, the clinical evaluation of any biomarker first requires the characterization of its
analytical and biological variation. The latter appears of special importance for bile acids,
because the expression of several biosynthetic enzymes such as CYP7A1 (9), CYP8B (10),
and CYP27 (11) feature circadian rhythms. As the result, the serum concentrations of some
bile acid precursors, namely cholesterol and 7α-hydroxy-4-cholesten-3-one (C4), as well as
the bile acids themselves are known to undergo diurnal variation in both rodents (12) and
humans (13, 14). The importance of circadian clocks in maintaining normal bile acid levels is
highlighted by the finding of elevated bile acid serum concentrations and hepatic cholestasis
in mice lacking the period genes Per1 and Per2 (15) as well as by the decreased expression of
CYP7A1 in livers of Rev-erbα-deficient mice (16). At least in mice, the circadian rhythm of
bile acid synthesis is modulated by food intake. Limiting food intake to daytime led to a
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dramatic increase of hepatic bile acid levels and liver damage in mice, possibly by a phase
shift of peripheral clocks (15). Rats exposed to a high-cholesterol diet delivered every 6 hours
presented with disrupted expression of several clock genes as well as of a diurnal instead of
nocturnal expression pattern of the CYP7A1 gene (17).
As yet, only few studies investigated the influence of circadian rhythm on bile acids in
humans. These studies, however, did not provide detailed information on all bile acid species
but was limited to either CA, CDCA and DCA without discriminating for the conjugation
status (13), or to unconjugated bile acids (18), or to conjugated CA and conjugated CDCA
(19). Three studies investigated the circadian rhythm of C4, which reflects bile acid
biosynthesis (20), but they yielded inconsistent results (9, 13, 21). We therefore studied the
influence of daytime and prandial status on the serum concentrations of the 5 major human
bile acids and their glycine- and taurine conjugates as well as C4, in 4 healthy volunteers
during 24 hours at 1 hour intervals. In addition, we also report reference ranges for the 15 bile
acids as well as C4 in a cohort of 50 healthy subjects.

6.2. Materials and Methods
6.2.1. Collectives
Four healthy volunteers (2 males and 2 females) aged between 27 and 29 years with normal
routine liver function tests were recruited from the staff of our institute to study bile acids and
C4 profiles over 24 hours. The study protocol was approved by the local ethics committee and
written informed consent was obtained from all volunteers. An indwelling venous catheter
was placed in the forearm of each subject. The first blood sample was drawn at 13h00 after all
participants had taken an identical breakfast at 09h15 and an identical lunch at 11h30. During
the overnight study, the participants had an identical supper and breakfast at 20h15 and 08h45
respectively. For practical reasons, blood from subject A was always drawn at the exact clock
hour (xxh00), whereas blood from subject B, C and D was drawn with 10min, 20min and
30min delay respectively compared to subject A. Starting at 13h00, 14ml blood were drawn
from each subject with 1 hour intervals during 24hours. Serum was prepared by centrifugation
of the whole blood at 3000 rpm for 10 min at 25°C after having allowed it to clot for at least
30 minutes. 500µl serum aliquots were immediately frozen at -20°C until analysis.
For the determination of reference values of bile acids and C4 we selected samples from a
previously described study cohort of the VIVIT institute (22). The cohort consisted of 25
healthy subjects as well as 25 subjects with stable coronary artery disease (CAD). In a
previous report, we showed that the presence of CAD did not affect bile acid or C4 levels
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(23). This study was approved by the Ethics Committee of the University of Innsbruck and all
participants gave written informed consent. A patient from the first cohort presented with
extremely high serum levels of bile acids because of liver cirrhosis. Therefore his data were
retrospectively excluded from the statistical data analysis.
Venous blood samples were collected after an overnight fast of 12 hours prior to angiography.
