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Preface

Over the past 10 years there has been a veritable explosion of knowledge in
bile acid research. Those working in this area are fortunate to meet their
colleagues from time to time at International Meetings which are often held
in attractive parts of the world. The 7th International Symposium on bile
acids ‘Bile Acids in Gastroenterology’ was no exception. It took place in
Cortina d’Ampezzo in the heart of the Italian Dolomites, from 17th-20th
March 1982. This meeting was organised by a Scientific Committee, with
representatives from Italy, the United States and Great Britain, in
collaboration with the Italian Society of Gastroenterology. The format of the
meeting was somewhat different from that of previous years. In addition to
the free communications (verbal and poster presentations) which characte-
rise many scientific meetings, there was also an Advanced Postgraduate
Course on bile acids given by a distinguished international panel of experts.
Their contributions form the basis for this timely volume which should be of
interest both to basic scientists and to clinical investigators alike.

The editors are indebted to Dr Gian Germano Giuliani, Gipharmex SpA,
Milano, whose generous support made the meeting possible. They also
thank Mr P.M. Lister, Managing Editor, MTP Press Limited and Mrs
Veronica Cesari, Italian Society of Gastroenterology for help with the
publication of these proceedings.

R. Herman Dowling
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Liquid-solid extraction, lipophilic gel
chromatography and capillary column gas
chromatography in the analysis of bile
acids from biological samples

K.D.R. SETCHELL

INTRODUCTION

Most of the methods currently employed for the determination of bile acids
in biological samples require some form of initial extraction procedure.
Techniques which are generally available include the following:

(1) Liquid-liquid partition.

(2) Protein precipitation.

(3) Liquid-solid extraction - anion exchange resins, neutral polystyrene
polymers of Amberlite XAD and reverse-phase octadecylsilane-
bonded silica.

(4) Liquid-gel extraction - Lipidex 1000.

The complexity in the composition of bile acids in biological samples
renders liquid-liquid partition extraction techniques less suitable since these
require the use of polar solvents or the addition of an ion-pair reagent to
obtain quantitative recoveries of all classes of bile acids!?. Liquid-solid
extraction techniques were introduced, and methods were described for the
extraction of bile acids using the anion exchange resin Amberlyst A-26% and
the neutral resins of Amberlite XAD-2¢ and XAD-7°. These neutral resins,
although revolutionizing the extraction stage, did have drawbacks, one of
which was the poor recovery of polar sulphated bile acids®. This was recently
explained from the finding that this neutral resin possessed weak anion
exchange properties, which accounted for the irreversible adsorption of
acidic steroids and the inability to obtain quantitative recoveries when the
resin was eluted with neutral alcoholic solvents’. Furthermore - irrespective
of whether a column procedure, for which the sample flow rate is critical?, or

1



BILE ACIDS IN GASTROENTEROLOGY

a batch method® is employed - the numbers of samples which can be
extracted are limited.

As a consequence of the considerable time required to extract bile acids
from large numbers of samples, the trend in bile acid methodology over the
last decade has been towards practical simplicity with the introduction of
radioimmunoassays’~13, enzyme immunoassay and fluorimetric met-
hods$~2, One of the dangers in oversimplifying assay designs, however, is
the difficulty in interpreting the data obtained, since the effects of non-
specific interference due to the complexity of the biological matrix is
increasingly dependent upon the specificity of the ‘end-point’ determination.

Outlined below are recently developed liquid-solid and liquid-gel
extraction techniques which have considerably increased the ease and speed
of quantitatively extracting bile acids from biological samples and which are
consequently applicable to more routine applications of bile acid measure-
ment.

LIQUID-SOLID EXTRACTION OF BILE ACIDS

One of the most exciting developments in extraction techniques has been the
introduction of reverse-phase octadecylsilane-bonded silica cartridges which
have dramatically increased the speed of quantitatively extracting polar
compounds from aqueous solutions. These cartridges, of which several types
are now commercially available, were applied initially to the extraction of
neutral steroids from urine?’?2 and serum’?? and have more recently been
applied to the extraction of bile acids from a variety of biological
samples?—2,

AQUEOUS SAMPLE containing salts and proteins
L J

non-polar
lipids  medium polarity
molecules  polar lipophilic

molecules
|

1
Bond Elut calrtridge

methanolic extra:ct
Y v
non-polar salts and

lipids medium and very polar proteins
lipophilic molecules

Figure 1.1 Principal characteristics of reverse-phase octadecylsilane-bonded silica cartridges

2



LIQUID-SOLID EXTRACTION AND CHROMATOGRAPHY

Reverse-phase octadecylsilane-bonded silica cartridges behave as polar
adsorbents (Figure 1.1) and consequently will only extract, from aqueous
solutions, lipophilic molecules of medium and high polarity. Salts and
proteins together with non-polar lipids pass directly through the cartridge
and are discarded.

For the quantitative extraction of bile acids from serum samples, the main
problem to overcome is their strong binding to serum proteins?” and it is not
sufficient merely to dilute the serum with water, which has been advocated?.
When serum is diluted with water and passed through these cartridges, the
recovery of unconjugated bile acids and bile acid sulphates in the methanolic
eluant is poor (Table 1.1) and most of these bile acids are eluted in the
aqueous phase?*. The binding of bile acids to albumin can be decreased by
increasing the pH and temperature?” and with these considerations a method
was developed in which the serum is diluted with 4 volumes of 0.1 mol/]
sodium hydroxide and heated to 64 °C in a water bath before it is passed
through the cartridge?*. The recoveries of a variety of bile acids and their
conjugates in the methanolic extract using two types of commercially
available cartridges (Bond Elut, Analytichem International, Harbor City,
California, USA obtained from Jones Chromatography, Llanbradach,
Wales: and Sep-Pak-C;g Waters Associates, Milford MA, USA) are
summarized in Table 1.1 and are reported in detail elsewhere?.

Quantitative recoveries of very polar bile acids, e.g. the trisulphate
conjugate of taurocholate, are obtained by this procedure since these
reverse-phase octadecylsilane-bonded silica cartridges do not have the dis-
advantage of the weak ionic properties of the Amberlite XAD resins’.

This liquid-solid extraction procedure takes only a few minutes to
perform and by the use of a specially designed vacuum apparatus (Vac Elut,
Analytichem International, California, USA) it is possible to extract
simultaneously ten samples in approximately 5 minutes®. The capacity of
these cartridges is high (about 0.2 mmol of bile acid/cartridge) and the ease
and speed of the technique make it superior to other extraction techniques
currently available. Since it can be semiautomated, it is suitable for large
numbers of samples often encountered by laboratories performing routine
immunoassay methods for serum bile acids. By the inclusion of this rapid
extraction step the specificity of many radioimmunoassays, which is a
function of non-specific binding or matrix interference?, may be improved.

LIPOPHILIC GELS

The development of lipophilic gel chromatography has been pioneered over
the last decade by the efforts of Professor Sjovall’s group at the Karolinska
Institute in Stockholm. Figure 1.2 shows the types of lipophilic gels which are
now commercially available, all of which are based upon the cross-linked
polysaccharide gel, Sephadex.

Sephadex LH-20 is a hydroxypropyl ether of Sephadex G-25 (Pharmacia
Fine Chemicals, Uppsala, Sweden) and is a gel which readily swells in polar
organic solvents, producing most commonly straight phase partition

3
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LIQUID-SOLID EXTRACTION AND CHROMATOGRAPHY

SEPHADEX |-SUPNOPTORYl I sp_gpppiapex | cation
isopropyl exchanger
SEPHADEX LH-20 == straight phase partition
chromatography
hydroxyalkoxy | diethylaminohydroxyl
]
DEAP-LH-20
LIPIDEX 1000 }
and
LIPIDEX 5000 anion exchanger
o |

'

reversed phase
partition
chromatography

Figure 1.2 Types of commercially available lipophilic gels

chromatography systems. Methods for the separation of bile acids into
conjugate groups based upon straight phase partition chromatography using
Sephadex LH-20 have been described®?. '

Diethylaminohydroxypropyl Sephadex LH-20 (DEAP-LH-20 or Lipidex-
DEAP, Packard-Becker BV., Groningen, The Netherlands) is prepared from
Sephadex LH-20 by the introduction of a diethylamine group after first
preparing the chlorohydroxypropyl derivative®*?. This gel, which is a
lipophilic anion exchanger, has been applied to the group fractionation of
neutral steroids®? and bile acids® based upon their mode of conjugation.

Lipidex 1000 and 5000 (Packard-Becker BV., Groningen, The Nether-
lands) are both derivatives of Sephadex which contain long-chain (C171-Cq4)
hydroxyalkyl substituents®. These lipophilic gels consequently allow the use
of miscible non-polar solvent systems and thus separations by reverse-phase
partition chromatography are possible®,

SP-Sephadex (Pharmacia Fine Chemicals, Uppsala, Sweden) is a cation-
exchange gel in which sulphopropyl groups have been substituted into the
polysaccharide matrix. This gel has ben used as an alternative to the cation
exchange resin Amberlyst A-15%-3%,

LIQUID-GEL EXTRACTION OF UNCONJUGATED BILE ACIDS

The potential of the lipophilic gel, Lipidex 1000, for the extraction of un-
conjugated bile acids and steroids from acidic aqueous solutions was first
reported by Dyfverman and Sj6vall*’*. The principal characteristics of
Lipidex 1000 are illustrated in Figure 1.3. In contrast to reverse-phase

5



BILE ACIDS IN GASTROENTEROLOGY

Agueous sample- salts, proteins

non-polar
lipids | medium
polarity polar
lipophilics
pH 3-4
methanol 68% methanol

chloroform/methanol
1

o — Lipidex 1000
i

\j
Non-polar and polarcompounds
polar lipophilic salts, proteins
compounds |
Bile acids Sterols

Figure 1.3 Principal characteristics of the lipophilic gel Lipidex 1000

octadecylsilane-bonded silica, this gel behaves as a non-polar adsorbent and
extracts, from acidified aqueous solutions, only lipophilic molecules which
are of non-polar and medium polarity characteristics. Polar lipids together
with salts and proteins are excluded and discarded.

Unconjugated bile acids are quantitatively removed from acidic solutions
and adsorbed to the gel*>*® while the extraction of conjugated bile acids by
this gel is not quantitative (Table 1.2). Taurine-conjugated bile acids and a
large proportion of glycine conjugates pass directly through the gel bed in the
acidic aqueous solution; however, it has been shown that by the inclusion of

Table 1.2 Percentage recovery of radiolabelled compounds which
were added to a biological extract redissolved in acidic water and
extracted by Lipidex 1000

Lipidex 1000

Compound Aqueous Methanol
Cholesterol — 95.5
Palmitic acid — 95.8
Lithocholic-ethyl ester — 98.7
Lithocholic acid — 98.4
Cholic acid 1.0 99.9
Glycocholic acid 3.0-32.0 68.0-96.4
Taurocholic acid 98.2 —
Lithocholic-sulphate — 100.3




LIQUID-SOLID EXTRACTION AND CHROMATOGRAPHY

an ion-pair reagent the recovery of these conjugates can be increased® and
this ion-pair effect most probably explains the variability in the recovery of
glycocholate between different samples from the acidic solution (Table 1.2).

The method is rapid since the extraction efficiency is independent of the
sample flow rate through the gel and the capacity of the gel is extremely high.
Once adsorbed, bile acids can be quantitatively recovered in a single fraction
by eluting the gel with 20 ml of methanol (Table 1.2). Alternatively, since the
gel is lipophilic and non-polar, by increasing the polarity of the eluting
solvent it is possible to perform reverse-phase partition chromatography and
separate monohydroxy-sterols, which are retained on the gel, from the more
polar bile acids®*%. This is a particularly useful advantage since it provides a
method of removing any cholesterol which may be present in the sample and
which would otherwise interfere in the subsequent gas chromatography or
gas chromatography-mass spectrometry analysis of the bile acids®.

Lipidex 1000 is an attractive alternative to liquid-liquid partitioning for
the quantitative extraction of unconjugated bile acids from enzymatic and
alkaline hydrolysates***. The aqueous samples only require the pH to be
adjusted to between pH 3 and 4 with acetic acid or hydrochloric acid, after
which they are rapidly percolated through a smalil column of Lipidex 1000.
Furthermore, the use of inflammable and hazardous solvents is avoided and
arelatively pure sample, free of monohydroxysterols, is obtained in a meth-
anolic solution.

APPLICATIONS TO BIOLOGICAL SAMPLES

The extraction procedures using reverse-phase octadecylsilane-bonded silica
cartridges and Lipidex 1000 are complementary and when combined with
capillary column gas chromatography and mass spectrometry provide a
powerful method for the analysis of bile acids from a variety of biological
materials. Depending upon the analytical requirements, the flexibility of
these techniques will allow a variety of analytical objectives to be met.

Analysis of serum bile acids

Figure 1.4 illustrates a general scheme for the qualitative and quantitative
determination of bile acids in serum samples. After the quantitative
extraction of bile acids using the Bond Elut cartridges?* either an enzymatic
hydrolysis with cholylglycine hydrolase®4 (a measure of total non-
sulphated bile acids) or a combined solvolysis and alkaline hydrolysis (total
serum bile acids) may be carried out. In either case the Lipidex 1000 gel is
ideally suited to the quantitative extraction of unconjugated bile acids from
the acidified aqueous hydrolysates and also provides a means of removing
residual amounts of cholesterol or other sterols from the sample.

Figure 1.5 shows capillary column gas chromatographic profiles obtained
for the total non-sulphated bile acids which are typical of a normal adult and
a patient with primary biliary cirrhosis when the above analysis procedure is
employed. Quantitative values for serum bile acids in normals and patients

7



BILE ACIDS IN GASTROENTEROLOGY

Serum
{
salts ~ ———— BOND ELUT
proteins T
non-polarlipids bile acids 1
(cholesterol) { solvolysis
Enzymatic hydrolysis |
J alkaline hydrolysis
LIPIDEX 1000 jﬁ J
68% methanol
[ 1
Bile acids Monohydroxy sterols
GC/GC-MS

Figure 1.4 A general flexible scheme for the analysis of serum bile acids.
GC=Gas chromatography: MS=mass spectroscopy

with liver disease determined by this procedure are reported elsewhere®.

Determination of unconjugated bile acids in serum

Studies using these analytical techniques have recently indicated the
quantitative and qualitative importance of unconjugated bile acids in normal
human serum?®-%2, With the exception of patients with stagnant-loop syn-
drome and bacterial overgrowths®, the presence of unconjugated bile acids
in serum has received little attention®.

Unconjugated bile acids can be measured by gas chromatography?3 or gas
chromatography-mass spectrometry*? after their isolation using Lipidex
1000 and preparation of the methyl ester-trimethylsilyl ether derivatives
(Figure 1.6).

The separate determination of unconjugated and conjugated bile acids is
necessary in many metabolic studies, particularly those studying pharmaco-
logical loads of bile acids. Since Lipidex 1000 will extract a significant and
variable amount of glycine-conjugated bile acids (Table 1.2), this method of
isolating unconjugated bile acids is unsuitable if their determination is to be
carried out using immunoassays which significantly cross-react with glycine
conjugates. In this situation, a specific group separation of individual bile
acids from serum extracts based on their mode of conjugation is possible
using the anion exchange gel DEAP-LH-20 as described elsewhere®*+42,

Where an enzyme-fluorimetric method® is to be used for the measurement
of bile acids in the individual fractions from the anion exchange gel, it is
important to use SP-Sephadex and not Amberlyst A-15 resin for the essential

8



LIQUID-SOLID EXTRACTION AND CHROMATOGRAPHY

Figure 1.5 Capillary column gas chromatographic profiles indicating the principal non-
sulphated bile acids in the serum of a normal adult (upper) and a patient with primary biliary
cirrhosis (lower). Bile acids were analysed as their methyl ester-trimethylsilyl ethers on a 25m
glass capillary column coated with silicone OV-1 using temperature programmed operation
from 225 °C to 285 °C with increments of 2 °C/min. Std=standard

9
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Serum
|
BOND ELUT ——————— discard - salts,
- proteins,
-non-polar lipids
(cholesterol)

bile acids

reconstitute in acidic water pH 3-4

l
LIPIDEX 1000

68% methanol

|

Unconjugated bile Sterols
acids

|

GC/GC-MS

Figure 1.6 General scheme for a rapid extraction and isolation of unconjugated bile acids
from serum. GC=Gas chromatography; MS=mass spectroscopy

cation exchange step before DEAP-LH-20 chromatography, since a
considerable overestimation of the bile acid concentration occurs due to an
unknown interference derived from the resin®.

Measurement of faecal bile acids

The measurement of bile acids in faeces has received increased attention over
the last few years, most probably because of the importance of cholesterol
and bile acids in gastroenterological diseases such as colon cancer. An
analytical method, which is described in detail elsewhere®, utilizes these
liquid-solid and liquid-gel extraction techniques in combination, for the
desalting and partial purification of faecal extracts.

Bile acids and related compounds after extraction from faeces by
sequential refluxing in alcohols are quantitatively extracted from an acidified
aqueous solution by passage through a column of Lipidex 1000 followed by a
Bond Elut cartridge. The Lipidex 1000 column, with its high capacity,
adsorbs non-polar lipids while polar compounds which escape extraction are
then trapped on the reversed-phase octadecylsilane-bonded silica. A
quantitative recovery of all classes of compounds is possible by elution of
both chromatographic materials with methanol. The combined extracts can
be further purified and compounds separated into groups based upon the
state of conjugation using the lipophilic gel DEAP-LH-20 and this method

10



LIQUID-SOLID EXTRACTION AND CHROMATOGRAPHY

Figure 1.7 A capillary column gas chromatographic profile of the unconjugated bile acids
:xcreted in the faeces of a patient with diarrhoea. Bile acids were extracted and purified by
echniques using liquid~solid and liquid-gel extraction and isolated by lipophilic anion
xchange chromatography35. Bile acids were analysed ,as their methyl ester-trimethylsilyl
sthers on a capillary column coated with silicone OV-1. The principal bile acids identified by
sas chromatography-mass spectrometry and the quantitative excretion are as follows: 1,
:oprostanol (internal standard) (0.7 mg/day); 2, lithocholic acid (10.9mg/day); 3, 38, 120~
lihydroxy-58-cholanocic (3.1mg/day); 4, deoxycholic acid (40.6 mg/day); 5, 38, 7a, 12a-
rihydroxy-58-cholanoic (6.1 mg/day); 6, chenodeoxycholic acid (32.0mg/day); 7, cholic acid
67.8mg/day); 8, 7-oxo-3a-hydroxy-58-cholanoic (13.1mg/day); 9, 12-oxo0-3a, Za-
lihydroxy-58-cholanoic (31.4 mg/day)

‘herefore permits the separate determination of sterols and bile acids by gas
:hromatography.

A capillary column gas chromatographic profile of the unconjugated bile
acid fraction from the faeces of a patient with chronic diarrhoea of unknown
ietiology is shown in Figure 1.7 and illustrates the potential of this approach.
The chromatogram is characterized by relatively large amounts of the
srimary bile acids cholic and chenodeoxycholic acids compared with the
secondary bile acids, which predominate in normal subjects®.

11



BILE ACIDS IN GASTROENTEROLOGY

CAPILLARY COLUMN GAS CHROMATOGRAPHY

The gas chromatographic analysis of bile acids in biological extracts has
always been complicated by the diversity in chemical structure of bile acids,
the presence of interfering compounds and in certain types of samples the
low concentrations of minor components. Many attempts have been made to
overcome these problems, evidenced from the wide range of derivatives that
have been examined and the various types of column packings which have
been evaluated®~%°, Ultimately, however, the gas chromatographic condi-
tions chosen should depend upon the type and complexity of the bile acids in
the biological extract, since at present no universal chromatography phase is
available which is capable of separating the wide spectrum of primary and
secondary bile acids.

With the advent of capillary column gas chromatography, and the rapid
developments in column technology, greatly increased chromatographic
resolution can now be attained. The potential of capillary column gas
chromatography to the metabolic profiling of steroids has been well
recognized for many years®; however, its application to the analysis of bile
acids has by comparison been slow. Only a limited number of applications
have been reported343552=55, restricted largely to the analysis of serum bile
acids in liver disease.

The choice of open-tubular glass capillary column for bile acid analysis is
restricted to a limited number of phases. Using a non-selective stationary
phase, such as silicone OV-1 or SE-30, the profiling of a wider range of bile
acids is possible in a single analysis compared with selective phases, which
are unsuitable for the chromatography of bile acids possessing carbonyl
functions.

When samples of complex mixtures of components of widely differing
polarity and structure require analysis, such as extracts of faecal bile acids,
temperature-programmed operation is essential to provide satisfactory peak
shapes of those compounds with long retention times.

The separation of methyl ester-trimethylsilyl ether derivatives of a
mixture of authentic bile acids by temperature programming using a 25m
capillary column coated with OV-1 is shown in Figure 1.8.