All laboratory measurements except for bile acids and C4 were performed on freshly isolated
serum or plasma samples or full blood for glycated hemoglobin (HbA1c) in the central
laboratory of the VIVIT study in Feldkirch (Austria). Serum samples for BA measurements
were previously stored at -80°C.

6.2.2. Analytical methods
Serum levels of triglycerides (TG), total cholesterol, low density lipoprotein-cholesterol
(LDL-C) and high density lipoprotein-cholesterol (HDL-C) were determined using enzymatic
assays and precipitation techniques (TG: GPO-PAP, cholesterol: CHOD/PAP, LDL-C:
QuantolipLDL, HDL-C: QuantolipHDL; all Roche, Basel, Switzerland) on a HitachiAnalyzer 717 or 911. HbA1c was determined by high-performance liquid chromatography on
a Menarini-Arkray KDK HA 8140 (Arkray KDK, Kyoto, Japan), and glucose levels were
measured enzymatically from venous fluoride plasma by the hexokinase method (Roche,
Basel, Switzerland) on a Hitachi 717 or 911. Cortisol was measured using an
electrochemiluminescence assay on a Modular E instrument (Roche, Rotkreuz, Switzerland).
The 15 major human bile acids and C4 were quantified using a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method previously described by our laboratory (24).
Quantifications were performed on 100µl of serum previously stored at -20°C (diurnal profile
study) or -80°C (reference interval collective).

6.2.3. Statistics
Statistical analyses were performed using IBM® SPSS® Statistics, version 19 (IBM
Corporation, Somers NY, USA). Values below limit of quantification (LOQ) were also
included into the different statistical analyses. Because data on bile acids and C4 did not
follow a Gaussian frequency distribution, correlations were calculated using the Spearman
rank test.
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6.3. Results
6.3.1. Reference interval and correlations
The demographic, anthropometric and clinical data of the study cohort were previously
described (23). Table 1 shows the 10th, 50th and 90th percentiles of individual bile acids and
C4 concentrations in sera of 24 healthy subjects and 25 subjects with stable CAD. As
expected, the most abundant bile acid was GCDCA (median = 659 nmol/L). Other
predominant bile acids included GCA (median = 157 nmol/L), GDCA (median = 213
nmol/L), CDCA (median = 211 nmol/L) and DCA (median = 474 nmol/L). Moreover,
primary bile acids were more abundant than secondary bile acids and conjugated bile acids
were more abundant than unconjugated bile acids. The median concentration for total bile
acids in the systemic circulation was 2854 nmol/L. The concentration of C4 (median = 29
nmol/L) was in a similar range as the concentrations of less prevailing bile acids such as TCA
or TDCA. Serum concentrations of the bile acids and C4 varied by factors 4 to 83 and total
bile acids varied by a factor 6 between the 10th and the 90th percentiles. Neither gender nor
age affected concentrations of bile acids or C4. Both the higher GCA levels in women (p =
0.014) and the correlation of LCA with age (r = 0.406, p = 0.004) must be taken with
circumspection because of multiple testing and because a significant proportion (19/49) of
LCA concentrations was below LOQ (50 nmol/L).

Table 1 Interindividual variability: reference intervals (10th, 50th and 90th percentiles) for the 15 individual bile
acids and C4 as well as for primary, secondary, unconjugated, conjugated and total bile acids in a cohort of 49
subjects. Concentrations are given as [nmol/L].
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Table 2 Spearman correlation matrix (2-tailed) of the 15 individual bile acids and C4 as well as primary, secondary, unconjugated, conjugated
and total bile acids in a cohort of 49 subjects. Significant correlations are highlighted.
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* and ** indicate statistically significant correlations (p ≤ 0.05 and p ≤ 0.01 respectively)

Table 2 shows the bivariate correlations of individual bile acids, C4 and grouped bile acids
with each other. All conjugated bile acids significantly correlated with each other, except
GLCA with TUDCA. However, 43/49 and 24/49 respectively of their measurements yielded
values below the limit of quantification so that the absence of correlation is not meaningful.
Among the conjugated bile acids, the highest correlations were found between the glycineand taurine-conjugated forms of a given bile acid (r = 0.759 to 0.919, p = 2.56 x 10-10 to 1.38
x 10-20). However, correlations between a given unconjugated bile acid and its glycine- or
taurine-conjugate were not consistent. Moreover, the two primary bile acids CA and CDCA
correlated with each other when they were in the same conjugation state (CA and CDCA: r =
0.766, p = 1.36 x 10-10; GCA and GCDCA: r = 0.733, p = 2.04 x 10-09; TCA and TCDCA: r =
0.861, p = 2.25 x 10-15) but correlations between the primary bile acids in different
conjugation states were not consistent. The bile acid precursor C4 correlated with
unconjugated bile acids (r = 0.296, p = 0.039) and with total bile acids (r = 0.286, p = 0.046),
however it did not correlate with any of the individual bile acids.

6.3.2. Diurnal profiles of bile acids and C4
Figure 1 shows representative diurnal profiles of individual unconjugated (Figure 1A),
glycine-conjugated (Figure 1B) and taurine-conjugated bile acids (Figure 1C) as well as of C4
and cortisol (Figure 1D). Figure 2 shows the summarized data of unconjugated (Figure 2A),
conjugated (Figure 2B) and total bile acids (Figure 2C) as well as C4 (Figure 2D) for the four
probands. Minimum and maximum concentrations as well as the intraindividual variability for
the four subjects are shown in Table 3. The minimal concentrations reached during the diurnal
profiles were mostly between the 10th and the 50th percentiles, whereas the maximal
concentrations were mostly above the 90th percentile of the reference intervals shown in Table
1.
The profiles of unconjugated bile acids differed markedly from the profiles of the glycineand taurine-conjugated bile acids. In three out of four subjects, we observed a strong increase
of unconjugated bile acids during the night and early morning, which actually seemed to
consist of two different peaks (Figure 1A and 2A). These peaks were mainly due to the
contribution of CA, CDCA and DCA and individual concentrations reached approximately
2000 nmol/L for each CDCA and DCA up to 4477 nmol/L for CA at maximum in subject D
(Figure 1A). In subjects A and B, levels of CA reached 3055 nmol/L and 2055 nmol/L at
maximum (data not shown). The increased concentrations lasted from approximately 01h00 to
08h00 in subjects B and D and from 02h00 to 10h00 in subject A. Subject C however showed
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a different profile with a much less intense peak at approximately 21h00 (CDCA and DCA).
In order to disclose a potential disregulation of the circadian clocks of subject C, we measured
cortisol and found that all 4 subjects showed acceptable cortisol profiles with an acrophase in
the morning between 06h00 and 11h00 (data not shown).
In opposition to unconjugated bile acids, conjugated bile acid levels seem to depend strongly
on food intake since both lunch and supper were followed by increases in the concentrations
of conjugated bile acid (increased concentrations before 15h00 following the meal at 11h30
and between 20h00 and 00h00 following the meal at 20h15) (Figure 1B and 2B). The increase
after breakfast at 08h45 was less clear and the concentrations had already started to increase at
07h00 before the meal was taken at 08h45. Due to fluctuations of unconjugated and
conjugated bile acids, the total bile acid concentrations also vary considerably throughout the
day. Their profile however seems to be principally influenced by conjugated bile acids since
they are usually more concentrated than unconjugated bile acids.
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and D) C4 concentrations in all four subjects. Meals are indicated with arrows. See text for abbreviations.

Figure 2 Diurnal profile of A) summarized unconjugated bile acids, B) conjugated bile acids, C) total bile acids
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Table 3 Intraindividual variability: minimal and maximal concentrations and mean ± variation coefficient are given for the 15 individual bile acids, C4 and the
grouped bile acids for all four subjects. Concentrations are given in [nmol/L] and intraindividual variability is given as the mean concentration [nmol/L] ± CV [%].