Several methods are available for the introduction of samples to the gas
chromatography column®; these include split and splitless injection, on-
column injection and solid injection. With high-boiling-point compounds
such as steroid derivatives, the introduction of the sample by solid injection
using an all-glass dropping needle injection device®” has many advantages
over conventional liquid injection. The amount of sample which can be
introduced is not restricted to a small volume since the solvent is evaporated
from the dropping glass needle and vented to atmosphere before injection. If
required the total sample can be loaded thereby enhancing the ‘sensitivity’ of
the analysis and facilitating the identification of minor components. The
presence of a solvent front, which occurs when samples are introduced by
liquid injection and results in compounds being eluted in the ‘tail’ of the
solvent front, is minimised or eliminated by solid injection and the linear
baseline obtained increases the precision and accuracy of the quantification.

12
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Figure 1.8 Capillary column gas chromatographic recording of the methyl ester-trimethylsilyl
ether derivatives of a mixture of approximately equal amounts of bile acids. The bile acid
derivatives were separated on a 25 m silicone OV-1 capillary column using helium as the carrier
gas and temperature programmed operation from 225 °C to 285 °C in increments of 2 °C/min.
Detection was by flame ionization. Bile acids possessing a carbonyl function gave a poor
response compared with hydroxylated bile acids. The following acids were indicated: 1, 7a-
hydroxy-58-cholanoic; 2, 12-oxo-58-cholanoic and 7-oxo-58-cholanoic (unresolved); 3,
coprostanol (internal standard, at a concentration three times greater than the bile acids); 4,
3-oxo0-58-cholanoic; 5, 3a-hydroxy-58-cholanoic (lithocholic); 6, 3w, 12a-dihydroxy-58-
cholanoic (deoxycholic) and 38-hydroxy-5-cholenoic (unresolved); 7, 3a, 7a-dihydroxy-58-
cholanoic (chenodeoxycholic); 8, 3a, 7a, 12a-trihydroxy-58-cholanoic (cholic); 9, 3, 6a-
dihydroxy-58-cholanoic (hyodeoxycholic); 10, 3a, 78-dihydroxy-583 cholanoic; 11, 7-oxo-3a-
hydroxy-58-cholanoic; 12, 12-oxo-3a, 7a-58-cholanoic

Furthermore, non-volatile impurities present in sample extracts are retained
on the dropping needle (which can be intermittently removed and cleaned)
thereby preventing contamination of the first few coils of the capillary
column and increasing its lifetime.

Quantification can be carried out by relating the peak height response of
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the bile acid relative to the peak height obtained for a known amount of an
internal standard (coprostanol), which is added to the sample prior to
derivatization. Calibration curves for the authentic bile acids - cholic,
chenodeoxycholic, ursodeoxycholic, deoxycholic and lithocholic acids - are
linear over the mass range 0-20ug and give relative response factors
approximating to unity (Figure 1.9). This is not, however, the case for bile
acids possessing a free carbonyl group in the nucleus, which in common with
trimethylsilyl ethers of steroids® give poor responses relative to hydroxy-
lated bile acids (Figure 1.8).

Capillary column gas chromatography offers greatly increased sensitivity
compared with gas chromatography using conventional packed columns. A
peak in the chromatogram giving a full-scale deflection (FSD) is obtained
from approximately 50 ng bile acid (about 0.125nmol) injected on column.
For normal fasting human serum (Figure 1.5) the equivalent of 100pul of
serum is generally injected onto the column (1/20th of total serum sample),
so that a bile acid in a concentration of 1.25umol/l will give rise to a peak
with a FSD (signal:noise ratio of 100:1). Since a much larger proportion of
the sample can be loaded using the solid injection device and the
amplification of the signal can be further increased if necessary, the limit of
detection of a bile acid will correspond to a serum concentration of
0.01-0.02 umol/l. The sensitivity compares favourably with the sensitivity
of most radioimmunoassays for serum bile acids®~4.

In the limited number of publications which report on the use of capillary
column gas chromatography for the estimation of serum bile acids, emphasis
has been given to the problem of resolving interfering compounds and
sterols, in particular cholesterol, from bile acids during gas chromatography
and the use of high resolving capillary columns has been advocated as the
solution to these problems. Although capillary column gas chromatography
is a powerful analytical tool, to maximise on its high chromatographic
resolving power consideration must be given to the purification of samples
and as much as possible to the removal of potentially interfering
compounds. The most effective means of overcoming the interference due to
sterols is to selectively remove them from the sample extract before gas
chromatographic analysis. In this way, overloading of the gas chromato-
graphy column, which has an adverse effect upon chromatographic efficacy
and resolution, is prevented.

With the application of the liquid-gel chromatographic techniques
described here and elsewhere?3435:38.42.59.60 for the isolation and purification of
bile acids from serum, faeces and other biological samples, maximum benefit
can be derived from the use of capillary column gas chromatography for the
metabolic profiling of bile acids and related compounds.
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2
Measurement of the physical-chemical
properties of bile salt solutions

MARTIN C. CAREY

INTRODUCTION

This chapter provides a brief critical overview of the techniques employed to
probe the physical-chemical properties of bile salt solutions. Since the laws
of physics and chemistry are also valid in the biological world, an under-
standing of the solution properties of bile salts both as simple solutions and
when mixed with other macromolecules is central to understanding their
physiological functions. It is also clear that an appreciation of the mal-
function of bile salts is forthcoming from a knowledge of their physi-
cal-chemical properties under pathophysiological conditions.

PHASE EQUILIBRIA AND THE PHASE RULE

The fundamental thermodynamic reference condition of any physi-
cal-chemical system is the equilibrium state. A system is a defined part of the
physical universe, i.e. a substance or mixture of substances isolated in some
way from all other substances. At equilibrium, a system is at its lowest free
energy, that is, is incapable of doing work. Equilibrium involving more than
one physically distinct part of a system is called heterogeneous equilibrium.
For the systematization of heterogeneous equilibria, the US physicist J.
Willard Gibbs during 1873-78 theoretically derived the Phase Rule on the
basis of a priori thermodynamic principles. This Rule represents an
important milestone in the history of science, and is valid for all macroscopic
systems which are in a state of heterogeneous equilibrium irrespective of
whether equilibrium is physical or chemical. Over the past few decades the
Rule has found major applications in physics, chemistry, geology,
metallurgy, mineralogy and, more recently, in biology. The Phase Rule may
be stated as follows:

F=C—-P+2

19



BILE ACIDS IN GASTROENTEROLOGY

where F is Degrees of Freedom, or Variance of the system, that is the
minimum number of variables of temperature (symbol T), pressure (symbol
II) and concentration that must be fixed in order to define the system, i.e. in
order to fix the intensive properties (properties independent of quantity or
size, e.g., density, refractive index) of all phases; C is the number of
Components or Order of the system, that is the smallest number of
independently variable chemical constituents required to account for the
composition of each and every phase present; and P is the number of Phases
in the system, that is the number of homogeneous, mechanically separable,
portions of a system. All parts of a phase are identical in intensive properties.
Although a phase must be homogeneous it need not be continuous; crushed
ice is an example. Table 2.1 shows some typical systems, with a tabulation of
the number of components present and the maximum number of possible
phases.

Table 2.1 Examples of systems

System No. of components Maximum No. of phases

The water system 1 - H,O (H;O* and OH™ are not 3 - Solid (ice), liquid,
independently variable) vapour (gas)

The air system ) 5 - 0,/N,/CO,/Ar/He. .. 1 - All gases are miscible

Saturated NaCl 2 - NaCl/H,0O 4 - Two solids (pure

solution H,O as ice and

the compound
NaCl-2H,0), liquid
(NaCl dissolved in
H,0) and vapour

(H,O)
Hg/CCly/H,0O 3 - Hg/CCly/H,O 4 - Three immiscible
liquids plus
one vapour
CaCO,/CO,/Ca0 2 - Ca0/CO, (CaCO; can be 3 - Two solids (CaCO;,
described as 50% CaO CaO) and 1 vapour
and 50% CO,) (CO,)

One of the simplest possible systems is the water system where one
component (H,O) is present throughout all phases. Thus, there are no
concentration variables and therefore a plot of pressure versus temperature
suffices to determine the state of the system (Figure 2.1). Within the limits of
I1{2000atm and T ) —40°C only one solid phase is possible, that is,
ordinary ice. Liquid water and its vapour constitute the other possible
phases. Within any of the three single-phase regions, ice, liquid or vapour,
e.g. A in Figure 2.1, IT and T can be independently varied without a second
phase appearing. This can be predicted by the phase rule (Figure 2.1); when
for P=1and C=1, it follows that F=2. Such a system is said to be bivariant.

At any point on one of the three linear phase boundaries, i.e. freezing
(fusion), sublimation or boiling (vaporization) curves (e.g. B) two phases are
in equilibrium. It is obvious from Figure 2.1 that to maintain this relationship
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a variation in IT or T will automatically fix the other variable, thus Il or T
can be varied but not independently. As deduced from the phase rule, P=2
and C=1, therefore F=1. Such a system is said to be univariant. On curve B,
the normal boiling point of water is T=100°C at [I=760mmHg. By
extending this curve to II=218atm and T=374 °C, the vapour and liquid
become indistinguishable - this is the critical point of water. Supercritical
fluids have properties of both gases and liquids.

At point C, solid, liquid and vapour are in equilibrium. To maintain three
phases in equilibrium neither IT nor T can be varied, that is at the one
temperature, ice and water have the same fixed vapour pressure. As
predicted by the phase rule (Figure 2.1), C=1 and P=3, therefore F=0. Such
a system is said to be invariant. This triple point of water at T=0.0098 °C
and II=4.58 mmHg is a fundamental constant for the water system and its
values cannot be changed in any way. It is so accurately defined
(£0.0001°C) that it is now used as a fixed point on the International
Temperature Scale rather than the melting point of ice under atmospheric
conditions. The phase diagram also predicts that at IT values below the triple
point ({4.58 mmHg) the liquid phase never appears at any value of T. Hence,
with an increase in T across the sublimination curve, there is a direct
transition from the solid ice phase to the vapour phase. This phenomenon is
put to practical use in freeze-drying.

A
Freezing
Curve

LIQUID Boiling

Curve

Sublimation
Curve

\J

7

F=C-P+2 THE PHASE RULE

@ F=1-1+2 7 and T can be varied independently (F=2)
F=1-2+2 7 or T can be varied but not independently (F=1)
@ F=1-3+2 7 and T cannot be varied (F =0)

Figure 2.1 Phase equilibria for the solid, liquid and vapour states of a 1-component (water)
system and its analysis by the Phase Rule (see text)
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Figure 2.2 Phase equilibria for the solid, liquid (micellar) and liquid-crystalline states of the
four-component (bile) system and its analysis by the Phase Rule (see text)

An example of a complex and important biological system is displayed in
Figure 2.2, that is, the ‘Bile’ system. Bile may be simplified to a four-
component system containing the independently variable chemical species,
H,O, bile salts, cholesterol and lecithin at latm (isobaric) and 37°C
(isothermal). Thus the variables of temperature and pressure are assigned
fixed values from the outset. Such a four-component system is represented in
three dimensions as a regular tetrahedron (Figure 2.2, upper right). How-
ever, since gallbladder bile contains, on the average, 90% H,O, this
concentration variable is also fixed so that the system reduces to a three-
component system of bile salt, lecithin and cholesterol. Thus, a section of the
solid model (Figure 2.2) rather than the model itself becomes more
convenient for graphic representation. By bringing together various
proportions of these substances (in 90% water) and isolating and analysing
the phases at equilibrium we can plot the compositions, phases and phase
relationships of model ‘bile’ in two dimensions on an equilaterai triangle
whose axes represent the solid components only. Because the vapour phase is
ignored, the phase diagram is also said to be ‘condensed’. Since I1, T and
percentage water are fixed for this system, three degrees of freedom are

22



PROPERTIES OF BILE SALT SOLUTIONS

surrendered from the beginning. Hence, the phase rule reduces to:
F=C-P

where C represents the number of solid components, i.e. three. Because
percentage H,O is fixed, an excess water phase cannot be considered as one
of the separate coexisting phases on the triangular coordinate plot. As shown
in Figure 2.2, this phase diagram defines 2 one-phase (symbol ) areas, 2
two-phase areas and 1 three-phase area.

In the one-phase areas, two compositions can be altered independently
and the systems remain single phases. In the two-phase areas, only one
composition can be altered independently and in the three-phase area the
system is invariant, that is, every composition falling within this area is
composed of three phases, each with an absolutely fixed composition.
Within the two-phase areas are shown a series of tie-lines. These lines
designate compositions of coexisting phases (open circles) which are
included in the overall compositions of the phases which they intersect
(closed circles). Thus the tie-line in By shows that, at equilibrium, the overall
composition described by the closed circle is composed of a saturated
micellar phase coexisting with a phase composed of solid cholesterol
(monohydrate) crystals. In B,, the tie-lines show that the compositions
represented by the closed circles are composed of coexisting saturated
micellar phases (open circles, left) and saturated liposomal (liquid
crystalline) phases (open circles, right). The former tie-line is directly
applicable to the physical state of cholesterol gallstone containing bile at
equilibrium and the latter tie-lines to the equilibrium physical state of bile
during established fat digestion.

Historically, the phase rule was used to determine C from experimentally
observed values of P and F, and systems were then classified as being 1C, 2C
and so forth. With systems containing a small number of components, C is
usually known, P can be obtained experimentally and then F can be
employed to verify or disprove the numbers of phases. As systems become
more complex (three or more C), this application of the Phase Rule increases
in value since it can be employed to verify that certain coexisting phases are
impossible. Different systems of identical variance usually exhibit analogous
behaviour no matter how dissimilar the systems may outwardly appear. If
the phase rule is apparently ‘disobeyed’, the reason is that C, P and/or F are
identified incorrectly or (more commonly) the system is not at equilibrium.

The state of true equilibrium can be tested by a number of well-established
criteria: (a) true equilibrium is sensitive to change of external conditions; (b)
the equilibrium concentrations are independent of time and (c) are
independent of the masses of the phases; (d) identical equilibrium concentra-
tions and states are reached when equilibrium is approached from at least
two directions. An example is solubilization in a micellar system where
equilibrium can be approached from the supersaturated state and from the
unsaturated state.
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CRITICAL MICELLAR CONCENTRATION (CMC)

Bile salts are soluble amphiphiles, that is, soluble molecules which are partly
hydrophilic (literally, ‘water loving’) and partly hydrophobic (literally,
‘water fearing’). In dilute solution such molecules exhibit a phenomenon
known as the CMC, which is the concentration at which the maximum
molecular (menomeric) solubility is reached and molecular aggregation
begins to occur. These molecular aggregates are termed micelles. Micelles are
defined as small thermodynamically stable aggregates, whose individual
molecules are in constant dynamic equilibrium with neighbouring micelles
via a surrounding aqueous medium containing bile salt monomers at a
concentration equivalent to the CMC. The average number of monomers in
a bile salt micelle is called the aggregation number (Ag# or 7). This number
is not fixed but can vary from 2 to over 100, depending on the bile salt species
and physical-chemical conditions. The aggregation number multiplied by
the molecular weight of the bile salt monomer is termed the micellar
molecular weight M.M.W.).

The importance of the CMC and micellization is central to the physio-
logical function of bile salts, since micelles exhibit the properties of
solubilization and detergency. Solubilization involves the presence of bile
salt micelles that can incorporate, within or upon themselves, otherwise
insoluble substances - e.g. insoluble lipids, proteins, polysaccharides,
polymers, and so forth. Thermodynamically, micellization reflects the desire
of the hydrophobic part of a soluble amphiphile to decrease its contact with
water. The interaction of bile salts with other hydrophobic surfaces such as
receptors, membranes, proteins, polymers, etc. is governed by similar
thermodynamic forces. In an aqueous system, bile salt monomers exhibit
surface and interfacial activity, whereas micelles and bile salts already bound
to surfaces or receptors are not surface active.

Experimental methods for estimating the CMCs of bile salt solutions can
be divided into two broad categories: (1) non-invasive methods, which
require no physical or chemical additive. These depend purely on the
colligative properties of the system, i.e. properties related to the number of
particles, measured as a function of bile salt concentration; and (2) invasive
methods, which require an additive. An additive is usually an easily
measured ‘reporter’ molecule which changes in some physical-chemical
property in the presence of micelles. By definition this adds another compo-
nent to the bile salt system and this usually alters the monomer-micelle
equilibrium. The following methods have been employed to measure the
CMC of bile salt solutions:

(A) Non-invasive methods (no additives)
(1) Surface tension:
(i) Wilhelmy blade or plate - equilibrium method
(i) Maximum bubble pressure

(iii) Hanging drop (All non-equilibrium
(iv) Capillary rise or dynamic methods)
(v) Du Noily ring
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(2) Electrical conductivity.

(3) Classical light scattering (turbidimetry).

(4) Micellar spectral change (intrinsic UV spectrum).

(5) Other: (i) osmometry; (ii) calorimetry; (iii) self-diffusion; (iv)
ion-specific electrodes; (v) refractive index; (vi) densimetry
(molar volumes); (vii) electromotive force; (viii) ultrafiltration;
(ix) ultracentrifugation; (x) electron spin resonance; {xi)
nuclear magnetic resonance; (xii) sound velocity and
absorption.

(B) Invasive methods (with additives)

(1) Spectral change (\-max, absorbance, fluorescence) of a water-
soluble dye: methyl orange (cationic), rhodamine 6G
(cationic), pinacyanol (cationic), bilirubin IXa (anionic),
anilino-naphthalene sulphonate (anionic).

(2) Solubilization of a water-insoluble dye or lipid: azobenzene,
dansylcadaverine, phenylnaphthalenamine, naphthalene,
methylcholanthrene, orange OT, azulene, testosterone (and its
derivatives) xylene, griseofulvin, hexestrol, cholesterol,
1-monoolein, fatty acids (including fatty acid nitroxides).

(3) Interfacial tension at liquid-liquid interfaces: toluene-water,
vaseline oil-water.

(4) Partition coefficients between aqueous and non-polar phases:
1-octanol-water; 1-octanol/iso-octane-water; iso-octane/
chloroform-water.

Ideally, only non-invasive methods should be employed to estimate the
CMC of bile salts, but unfortunately, most of these are laborious and
technically difficult. The spectral shift of a water-soluble dye (e.g.,
rhodamine 6G) is fast and technically easy to perform. With the common
bile salts, the method gives values within 1~2 mmol/1 (on the lower side) of
values obtained by most non-invasive methods. Further, in the case of
uncommon bile salts, it is extremely useful for defining the possible range of
CMC values before the more laborious and rigorous non-invasive methods
are attempted. In the author’s laboratory the following methods are in use:

(A) Facile; spectral shift (rhodamine 6G, bilirubin at pH ) 9.0).
(B) Intermediate:

(1) Wilhelmy plate - surface tension.

(2) classical light scattering.

(C) Laborious; electrical conductivity.

Since each technique probes a somewhat different colligative property of a
bile salt solution, the CMC values derived by two or three techniques are
rarely in absolute agreement.

The equilibrium (Wilhelmy) surface tension method gives an accurate
estimate of the CMC and, in addition, provides other information on bile
salt micellization. A brief account of the physics of surfaces is germane to the
understanding of surface tension. Liquids have a surface (interface) between
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the bulk liquid and another phase, commonly air. A surface occurs when the
kinetic energy of molecules is counteracted by strong cohesive forces
between molecules. Since a surface is two-dimensional and the bulk liquid
three-dimensional, the forces of repulsion and attraction acting on molecules
in each state are different (Figure 2.3).

Figure 2.3 Schematic representation of the forces acting on a water molecule at the surface
and in the bulk of liquid water. (A) Potential energy-distance diagram for a water molecule in
the bulk. (B) Potential energy-distance diagram for a water molecule at the air-water interface

Molecules in the bulk experience the same net forces of attraction and
repulsion in all directions. At equilibrium there is no net repulsion, and no
net attraction and the potential energy of a molecule in the bulk is shown as a
minimum on the curve of potential energy plotted against distance (Figure
2.3(a)). At the surface (Figure 2.3), there are no strong forces attracting from
above, so that there is a net inward force acting on the surface molecules.
This causes surface molecules to leave the surface and enter the bulk
solution. For an infinitesimal amount of time, the spacing between
neighbouring molecules in the surface becomes slightly greater. As shown by
the potential energy-distance diagram (Figure 2.3(b)), the spacing between
nearest neighbour surface molecules is increased and the molecules thereby
gain a positive free energy which is expended continually in doing work by
shrinking the surface. This is loosely equivalent to the existence of a tension
in the surface, i.e. surface tension. While surface tension has a physical
reality, i.e. the force in dynes acting along the surface of a liquid at right
angles to any line 1cm in length, the tension is really the result of the dis-
sipation of surface free energy with which it is numerically and
dimensionally equal (lerg/cm? = 1dyn/cm). In the Wilhelmy method,
surface tension is measured by extending the surface by a known area and
actually weighing the surface as shown in Figure 2.4(b)). The numerical
value for surface tension is then derived by equating the total area of new
surface multiplied by v (the surface energy or tension) to the weight
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(mass X the gravitational constant, symbol g) of the surface measured (Figure
2.4(d)).