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6.4. Discussion
6.4.1. Interindividual variation
The median serum concentrations of total bile acids (2854 nmol/L) and C4 (29 nmol/L) that
we found in the study cohort were similar as or slightly lower than values previously
published (9, 25, 26). In addition, the minimal concentrations obtained during the diurnal
profiles were mostly between the 10th and the 50th percentiles of the reference intervals and
not below the 10th percentile such as we had expected. An explanation for this might be the
difference of origin between the two study groups. Based on the large reference intervals
observed, it is clear that serum concentrations of all bile acid species and C4 show a high
degree of interindividual variation. Importantly, however, we did not observe any significant
effect of age or gender on bile acid concentrations.
All conjugated bile acids correlated with each other and the strongest correlations were found
as expected between the glycine- and the taurine-conjugated form of a given bile acid. By
contrast, the unconjugated and conjugated forms of a given bile acid did not always correlate
with one another. This discrepancy may reflect the differences in the metabolism of
conjugated and unconjugated bile acids. Unconjugated bile acids recovered in the circulation
originate from conjugated bile acids which were deconjugated by intestinal bacteria prior to
their reabsorption. In addition, while unconjugated bile acids can diffuse passively through
the small intestinal and colonic epithelia, conjugated bile acids are mainly absorbed via active
transport in the distal ileum by the apical sodium dependant bile acid transporter (ASBT).
Interestingly, serum concentrations of C4 showed a weak correlation with unconjugated and
total bile acids but no correlation with any of the individual bile acids. The lack of correlation
with the primary bile acids indicates that primary bile acids found in the circulation do not
reflect bile acid biosynthesis. An absence of correlation between C4 and bile acids was
already reported by another group describing the circadian rhythm of C4 (9). A possible
explanation for the absence of correlations between C4 and individual bile acids might be that
bile acids are first secreted into the intestine and reabsorbed before they occur in the systemic
blood, whereas C4 recovered in the bloodstream seems to be at least in part directly secreted
or spilt over by hepatocytes (13).

6.4.2. Intraindividual variation
During a 24-hours cycle, all bile acid species and C4 varied considerably in their serum
concentrations with variation coefficients between 42% and 72% for C4 and reaching up to
190% for TDCA in subject A. However, reasons for this high degree of intraindividual
135

variation appear to differ for the various bile acids and C4: conjugated bile acids appear to be
altered by the prandial state whereas unconjugated bile acids seem to undergo diurnal changes
independently of the prandial state. The strong prandial effect on total and conjugated bile
acids was observed already previously (13, 19, 27, 28), whereas the diurnal changes of
unconjugated bile acids independently of the prandial status have not yet been described.
We as well as authors of other studies (19, 28) showed that serum levels of conjugated bile
acids are strongly influenced by food intake. However, we cannot exclude that serum levels of
conjugated bile acids are also modulated by other factors. Thus we observed an increase in
conjugated bile acids already before breakfast. Additional studies should therefore be
performed to determine the bile acid profile over 24 hours during fasting state. The moderate
increase of conjugated bile acids after breakfast compared to other meals may be explained by
the lower fat content which is followed by less bile secretion and less bile acids to be
reabsorbed from the intestine.
In addition, previous reports observed a faster postprandial increase of CDCA and DCA
concentrations than CA concentrations and suggested that this was due to passive
reabsorption of the dihydroxylated bile acids in the proximal intestine whereas CA was
actively absorbed in the ileum (19, 27). Interestingly, we observed a similar effect with the
maximum concentrations of CA being delayed of one hour compared to those of CDCA and
DCA. However, this was only observed for unconjugated CDCA and DCA, and it was not in
the postprandial state since the peak of unconjugated bile acids was during the night (Figure
1A and data not shown).
Unconjugated bile acid concentrations were found by us to increase dramatically during the
night and early morning. Since supper was taken at least 5 hours earlier at 20h15 and since
other meals caused no or much less prominent increases of unconjugated bile acids, this
phenomenon appears to reflect diurnal biorhythm rather than postprandial effects. However,
our findings are in contrast to those of other authors who observed maximal serum
concentrations of unconjugated bile acids between breakfast and dinner with little changes
between midnight and breakfast (18). They suggested the presence of a pool of unconjugated
bile acids in the intestine, which would be reabsorbed as a consequence of increased intestinal
motility following breakfast intake. We have no explanation for the different findings except
that the sleep-wake phase may have been shifted in that study compared to ours. Interestingly,
the maxima in the concentrations of unconjugated bile acids observed by us occur close to the
daytime at which bile acid biosynthesis was previously found to be maximal: authors reported
the circadian rhythm of bile acid biosynthesis after infusion of radiolabelled cholesterol and
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subsequent quantification of radiolabelled carbon dioxide in the breath. This study was
performed under unchanged conditions (14) as well as under administration of CDCA and
UDCA (29). Both studies showed that bile acid biosynthesis undergoes diurnal variation with
a maximum at 06h00 or 09h00. It is hence tempting to hypothesize that the peak in serum
concentration of unconjugated bile acids reflects bile acid biosynthesis. However, as
discussed before, the unconjugated bile acids recovered in the bloodstream are of intestinal
rather than direct hepatic origin. Moreover, one would expect only the primary bile acids CA
and CDCA to be elevated if the peak observed was due to bile acid biosynthesis. However
DCA levels peaked to the same degree as did CDCA levels (but less than CA levels). We
therefore consider it as unlikely that the peak of unconjugated bile acids observed during the
night reflects an increased bile acid biosynthesis.
As expected, total bile acid concentrations also undergo diurnal variation and their profile is
very similar to that of conjugated bile acids. The need to be consistent regarding blood
sampling time and fasting state was already mentioned in 1980 (30) and this issue is still
ongoing since total bile acids are commonly measured as a routine test for the diagnosis of
hepatobiliary diseases. Conjugated bile acid levels can easily be controlled by the use of
fasting blood only, however unconjugated bile acids are more difficult to control since their
acrophase is early in the morning. Therefore it is very likely that a blood sample drawn
typically at 08h00 will contain levels of unconjugated bile acids which have not returned to
baseline at the time of sampling.
The C4 profile showed 2 peaks, one ranging between 19h00 and 01h00 and another between
11h00 and 15h00 (Figure 2). Our findings are in accordance with those of a previous study in
which two peaks at 21h00 and 13h00 were also observed (13) and partially in agreement with
another study in which mainly one peak was observed at approximately 13h00 (9). Our
observation is also in accordance with the two studies which measured radiolabelled CO2 in
the breath as a marker of bile acid biosynthesis. In the classical pathway of bile acid
biosynthesis, which accounts for the majority the biosynthesis, the shorthening of the side
chain and subsequent release of radiolabelled propionic acid takes place at a relatively late
stage in the pathway (31). This would explain the several hours delay between the peak
observed for C4 and the peak of labelled CO2 in the breath.
In conclusion, we described the inter- and intraindividual variation of 15 individual bile acids
and C4 in a cohort of 50 subjects and a study with 4 healthy subjects, respectively. Probably
because of chronobiologic and prandial effects, unconjugated and conjugated bile acids show
a very high degree of intra- and interindividual variation respectivlely, which makes their
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clinical use as biomarkers difficult. Further studies will be needed to elucidate the
mechanisms underlying the non-prandial circadian rhythm of unconjugated bile acids.
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7. DISCUSSION AND OUTLOOK
Bile acids are excreted end products of reverse cholesterol transport (RCT) as well as
regulators of the transcription factor farnesoid X receptor (FXR), which regulates several
genes involved in lipid and glucose metabolism. We therefore investigated whether
monogenic disorders of high density lipoprotein (HDL) metabolism and RCT or metabolic
syndrome (MetS), type 2 diabetes mellitus (T2DM) and coronary artery disease (CAD) are
associated with altered concentrations of bile acids or of their biosynthetic precursor 7αhydroxy-4-cholesten-3-one (C4).