In estimating the CMC of a bile salt by surface tension, the surface of the
solution is employed to report on phenomena occurring in the bulk. By
diffusing from the bulk, bile salt molecules align at the surface and decrease
the surface cohesion; this results in a fall in surface tension in proportion to
the surface concentration of bile salts. If the surface measurements are to
report accurately on events in the bulk the surface molecules must be in
equilibrium with those in the bulk. Since all methods of measuring surface
tension require an expansion of the existing surface, it is obvious that the
surface tension must be measured against time until stable equilibrium values
are obtained (Figure 2.4(c)). Often, these bulky amphiphilic molecules take a
considerable time (e.g., hours) to reach a stable concentration at the surface
and hence surface tension-time curves must be obtained. These curves are
measured conveniently by the Wilhelmy blade method. However, all other
methods are not designed to measure surface tension versus time; as such
they are dynamic and non-equilibrium techniques and their use can lead to
large errors in the estimation of CMC. Further, in the case of bile salts, it is
not possible to employ a fixed time of equilibration, since the rate of surface
ageing depends, inter alia, on bile salt concentration, hydrophilic-hydro-

Figure 2.4 Steps in the measurement of equilibrium surface tension of bile salt solutions by
means of the Wilhelmy blade method. (A) Sweeping and cleaning the talc-marked surface by
means of a fine suction-line and air-jet. (B) Wetting of Wilhelmy blade and ‘weighing’ the
surface. (C) Monitoring changes in surface tension as a function of time to obtain equilibrium
values. (D) Calculation of equilibrium surface tension (y)
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phobic balance of bile salts, the critical micellar concentration, ionic strength
and experimental temperature. Thus, the practice of using constant
equilibrium times which cut across different surface-tension-time curves will
lead to non-systematic errors. As shown in Figure 2.4(a) the cleaning of the
surface of surface-active contaminants is an important preliminary to the
measurement of surface tension.
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Figure 2.5 Mathematical analysis of plots of surface tension versus logarithm of bile salt
concentration. I" represents the surface excess concentration of the bile salt monolayer (g/cm?2)
(see text)

Figure 2.5 shows a schematic plot of equilibrium surface tension versus
logarithm of bile salt concentration. With increasing bile salt concentration,
surface tension falls in a linear fashion from a value somewhat less than that
for water (about 73dyn.cm~!) to about 45-55dyn.cm~!. At the lowest
surface tension, a sharp inflection point occurs because the surface is now
saturated with bile salt monomers. Further addition of bile salts leads only to
a slight depression in surface tension. The bile salt concentration at the inter-
section of the steep and horizontal curves corresponds approximately to the
CMC in the bulk. Examination of the surface using radiotracers suggests that
micelle formation can take place in the bulk at a concentration somewhat
lower than that corresponding to surface saturation. From the steep slope of
the curve, the surface excess concentration can be obtained employing the
Gibbs adsorption isotherm. The area per bile salt molecule at the interface
can then be derived utilizing the surface excess concentration and
Avogadro’s number (Figure 2.5). This surface area should correspond to a
value which falls between 80 and 95 A? corresponding to the area of-a steroid
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nucleus lying flat. If a reasonable value is not obtained, the most likely
explanation is that the surface molecules were not in equilibrium with the
bulk molecules. At concentrations greater than the CMC, the slope of the
curve gives a rough indication as to whether critical or non-critical
micellization occurs (Figure 2.5). As will be discussed below, there are more
precise methods for making this distinction.

Figure 2.6 provides a critical inventory of literature CMC data for four bile
salts, unconjugated cholate (C) and deoxycholate (DC) and their
corresponding taurine (T) conjugates, grouped as functions of their reported
7 values at the CMC. These data show that when 7 is small, the ‘CMC’
values by both invasive and non-invasive methods are scattered with the
invasive techniques tending, in general, to give higher values. This is
presumably due to the fact that when 7 (CMC) is small, continuous self-
association continues above this concentration and as a result the initial
solubilization of large hydrophobic solubilizates often begins well above the
‘true’ (non-invasive) CMC. In the case of bile salts with larger 7 (CMC)
values, e.g. NaTDC (Figure 2.6), both invasive and non-invasive techniques

Figure 2.6 Critical inventory of literature critical micellar concentrations (CMCs) by a large
variety of methods for sodium cholate (NaC), sodium taurocholate (NaTC), sodium
deoxycholate (NaDC) and sodium taurodeoxycholate (NaTDC). Most reported values are for
0.15mol/l Nat, 25°C at appropriate pH (see text)
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tend to be in agreement. Since the ratio of solubilizate to solubilizer
(‘saturation ratio’) in micellar solutions is often of the order 1:100-1:1500,
large insoluble hydrophobic additives do not usually alter the intrinsic CMC
of a bile salt solution (see below). Further, since 7 (CMC) is apparently not
altered by these additives, only a small fraction of micelles can bind the
solubilizate at any one time. The major exception to this rule is bile salt
solubilization of insoluble swelling amphiphilic lipids, such as phospho- and
glycolipids, ‘acid soaps’, monoglycerides, etc., which is discussed in the next
section.

The mixed bile salt micelles of relevance to bile are lecithin/bile salt (L/BS)
micelles. The measurement of their CMCs (more correctly, the intermicellar
monomeric bile salt concentration, IMC) is more difficult since techniques
involving dilution alter the L/BS ratio in the mixed micelles and alter the
IMC. It has been shown theoretically and experimentally (Figure 2.7) that
the IMC lies below the CMC of the pure bile salt and decreases in proportion
to the insoluble amphiphile/bile salt ratio. Once the L/BS micellar phase
limit is passed, liquid crystalline liposomes form, and the IMC tends to
approach a constant value asymptotically (Figure 2.7). General methods for
estimating the IMC of mixed bile salt micelles are: (a) equilibrium dialysis
and its variants; (b) ultrafiltration; (c) bile salt selective electrodes; (d)
ultracentrifugation; (e) preservation of micellar size (by light-scattering)
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Figure 2.7 Intermicellar (monomeric) bile salt concentration for the TDC-lecithin system as
estimated by equilibrium dialysis (Conditions: pH7, 2mmol/] Tris-maleate, 1 mmol/l CaCl,,
150 mmol/INaCl, 0.2% NaNj, 25 °C, starting [TDC]=12 mmol/1). ¢ limit indicates phase limit
of the TDC-lecithin micellar phase, L/BS ratio represents the ratio in the particles. (After
references 25, 43 and 61.)
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when diluted with the IMC; (f) plots of Cgg=0a"1 C +IMC, where a=L/BS
at the macroscopic phase limit and C represents BS and L concentrations. All
of these methods perturb the system in some way, hence the development of
more accurate methods is required.

Elevation in temperature, and addition of organic solvents such as
ethanol, tend to elevate both the CMC and IMC, whereas conjugation with
either glycine or taurine, increases in ionic strength, pressure, addition of
insoluble swelling amphiphiles (monoolein, ‘acid soaps’, lecithin, etc.) and a
fall in pH, (which protonates bile salts to bile acids) tend to lower the CMC
or IMC values. Qualitative and quantitative thermodynamic treatments of
some of these effects are given elsewhere (see reading list).

CRITICAL MICELLAR TEMPERATURE (CMT)

As with conventional detergents, bile salts exhibit a typical temperature
(CMT) to which a given mixture of bile salt and water must be raised to
transform the detergent from a suspension of crystals (or a gel) to a clear
micellar phase. For most of the common bile salts, water freezes before the
detergent ‘freezes’, hence the CMT lies below 0 °C. For most of the monohy-
droxy bile salts including their sulphates (Figure 2.8) and certain uncommon
dihydroxy bile salts such as 7o, 12a-dihydroxy-58-cholanoates and 3¢, 6a-
dihydroxy-58-cholanoates (hyodeoxycholates), this temperature may lie
above body temperature (Figure 2.8). The Krafft point is not synonymous
with the CMT, but should be restricted to the CMT at the CMC. Hence, in a
two-component system the Krafft point is a triple point where the CMC,
CMT and monomeric solubilities intersect. Since at the Krafft point three
phases are in equilibrium and since II is fixed, the phase rule gives an
invariant (F=0) system, since F=2—3+1.

The CMT phenomenon may be explained on the basis of the coupling
between the monomer-hydrated solid equilibrium and the monomer-
micelle equilibrium. This implies that as a suspension of bile salt crystals in
water is heated, the monomeric solubility increases along the monomeric
solubility curve in Figure 2.8. Once the CMC is reached (dashed curve,
Figure 2.8), the system attempts to continue to increase its monomeric
solubility, but cannot do so owing to the flow of monomeric bile salts into
micelles. Hence, the bile salt solubility curve demonstrates a sharp break at
the Krafft point because all monomers leaving the crystals are at concentra-
tions above the CMC. The traditional explanation given for the CMT
phenomenon is that the hydrocarbon part of the amphiphile becomes
‘melted’ at the temperature of the CMT. This is obviously incorrect since the
fused steroid skeleton of bile salts is as rigid below the CMT as above it.
More correctly stated, the crystals ‘melt’ at the CMT because the monomers
rapidly flow down a concentration gradient from crystals into micelles. In
contrast to classic detergents, the CMT of bile salts shows a marked positive
slope with increases in bile salt concentration. It can be shown theoretically
and experimentally that this is a function of micellar size, i.e. the smaller the
micelle at the CMC, the greater the positive slope and this is further evidence
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Figure 2.8 Phase equilibria of the disodium salts of sulphated monohydroxy bile salts, glyco-
lithocholate sulphate (GLCS at pH 10.0) and taurolithocholate sulphate (TLCS at pH 7.0,
inset). The solid solubility curve and the interrupted CMC curve demarcate areas when
crystals and monomers, micelles and monomers, and monomers alone are found. The critical
micellar temperature (CMT) represents the equilibrium between micelles and hydrated crystals
connected via the monomer concentration at the CMC. The Krafft Point is a triple point and
only represents the CMT at the CMC (after Carey, Wu and Watkins5!; see text)

for non-cooperative self-association with certain bile salt species.

The CMT of bile salts is measured by the equilibrium clearing point
method. In such an experiment the temperature of clarification of an
aqueous suspension of bile salt crystals is monitored by light scattering or
other optical methods. In order to obtain equilibrium CMT values it is
necessary to buffer the system to an appropriate pH to ensure complete
ionization, to have extremely slow rates of temperature elevation (about
1°C/h) and to agitate constantly. Because of super-cooling in deter-
gent-water systems, the equilibrium CMT of bile salts cannot be obtained by
cooling to the CMT no matter how slowly the temperature is reduced.

MICELLAR SIZE AND POLYDISPERSITY

The average size of bile salt micelles and the distribution of micellar sizes
around this mean value are important physical-chemical characteristics of a
bile salt solution. Traditional methods for characterizing micellar size (listed
below) all suffer from some limitations. The most restrictive disadvantage is
that most methods require measurement at several finite concentrations,
followed by linear extrapolation of these values to the CMC. Micellar sizes
so derived are therefore only applicable to just above the CMC, and depend,
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inter alia, on an accurate determination of the CMC. Further, all these
methods are insensitive to micellar polydispersity.

Conventional Methods

Ultracentrifugation
(equilibrium,
sedimentation)

Conventional light
scattering

(IT*M.M.W.XC—CMC)

Tracer (free) diffusion to
obtain D (diffusion
coefficient)

Osmometry (vapour

pressure, membrane)

Gel filtration

Small-angle X-ray
scattering

Electron microscopy

Limitations

Buoyancy factor (1— vg) =1. Perturbation
from charge separation of co-ions and
counterions. Electrostatic effects from
micelle-micelle interactions. Micellar size is a
function of lipid concentration through the
sedimentation profile. v (partial specific
volume) and g (solution density) must be
accurately determined.

Micelles and electrolyte concentration must
be progressively diluted. Corrections for
micelle-micelle and thermodynamic pref-
erential interactions required. (Being highly
charged, bile salt micelles do not interact as
‘hard spheres’ when they collide, they repel
one another, thereby increasing I). Solution
clarification is a major problem.

Very long measurement times. Microbial
contamination. Major effects from micelle-
micelle (non-hard sphere) interactions at low
(< 0.4mol/]) ionic strengths; therefore high
ionic strengths required.

Membranes are not impermeable to micelles
owing to monomer-micelle equilibrium.
True equilibrium cannot be attained. Coun-
terions and added neutral electrolyte contri-
bute significantly to osmotic pressure.

Large dilution effects on the micellar
concentrations. Bile salt monomers adhere to
gel bed. Charge effects between micelles and
counterions. Equilibration of column with
bile salt concentrations YIMC or CMC
required.

Electron charge density between micelles and
solvent is small. Rg (radius of gyration)
obtained by measurements at different
detergent concentrations followed by
extrapolation to the CMC.

Entails dehydration - with ensuing phase
changes in the micellar solution.
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With the advent of the laser, an important, and highly versatile method,
called quasielastic light scattering (QLS), was developed. QLS offers a
number of important advantages (see below) for determining micellar size
and polydispersity, one of the most crucial being that micellar growth within
the micellar phase can be accurately probed for the first time. Hence, QLS
can provide information on micellar size and polydispersity at
physiologically relevant bile salt concentrations ({ 1-20g/dl).

QLS: Advantages

(1) Permits an accurate measurement of D (diffusion coefficient) at high
bile salt concentrations. Therefore dilution and extrapolation to the
CMC are not required.

(2) Permits measurements in metastable states.

(3) Provides size and can provide shape of micelles.

(4) Since Rp (mean hydrodynamic radius) and I (mean intensity of
scattered light) can be measured in seconds, nucleation and
precipitation phenomena can be studied.

(5) Provides information on micellar polydispersity, and under suitable
conditions can distinguish whether polydispersity is unimodal or

bimodal.

(6) Dust does not interfere appreciably with the measurement of micellar
D.

(7) Native bile and intestinal juice can be examined without sample pre-
treatment.

QLS: Disadvantages

(1) Below the hard sphere limit ({0.3-0.4mol/l Na*), micellar charge
interactions are important (apparent decrease in Ry,). For example, in
0.15mol/1 Na* the error in measurement of Ry, is about 15%. In
addition, micelle-micelle interactions occur with high bile salt
concentrations () 5g/dl).

(2) At present the ‘state of the art’ is insensitive to particle sizes of
Rn(10A.

(3) Instrumentation sophisticated, expensive and requires considerable
maintenance.

The principles of the QLS method for estimating the mean hydrodynamic
radii ( Rp) of micelles and the conventional light scattering (CLS) method for
estimating micellar weight are shown schematically in Figure 2.9). The QLS
method utilizes the temporal fluctuations in the scattered light to derive D
(diffusion coefficient) whereas the CLS method utilizes the average intensity
of the scattering light to give a complex mathematical function which is
proportional to mean micellar weight (MMW). The aggiegation number (7)
can be derived directly from MMW by simply dividing this quantity by the
anhydrous MW of the bile salt. However, to obtain 7 from R}, a calculation
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Figure 2.9 Schematic diagram of the two major light-scattering methods (A: QLS,
quasielastic light scattering. B: CLS, conventional light scattering.) used to determine mean
aggregation number (number of monomers) per micelle (7). Note that in (A) the correlation
time (1) of the fluctuations in the scattered light is measured whereas in (B) the mean intensity
of the scattered light is measured (see text)

is required which involves an accurate knowledge of the shape of the micellar
particles.

Figure 2.10 displays the Ry, values derived by QLS measurements of two
bile salt-lecithin (BS-L) systems at 10g/dl as functions of the L to BS ratio
and three temperatures. As L/BS ratio is increased, micellar sizes vary
markedly. In the taurodeoxycholate (TDC)-L system there is an initial
decrease in size and in the taurocholate (TC)-L system an initial increase in
size. Beyond the vertical dashed lines in the centre of the plots the micellar
sizes are seen to increase strongly to Rp) 80 A as the L/BS values reach the
phase limit (broad dashed line). It is apparent that these micellar sizes are
much larger than the sizes based on the postulated micellar structure
proposed by Small and Dervichian (Figure 2.10). This finding led us to
propose a new molecular model (the ‘mixed-disc’ micelle) for these BS-L
particles in which bile salts both coat the perimeter and are solubilized within
the disc-like fragments of L bilayers. The marked divergence in micellar sizes
as the phase limit is approached provides an explanation for the existence of
this phase limit since at these lipid ratios the micelles become maximally
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Figure 2.10 Mean hydrodynamic radii (R,) in A of TDC-lecithin (L) micelles (left) and TC-L
micelles (right) as functions of L/bile salt ratio and three temperatures (other conditions,
10g/dl total lipids, 0.15mol/1 NaCl, pH 7.0). To the left of the short vertical hatched lines, the
data are consistent with the coexistence of simple bile salt and mixed bile salt-L micelles in
varying proportions. To the right of this line the data are consistent with a ‘mixed disc’
molecular model rather than the ‘plain disc’ model proposed by Small and Dervichian (From
reference 61.)

swollen with L. As the L to BS ratio is increased beyond the phase limit, the
excess L plus BS constitute a second lecithin-rich liquid crystalline phase.
The R}, values to the left of the narrow-dashed vertical lines show dis-
" similar behaviour between the two systems, as noted above. In addition
there is a pronounced temperature dependence especially in the case of the
TDC-L system. A mathematical analysis of these curves, taken together with
the variance of the data (an index of micellar polydispersity) shows that
simple micelles and mixed bile salt-lecithin micelles of fixed composition
coexist in varying proportions over these BS-L ratios. Since physiological
biliary lipid compositions fall within these BS-L ratios, this hypothesis has
relevance to the structure and function of native human and animal biles.
The addition of cholesterol, up to the point of saturation of the micellar
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phase, induces only a small (2-5A) increase in micellar size. This suggests
that cholesterol incorporation alters neither pre-existing micellar shape nor
structure.

MICELLAR SHAPE AND HYDRATION

At low concentrations just above the CMC and at low ionic strengths
(¢0.2mol/1 NaCl), nearly all simple bile salt micellar solutions contain
spherical or nearly spherical micellar particles. Further, the viscosity of these
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Figure 2.11 Mean hydrodynamic radii ( R, in A) for the taurine (T) conjugates of the four
common bile salts (DC, deoxycholate; CDC, chenodeoxycholate; UDC, ursodeoxycholate; C,
cholate) in 0.15mol/l NaCl (A) and 0.6 mol/1 NaCl (B) as functions of temperature (From
reference 59; see text.)
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solutions is consistent with globular and highly hydrated micelles. However,
bile salt micelles (like those of other detergents) have been shown by QLS
methods to grow markedly under conditions of high detergent concentra-
tions, high ionic strengths and low temperatures. The more hydrophobic bile
salts such as deoxycholate and chenodeoxycholate and their conjugates grow
more readily under these conditions than the more hydrophilic bile salts,
such as ursodeoxycholate and cholate and their conjugates. This growth
pattern is shown in Figure 2.11 for the taurine conjugates.

Theoretically, micelles could grow as spheres or as one of the asym-
metrical particles (rod, disc, ellipsoid) shown in Figure 2.12. For
most practical purposes, the geometry of the prolate ellipsoids is similar
to that of rods (Figure 2.12(b)) and the geometry of the oblate
ellipsoids is similar to that of discs (Figure 2.12(c)). When the mean scattered
light intensity Iis plotted against each value of R}, obtained under the same
experimental conditions, the shape of large bile salt micelles can be
accurately determined (Figure 2.13(a,b)). When the measured Ry, and I data
for TDC (normalized for the scattering of the micellar solution at 60 °C
where micellar size is smaller (Figure 2.13(a) ), are plotted on the theoretical

Oblate Ellipsoid Disc
Figure 2.12 Possible growth patterns for enlarging micelles. (A) Spherical; (B) prolate
ellipsoid, which is similar to the rod-shape; and (C) oblate ellipsoid, which is similar to the

disc-shape (discussed in text)
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curves for prolate, oblate and spherical growth (Figure 2.13(b) ), all the values
fall on the growth curve for the prolate (or rod-like) shape. Thus, we can
infer that when spherical bile salt micelles grow, they grow as rod-like or
cigar-shaped particles. This implies, by necessity, an interaction between the
exterior or hydrophilic surfaces of the primary micelles to form so-called
secondary micelles. These polymerization forces have been shown to be
hydrophobic in nature (like the thermodynamic forces involved in primary
micelle formation), and the aggregates are possibly stabilized by inter-
micellar hydrogen bonds. Once the shape of asymmetric bile salt micelles is
known, then the hydrodynamic radii ( Ry), i.e. the size of the equivalent
spherical particles, can be translated into aggregation numbers ( 71) as shown
by the non-linear ordinate of Figure 2.11.
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Figure 2.13 The normalized mean intensity of scattered light (_I7T60) versus Eh (A). (A)
Actual experimental data for TDC. (B) Fitting of experimental data to the theoretical curve for
prolate (or rod-like) growth (From reference 59.)
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MICELLAR STRUCTURE

Prerequisites for a preliminary determination of bile salt micellar structure
are a knowledge of micellar size, shape and the space-filling dimensions of
the bile salt monomer. The former are determined by QLS as discussed in the
last section, and the molecular structure is determined from crystallographic
measurements and space-filling (e.g., Stuart-Briegleb) molecular models of
the bile salt. Figure 2.14 shows an accurate scale drawing of the longitudinal
and cross-sectional views of such a model for TC showing the bulky steroid
hydrocarbon ring structure with a-oriented OH functions (closed ovals) and
ionic side chain. In Figure 2.15, the conventional representation of tauro-
cholate is shown together with the perspective structure (on the left) and a
short-hand representation of the space-filling model (on the right) aligned as
the molecule would orient at an air-water interface. Since bile salt molecules
have two distinct sides - a hydrophobic side and a hydrophilic side - they are
planar amphiphiles and orient on an interface with their hydrophobic
surfaces facing upwards and their hydrophilic surfaces projecting into the
aqueous phase.