The first part of the project consisted in the development and improvement of two analytical
methods based on liquid chromatography coupled to mass spectrometry (LC-MS) for the
quantification in serum of the 15 major bile acids and the bile acid precursor of the classical
pathway, namely C4. We increased the sensitivity and reduced the analysis time of a
previously described method for the 15 bile acids (1) and we developed a sensitive method for
the quantification of C4, so that each method requires 100µl of sample (2). The analytes of
interest were isolated by solid-phase extraction (SPE) using similar procedures for both
methods. In addition, both methods used a C18 reversed-phase column for chromatographic
separation, a mobile phase based on methanol and ammonium acetate buffer, 10mM, pH 6.7
and an electrospray ionization (ESI) source. Using similar conditions for both methods
represented an advantage since no hardware modifications needed to be performed before
switching between methods, thereby reducing changes on the system and handling errors.
However, the main improvement, which was not achieved yet, would be to have a method
capable of quantifying bile acids and C4 in the same analytical run. This would represent an
advantage for several reasons. The main reason comes from the negative feedback mechanism
of bile acids on cholesterol 7α-hydroxylase (CYP7A1), which is structure-dependent. This
mechanism provides a link between the composition of the bile acid pool and C4
concentrations and therefore it makes sense to quantify these compounds in the same blood
sample. However, in regard of possible future animal studies, obtaining 200µl of serum from
a single mouse might not always be feasible. Therefore, having only one method would avoid
the variation problem due to samples coming from different animals. In addition, it would
also reduce the number of animals needed, not to mention that it would considerably reduce
the amount of laborious sample preparation work. The chromatographic part could be easily
solved as follows: the parameters should be set to first separate the 15 bile acids, after which
the percentage of methanol would need to be increased in order to elute the more lipophilic
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C4. The ion polarity would have to be changed within the run from negative (for bile acids) to
positive (for C4) and allowed to stabilize before the elution of C4. However two different
procedures are still required for the extraction of bile acids versus C4, because C4 seems to be
bound to plasma proteins and requires the addition of acid to denature the proteins prior to
extraction. Yet, the addition of a strong acid is incompatible with the hydrolysable amide
bond of conjugated bile acids. A possible solution, which was not investigated in this thesis,
would be to use a salting-out procedure, for example by adding ammonium sulphate (3)
followed by SPE. The high salt concentrations should not represent a problem for the MS
analysis, since they would be washed away during SPE. Another solution would be to
consider protein precipitation without SPE, which would significantly shorten the sample
preparation procedure, but might lead to other issues such as matrix effects.
In the second part of the project, we applied the developed methods to the evaluation of bile
acids and C4 as biomarkers for MetS, T2DM and CAD. The International Diabetes Federation
(IDF) defines the MetS as a cluster of risk factors for cardiovascular disease and T2DM.
These risk factors comprise abdominal obesity, elevated blood pressure, hypertriglyceridemia,
low levels of high density lipoprotein cholesterol (HDL-C) and impaired fasting glucose
(IFG) or T2DM (4, 5). Complications of MetS include stroke and myocardial infarction as
well as microvascular complications of diabetes such as retinopathy, nephropathy or
neuropathy. Although abdominal obesity and insulin resistance are considered to be the main
cause of MetS (6, 7), the exact pathomechanims remain unclear. It is therefore important to
assess the existence of other pathogenic pathways. Due to their role in modulating glucose
and lipid metabolism, changes in bile acid metabolism are possibly involved in the pathology
of MetS. This was indicated by several reports, which found that disturbances in bile acid
metabolism were associated with MetS or T2DM (8-11).
In a case-control study, we investigated whether the bile acid pattern differs between patients
with metabolic diseases and controls and if these changes are associated with CAD. We did
not observe any statistically significant differences of individual or grouped bile acid
concentrations between any of the study cohorts. However, we observed a large
interindividual variability for bile acid concentrations in these samples and therefore we
cannot exclude, that actual differences in bile acid concentrations exist but were overlooked
due to this high variability. Our study comprised 150 subjects and although it is still relatively
small, it is the largest study reporting bile acid and C4 concentrations in relation with MetS to
our knowledge. It is possible that differences which were insignificant in our case would
become significant with a higher number of subjects included in the study. On the other hand,
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it is more likely that the differences in bile acid levels observed previously were
overestimated due to a very small number of subjects. Indeed, these studies comprised
between 6 and 14 subjects only (10-12).
In the same case-control study however, we observed a statistically significant increase of C4
levels in patients with MetS and T2DM compared to healthy controls despite a high
interindividual variability for C4 concentrations as well. Moreover, we observed positive
correlations between C4 and most of the canonical components of MetS and T2DM. The
highest correlations were observed between C4 and triglycerides (TG) (r = 0.356; p = 8.35E06) and between C4 and the HOMA-insulin resistance index (HOMA-IR) (r = 0.317; p =
1.29E-04). These correlations seemed surprising at first glance since C4 is a marker of bile
acid biosynthesis and bile acids are known to repress several lipogenic and gluconeogenic
target genes via activation of FXR (13). Consequently, our first expectation was to observe a
negative correlation between bile acids / C4 and glucose / lipids. However, these results must
also be regarded in the light of the negative feedback exerted by bile acids on CYP7A1 via
FXR, which leads to a downregulation of C4 synthesis. Consequently, activation of FXR by
high concentrations of bile acids leads to decreased lipid and glucose levels as well as to
decreased C4 levels, thereby providing an explanation for the positive correlations observed
by us. Our results might additionally involve the participation of the fibroblast growth factor19 (FGF19). FGF19 is considered to be a regulator of hepatic lipid homeostasis released upon
bile acid activation of FXR in the enterocyte. It subsequently downregulates CYP7A1,
leading to decreased plasma levels of C4. A previous study showed that the postprandial
increase in plasma FGF19 was accompanied by a lowering of plasma levels of C4 in patients
with non-alcoholic fatty liver disease (NAFLD). In opposition, the expected decrease of C4
levels was not observed in patients with NAFLD and insulin resistance (HOMA-IR ≥ 2.5)
(14). It has also been reported that T2DM patients have reduced plasma FGF19 levels of
unknown cause (15). Although the experimental conditions of this study were different, these
observations are in line with our results and might represent part of the mechanism leading to
increased C4 levels in MetS and T2DM patients.
In summary, although our finding of increased C4 levels in patients with MetS and T2DM
compared to controls seemed surprising at first sight, it is in agreement with the negative
feedback mechanism of bile acids via FXR, which downregulates C4 production directly or
indirectly via FGF19, and was also shown to lower plasma levels of cholesterol, TG and
glucose (13). However, further work will be needed to understand if other mechanisms are
also involved in raising C4 levels in these patients.
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We also investigated bile acid levels in relation with monogenic disorders of HDL
metabolism. Although bile acid formation is considered as an important final step of RCT, the
effects of disordered HDL metabolism on bile acids had not been investigated in humans yet.
Moreover, bile acids can modulate HDL metabolism since FXR activation leads to repression
of apolipoprotein A-I (apoA-I) (16), scavenger receptor BI (SR-BI) (17) and hepatic lipase
(HL) (18) gene expression. In addition and similarly to others (19), we also found that
approximately 10% of plasma bile acids are associated with the HDL lipoprotein fraction. For
these reasons, we quantified bile acids in 52 patients with functionally relevant mutations in
genes involved in RCT as well as in 50 family controls. In this study also, we did not observe
any significant differences between the different groups of patients and controls. The bile
acids contributing to a possible difference are those associated with the HDL fraction, which
represent only 10% of total bile acids. These amounts might be too low to make a difference
appear over the total plasma bile acid concentrations, particularly in regard of the high
interindividual variability observed for these compounds. Bile acids were also quantified in
lipoprotein-depleted serum (LPDS) and HDL fractions of patients with SR-BI mutations and
controls, but also here no statistically significant difference was observed between both
groups.