This orientation can be verified by experiment employing a
Langmuir-Pockels surface-balance. In operation, a hydrophobic trough is
filled with water and a known amount of an insoluble amphiphile is spread
from a volatile organic solvent at an air-water interface. By changing the
surface area (and hence area per molecule) systematically, the force or
surface pressure (in dyn/cm) generated can be measured by a suitable direct-
recordirg device. Since surface pressure is the difference between the surface

5 12

3

Figure 2.14 Scale-drawing of a Stuart-Briegleb molecular model of taurocholate in
longitudinal (top) and cross-sectional (bottom) views. The positions of the 3a;, 7 and 12« OH
groups are shown as dark ovals. These constitute a hydrophilic side on the steroid nucleus. The
charged side chain is represented by a circle with inscribed negative sign (From reference 3.)

40



PROPERTIES OF BILE SALT SOLUTIONS

Figure 2.15 Conventional representation (top) and perspective (left bottom) and space-filling
(right bottom) representations of taurocholate as the molecule would lie at an air-water
interface. The hydrophilic groups project into the water and the bulky hydrophobic portion
lies exposed to air (From reference 59.)

tension of the water minus that of the water with the monomolecular film,
surface pressure can also be measured with the Wilhelmy blade technique
(see discussion of Figure 2.4). Because bile salts are soluble amphiphiles, their
surface properties can only be studied after conversion of the salt to the
‘insoluble’ protonated bile acid form. However bile acids are sparingly
soluble in water, so that solubility must be further restricted by using a sub-
phase of 5-6 mol/1 NaCl to salt out OH, N-H, C=0 and COOH groups and
pH 1-2 to prevent ionization. Because of the appreciable solubility of
taurine-conjugated bile salts even at this pH and ionic strength, surface
balance experiments cannot be performed with this bile salt. Surface
viscosity is estimated from the observed movements of a few grains of talc
under an air-jet.

Bile acids appear in general to form gaseous and liquid monolayers, but
not condensed or solid films. Pressure-area (II-A) isotherms typical of those
shown for chenodeoxycholate (CDC) and ursodeoxycholate (UDC) (Figure
2.16) are found with most bile acids. Upon comprssion of each surface
film, the physical state changes from that of a two-dimensional gas
(A>8000A%/molecule) to a two-dimensional liquid (A=90-150
Az/molecule). As the areas are reduced further, the films collapse and
usually become three-dimensional with piling of one molecule on top of the
other, the first two layers of molecules interacting via their hydrophobic
surfaces, the third interacting with the second via their hydrophilic surfaces.
This was first discovered by Ekwall, who suggested on the basis of this
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Figure 2.16 Force-Area ({200 Az2) isotherms for the acid form of CDC (chenodeoxycholate)
and UDC (ursodeoxycholate) at an air-6 mol/l1 NaCl, pH 2 aqueous interface (25°C). The
arrowed points represent the areas per molecule at the collapse pressures of the monolayers
(40dyn/cm for UDC and = 50dyn/cm for CDC) (From reference 29; see text.)

interpretation how bile salt molecules might pack to form simple micelles.
These principles were extended by Small and our own laboratory to further
define the structure of both primary and secondary bile salt micelles.

Crisp derived a two-dimensional phase rule for the analysis of II-A
isotherms:

F=C—Pp—(g—1).

F and C have the same meanings as before, Py, is the number of bulk phases
(which can be one or two) and g is the number of surface phases (which can
be one or two). When the area per molecule is very large, say 10000 A?
(As ) 200 A2 are not shown in Figure 2.16), the surface pressure is very low
(€0.1dyn/cm) but increases slightly with each decrease in area (two-
dimensional gaslaw). Here, g, agasphase, is =1, P,=1,and F=2—1—(1—1)
=1. The one degree of freedom indicates that I changes with compression. At
a certain range of areas (about 180 A - 8000 A?) the isotherm is absolutely
flat, i.e. there are zero degrees of freedom (F=0) in the surface because
F=2—1—(2—1)=0: g must be =2 to satisfy this equation. This
implies the formation of islands of CDC or UDC packed close to-
gether floating on the surface in excess surface water, i.e. a two-
dimensional  liquid phase in equilibrium with its two-
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Figure 2.17 Longitudinal and cross-sectional views of the proposed molecular models for the
structure of bile salt-lecithin mixed micelles. All recent experimental data are consistent with
model B where reversed bile salt aggregates are present in high concentrations within the
lecithin disc. Bile salts also coat the perimeter of the disc as a bilayered ‘ribbon’ (See reference
61.)

dimensional vapour. Between 180 A? and about 80-90 A2 a degree of
freedom is regained (Figure 2.16), i.e. II rises sharply with compression
(F=1). We can then write the phase rule as F=2—1—(1—1)=1 and
conclude that there must be one surface phase as the collapse area is
approached, that is a two-dimensional liquid of bile acid molecules packed
with increasing tightness. At about 100 A?, there is a rearrangement or a
secondary phase transformation in this two-dimensional liquid, as inferred
from the change in slope of the isotherms (Figure 2.16). At areas less than
80-90A2?, the isotherms again become flat, meaning that there are zero
degrees of freedom (F=0). Since there can be only one surface phase, we
must conclude that a second bulk phase has formed (P,=2) and
F=2—-2—(1-1)=0.

The two-dimensional phase rule does not indicate whether the second bulk
phase lies above the surface or is in the subphase. However, if the subphase
contains [H*] at pH 1-2 and about 6 mol/l NaCl, the second phase must
form above the surface. The movement of talc or the rigidity of the Wilhelmy
blade in the surface usually suggests the presence of a second surface phase,
i.e. multilayer formation.
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UDC and CDC give, within experimental error, the same area per
molecule at the collapse pressures (arrowed, Figure 2.16). Since this is
equivalent to the expected area of the steroid nucleus lying flat (Figure 2.15),
it is obvious that both epimers lie horizontal in the interface even when
closely packed. However, the UDC film collapses at a IT= 10 dyn/cm lower
than CDC, suggesting that UDC more readily forms a second bulk phase. At
very small surface areas (not shown in Figure 2.16) there is again an increase
in surface pressure (F=1), which suggests that no monolayer phase remains
and we are dealing with the compression of two bulk phases. Hence, the

surface phase rule no longer applies and the formula reverts to its pure
Gibbsian form:

F=C—P+1 (since T is fixed)
=2-2+1
=1.

The fine structure of bile salt and bile salt-mixed micelles can be
approached by a number of spectroscopic methods, such as electron spin
resonance (ESR), nuclear magnetic resonance (NMR), Raman spectroscopy,
fluorescent probes and neutron, electron and X-ray scattering techniques. A
rigorous X-ray scattering study of the large bile salt-lecithin micelles has
confirmed the mixed disc structure (Figure 2.17) which was originally
proposed by our laboratory based on QLS measurements of micellar size and
shape. The thermodynamics of simple and mixed bile salt micelles suggest
that the enthalpy change for the area of hydrocarbon that loses contact with
water when simple micelles form or when cholesterol binds to micelles is
20cal mol~1A2. A comparable value has been found for micellization and
cholesterol binding in classic micellar systems.

HYDROPHILIC-HYDROPHOBIC BALANCE OF BILE SALTS

Before the advent of high-performance liquid chromatography (HPLC), it
was difficult to quantify the hydrophilic~-hydrophobic balance of a
homologous series of underivatized bile salts. With the employment of
HPLC and reverse-phase columns, a mixture of bile salts elutes in order of
decreasing polarity. Figure 2.18 displays the elution profile of a mixture of
taurine-conjugated bile salts when the stationary phase is a pure hydro-
carbon matrix composed of octadecylsilane chains and the mobile phase is
polar, composed of methanol/water. The elution profile is a function of the
partition coefficients of bile salt monomers between the polar and non-polar
phases; hence, bile salt monomers that spend more time in the polar phase
elute first, whereas those that spend more time in the hydrocarbon phase
elute last. The order of decreasing hydrophilicity is tauroursocholate (TUC,
3a, 78, 12 OH), tauroursodeoxycholate (TUDC, 3«, 78 OH), taurohyo-
deoxycholate (THDC, 3, 6cx OH), taurocholate (TC, 3w, 7c, 12 OH),
taurochenodeoxycholate (TCDC, 3«, 7o OH), taurodeoxycholate (TDC,
3a, 12 OH) and taurolithocholate (TLC, 3ce OH). Note that equatorial (7 8
and 6a) OH functions on the bile salt nucleus are more hydrophilic than a-
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Figure 2.18 The elution pattern of taurine-conjugated bile salts by reverse-phase high-
performance liquid chromatography. The stationary phase is octadecylsilane and the mobile
phase is MeOH-H,O. The bile salts elute in order of decreasing hydrophilicity with
tauroursocholate (TUC 3«, 78, 12a OH) ) TUDC (3a, 78 OH) ) taurohyodeoxycholate
(THDC, 3¢, 6a OH) » TC (3, 7ar, 120¢ OH) ) TCDC (3, 7o OH) TDC (3¢x, 12« OH) ) tauro-
lithocholate (TLC, 3o OH) (After reference 78.)

axial OH functions; therefore, several bile salts are more hydrophilic than
TC. This hydrophilic-hydrophobic ordering bears important relationships
to lecithin and cholesterol solubilities, dissolution kinetics, to higher order
bile salt-lecithin-cholesterol phase diagrams and to other important
physical-chemical properties of bile salts such as calcium binding.

We examined quantitatively the interactions of bile salts with cholesterol
monohydrate (ChM); (1) by determining the initial dissolution rates of ChM
discs in bile salt solutions; (2) by examining the bile salt dissolution rates of
ChM incorporated into multilamellar lecithin membranes; (3) by phase
equilibria experiments where the maximum capacity of bile salt and BS-
lecithin micelles to solubilize ChM was determined; and (4) by constructing

45



BILE ACIDS IN GASTROENTEROLOGY

condensed phase diagrams of the liquid crystalline and solid phases that
coexist with saturated micelles in bile salt-lecithin-cholesterol-water
systems. By relating the results of these experiments to the hydro-
philic-hydrophobic balance of the bile salts as inferred from their mobility
(retention—?), by reverse-phase HPLC, a number of important correlations
were derived.

Hydrophilicity of the common free and conjugated bile salts decreases in
the order UDC » C ) CDC » DC ) LC with T-conjugates ) G-conjugate ) free
species. This ordering correlates inversely with micellar dissolution rates of
ChM and the equilibrium ChM solubilizing capacities. For each homologous
series of conjugated or free bile salts, logarithmic plots of the ChM mole
fractions solubilized are linear functions of the HPLC retention factors
(mobility—1). It follows that micellar cholesterol-solubilizing capacities of
uncommon bile salts can be predicted from their HPLC retention factors.
Similarly, in the quaternary phase diagrams, bile salts more hydrophilic than
cholate (Figure 2.18) gave a reduced bile salt-lecithin-cholesterol micellar
phase and an expanded three-phase region above the micellar zone (where
saturated micelles, liquid crystals and solid crystals coexist) (Figure 2.2). Bile
salts less hydrophilic than cholate (Figure 2.18) demonstrate a somewhat
expanded micellar zone and a reduced three-phase zone (Figure 2.2). By
correlation with the respective phase diagram, the HPLC mobility of a bile
salt is capable of predicting the predominant molecular mechanism of ChM
dissolution. Highly hydrophilic bile salts (most mobile by reversed phase
HPLC) dissolve ChM via micellar plus liquid crystalline mechanisms. In
contrast, hydrophobic bile salts dissolve ChM via micellar mechanisms
only.

Pathophysiological correlations with the hydrophilic-hydrophobic
balance of bile salts indicate that the most hydrophilic bile salts have high
hepatic secretory maxima, are not cholestatic, have low haemolytic
potential, have little, if any, toxicity, and are not secretogenic in the colon.
The more hydrophobic bile salts exhibit diametrically opposed characteris-
tics displaying low hepatic secretory maxima, high haemolytic potential and
secretogenic effects on colonic epithelia. Since the binding of ChM is but one
facet of the hydrophilic-hydrophobic properties of a bile salt, these
principles can be extended to systematize the interactions of bile salts with
other biological amphiphiles such as lecithin, monoglycerides, ‘acid soaps’,
lipovitamins and phytosterols, and perhaps many receptor-mediated
functions. It is likely that these ‘Bile Salt Rules’ based on the hydro-
philic-hydrophobic balance of the molecules will find increasing
applicability in predicting pathophysiological function.

MISCELLANEOUS PROPERTIES
Micellar charge and counterion binding

There are a number of indirect methods for determining micellar charge
and/or the percentage of counterions bound to bile salt micelles. These
include the dependence of CMC and M.M.W. on added ionic strength. How-
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ever, the most accurate methods involve direct measurements of self-
diffusion of radiolabelled counterions and radiolabelled bile salts, ion-
specific electrodes sensitive to the activity of the unbound counterion, and
nuclear magnetic resonance (NMR) methodologies. At physiological ionic
strengths, the association of Na* with bile salts is much lower than that
observed for classical micellar systems (5-15% vs. » 50%). This implies that
approximately 1 Na* is bound to a taurine-conjugated bile salt micelle with
an average aggregation number (77) of 10. In contrast, approximately 30
Na* counterions are bound to the average sodium dodecyl sulphate micelle
of n=60. Despite its great importance, much less reliable information is
available concerning Ca?* binding to bile salt micelles. In equimolar counter-
ion concentrations, divalent metals are bound more tightly and to a greater
degree than are Na* ions. Recent evidence suggests that Na* ions, which are
present physiologically in 10-30-fold excess, strongly compete with bound
Ca?*. When added to the sodium bile salts, the degree of calcium binding
follows the hydrophilic-hydrophobic order (as inferred by reverse-phase
HPLC) with UDC(C{(CDC{(DC(LC and T-conjugate{ G-conjugate {
free bile salts.

Rates of exchange of intermicellar monomers, counterions and micellar
components

Chemical relaxation techniques (IT-jump, T-jump, stopped flow, shock-tube
and ultrasonic absorption) and NMR have been used to define the nature and
number of relaxation processes in micellar solutions. These include: (1) the
counterion association/dissociation to/from micelles (ionization); (2)
detergent ion association/dissociation to/from micelles (exchange process);
(3) micelle formation/dissolution; and (4) change of micellar shape and/or
size. Very few points of agreement have been reached in the literature
concerning the origin and characteristics of the relaxation processes. The
fastest relaxation process (well below 1us) has been attributed to the
exchange of detergent ions between solvent and micelles and a slower
relaxation process (100-10us) has been assigned to micelle formation-dis-
solution equilibria. The former relaxation process has been measured for
sodium deoxycholate at coricentrations well above the CMC. The value
found (10°/1/mol~1/s7) is similar to that for exchange of detergent ions in
classic detergent systems.

Techniques for distinguishing critical from non-critical self-association

Critical self-association implies a strong co-operative interaction of a large
number of detergent ions to form micelles over a narrow concentration
range, the CMC. Non-critical self-association implies that the detergent
interactions are non-cooperative and occur usually in a progressive or
stepped fashion over a wide concentration range often beginning as dimers.
To the purist the latter is not considered micellization but to avoid a
complicated nomenclature most cholanologists would also call this initial
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self-association a micellization initiated at a CMC.
This distinction can be probed physicochemically in a number of ways:

(1) Chemical relaxation methods, especially ultrasonic relaxation spectra:
the ultrasonic absorption relaxation spectra of NaC and NaDC show
evidence of a distribution of relaxation frequencies rather than a single
relaxation frequency as found with classic ionic detergents. Thus these bile
salts apparently self-associate over a whole range of concentrations and not
at some critical micellar concentration where co-operative interactions
occur. Further, since the relaxation frequencies are strongly concentration
dependent, the distribution curve of aggregate sizes appears to be wide and
shifts upward as bile salt concentration is increased. It must be appreciated,
however, that in these studies, the investigators focused on free (un-
conjugated) bile salts which have much smaller 7 (CMC) values (see Figure
2.6) than the conjugates, especially in the low ({ 0.2mol/1) ionic strengths
which they employed.

(2) Solubilization of large hydrophobic solubilizates: as illustrated in
Figure 2.6, bile salts with non-critical self-association (e.g., NaC) show a
broad range of apparent CMC values when micellization is evaluated by
both invasive and non-invasive methods. This scatter in the data appears to
be a function of the upward shift in mean micellar sizes as the detergent
concentration is increased. Bile salts like NaTDC (Figure 2.6) and other
taurine-conjugated dihydroxy bile salts do not display this feature (see
below) and show true co-operative micellization at a well-defined
concentration.

(3) Ratio of slopes of surface tension versus concentration above and
below the CMC: with most of the taurine conjugates (which form the largest
micelles) the semilogarithmic plot of surface tension versus bile salt
concentration shows a sharp break point, with little change in slope once the
CMC is exceeded (see Figure 2.5). Such data are consistent with a critical (co-
operative) phenomenon at the CMC. The plots of NaC or NaDC in low ionic
strengths continue to show some fall in surface tension above the CMC
consistent with non-cooperative self-association. Curvature of the data
around the CMC point is not an indication of non-critical self-association,
but usually indicates that the data are non-equilibrium values.

(4) Ratio of slopes of monomer solubility and the CMT as functions of
bile salt concentration: The ratio of the changes in bile salt solubility above
and below the Krafft point (see Figure 2.8) is a function of cooperativity of
self-association at the Krafft point. In general, the greater the ratio of the
slope of the CMT-monomer solubility plot, the less critical the CMC. In the
case of typical ionic detergents the CMT versus concentration curve has only
a slight slope consistent with co-operative self-association at the CMC.

Thus the conclusion as to whether or not a bile salt exhibits a critical or
non-critical self-association depends upon the bile salt species and the
physical-chemical conditions. For example, NaC in H,O exhibits
continuous non-critical association and 7 at the CMC=2—4. In contrast,
NaTDC in 0.15mol/1 Na* exhibits a true CMC and # at the CMC=20. If
dimers are called micelles (which in my opinion is quite reasonable) then the
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first concentration at which any self-association is detected can be labelled a
micellization with the understanding that it may not be a critical
phenomenon. It appears counterproductive to suggest a different
nomenclature for the micellization patterns of different bile salts or for the
same bile salts evaluated under different physical-chemical conditions.

Reversed micelle formation

Probably the most important variety of reversed micelle formation (i.e.,
initial self-association via the hydrophilic sides of bile salt monomers) is the
interaction of bile salts within membranes and with dispersions of membrane
lipids, e.g. lecithin. Bile salt-membrane lipid interaction have been studied
by phase equilibria, X-ray diffraction, NMR and fluorescent techniques. The
bile salt packing is probably similar to that which occurs within the lecithin
core of mixed micelles (shown in Figure 2.17). The NMR diffusion
coefficients and order parameters suggest that lecithin in mixed micelles or
mixed with bile salts in vesicles is much less constrained than that in pure
lecithin or pure lecithin~cholesterol vesicles. Further, other studies have
shown that bile salts act as ‘ionophores’ in artificial membranes and also
induce rapid flip-flop of lecithin molecules from one side of a vesicle to the
other. Whether bile salts themselves diffuse through membranes in reverse
di-, tri- or tetramers is not known - nor has the possibility been studied that
reversed micelle formation might induce water, macromolecule and electro-
lyte flow through membranes.

Utilizing the techniques of NMR and Vapour Pressure Osmometry, bile
acid methyl esters (MeLC, MeDC, MeC) have been shown to form small
reversed micelles to CCly, CH,Cl,, CS; and CHCI;. This type of reversed
association may be monomer-dimer, monomer-dimer-trimer, or mono-
mer-dimer—tetramer with the order of affinity for self-association being
MeC » MeDC ) MeLC. The hydrophilic derivatives are more strongly bound
than the hydrophobic ones and self-association in aprotic solvents, e.g.
CCly, is somewhat greater than in protic solvents, e.g. CHCl3. These
findings suggest that hydrogen-bonding is important in stabilizing the
complexes. Certain bile salts, e.g. cholate and deoxycholate, have also been
shown to form reversed micelles in decanol-water systems at decanol
concentrations ) 70% . Deoxycholate (in the acid form) also self-associates in
a monomer-tetramer-hexamer pattern in pure iso-octane-chloroform
(80:20v/v) systems. While of great interest, these micelles have not been
rigorously characterized.

Electrochemical properties

Because the properties of bile acids (insoluble amphiphiles) and bile salts
(soluble amphiphiles) differ, it is obviously important to know the pK'a of
bile acids under a wide variety of physical-chemical states such as those
encountered physiologically. To date, potentiometric titrations have been
carried out on bile salts as functions of detergent concentration,
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temperature, ionic strength, added lecithin and mono-olein in aqueous
solvents. Because taurine is a much stronger acid than HCI (usually used in
such studies), precise pK’a values of any taurine conjugates are not yet
known. Being sulphonic acids the values probably lie in the pH —1.5 to
+1.5 range. The following summarizes the apparent dissociation constants
of the common bile acids as estimated potentiometrically with HCI. It must
be stressed that other methods such as NMR chemical shift and
solvent-solvent partition are likely to give somewhat different values.

50% A~(salt)
50% HA (acid)

pK’a values () CMCQC)

free bile acids =5-6.5

glycine conjugates =3.8-5.2

taurine conjugates =not known (( 1.8 with HCI)
pK’a values of free bile acids: CDCA ) DCA Yy UDCA ) CA
pK'a values of glycine conjugates: GDCA ) GUDCA )
GCDCA ) GCA

pK'a=pH at which

The pH range over which the corresponding bile acids precipitate (pHppt)
from solution represents the maximum solubility of bile acid in bile salt
micelles and in the aqueous solvent.

pHppt=pH at which system is saturated with [HAl]ag+[HA]
micellar
pHppt values () CMC)

free bile acids =6.4—8.1
glycine conjugates =4.3—7.4
taurine conjugates =soluble at pH 0

pHppt of free bile acids: UDCA ) CDCA y DCA ) CA
pHppt of glycine conjugates: GUDCA ) GCDCA=GDCA ) GCA

Figure 2.19 summarizes these concepts. From the graph, the percentage of
free, glycine- and taurine-conjugated bile salts which exist in ionized (A~)
and unionized (HA) form and the physical state of the systems can be
estimated at all physiological pH values. It is apparent that when titrated
with HCI, protonation of free bile salts begins at pH 9.0, glycine conjugates
at pH 8.0 and taurine conjugates possibly at about pH 4.0 though this latter
value will probably require a downward adjustment. On account of the high
solubility of bile acids in bile salt micelles, precipitation of the HA form
(indicated by the two-phase bracket) does not commence until pH
7.25+0.85 (mean+range) in the case of free bile salts, and pH 5.85+1.5 in
the case of the glycine conjugates. Taurine conjugates remain in micellar
solution at pH values as low as 0. No information is available on the
ionization (dissociation) constants of bile salts in biliary mixed micelles,
intestinal mixed micelles, liposomes, and emulsions or when associated with
membranes, receptors, and transport lipoproteins (HDL and albumin).
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Figure 2.19 Plot of physical state and percentage undissociated acid, (HA) and anion (A~)
species of pure bile salts as functions of pH (discussed in text) (After references 3, 96, 97, 98.)
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3
Sensitive methods for serum bile acid
analysis

ALDO RODA

INTRODUCTION

Although it is well known that the levels of serum bile acid (SBA) increase
in liver disease! 4, the clinical utility of the measurement of SBA levels is not
yet established.

The momentary balance between intestinal and hepatic uptake of bile acid
(BA) has been identified as the most important physiological determinant of
SBA levels®¢. Moreover, changes in SBA levels occur in disease: ileal
dysfunction decreases SBA (especially after meals) and hepatocyte
insufficiency increases SBA.

Because the fractional clearance of BA is very high (80% for chenodeoxy-
cholic acid conjugates)’®, the peripheral blood contains BA at very low
concentration (micromolar levels) compared with that of bile (millimolar
levels). In addition, variations in SBA levels related to physiological
phenonema (gallbladder emptying, fasting) or to disease are often small’.
The qualitative pattern of SBA is very complex. We recognize at least 17
different major BA; this derives from the serum bile acids being composed of
two primary BA (chenodeoxycholic and cholic acid) and three secondary BA
(lithocholic, deoxycholic acid and ursodeoxycholic), each BA occurring in
both unconjugated as well as conjugated (glycine/taurine) form. In addition,
lithocholyl conjugates are mostly sulphated. Each BA has a slightly different
enterohepatic circulation® so that the qualitative composition of serum BA
differs from that of bile.

The peripheral blood compartment is in equilibrium with the entero-
hepatic compartment and SBA levels could reflect both liver and intestinal
functions; therefore, SBA levels have been proposed as markers for liver and
intestinal function'¢,

In proposing the SBA as a ‘test’ we have to take into account the following
points:

(1) What bile acid or group of bile acids most closely reflects liver or
intestinal function?
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(2) What sensitivity is required?
(3) What other tests are already available?

In developing a new method in clinical chemistry we have to select a BA or
a group of BA most involved in a particular disease in order to render the test
diagnostically sensitive. In addition, simplicity and rapidity of execution are
important factors. From the methodological point of view the sensitivity
required is directly related to variations in SBA levels occurring in the
mildest or asymptomatic phase of the disease. The earliest methods, such as
gas-liquid chromatography or enzymatic assays, lacked sensitivity and con-
sequently the results obtained in patients with liver disease were often
contradictory and incomplete. The development of a radioimmunoassay
(RIA) for cholyl conjugates was the first step in establishing sensitive
(micromolar) and reliable methods for SBA’. RIAs for other BA have been
introduced and more recently enzyme immunoassays have been reported.

Alternative enzymatic procedures using specific and partially purified
steroid dehydrogenase (3a-HSD, 7a-HSD) have been improved using
amplified techniques'®!®. We want to review the more recent methods for
measuring SBA with emphasis on immunoassays and enzymatic assays.

The lack of standardization using SBA analyses makes any comparison
difficult and limits the diagnostic value of such measurement.

IMMUNOASSAYS
Radioimmunoassays

The first radioimmunoassay (RIA) for bile acids developed by Simmonds et
al.V represented an enormous improvement in serum bile acid analysis and
could be compared with a similar advance followed in developing methods
for steroid hormones. Since then, additional RIA methods have been
reported?>®; their characteristics are summarized in Table 3.1. All the
methods reported utilize heterogenous antibodies generally produced in
rabbit with a bile acid coupled to a protein (antigen). The carrier protein,
usually bovine serum albumin, is covalently linked, by a peptide bond on a
C,4 carboxy group. As a consequence the side chain is completely masked by
the protein and the antibodies produced were specific only for the steroid
skeletron® with rare exceptions. New bile acid-antigen complexes in which
the carried protein is bound far from the hydroxy groups and the side chain
can be used to produce monoclonal antibodies in vitro. This should result in
a more specific and high-affinity antibody and consequently improve the
accuracy and sensitivity of the RIA. In addition the production of antibodies
specific for unconjugated BA is needed in order to define the physiological
role of these BA and their levels in health and disease.

Despite slight differences in the bile acids measured by individual RIAs we
found® an acceptable agreement when different commercial methods were
compared. Table 3.1 reports also the normal values obtained using different
methods for SBA. The sensitivity of the RIA method is relatively high
(micromolar levels) and appears suitable for measuring variation in SBA
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Table 3.1 Characteristics of the RIA methods

Normal
BA Acts direct Labelled Separation Sensitivity values
Reference measured on serum  antigen of B/F (pmol/tube) (umol/1)
17 CCA Yes 3H PEG 5 0.541£0.04
20 CCA No 3g  (NH,),SO, 0.55+1.8
21 CCA Yes 3g  (NHy,SO, 10 0.27+0.03
21 CCDCA Yes sg  (NH,,SO, 10 0.70+0.03
21 SLCA Yes 3g  (NHg,SO, 10 0.06+0.01
21 DCA Yes sH  (NH,),SO, 10 0.06+0.01
23 CCA Yes 34  Solid phase 1.4 +£0.3
24 CcCA Yes sg  (NHy),SO, 5 0.45+0.12
24 CCDCA Yes 3g (NHy),SO, 5 1.05+0.35
25 CCDCA Yes 3g  (NHy),SO, 2 0.3 +3.8
26 CCA+CCDCA Yes 1257  Charcoal 0.5 3.47%2.16
27 CCA Yes sy PEG 0.62+0.4
28 DCA Yes s g PEG 7.5 0.18+0.92
29 LCA Yes sy PEG 20 0.25+0.016
30 SLCA Yes 3g  (NH,),SO, 10 1.56+0.11
31 CLCA Yes sH  (NH,),SO, 5 0.085+0.04
32 UDCA Yes 3H PEG 10 0.15%+0.11
33 CCA +Free No 125) PEG 2 0.43+0.17
33 CCDCA +Free No 1251 PEG 0.5 0.47+0.23
33 DCA +Free No 125  Charcoal 2 0.33+0.11
34 CCA Yes 1251  Charcoal 9.5 0.4 +1.9
35 CCA Yes 125  Charcoal —
36 3 choleic No 1257  (NH,),SO, 0.6 0.08-+0.45
37 CCA Yes 3H  (NHy),SO, 5 0.49+1.32
37 CCDCA Yes sgH  (NH,),SO, 2 0.55+2.02
38 CCDCA Yes 125] 1 1.0 +0.6

CCA=Conjugated cholic acid; CCDCA=conjugated chenodeoxycholic acid; DCA =
deoxycholic acid; CLCA = conjugated lithocholic acid; SLCA =sulpholithocholic acid; UDCA
= ursodeoxycholic acid.

occurring both in physiological condition (after meals) and pathological
ones. With these methods it is also possible to detect ileal dysfunction which
is signalled by lower postprandial levels of cholyl conjugates. As far as the
method is concerned no major problem exists. Serum bile acids are usually
albumin bound (50-60% for cholyl conjugates and 90-96% for cheno-
deoxycholic conjugates) with an affinity constant ranging from 0.26 X10* to
4.9X10* mol/14.

A higher affinity constant of the antibody wvs. the bile acids (100-1000
times) compared with that of the BA-albumin complex allows us to measure
the bile acids direct on serum without any preliminary extraction of bile
acids or protein denaturation. The kinetics of the reaction bile acid-antibody
association is very fast, and a few minutes of incubation are sufficient to
reach the equilibrium. The use of 125]-labelled bile acid instead of 3H-labelled
bile acids avoids the use of liquid scintillation equipment but presents the
disadvantage of a limited half-life (approximately 30 days) of the 125]I-
labelled BA. The separation of the antigen-antibody complex from the free
antigen is carried out using different methods: (NH4), SOy, polyethylene
glycol (PEG), charcoal, and a solid-phase method (Becton-Dickinson Kit;
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antibody immobilized on a solid matrix) has been reported more recently.
Despite high sensitivity and simplicity the RIA methods are still expensive
(radioactive counting, licence and disposal) and consequently limited to a
few specialized laboratories.

Enzyme immunoassay

Enzyme immunoassay (EIA) has become an established tool in clinical
chemistry. The assay fulfills the requirements of simplicity and sensitivity
previously shown only by RIA. In contrast to RIA the EIA employs stable
reagents, requires less expensive equipment, and is more suitable for
automation.

Recently, EIAs have been developed for SBA analysis*#. The principle of
most EIA (heterogeneous) is similar to that of RIA: the ‘tracer’ is a BA
covalently linked with an enzyme (peroxidase, 8 galactosidase) instead of a
radioisotope. Matern®! and Makino®#% developed EIA methods for cholic
acid conjugates and ursodeoxycholic acid respectively based on a
‘competitive principle’. The enzyme-labelled BA competes with the BA in
the sample for a limited number of binding sites on the antibody. Once
equilibrium is reached the antibody-bound antigen is separated ( usually by
solid-phase techniques or with a second antibody) and the enzymatic activity
is recorded spectrophotometrically by measuring specific colour-producing
substrates. The absorbance is inversely oroportional to the amount of BA
present in the sample.

Baquir et al.®* developed another EIA called ‘homogeneous enzyme
immunoassay’ for chenodeoxycholic acid conjugates not based on the same
principles as the common competitive or not-competitive immunoassay.
This assay is called ‘homogeneous’ because no separation steps are required.
It is based on the principle that when a BA-enzyme interacts with the specific
BA-antibody the enzymatic activity is drastically reduced. An increased
proportion of a BA standard or sample in respect to a fixed amount of BA-
enzyme will result in a release of the enzymatic activity which is directly
proportional to the concentration of BA. No separation of ‘bound’ and ‘free’
antigen is required but a kinetic measurement (2 point) of the enzymatic
activity is needed. The homogeneous method is in principle less sensitive
than the ‘heterogeneous’ enzyme immunoassay, but enough for SBA
analysis. The only disadvantage is that a kinetic measurement of the
enzymatic activity is required. The characteristic of the EIA published
methods are reported in Table 3.2.

The production of monoclonal antibodies in combination with a more
sensitive substrate for the enzyme activity measurement should further
improve these methods.

ENZYMATIC ASSAYS

The enzymatic method using a specific hydroxysteroid dehydrogenase
(HSD) from pseudomonas testosterone was the first bioassay for BA.
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The 3a-HSD catalyse the oxidation of the 3a-OH group of all BA to a 3-oxo
group in presence of NAD as a co-factor. The NADH formed is then
measured with different techniques. Iwata et al.* first applied this assay in
1964 to serum BA. The absorbance of NADH was measured spectrophoto-
metrically at 340nm. According to the molar coefficient of NADH
(6.1mol/]) it is clear that this method is extremely insensitive and large
amounts of serum (3-5ml) are needed for the analysis, introducing a high
background and clinical impracticability. The sensitivity was increased
several times by measuring NADH fluorimetrically*-5!. Despite increased
sensitivity, a preliminary extraction of BA from serum was still required.

The first direct enzymatic method with a significant improvement in
sensitivity and clinical usefulness was reported by Mashige et al.® in 1976,
now commercialized by Nygaard company (Oslo, Norway). The method
includes the use of two enzymes: the 3a-HSD in combination with an
NADH-dependent diaphorase (lipoamide reductase, EC 1.6.4.3). This
enzyme used NADH as a co-factor in the catalysis of resazurin to resorfin.
The fluorescence is measured at 580nm with excitation at 560nm. This
method may be carried out directly on serum, and a sensitivity of 0.5 umol/1
has been reported. More recently*? the same group reported a further
improvement of the method using spectrophotometry detection instead of
fluorimetry. Using the same couple of enzymes they used a coloured dye: the
hydrogen of generated NADH is transferred with diaphorase catalysis in
nitrotetrazolium blue to yield diformazan which is measured spectrophoto-
metrically at 540 nm. The lowest point of the standard curve was 5umol/l
(200 ml serum sample).

More recently Nicolas et al.” developed an extremely sensitive enzyme
‘cycling’ method (Table 3.3). BA are oxidized by 3a-HSD and after selective
destruction of NAD excess the NADH is determined by an enzymatic cycling
reaction. The amplifying steps uses 33- or 173-HSD to reduce dehydro-
epiandrosterone to S5-testosterone; then a 3-ketosteroid-5-isomerase enzyme
catalyzes the formation of testosterone which is measured spectrophoto-
metrically at 248 um. This method is very sensitive (0.3 pmol/tube) but
requires long incubation, two determinations of absorbance and a UV
spectrophotometer (quartz tube).

The use of a 3a-HSD presents some disadvantage: there are other 3a-OH
steroids in serum (androsterone, testosterone, etc.). Partially purified HSD
such as commercial preparations could contain other dehydrogenase.

The steroid dehydrogenase 7a-HSD has been developed for serum BAS!.
The advantage of a 7a-HSD is that no steroids other than BA contains a 7a-
hydroxy group; in addition, with this enzyme it is possible to measure only
the primary bile acid, which might be more useful than total bile acid in liver
disease diagnosis®!!.

Using this 7a-HSD, we recently developed an extremely sensitive method
for SBA based on bioluminescence measurement®. We immobilized three
enzymes on Sepharose 4B beads: 7a-HSD, NADH-FMN oxidoreductase and
bacterial luciferase. The principle is: the 7a-HSD catalyzes the conversion of
the bile acid 7a-hydroxyl group to a keto group. NADH is produced in the
reaction and in the presence of NAD:FMN oxidoreductase, it converts FIMN
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to its reduced form. This, in the presence of bacterial luciferase, reacts with
decanal and oxygen to produce FMN, decanoic acid, and light.

7a-HSD
7-OH bile acid+NAD —_— 7-oxo bile acid +
< NADH
NADH-FMN Ox-red
NADH+FMN RN NAD +FMNH,
&__.
FMNH,; +decanal + O, luciferase FMN +decanoic acid +

— H,O + light

The light emission is proportional to the amount of BA present in the test
tube. This method is extremely sensitive (2 pmol/tube), precise and rapid.
No incubation time is required (1 minute after the addition of reagent) and
the enzyme preparation is very stable. It is carried out direct on serum
sample and the volume required is very small (5-10 ul).

The method could be used to measure the concentration of the other major
serum bile acids by performing a second assay with immobilized 12a-HSD
and 3a-HSD.

In addition using this technique it is possible to set up an automated system
based on the use of a flow cell inside in the luminometer, containing the three
immobilized enzymes.

COMPARISONS OF A SINGLE METHOD

The normal values using RIA techniques for individual classes of BA, as
reported by different authors, are listed in Table 3.1. Data are often contra-
dictory. For example, the mean normal values for conjugated cholic acid
ranged from 0.18 to 1.4 umol/l, and for conjugated chenodeoxycholic acid
from 0.2 to 1.05umol/1. Even greater differences exist for deoxycholic acid
(0.06-0.33 umol/1l) and for sulpholithocholic acid (0.06-1.56 umol/1). It
appears clear that the data on SBA levels in health and disease depend to
some extent on the methodology, and that contradictory results obtained for
patients with liver disease can be explained in part by methodology
differences. Unfortunately, not all methods have been validated using an
independent well-established method such as gas-liquid chromatography. In
addition, important factors such as antibody titer and specificity, protein
effect, and differences in ‘tracer’ may play an important role in the reliability
of the RIA results. In a previous study we compared six different RIA
methods for primary BA which were commercially available*®. An
acceptable agreement of values for BA was observed when measured in a
series of 25 serum samples using the six different kits. In addition the normal
values using these kits were quite similar. We concluded that for the analysis
of the two primary BA the current commercially available methods offer
reliable results and despite differences in antibody specificity, results
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obtained can be compared. For other BA such as deoxycholate, lithocholate,
and sulpholithocholate, the methods proposed require further improvement
and needed to be validated using independent methods.

As far as the enzymatic method is concerned the normal values reported
by different authors ranged from 0.1 to 9.3umol/l. Only one kit is
commercially available and no comparisons were reported.

COMPARISONS BETWEEN METHODS

We compared values obtained with RIA with those obtained using an
enzymatic method (3« Sterognost), an EIA method and with a GLC method
- Table 3.4 shows the results obtained: a good agreement at high levels was
observed and a poor one below 5pumol/], at which the enzymatic and GLC
methods lack sensitivity. In the last 2 years the emerging interest in SBA as a
candidate for liver function tests encouraged us to organize a national
quality control in order to verify the reliability of results and unify normal
values.

Table 3.4 Comparison of different methods for serum bile acid analysis

Sample
(umol/1) GLC 3a-HSD RIA 3H EIA
Glychocholic acid

0.1 Traces 0.25 0.14 0.20

1 0.90 1.45 1.08 1.5

10 9.25 11.05 10.70 12.0

100 102 100.5 98.5 107
Glycochenodeoxycholic acid

0.1 0.25 0.35 0.18 0.26

1 1.21 1.82 1.11 1.35

10 11.0 13.2 9.61 10.7

100 96 98 113 96

Sample=Charcoal extracted human serum and increased amount of bile acids.

To this study 11 different laboratories located in different parts of Italy
have been admitted®. The protocol included the blind measurements of SBA
of different serum specimens for a period of 1 year. The sample*® included
normal serum, pathological sera, BA added to a bile acid free serum, and
serum with disproportionated amount of BAs. Some samples were sent
differently labelled. The methods used included: RIA (all the commercially
available kits, Abbott, Becton and Dickinson, Nordic Lab, Sorin, and that
produced in our laboratory)?*3, enzymatic method (3 Sterognost) and two
gas-liquid chromatography techniques. The data were computerized. The
preliminary results obtained (to be published elsewhere) can be here
summarized.