Due to the interindividual variability observed in our case-control studies, we investigated
diurnal profiles of bile acids and C4 in 4 healthy volunteers. Conjugated bile acid profiles
were mainly modulated by food intake, whereas unconjugated bile acid profiles seemed to be
influenced mainly by chronobiologic effects. The C4 profiles showed two maxima, at
approximately 13h and 21h. The peaks started to increase already before the meals and no
maximum was observed after breakfast, thereby indicating that the fluctuations observed for
C4 were probably due to effects other than food intake. The unconjugated bile acids showed a
maximum during the night and returned to baseline between 8h00 and 10h00 depending on
the subject. This explains part of the interindividual variability observed by us, since fasting
blood is often collected early in the morning and this was indeed the case in the two studies
described. Investigations in relation with the bile acid and C4 diurnal rhythm should be
pursued in order to understand the exact determinants of the intraindividual variability,
namely food intake, biorhythms and others. The study should therefore be repeated with more
subjects during 24 hours in normal as well as fasting conditions. The conditions in our study
were relatively well controlled since all of the participants ate identical meals at identical
time. However, further studies investigating the intake of food should standardize the caloric
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intake and check for differences in postprandial bile acid plasma levels according to the fat
content of the diet.
The understanding of the mechanisms regulating the diurnal profile will hopefully allow to
determine the best time for blood sampling. Depending on these mechanisms, the best
timeframe might be when bile acids and C4 concentrations are at baseline, for example
between 10h and 12h. However, there is also a possibility that interesting signaling pathways
are activated only in presence of highly concentrated bile acids and that blood samples should
preferentially be drawn during these phases.
Finally, we showed that 10-20% of bile acids were found to be associated with plasma
lipoproteins and mainly with HDL. Previous reports had already obtained similar results for
cholic acid (CA) and chenodeoxycholic acid (CDCA) (19). In the next step, it will be
necessary to determine if bile acids are binding to HDL and if this should be the case, the
nature of the binding and their function in the HDL particle. The binding could be easily
demonstrated by incubating deuterated bile acids with plasma, followed by isolation of the
different fractions by gel filtration and analysis by MS. In addition, we obtained preliminary
data suggesting that a significant amount of bile acids were present in HDL as hydrolysable
derivatives, because bile acid concentrations significantly increased after treatment with 1M
sodium hydroxide (2h, 50°C). These experiments need to be repeated with HDL from
different origins and the nature of these derivatives needs to be determined. Bile acids are
known to exist as sulphates or glucuronides in humans, however it is unlikely that the increase
observed after hydrolysis is due to these conjugates. Sulfation and glucuronidation of bile
acids are considered to be trace metabolic pathways for most healthy vertebrates (20-22) and
these conjugates mainly serve to eliminate accumulating bile acids in cases where the major
excretion route via the biliary tract is compromised. Due to the structural similarity with
cholesterol, bile acids may be esterified with fatty acids by the lecithin-cholesterol
acyltransferase (LCAT). However, we could not obtain conclusive results to demonstrate this
in LCAT deficient patients as compared to controls. A further possibility would be to incubate
bile acids with LCAT and measure the reaction product by MS.
In summary, the use of bile acids and C4 as biomarkers is currently limited by their high
intra- and as a consequence, interindividual variability. Despite this varability, we showed that
C4 levels were increased in patients with MetS and T2DM compared to controls.
Further research should be aimed at optimizing the existing analytical methods as well as at
understanding the mechanisms behind the diurnal variation of bile acids and C4 and other
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possible causes for interindividual variability. Finally, the binding and function of bile acids
in relation with HDL should be further investigated.
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