(1) The analysis of a normal serum using the RIA presented the lower
‘intralab’ coefficient of variation (15-20%) compared with the
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enzymatic method (25-30%) and gas-liquid chromatography
(40-60%); when pathological sera were analyzed a similar intralab
coefficient of variation was found for all methods (25-40%).

(2) A high coefficient of variation was observed when independent
methods were compared (greater than 50%).

(3) Interlab accuracy using the same technique is lower even if
unacceptable values are obtained (coefficient of variation )20%).

These results suggest that at the present time the analysis of serum bile acid
requires further standardization mainly when independent methods are
compared; this derives from different analytical informations obtained using
different techniques (conjugated BA by RIA, total BA by enzymatic method,
unconjugated BA by GLC etc.). Among the intercompared methods the RIA
seems to be the more sensitive one.

CONCLUSION

The immunological methods for SBA seem to be the more sensitive. Several
kits both from Europe and USA are commercially available but for
‘unknown’ reasons none of them measure the same bile acid. It appears clear
that even if normal values are quite similar, levels related to disease can
greatly differ. The sensitivity of this method is adequate to measure not only
increases in SBA which occur in liver disease but also reduction in SBA
(mainly after meals) occurring in patients with bile acid malabsorption. The
enzymatic method, on the other hand, measures total bile acid with low
sensitivity. These methods are still sensitive enough to be applied in
monitoring patients with liver disease but not in patients with ileal dysfunc-
tion. More recently ‘amplified’ methods including both 3a¢-HSD and more
recently 7a-HSD* have improved the sensitivity of the latest technique. The
sensitivity is similar or greater than RIA. This technique may be used in both
liver and intestinal disease. The enzymatic method with elevated sensitivity
offers a series of advantages compared with RIA in terms of automation and
cost.

In conclusion, analytical biochemistry can offer the specialist physicians a
series of good methods for SBA. The problem of its usefulness in diagnosis is
still unsolved and a large-scale prospective study on SBA related to disease is
needed. However, documentation of the clinical utility is extremely difficult,
as one must show that a new test offers information which correctly
influenced physician or patient behaviour and that such information is not
available at an identical cost from existing tests.
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Evaluation of hepatic cholesterol synthesis
in man: results with the HMG-CoA
reductase activity assay

NICOLA CARULLI, MAURIZIO PONZ DE LEON AND
FRANCA ZIRONI

INTRODUCTION

The liver plays a key role in the metabolism and disposition of cholesterol.
Input of the sterol to the liver derives from three sources: circulating lipo-
protein cholesterol, absorption of dietary cholesterol and local neosynthesis.
The liver disposes of its cholesterol by exporting it as lipoprotein into the
circulation or secreting it into the bile, either as intact molecule or after its
degradation to bile acids. All these processes are somewhat interlocked so
that, in physiological conditions, cholesterol balance is kept in equilibrium.
One of the factors responsible for this homeostasis is the capacity of the liver
to adapt its own cholesterol synthesis.

The pathway leading to cholesterol is rather complex, starting with a
simple two-carbon molecule, such as acetate, and ending with a cyclic
compound which is the steroid nucleus of cholesterol. The speed of this
synthetic process is regulated by many effectors which act on some critical
steps of the pathway. Of these steps the transformation of
3-hydroxy-3-methylglutaryl Coenzyme A (HMG-CoA) into mevalonate
appears to be of primary importance, although subsequent steps of the
pathway could also play a role -2,

The rate of hepatic synthesis of cholesterol can be estimated in vitro by
means of the isotope incorporation principle, using labelled substrates and
suitable liver preparations. All the employed procedures have advantages
and disadvantages and give only relative estimates of cholesterol synthesis
rate. Recently it has been demonstrated that the use of tritiated water, under
appropriate conditions and given some assumptions, allows the cal¢ulation
of values close to the absolute rates of synthesis*.

Unfortunately, reliable techniques to measure hepatic cholesterol
synthesis are not suitable for studies in man. So far the only approach used
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has been the assay of HMG-CoA reductase activity on liver biopsies not-
withstanding the many limitations due both to the physiology of this enzyme
and to the methodology of its assay.

Recently it has been shown that HMG-CoA reductase could exist in two
forms: a phosphorylated one which is inactive and a dephosphorylated one
which is active’. We do not know as yet the physiological relevance of the
two forms but it may be that the mechanism of phospho-dephosphorylation
is responsible for the rapid changes in the reductase activity® as has been
reported to occur in vivo following glucagon administration’.

The other way by which the activity of HMG-CoA reductase is regulated
involves changes of the synthesis or degradation of the enzymic protein.
Most likely this latter mechanism accounts for the changes of the reductase
activity related to the light-dark cycle, fasting and feeding, the administra-
tion of cholesterol and other sterols or hormones, but this problem is not yet
well defined?2.

The assay of HMG-CoA reductase activity is based on the irreversible
transformation of HMG-CoA into mevalonic acid and CoA in the presence
of microsomes and an NADPH-generating system. Of the formed products
of the reaction mevalonate appears to be the most suitable to measure. This
can be accomplished by different procedures, the most common being
chloroform extraction, separation of mevalonate on TLC and quantitation
of its recovery by means of synthetic tritiated mevalonate added as internal
standard’. The measured HMG-CoA reductase activity depends on critical
conditions such as preparation of microsomes, buffer, pH and quantitation
of biosynthetic mevalonate. In conclusion the estimation of the reductase
activity could be influenced by many variables; however, in different
experimental conditions the enzyme activity has proved to be correlated to
the cholesterol synthetic rate as measured by other procedures™.

Additional limitations should be considered when extrapolating HMG-
CoA reductase values obtained in human liver specimen to hepatic chole-
sterol synthesis. Usually the groups of patients compared when studying the
effect of whatever treatment are different and, mainly for ethical reasons,
rarely does a subject act as his or her own control’. Sometimes the liver
specimen is obtained by needle aspiration, but more often it is taken at
surgery and in this case the effect of anaesthetic should be taken into
account. Most important of all the liver specimen is usually obtained after a
prolonged fast and in the morning, when the HMG-CoA reductase is at its
nadir. These two latter factors greatly reduce the sensitivity of the measured
enzyme activity as index of hepatic cholesterol synthesis rate. Finally,
methodological settings for the assay differ from laboratory to laboratory.

HMG-CoA REDUCTASE ACTIVITY IN DIFFERENT CONDITIONS IN
MAN

From all the above considerations a wide scattering of reductase activity
values in human liver specimen could be expected. Indeed this seems to be
the case as shown in Figure 4.1 which illustrates the ‘normal’ values of
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Authors Ne
Subjects

Salen - 1975 8
Coyne -1976 4
Carulli-1980 17

Maton - 1980 10

Ahlberg-1981 10

N N N N N
0O 20 40 60 80 100 120

p.-mol./m/mg protein

Figure 4.1 HMG-CoA reductase activity in man. 'Normal’ values have been obtained on liver
specimen taken by needle aspiration or, in the majority of the cases, at surgery for duodenal
ulcer, gallbladder adenomyoma, Hodgkin's staging and other unexplained pathology. In all
cases light microscopy of the specimen did not reveal morphological alterations.

reductase activity reported by different investigators >, It can be noted that
the range of reductase activity spans over a nearly ten-fold difference from
less than 15 to about 120 pmol min~'(mg protein) 2.

However, regardless of the absolute figures, once the operative conditions
have been standardized, it could be presumed that the estimation of HMG-
CoA reductase activity could be used at least for comparative purposes in the
same laboratory; that is, for studying the effect of a disease or of a treatment
on hepatic cholesterol synthesis rate.

This seems to be true for some conditions known to be associated with
alterations of sterol synthesis such as cirrhosis, type IV hyperlipidaemia
(HPL), obesity and cerebrotendinous xanthomatosis (CTX). In fact, in
patients with these diseases, hepatic HMG-CoA reductase activity has been
shown to change accordingly: reduced in cirrhosis??, and increased in type IV
HPL8, obesity’® and CTX%.

The same seems to hold true for treatments with drugs known, from
animal studies, to produce an increased reductase activity. It is what we have
observed in two patients treated with cholestyramine who showed a two-
fold increase of HMG—CoA reductase activity (unpublished observations)
and Coyne et al. have reported similar results in subjects treated with pheno-
barbital?.

However, when we do evaluate HMG-CoA reductase activity in those
conditions in which there are not consistent changes of hepatic cholesterol
synthesis, then equivocal results could be observed. This appears to be the
case of cholesterol cholelithiasis. Figure 4.2 illustrates the results on
HMG—CoA reductase reported by different investigators. It is evident that
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Authors N°
Subjects
Salen-1975 12 N

Coyne-1976 10 I +
Ahiberg-1979 23 A
Carulli- 1980 34 ]

Maton -1980 11 I

| H l ] | 1 J
20 0O 20 40 60 80 100 120

- +

Figure 4.2 HMG-CoA reductase activity in subjects with cholesterol gallstones. The results
are expressed as percentage variation (—or+) from the ‘normal’ values of each laboratory.

whereas some authors have found a striking!® or, at least, a significant213
increase of the reductase activity, others could not find any difference
between controls and patients with gallstones*.

Another controversial issue is the one concerning the effect of bile acid
administration on cholesterol synthesis in man, as judged by hepatic HMG-
CoA reductase activity. Table 4.1 summarizes the results on the reductase
activity reported by different authors in gallstone subjects treated with
individual bile acids. While there seems to be no doubt on the capacity of

Table 4.1 Effect of individual bile acid administration on HMG-CoA reductase
activity in subjects with cholesterol gallstones

Administered No. of HMG-CoA reductase activity;

bile acid subjects % variation from control Reference
CDCA 2 —50 21

4 —40 13

9 —60 22

8 —55 14

6 —51 15

9 —40 16
UDCA 2 —65 11

8 +100 14

9 —40 15

? Unchanged Angelin”*
CA 12 Unchanged 16
DCA 9 —45 23

*Data by Angelin are quoted in reference 24.
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chenodeoxycholic acid (CDCA) administration to decrease HMG-CoA
reductase to less than 50% of the untreated value'*1621.22 the results on the
effect of ursodeoxycholic acid (UDCA) are rather controversial. In our
hands the administration of UDCA, on a short-term basis, led to a two-fold
increase in HMG-CoA reductase activity’. Other investigators have found
either no change? or a significant decrease of the reductase activity''5, In
addition the administration of cholic acid (CA) has been reported to be
ineffective in changing the specific activity of HMG-CoA reductase'®
whereas the administration of deoxycholic acid (DCA), in our laboratory,
did produce a decrease of the reductase activity similar to that observed with
CDCAZ=,

From this rapid review it could be concluded that: (1) the evaluation of
HMG-CoA reductase activity gives, at the best, relative values of the rate of
hepatic cholesterol synthesis; (2) methodological limitations reduce its
sensitivity in predicting changes of hepatic cholesterol synthesis in man; (3)
the results obtained so far are too preliminary to establish the assay of HMG-
CoA reductase as a useful and practical means to study hepatic cholesterol
synthesis in man.
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Measurement of bile acid and cholesterol
kinetics in man by isotope dilution:
principles and applications

ALAN F. HOFMANN AND SUSAN A. CUMMINGS

INTRODUCTION

In man, the cholesterol molecule is a major constituent of cell membranes,
and most body tissues synthesize cholesterol continuously. Excessive
cholesterol retention is associated with elevated serum cholesterol levels and
arterial disease. Thus, it is necessary for the adult organism to have a means
of eliminating cholesterol. This has been achieved chemically by converting
cholesterol to water-soluble derivatives, the bile acids, which are secreted
into bile, and physically by excreting cholesterol as such in the mixed micelle
present in bile.

In the physical sciences it is useful to distinguish intensity qualities from
capacity qualities. For example, temperature is an intensity factor, whereas
heat content is a capacity factor. Similarly, pH is an intensity measurement,
whereas buffering power is a capacity measurement. This reasoning may be
considered to apply, by analogy, to bile acids and cholesterol. The serum
level of bile acids may be considered an intensity factor, whereas the
exchangeable bile acid pool may be considered a capacity factor. The same is
also true for cholesterol: the serum cholesterol may be considered an
intensity factor and the exchangeable pools a capacity factor.

The technique of isotope dilution is the only non-invasive method which
permits quantitation of the exchangeable pools of bile acids and cholesterol.
In this brief article, I will review current concepts of isotope dilution
measurements of cholesterol and bile acids - their principles, practical
aspects of methodology, and applications in health and disease. A previous
review! has dealt with selected aspects of isotope dilution techniques for
characterizing bile acid metabolism. A book by Sodhi, Kudchodkar and
Mason? offers a readable introduction to cholesterol and bile acid
metabolism and discusses experimental methodology in considerable detail.
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OVERALL VIEW OF CHOLESTEROL AND BILE ACID METABOLISM

The simplest schematic view of cholesterol and bile acid metabolism is
shown in Figure 5.1. An exchangeable ‘pool’ of cholesterol has two inputs:
synthesis of cholesterol and absorption of dietary cholesterol. Cholesterol is
eliminated by excretion as such or by conversion to bile acids. The
conversion of cholesterol to bile acids generates an ‘input’ of bile acids into
the exchangeable bile acid pools, from which bile acids are excreted. There is
no input into the bile acid pool by absorption of dietary bile acids, as usually
the diet contains no bile acids.

Dietary
Cholesterol

.. HMG CoAR~ase‘ | XOL-70H-ase Bile Acid

Pools

Neutral Acidic
Sterol Elimination Sterol Elimination
(Feces) (Feces)

Figure 5.1 Simplified compartmental model of cholesterol and bile acid metabolism. The
rate-limiting enzymes are indicated. The term ‘dietary cholesterol’ refers to the new dietary
cholesterol which enters the exchangeable pools of cholesterol. In the sterol balance technique,
acidic and neutral sterols are measured. To calculate cholesterol synthesis, the amount of
dietary cholesterol which is absorbed must be known. HMG-CoAR-ase =hydroxy-methyl-glu-
taryl-coenzyme A reductase; XOL-ase = cholesterol 7a-hydroxylase

The exchangeable cholesterol pools may be divided into additional pools -
a rapidly exchangeable pool and one or more slowly exchangeable pools?, as
will be discussed. Similarly, the bile acid pool may be divided into two
primary bile acid pools, since cholesterol is converted to the two primary bile
acids - cholic acid and chenodeoxycholicacid. Thus, with four exchangeable
pools, one can in principle represent the major exchangeable pools of body
cholesterol and the primary bile acids in mant. However, two pools are
insufficient to describe bile acid metabolism in man, since the secondary bile
acid, deoxycholic acid, which is formed from cholic acid by bacterial
7-dehydroxylation, is a major biliary bile acid, also. After deoxycholic acid
is formed, it is absorbed in part from the distal intestine and enters the
enterohepatic circulation. Accordingly, one must add a third bile acid pool,
i.e. a deoxycholic acid pool, for a more complete description of bile acid
metabolism in man®.

The two primary bile acids and the secondary bile acid, deoxycholic acid,
constitute more than 95% of the bile acid pool in most healthy individuals.
The two remaining bile acids in man, ursodeoxycholic and lithocholic, are
present in only trace amounts ({5% of biliary bile acids), so it is not
necessary to consider them for an approximate description of the entero-
hepatic circulation of bile acids in man. Both ursodeoxycholic and
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lithocholic are formed from chenodeoxycholic acid. Their metabolism is
more complex than that of the major biliary bile acids, as will be discussed.

DIFFERENCES BETWEEN BILE ACID AND CHOLESTEROL
METABOLISM

Virtually all of the bile acids secreted in bile are reabsorbed from the
intestine, so that bile acids undergo an enterohepatic circulation which is
conveniently depicted by a loop (Figure 5.2). The left arm represents
spillover of bile acids into the general circulation. The right arm reflects
secretion of bile acids into the intestine, and their subsequent absorption. In
principle, each bile acid has its own loop so that the exchangeable bile acid
pool shown in Figure 5.1 is in fact composed of at least five loops.

Figure 5.2 Schematic depiction of the enterohepatic circulation of primary bile acids in man.
The liver is present at the junction of the two rings. There is no urinary loss in healthy
individuals

Cholesterol does not undergo an enterohepatic circulation, in that the
molecules which are absorbed from the intestine in -the physical form of
chylomicrons exchange rapidly with cholesterol molecules at many sites in
the body and are not promptly re-excreted into bile, as occurs with the bile
acids. In addition, cholesterol also differs from bile acids in being ubiquitous
in its tissue distribution, whereas bile acids are localized to the liver, bilary
tract, intestinal tract, and plasma compartment. Cholesterol also differs
from bile acids in another key respect: cholesterol is synthesized by many
body tissues, whereas bile acids are synthesized exclusively in the livers.
Thus, there is no simple way to depict cholesterol metabolism in a semi-
schematic way as has been done for bile acids. Finally, the rate of exchange of
injected tracer varies strikingly between bile acids and cholesterol, as will be
detailed. Bile acids exchange completely and relatively rapidly - within a few
hours. In contrast, equilibration of injected cholesterol with exchangeable
pools requires weeks or months. For all of these reasons, bile acid
metabolism is far simpler to characterize than cholesterol metabolism.

There is also an additional fundamental problem of great importance.

77



BILE ACIDS IN GASTROENTEROLOGY

Cholesterol is transported in blood in various classes of lipoproteins, and
these have different clinical significance. Thus, low-density lipoprotein is
considered a form of cholesterol designed for transport to peripheral tissues.
The low-density lipoprotein function is considered atherogenic and
dangerous. In contrast, high-density lipoprotein cholesterol is considered to
represent cholesterol returning from peripheral tissues designed for export in
bile, either as bile acids or cholesterolé. High-density lipoprotein cholesterol
is considered anti-atherogenic and health-promoting. Cholesterol exchanges
between these two classes which are considered to have opposing
physiological significance. Accordingly, characterization of cholesterol
metabolism by isotope dilution provides no direct information on the
cholesterol content of these two lipoprotein classes and is unlikely to be of
prognostic significance, unless there is a correlation between the mass of the
exchangeable pool and the level of either low-density lipoprotein or high-
density lipoprotein cholesterol. Thus, the determination of cholesterol
kinetics is time consuming and of uncertain physiological meaning, whereas
the determination of bile acid kinetics is rapid and simple, and provides some
very unambiguous physiological information about bile acid metabolism.
For this reason, there are many more measurements of bile acid kinetics than
cholesterol kinetics.

In this brief review, bile acid kinetics will be considered before cholesterol
kinetics.

ISOTOPE DILUTION METHOD OF BILE ACID KINETICS
History

The history of the development and application of isotope dilution measure-
ments of bile acids was summarized some years ago by Hoffmann and
Hofman!. In brief, Bergstrom et al. in 1953 prepared 24 14C-labelled bile
acids” which were used by Lindstedt, who gave [24 14C]cholic acid to healthy
volunteers®. Bile was collected daily from the duodenum, after cholecysto-
kinin had been given intravenously to contract the gallbladder. Cholic acid
was isolated from hydrolysed bile by the methods of reversed-phase
partition chromatography that Sjovall and Norman had developed. The
specific activity of the cholic acid decreased exponentially with time, and
Lindstedt concluded that the bile acid pool behaved as a single well-mixed
compartment in a steady state. Using the paper chromatographic methods of
Sjovall®, Lindstedt determined biliary bile acid composition and used those
data to calculate total bile acid pool size.

By 1959, Bergstrom’s group had developed combustion techniques for
measuring 3H and had used 3H-labelled bile acids for metabolic experiments
in animals; in the early 1960s [14C]cholic acid and [3H]chenodeoxycholic
acid were given to two human volunteers'®. This important study showed
that deoxycholic acid was derived solely from cholic acid and that
lithocholic acid was derived solely from chenodeoxycholic acid, indicating
that the primary bile acids have separate metabolic pathways. In addition,
the data suggested different turnover rates of chenodeoxycholic acid and
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cholic acid, implying that any complete description of bile acid metabolism
would require characterization of the metabolism of both primary bile acids.

Lindstedt et al.®* used the isotope dilution technique to test whether
unsaturated fats increased bile acid excretion when they decreased serum
cholesterol levels. In the meantime, several groups reported values for faecal
excretion of bile acids'>'3, but none of these groups attempted to compare
synthesis rates obtained in this manner with those obtained by isotope
dilution. When Lack and Weiner'* showed that the terminal ileum actively
transported bile acids and that ileal resection caused profound bile acid
malabsorption in the dog, bile acid metabolism became a subject of interest
to the gastroenterologist. Heaton et al., in 19685, used a modification of the
Lindstedt procedure to establish the diagnosis of bile acid malabsorption in
patients with ileal dysfunction. At the same time, Wollenweber and Kottke!¢
used the technique to define bile acid metabolism in patients with hyper-
lipidaemia.

In 1970, Vlahcevic et al., in a classical study, carried out isotope dilution
measurements of bile acids for both primary bile acids - cholic and cheno-
deoxycholic acidV. A similar study was carried out a few years later by
Danzinger et al.’® and since then several additional studies have been carried
out in which the kinetics of the two primary bile acids were defined in
healthy individuals. Subsequently, isotope dilution measurements of bile
acid kinetics were carried out for deoxycholic’ and lithocholic?#, so that by
1975 the kinetics of each of the major primary and secondary bile acids had
been defined. A series of studies from the Mayo Clinic defined the
simultaneous turnover of not only the steroid, but also the amino acid
moiety?%. The amino acid moiety was shown to turn over more rapidly
than the steroid moiety and to be lost from its exchangeable pool after release
by bacterial deconjugation. The slower turnover of the steroid moiety
reflects intestinal deconjugation and hepatic reconjugation (with unlabelled
amino acid moiety) during enterohepatic cycling. In the last decade, the
technique of isotope dilution has been widely accepted and applied to
patients with a variety of diseases affecting the enterohepatic circulation. A
series of excellent studies from the Stockholm group led by Einarsson and
Hellstrom has detailed bile acid metabolism in the hyperlipidaemias, and the
relationship of bile acid metabolism to triglyceride metabolism (reviewed in
reference 25).

As noted, each primary bile acid is converted into a secondary bile acid.
The exact intermediates in this conversion have not been defined. A
reasonable hypothesis is that a A” compound is involved?®, as shown in
Figure 5.3. A certain fraction of the secondary bile acid which is formed is
absorbed. The subsequent fate of the two secondary bile acids, deoxycholic
and lithocholic, is not identical, and the metabolism of each bile acid must be
discussed individually.

For deoxycholic, about one-third to one-half of that which is formed in the
large intestine is absorbed and passes to the liver where it is conjugated with
glycine or taurine and secreted into bile®. It then mixes with its exchangeable
pool, so that input of newly formed deoxycholic acid from the intestine is
exactly analogous to de novo synthesis of bile acid in the liver from
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3a0H, 700H 3a0H, 7=0
{chenic)
— Y
;” 300H, A5 N 3a0H, 780H
\ (lithocholic) {ursodeoxycholic)

300H
(lithocholic)

Figure 5.3 Probable biotransformations of chenodeoxycholic acid (here termed chenic)
during enterohepatic cycling. The A® intermediate is likely, but has never been isolated. The
7-oxo compound may be converted to ursodeoxycholic or chenodeoxycholic acid by either
hepatic or bacterial enzymes

cholesterol. It is now quite clear that if deoxycholic acid is injected as a tracer
dose, its specific activity decay curve manifests first-order kinetics; the input
reflects absorption of newly formed deoxycholic acid from the large intestine
and the pool size is the exchangeable pool size.

Since the kinetics of the two primary bile acids, cholic and chenodeoxy-
cholic, and that of the secondary bile acid, deoxycholic, may all be described

Figure 5.4 Compartmental model for bile acid metabolism in man. The metabolism of each of
the bile acids is represented by a single compartment, although it is now known that the
metabolism of lithocholic acid in contrast to that of the other bile acids cannot be described by
a single compartment

80



BILE ACID AND CHOLESTEROL KINETICS

by a single compartmental model, it is convenient to discuss the isotope
dilution methods of these three bile acids together (Figure 5.4). The more
complex problems of lithocholic and ursodeoxycholic kinetics will be
discussed subsequently.

Method
Principle

When a tracer dose of radioactive bile acid is administered, it mixes with the
bile acid pool - the pool being defined as that mass of bile acid that dilutes an
injected dose of tracer. The pool may then be sampled from the duodenum
after time has been allowed for adequate mixing. The following two
assumptions have generally been made about the bile acid pool: (1) it
behaves as a single compartment; and (2) it is in steady state (pool size is
constant).

From conventional analysis of a one-compartment system in a steady
state, it can be shown that:

SAy=5Ape~ kt

in which SA ;) and SA ) are specific activities (disintegrations per minute per
mass) at time t and time O, respectively, and k is the fractional turnover rate
(time~1).

From this equation it is clear that a plot of the natural logarithm of specific
activity against time would have a slope of —k and an intercept of 1n (SAy).
From SA(p) and size of the injected dose, pool size can be calculated (pool
size=dose injected/SA g)). Because the enterohepatic circulation is in the
steady state:

Daily synthesis rate=Pool size X Fractional turnover rate

Inherent in the assumption of steady state is an averaging of the events
over many enterohepatic cycles. Fractional turnover rate has the unit of
(days~—1) and usually is measured over a period of 5-7 days. During each day
there are 6-12 enterohepatic cycles. In this technique of isotope dilution, the
influence of cycle-to-cycle variation is avoided by averaging over many
cycles. This appears to be justifiable in health but may not be so in disease
states such as severe bile acid malabsorption.

Recently, van Trappen et al.?’ have described a novel approach to the
measurement of bile acid kinetics by isotope dilution in man. In this
technique, the bile acid pool is labelled sequentially with two isotopes, e.g.
14C and 3H. The two tracers are given intravenously; the first isotope is given
24 hours before the second. A single bile sample is obtained a day later, and
its isotope ratio is defined. From its isotope ratio, the pool size and turnover
rate can be calculated. The method is quite correct in principle, and should
be satisfactory. However, the ratio of the two isotopes must be measured
with high accuracy and one must be certain that both labels are stable during
enterohepatic cycling. Further validation and application of this method is
desirable.
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Route of administration

Accurate calculation of pool size depends on exact knowledge of the amount
of radioactivity administered. Accordingly, the labelled bile acid should be
given by intravenous injection, which avoids the uncertain absorption via
the oral route.

Time of administration

It seems rational and convenient to give the label before a meal. During
digestion, the label is well mixed with the bile acid pool, so that sampling of
the bile acid pool some time later () 6h) gives a valid point on the specific
activity decay curve. It often is convenient to administer bile acids before the
evening meal and to begin bile collections the following day.

Sampling the bile acid pool

For an estimate of the average specific activity of the bile acid pool, one must
sample a well-mixed portion of the pool. This is done by recovering as much
of the gallbladder contents as possible after an overnight fast. A duodenal
tube containing a perforated metal olive on its end is passed and vigorous
gallbladder contraction is induced. This can be achieved by the intravenous
administration of cholecystokinin-pancreozymin or its terminal
octapeptide, by intraduodenal administration of divalent cations (such as
Mg2+ or Ca2t) or a mixture of essential amino acids?, or by ingestion of a
glass of milk. As much concentrated bile as possible is collected and mixed
well. A sample (usually 1-2 ml), which should contain less than 50 mg of bile
acids, is saved for analysis, and the remainder is returned to the duodenum.
The duodenal tube may be inserted each day or left in place for the duration
of the study. Bile samples may also be obtained by using a paediatric endo-
scope, a Dreiling tube, or a steerable catheter.

In our opinion, at least five samples are necessary to establish a valid
specific activity decay curve, and they usually are obtained over a period of
5-7 days. When the specific activity is decreasing rapidly, the samples may
be obtained at shorter intervals over a 3-day period. Some workers have
attempted to estimate pool size by injecting tracer during continuous bile
acid secretion induced by continuous infusion of a meal or an amino acid
mixture into the duodenum?. It has been claimed?®, however, that this
technique may give an erroneously small estimate of the bile acid pool
because the gallbladder may not contract completely. A fairly precise
measurement of the bile acid pool size may also be obtained by determining a
single early point on the specific activity decay curve and taking an arbitrary
value for the fractional turnover rate (the slope of the curve)?!. This method
gives a slight (about 10%) overestimate of the bile acid pool, since the
intercept of the extrapolated specific activity curve cannot be known
precisely.

The bile acid pool also may be sampled by using a capsule of dialysis
tubing containing cholestyramine®. For 5-7 days a marked capsule is given
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each day with a meal; the capsule traps conjugated bile acids during
intestinal passage. The capsule is recovered from the faeces, the bile acids are
eluted and isolated chromatographically, and the specific activity of the
appropriate steroid moiety is determined. The technique appears to yield
data identical with those obtained by duodenal sampling but with much less
precision. However, it does offer a means of determining bile acid kinetics in
children or in population studies when intubation is difficult. Its major
advantage is that the capsules may be taken and the faecal samples collected
at home, so that the patient merely mails the stool specimens to the
laboratory, using a convenient ‘faecal field kit'®.

The single-compartment model for bile acid kinetics assumes that bile acid
metabolism can be described by a single, well-mixed compartment. If the
compartment were completely well mixed, every group of bile acid
molecules would have the identical specific activity. This is, of course, an
over-simplification, since the specific activity decay curve falls because of
the input of newly synthesized unlabelled bile acids from the liver. The
Lindstedt treatment assumes that newly synthesized bile acid mixes
completely with the exchangeable bile acid pool before the pool is sampled in
the duodenum. The linearity of the specific activity decay curve and the close
agreement between values for bile acid synthesis obtained by the isotope
dilution technique with those obtained by direct chemical measurement of
faecal bile acids (see below) suggests that this assumption is generally
correct.

The bile acids present in serum originate from the spillover of bile acids
absorbed from the intestine. Newly synthesized primary bile acids are added
to the bile acid pool in the liver. Accordingly, the specific activity of the
serum primary bile acids should be identical with that in duodenal bile. In
principle, the isotope dilution technique should give identical results if serum
samples are used in place of duodenal bile samples as a source of bile acids. In
practice, however, serum samples cannot be used, since the specific activity
of serum bile acids is too low to permit an accurate and precise measurement,
when the usual amounts of tracer are administered. For example, if a
10mmol bile acid pool was labelled with 10 uCi, the specific activity, even if
there were instant equilibration, would be only 1 xCi/mmol. Thus, since the
average bile acid concentration is about 1 umol/], there is 1 nmol/ml. Hence,
1ml of plasma would contain 2dpm of bile acid radioactivity.

A solution to this problem is to enrich the serum bile acids greatly in an
isotopically tagged bile acid. Such is easily achieved by administering bile
acids tagged with the stable isotopes such as deuterium (2H) or 13C. One may
give a sufficient amount of tagged bile acid that every tenth bile acid
molecule is labelled. Mass spectrometry is sufficiently accurate to determine
the atoms percent excess, i.e. enrichment in the stable isotope.

This technique has recently been developed in the laboratory of Peter
Klein* and applied and validated in a collaborative study between his group
and that of Fred Kern®. It has also been reported from a Japanese
laboratory®. The method has been applied to show that bile acid kinetics can
be determined with acceptable accuracy and precision in man using serum
samples after the bile acid pool has been labelled with 13C-labelled bile acids.
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This method may not be valid for secondary bile acids. These enter the
exchangeable pool from the intestine and there is the possibility that serum
bile acids might have a momentarily lower specific activity if intestinal input
of newly formed secondary bile acids exceeded disproportionately intestinal
absorption of secondary bile acids already in the exchangeable bile acid
pool.

The careful study of Whiting and Watts® has shown that the profile of
serum bile acids is closely correlated with that of biliary bile acids, the
difference of course reflecting the differing first-pass clearance values for
individual bile acids. These data provide additional indirect evidence that
isotope dilution techniques should be valid if based on serum samples.

Choice of tracer

The three major human bile acids - cholic, chenodeoxycholic, and
deoxycholic - are commercially available labelled with 14C in the carboxyl
moiety. This is a satisfactory label in every respect. Bile acids with 14C in
other positions have not been synthesized, but would offer no advantage
over 24-14C bile acids unless one were concerned with a reaction involving
bile acid decarboxylation.

Bile acids labelled with 3H in a variety of locations have been described
and used. As noted, Lindstedt prepared bile acids by Wilzbach tritiation, and
other authors have also used bile acids randomly labelled with tritium. The
problem for any investigator using a 3H-labelled bile acid is the biological
and chemical stability of the label, and whenever a new tritiated compound
is used, it is mandatory to define the biological stability of the tritium label.
This is done most easily by carrying out isotope dilution measurements of
bile acid kinetics using 14C and the 3H bile acid in question and showing that
the specific activity decay curves of the two radioisotopes are identical, i.e.
that the 3H/14C ratio of bile acids remains constant®3,

Bile acids, randomly labelled with tritium, were used in the earliest isotope
dilution methods by Lindstedt, and Kallner has continued to use such bile
acids for studies in man. This group showed that the label was acceptably
stable in vivo, if the isotope was purified extensively before use?. Similar
conclusions were reached in a careful study by Panvelliwalla et al.**

Bile acids labelled with 3H in the 2,2 ,4,4" positions are readily prepared
by enolic exchange® and such bile acids are now available commercially.
The biological and chemical stability of this label has been documented in a
careful study by LaRusso et al.*®. However, it must be stressed that this label
is lost during the conversion of cholic acid to deoxycholic acid. The simplest
explanation is that there is simultaneous desaturation and resaturation of the
A ring.

Chenodeoxycholic acid labelled in the 11,12 position has been prepared by
Cowen et al. by reductive tritiation of the 11,12 compound which, in turn,
had been prepared by dehydration of the 12-hydroxy group of cholic acid®.
This label possesses both biological and chemical stability; however, it is lost
as chenodeoxycholic acid is converted to lithocholic acid, suggesting
bacterial desaturation of the C ring.
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Recently, our laboratory has prepared bile acids with a double bond at the
22,23 position and prepared [22,23-3H] bile acids by reductive tritiation (R.
DiPietro, personal communication). The biological and chemical stability of
this label is unknown at this time.

Bile acids labelled with a tritium atom at the 3-beta or 7-beta position are
steadily obtained by oxidation to the keto group followed by reduction with
borotritide*. The reduction favours the alpha configuration, but labile
tritium may be moved in alkali. However, this is in principle a risky site for
tritium as reversible oxidation at both the 3 and 7 positions is now considered
to occur during enterohepatic cycling. Indeed, such bile acids could be used
to quantitate the degree of this oxidation and reduction; they should not be
used for isotope dilution measurements of bile acids until there is convincing
evidence of the biological stability of trace in this position.

Chemical form of tracer

The labelled bile acid should be injected in the chemical form of the un-
conjugated bile acid only. Estimates of the total bile acid pool derived from
the specific activity decay curve obtained after the injection of a conjugated
bile acid may be quite erroneous, based on our calculations from a compart-
mental model of the enterohepatic circulation®.

Measurement of specific activity

In conventional isotope dilution measurements of bile acid kinetics, the
mixture of bile acids in bile is hydrolysed either by an enzymatic procedure
or by strong alkali to generate the unconjugated bile acids. They are then
separated chromatographically, and the specific activity of the isolated
unconjugated bile acid is determined by measuring the amount of mass and
its radioactivity. The mass of the isolated bile acid may be measured by an
enzymatic procedure or by gas-liquid chromatography. Generally, bile
acids are chromatographed as trifluoroacetates on QF-1 columns or as
acetates on QF-1 on AN-600 columns; trimethylsilyl ethers are well
separated on HiEff8B columns. Good quantification of underivatized methyl
esters has proved difficult to achieve for most workers. Hydroxy keto
hyodeoxycholic, nordeoxycholic, and hyocholic acids have been used as
internal standards, but the last may be difficult to derivatize completely.

In principal, one can measure the specific activity of the individual
conjugates, i.e. the glycine conjugate and the taurine conjugate, and add
these, i.e. the sum of the radioactivities divided by the sum of the masses, to
obtain the identical figure that one would obtain if the specific activity of the
unconjugated bile acid obtained by hydrolysis is determined. The precision
of such an approach should be less.

Expressions of data

The primary data derived from regression analysis of the specific activity
decay curve are pool size and daily fractional turnover rate. The product of
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these two is the daily synthesis rate. The half-life of label (t1,) is commonly
reported in place of k, the fractional turnover rate. There is no point in
reporting both since t1, =In 2/k. For a pool that remains constant in size, we
prefer to use k.

Some authors report pool size and daily synthesis in units of mass; others
report molar units. As we wrote some years ago!, we think the latter is
preferable, particularly if free and conjugated bile acids are to be compared.

One further problem is the normalization of data. Should data be
expressed in terms of actual body weight, ideal body weight, body surface
area, or some other variable? Because the purpose of normalization is to
decrease the variance within groups believed not to vary with respect to the
factor under investigation, the correct method of normalization must be
arrived at experimentally. As we wrote some years ago, insufficient data are
available to allow a clear choice. We recommend that authors publish bile
acid kinetics in comparable terms, including data in micromoles per
kilogram of body weight or micromoles per square metre of body surface
area. Recommendations for calculating body surface area from height and
weight have been published*. Reports should include - or archive - full
patient data (age, sex, weight and height); this practice will permit the appro-
priate method of normalization to become apparent in time.

Meaning of the single compartment model

For both cholic and chenodeoxycholic, the exponential decay of the specific
activity decay curve reflects synthesis from cholesterol. -

For deoxycholic acid, the decay in the specific activity decay curve is
caused by the input of newly formed deoxycholic acid molecules which are
formed in the distal intestine by bacterial dehydroxylation of cholic. If
labelled cholic acid is given, the label appears in deoxycholic acid in a
conventional product-precursor relationship (Figure 5.5). The input reflects
the amount of newly formed deoxycholic acid which is absorbed which must
be less than that formed from cholic. In principle, the maximal amount of
deoxycholic acid that could be formed is equal to cholic acid synthesis; the
maximal amount which could be absorbed is the amount which is formed. It
is useful to define the fraction f,p,s which reflects deoxycholic acid input
divided by the maximum amount of deoxycholic acid which could be
formed. Since in most individuals virtually all of the cholic which enters the
large intestine is converted to deoxycholic, it is reasonable to equate the
maximal amount of deoxycholic acid which could be formed to the amount
of cholic acid synthesis®.

To determine f,,s one must carry out simultaneous measurements of cholic
and deoxycholic acid kinetics, as has recently been reported by van Berge
Henegouwen and his colleagues?. The input of deoxycholic divided by the
input (or synthesis) of cholic is equal to f,,s. However, it is always desirable
to validate the assumption that cholic acid is fully converted to deoxycholic;
this can only be done by determination of the faecal bile acid pattern.
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Figure 5.5 Semi-logarithmic plot of ‘specific activity’ decay curve of cholic acid in a healthy
subject. (The term ‘mole ratio’ is used, as the experiment was carried out with 13C-carbon, a
stable isotope, and the unit of stable isotope enrichment is mole ratio (or atoms % excess).) The
curve shows the exponential loss of isotopic carbon from the cholic acid pool and its
appearance in the deoxycholic acid pool. The relationship of the curves is that of precursor and
product. (From reference 124.)

Single compartment versus multiple compartments

As noted, Lindstedt reported that the specific activity decay curve of cholic
acid suggested that the metabolism of this bile acid could be described by a
single well mixed compartment. It is clear now that the metabolism of
chenodeoxycholic acid and deoxycholic acid can also be described by a
single-compartment model.

The ‘lumping’ procedure of Lindstedt has had considerable utility, but it is
self-apparent that such a treatment of bile acid metabolism neglects the
amino acid moiety, as well as the lower specific activity in the hepatocyte. It
also neglects bile acid secretion - a key parameter of bile acid metabolism.

To solve this problem, we expanded the Lindstedt model some years ago
and developed a model with separate compartments for the three chemical
species of a given bile acid - the glycine conjugate, the taurine conjugate, and
the unconjugate®. This model allowed one to simulate quite satisfactorily
the behaviour of tracer when injected in any chemical form into the bile acid
pool. Since that time, in collaboration with Molino, Milanese, and Belforte,
the model has been further expanded to include time-dependent aspects, i.e.
the increase in bile acid secretion that occurs during digestion®®. As yet this
complete multicompartmental model has only been described for cholic
acid; extension to chenodeoxycholic and deoxycholic acids is in progress.
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Exceptions to the Lindstedt model
Lithocholic acid

The specific activity decay curve of lithocholic is bi-exponential and the
metabolism of lithocholic is thus unique among the bile acids (Figure 5.6)!.
The bi-exponential form of the SADC of lithocholic is probably explained by
its unique hepatic metabolism: lithocholic is not only amidated with glycine
or taurine, but in addition, it is sulphated at the 3 position to form two novel
bile acid conjugates - sulpholithocholylglycine and sulpholithocholyl-
taurine®. This sulphation is not complete - only about 60% - so that bile
contains lithocholic in two forms: the majority as sulphated amidates, and
the minority as unsulphated amidates.

The subsequent behaviour of these two classes of conjugates has been
studied to only a very limited extent. In all probability, the sulphated
amidates pass through the small intestine with little absorption®. In the
colon, there is desulphation and deconjugation so that some unconjugated
lithocholic returns to the exchangeable bile acid pool. In contrast, the
unsulphated amidates are probably well absorbed from the small intestine.
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Figure 5.6 (a) Early study of Cowen et al.20 showing specific activity decay curve of cheno-
deoxycholic (chenic) acid; the precursor-product specific activity decay curve of [14C]litho-
cholic acid; and the (apparently) linear specific activity decay curve of [3H]lithocholic acid,
when the data are plotted on semi-logarithmic coordinates. (b) Bi-exponential specific activity
decay curve of lithocholic acid in a patient ingesting chenodeoxycholic acid?. The early part of
the curve was not detected in the study of Cowen et al.20 because samples were not collected
early enough after the administration of tracer
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They return to the liver and again are sulphated (60-80%) during hepatic
transport. The minority of lithocholylglycine and lithocholyltaurine is again
secreted in bile, reabsorbed from the intestine, and again mostly sulphated
during hepatic passage. If 70% of lithocholyl amidates are sulphated during
hepatic passage, then it can be calculated after four hepatic passes; more than
99% of lithocholic will be sulphated (Figure 5.7).

Figure 5.7 Schematic depiction of the intestinal part of the enterohepatic circulation of the
four major bile acids in man. The ring corresponds to the right part of the loop shown in Figure
5.2. Note that the enterohepatic cycling of deoxycholates is much greater than that of litho-
cholates because the latter is sulphated and the sulpholithocholates are poorly absorbed from
the intestine. The loop corresponds to the exchangeable pools indicated as compartments in
Figure 5.4. Each loop in Figure 5.7 and each compartment in Figure 5.4 contains three chemical
species -~ the glycine conjugate, the taurine conjugate and the unconjugated species. As noted
above, the lithochocolate compartment contains not only the glycine and taurine amidates, but
also their sulphates

The complex kinetics of lithocholic have received little investigation to
date. Allan et al.? calculated the input of newly formed lithocholate using
the input-output method described by Samuel and Lieberman® for
cholesterol metabolism. (This is based on the indicator dilution equations of
Stewart52 and Hamilton et al.53.) These workers found that about one-fifth of
newly formed lithocholate was reabsorbed. However, much more
investigation of lithocholic kinetics is needed, especially in patients receiving
chenodeoxycholic or ursodeoxycholic for gallstone dissolution.

Ursodeoxycholic, the 78-epimer of chenodeoxycholic, is present in biliary
bile acids in trace amounts (2-5%) in most individuals. Ursodeoxycholic
acid is not formed directly from cholesterol in man, but is derived from
chenodeoxycholic acid (Figure 5.8). Two routes of formation are likely.
Probably the majority of ursodeoxycholic acid is formed in the intestine
from chenodeoxycholic; the intermediate is either the A’ or the 7-keto
compound® %, In addition, ursodeoxycholic may also be formed in the liver
by hepatic reduction of its 7-keto derivative which is formed in the intestine
by bacterial 7-dehydrogenation of either ursodeoxycholic or chenodeoxy-
cholic®*%’, However, hepatic reduction is stereospecific, greatly favouring
the 7-OH epimer; none the less, small amounts of ursodeoxycholic are also
formed.

The very limited isotope dilution measurements of bile acid kinetic studies
on ursodeoxycholic acid suggest that its metabolism resembles that of the
primary bile acids in having a single well-mixed pool®. It may well be,
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Figure 5.8 Time course of change in molar ratio of [13C]chenodeoxycholic acid in a healthy

subject showing subsequent appearance in lithocholic and ursodeoxycholic acid, indicating
that these two bile acids were derived from chenodeoxycholic acid (From reference 124.)

however, that the specific activity decay curve of ursodeoxycholic acid is
pseudo-first order, in that current concepts of ursodeoxycholic acid
metabolism suggest that ursodeoxycholic acid is converted in part to cheno-
deoxycholic acid which in turn is partly reconverted to ursodeoxycholic
acid. The steps could involve bacterial dehydrogenation to form the 7-keto
derivative followed by either bacterial or hepatic reduction to form cheno-
deoxycholic acid. If the biotransformation of ursodeoxycholic to chenodeo-
xycholic is relatively slow, it should not influence the estimate of the pool
size, which as noted above is obtained by extrapolation of the specific
activity decay curve to zero time. However, the validity of calculating ‘input’
of ursodeoxycholic acid by multiplying the slope of the specific activity
curve times the pool size is unclear.

Validation of isotope dilution measurements

The pool of bile acid was operationally defined as that mass of bile acids that
dilutes a tracer. This should be equal approximately to the mass of bile acids
drained by an acute biliary fistula (minus the bile acids synthesized during
the time of drainage). Experimental confirmation of this prediction is scarce.
In the rat, Mok et al.*® found that the pool measured by biliary drainage was
considerably larger than that estimated by isotope dilution, and similar
observations have been made for the rhesus monkey (cited in reference 60).
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On the other hand, there is good agreement between the bile acid pattern
estimated by gas-liquid chromatography and that estimated by summing the
individual bile acid pools estimated by isotope dilution®.

Bile acid synthesis can be estimated by direct chemical measurement of
faecal bile acids®. This is not a simple technique for two major reasons: it is
difficult to get a complete faecal collection in man and it is difficult to
measure faecal bile acids accurately. The reasons for the latter are multiple:
difficulty of quantitative hydrolysis and extraction, contamination of the
final extract by non-bile acid substances which gives peaks on the GLC, etc.
One problem interfering with complete extraction is the presence of
sulphated bile acids in faeces, such as sulphated lithocholyl species. If
enzymatic deconjugation is carried out, these are hydrolyzed extremely
slowly; if alkaline hydrolysis is carried out, sulpholithocholate may be
destroyed. The consensus of current opinion is that less than 20% of faecal
bile acids are sulphated®? (and A. Roda, personal communication), despite a
claim to the contrary®3. It is most likely that lithocholic acid is the major
sulphated faecal bile acid.

Despite all these problems, there is fair agreement between estimates of
bile acid synthesis obtained by isotope dilution and by direct chemical
measurement®.

APPLICATION
Primary bile acids

Measurement of pool size and synthesis has been carried out in health, and
has shown that in general, cholic acid synthesis is about twice that of
chenodeoxycholic acid. In Table 5.1, we have tabulated all published data in
which isotope dilution measurements of bile acid kinetics were carried out
according to the recommendations made above. In Table 5.2, calculations of
total pool size are collated. The fractional turnover rate of chenodeoxycholic
acid is considerably below that of cholic acid, and as a consequence pool
sizes are nearly identical. Primary bile acid synthesis and pool size has also
been measured in patients with cholesterol cholelithiasis. In general, but not
invariably, pool sizes are smaller and synthesis rates tend to be lower (Table
5.1, Part V).

Primary bile acid synthesis has also been measured in the different types of
hyperlipidaemia (Table 5.1; Part VII). In general, bile acid synthesis is lower
in type Il hyperlipidaemia (familial hypercholesterolaemia, heterozygous),
and in this condition, cholic acid synthesis is disproportionately decreased.
In type IV hyperlipidaemia, bile acid synthesis tends to be increased, with a
normal ratio of cholic to chenodeoxycholic acid synthesis.

Decreased primary bile acid synthesis has also been induced by feeding
bile acids. Specifically, the synthesis of chenodeoxycholic acid was
decreased during cholic acid feeding®®; the synthesis of cholic acid was
decreased during chenodeoxycholic acid feeding?®; and the synthesis of both
cholic and chenodeoxycholic acid was decreased during deoxycholic acid
feeding®®. Decreased bile acid synthesis, especially that of cholic acid, has
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BILE ACIDS IN GASTROENTEROLOGY

Table 5.2 Total bile acid pool

Reference Pool

(umol/kg) Pool (g)

" (I) Health
(a) Normal

8 — 3.57+0.93
101 — 2.71
102 132.64 3.28
103 — 2.38+£0.43
17 —_ 2.2710.45
18 691+11.8 1.64£0.36
76 — 2.62+1.21
111 — 1.401+0.63
106 — 1.77+0.18
107 — 1.82+0.51
31 — 2.36
81 70£32 1.85+0.85
66 137.1%£36.2 42+1.1
108 — 2.25+£0.75
109 — 1.8+0.75
47 9055 —
73 — 3.021+0.63

(b)  Formula - Polyunsaturated fat diet
102 — 3.34

(c)  Vegetarian diet
47 95148 —

(d)  Alterations with drugs

76 {(cholic acid feeding) — 4.07+2.77
35 (contraceptives) 99.6+22.3 2.19+.49
(I) Disease
(a) Biliary disease:
(1) Gallstones
78 — 1.224£0.32
113 — 1.29£0.25
67 — 0.53-1.76
114 17.87-64.39 (35.89+14.07)
18 16.3-71.5 0.40-2.08
(43.6+8.5)(1.2440.22)
81 51.0-84.6(68.1+12.8)
65 51-71.7 1.79-3.18
(58.5+12.5) (2.45+0.53)
107 — 1.07+0.39
108 2.0+0.9
(2) Post-cholecystectomy
114 (radiolucent stones) 18.21-50.57 —
(34.41+10.75)
115 (radiolucent stones) 25.33-169.51 —
36.46+14.64
(pigment stones) 19.76,29.52 —
108 (radiolucent stones) 1.65+0.5
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BILE ACID AND CHOLESTEROL KINETICS
Table 5.2 Total bile acid pool

Reference Pool
(umol/kg) Pool (g)

(I) Disease continued
(b) Liver disease:
(1) Cirrhosis

67 — 0.72-2.05
(1.1940.38)
68 (mild) — 1.09+£0.31
(advanced) 1.17+0.36
(c) Hyperlipoproteinaemia
116 (cholesterol) 29.24-243.08 0.62-7.65
(cholesterol and triglyceride) 34.94-286.34 0.86-6.17
111 (IIA) — 1.52+0.60
(1IB) — 1.991+0.85
av - 2.65+1.26
V) — 3.15%1.76
(d) Endocrine abnormalities
117 (hyperthyroidism) 69.69-206.33 1.63-3.93
(hypothyroidism) 54.19-187.15 1.65-4.84
(e) Intestinal disease
73 (ileitis) 90.79+33.41 2.23+1.16
(ileocolitis) 48.73+29.19 1.05%0.73

also been shown, using the technique of isotope dilution, in patients with
cirrhosis®’-72,

Increased bile acid synthesis has also been shown using isotope dilution.
There is a 5-10-fold increase in synthesis in patients with ileal dysfunction
secondary to ileal disease with a normal or decreased pool size”. Cholesty-
ramine administration causes increased bile acid synthesis, but little change
in exchangeable pool size? 75,

As noted, in patients with unoperated Crohn's disease the bile acid pool
tends to be smaller, and the cholic acid pool is especially decreased”. Bile
acid turnover is more rapid, but the increased turnover is much greater for
cholic than for chenodeoxycholic acid. These findings were interpreted to
indicate that jejunal or colonic absorption (or both) of chenodeoxycholic
acid contributed to its greater conservation.

Isotope dilution kinetics have also been used to calculate input of
exogenously administered chenodeoxycholic acid’® and cholic acid”. For
chenodeoxycholic acid, the data were used to infer complete bioavailability
of the administered bile acid'®. However, the validity of the isotope dilution
measurements during bile acid feeding has not yet been established.

Secondary bile acids

The input of deoxycholic acid has been measured to define the effici-ency of
deoxycholic acid absorption in relation to age”. It has also been used to
define the effect of dietary fibre on the conservation of deoxycholic acid¥.
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One study measured the input of lithocholic acid during chenodeoxycholic
acid therapy and showed that it was markedly increased?!. There have been
no other studies in man on the effects of drugs on the input of lithocholic
acid.

BILE ACID POOL SIZE AND BILE ACID SECRETION

Bile acid secretion refers to the flux of bile acids secreted by the liver. When
averaged over the day, it is equal to the bile acids secreted into the intestine,
but there are hour-to-hour differences because of the storage and emptying
of the gallbladder.

Measurements of bile acid secretion in man preceded measurements of bile
acid pool size, but in the early 1970s, when isotope dilution measurements of
bile acid kinetics became more frequent, it was assumed that bile acid
secretion would be linearly proportional to bile acid pool size’®. Measure-
ments of bile acid secretion using marker dilution techniques were developed
independently by Grundy and Metzger” and by the Mayo group®2!, The
former method featured a continuous infusion of a liquid meal into the
intestine; whereas the Mayo approach featured a normal feeding pattern of
three liquid meals and an overnight fast.

A number of studies from the Mayo group have presented convincing
evidence that secretion is unrelated to the exchangeable pool size; i.e. in
subjects with a smaller pool size, there is more frequent cycling of the bile
acid pool so that the product of cycling frequency and pool size remains
constant®, but this has not invariably been confirmed by other workers?2,

In contrast, workers using the steady-state infusion technique of Grundy
and Metzger have found exactly the opposite, namely that the bile acid
secretion rate was directly proportional to bile acid pool size?®?. Specifically,
in a group of gallstone subjects with a decreased exchangeable bile acid pool,
secretion was lower than that in an age and sex matched control group with a
larger exchangeable bile acid pool.

The reason for this discrepancy remains unclarified. It has been reported
that the gallbladder does not contract completely in patients studied
according to the Grundy-Metzger technique®, and if so, this would diminish
bile acid secretion. On the other hand, this error, if present, should occur in
all patients studied. It has also been claimed that perfusion measurements
carried out in the non-steady state, as is present in the Mayo technique, are
not valid®,

The matter is not entirely unimportant, as a continuing question regarding
the pathogenesis of cholesterol cholelithiasis is whether such patients have
decreased bile acid secretion and a normal or sub-normal rate of bile acid
synthesis, thus suggesting that such patients have ‘inappropriate down-
regulation’.

The functions of bile acids in the small intestine are more closely related to
bile acid secretion than to pool size. Measurements of. secretion would
appear to have an important place in the characterization of bile acid
metabolism in digestive disease or of the mode of action of agents that alter
biliary lipid secretion. Much more experimental work is needed.
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ISOTOPE DILUTION MEASUREMENT OF CHOLESTEROL KINETICS

When labelled cholesterol is injected intravenously, the specific activity
decay curve of plasma declines bi-exponentially for a matter of months?.
Deconvolution of the curve can be carried out using a complex three-
compartment model for simulation® or by the input ‘stochastic’ technique
discussed previously®:. Both give comparable results (Table 5.3). The exact
meaning of the transfer coefficients and the fluxes between compartments
continues to be debated and will not be discussed here.

To factor out the input of dietary cholesterol from total cholesterol input,
one must measure cholesterol absorption by an independent technique. This
is usually done by feeding cholesterol tagged with a second isotope and
noting the appearance of the administered radioactivity in plasma choles-
terol?68”, Other methods for measuring cholesterol in the steady state
procedure have been discussed by Quintao et al.® and collated by Sodhi et
al..

Methods

Cholesterol is administered intravenously to ensure labelling of the pool with
a defined dose. The injected cholesterol is known to be taken up by the
reticuloendothelial system and to be slowly released. Within a week or so,
both the unesterified and esterified cholesterol fractions in serum have
achieved identical specific activities. Thus, in practice, serum is saponified
and the cholesterol extracted into petroleum hydrocarbon. The cholesterol
concentration is determined chemically by a colorimetric, chromatographic,
or enzymatic procedure. The radioactivity is determined directly, as radio-
activity is present only in the chemical form of cholesterol. Cholesterol may
be labelled with either 3H or 14C, and certain 3H labels were validated some
years ago®. Establishment of radiopurity of commercially offered batches of
radioactive cholesterol is essential, as radioimpurities may influence the
results®. The specific activity is converted to % dose per gram (or millimole)
cholesterol and plotted on semi-logarithmic paper. Serum samples should be
obtained at semi-weekly intervals for the first month and then at bi-weekly
intervals for a period of at least 6 months. It is possible for subjects to send
their serum surface mail to the analytical laboratory. During this time, the
cholesterol intake and diet of the subject should remain as constant as
possible.

Validation

The value for the exchangeable cholesterol pool obtained by the isotope
dilution technique agrees well with that of total body cholesterol measured
chemically in the total carcass of the baboon®. Similar validation studies in
man have not been carried out for ethical reasons. )

The estimates of endogenous synthesis obtained by the isotope dilution
method agree acceptably well with those estimated by the sterol balance
technique®.
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Alternatives to the isotope dilution technique for estimating cholesterol
synthesis in man

An obvious alternative to isotope dilution or sterol balance for measuring
cholesterol synthesis rates is to give a radioactive precursor and measure its
incorporation into cholesterol. This has been done with acetate, mevalonate,
or squalene, but there are vexing and essentially insoluble uncertainties
about the extent to which the precursor pool is labelled predictably by the
injected tracer®. These methods are discussed in some detail by Sodhi et al.2.
In animals, [14C]-octanoate or 3H,0 may be used, but only the latter has been
reported to give valid estimates of cholesterol synthesis using tissue slices’.
The Rockefeller University group also reported that cholesterol turnover
may be estimated conveniently by a combination of sterol balance and
input-output analyses®.

Application

Use of isotope dilution measurements of cholesterol kinetics have shown that
the total exchangeable pool of cholesterol is highly correlated with body
weight, as indeed is the rate of cholesterol synthesis. Published data are
summarized in Table 5.4.

Cholesterol synthesis has been shown to increase modestly during chole-
styramine feeding (Table 5.3; Part B). No difference in cholesterol synthesis
was detected during chenodeoxycholic acid or cholic acid feeding in patients
with radiolucent gallstones.

Limited measurements of cholesterol synthesis have been carried out in
heterozygous and homozygous familial hypercholesterolaemia (Table 5.4;
Part C).

Combined measurements of cholesterol and bile acid kinetics have been
made by Quarfordt and Greenfield*. These have not proved especially
helpful, but they do provide information on a key aspect of cholesterol
metabolism, i.e., the fraction of synthesized cholesterol which is excreted as
neutral sterols and its complement, the fraction which is excreted as bile
acids. Similar information can be obtained from the sterol balance technique
if one can subtract dietary cholesterol with precision and estimates have been
collated by Miettinen%. The conclusion of the studies that have been done
are in agreement with the sterol balance data, indicating that man is unique
among vertebrates in excreting the majority of his cholesterol in the form of
neutral sterols, rather than converting it into bile acids. However, this
conclusion must be made cautiously, as there has not been any systematic
survey of vertebrates, and this fraction may well be influenced by dietary
factors such as fibre, which tend to increase bile acid excretion.

Very recently, a series of important papers has been published by
Schwartz, Vlahcevic, Swell, and the late Mones Berman®7. These papers
detail the kinetics of cholesterol between lipoprotein fractions and report a
satisfactory physiological pharmacokinetic model.
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Conclusions

Measurement of bile acid kinetics by isotope dilution was originally carried
out to define the pool size, hoping that this would give important insights
into bile acid metabolism. It seems highly probable that measurement of bile
acid secretion is a more physiologically meaningful parameter of bile acid
metabolism than measurement of the exchangeable pool size.

The measurement of primary bile acid synthesis by the technique of
isotope dilution is a valuable and useful measurement. Similar results can be
obtained by chemical measurement of faecal bile acids, but this is
considerably more difficult from a methodological standpoint. Whether the
measurements of bile acid input obtained by the isotope dilution technique
during bile acid feeding are accurate remains unclear.

For secondary bile acids, the isotope dilution technique provides
information on the input of newly formed secondary bile acids into the
enterohepatic circulation. At the moment, it is not at all clear that the rate of
input of deoxycholic acid is important, although limited evidence could be
asembled to indicate that if deoxycholic acid input were prevented, the
chenodeoxycholic acid pool would expand and bile would become less
saturated®®*°,

For lithocholic acid, the importance of measuring input remains unclear. If
individuals with defective lithocholic sulphation are identified, then the
input of lithocholic acid will be a crucial determinant of whether or not liver
disease is induced®.

As noted, the measurement of cholesterol pool size and synthesis rate by
isotope dilution is rather unsatisfactory for several reasons. First, the isotope
takes months to equilibrate so that the specific activity decay curve must be
defined for at least 6 months. Second, the input of cholesterol derives from
not only endogenous synthesis but also absorption of dietary cholesterol.
Partitioning of the input between these two fluxes can only be done precisely
when the amount of cholesterol absorbed is known; and it can never be
known precisely for an interval as long as 6 months. Third, the exchangeable
pool has only an approximate physiological meaning, and its constituent
pools have mathematical, but not physiological, meaning. Finally, the risk
factor for atherosclerosis is considered to be related at least in part to the
concentration of cholesterol in various serum lipoprotein fractions; and
these are not measured by the isotope dilution technique.
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6
Biliary lipid secretion - sterol balance

K. von BERGMANN

Studies of the enterohepatic circulation (EHC) of bile acids and cholesterol
are physiologically important and clinically relevant to gallstone formation
and gallstone dissolution. Therefore, several methods have been developed
for quantitative measurements of partial function of the EHC of biliary
lipids. The analysis of cholesterol, bile acids and phospholipids in fasting
gallbladder bile has given useful information on biliary lipid composition.
With this method it has been demonstrated that cholesterol gallstones in man
are frequently associated with supersaturated bile, i.e. bile that contains
more cholesterol than can be solubilized by the bile acids and/or phos-
pholipid content!. Administration of chenodeoxycholic (CDCA) or urso-
deoxycholic acid (UDCA) reduces the molar percentage of cholesterol in bile
and might thereby induce cholesterol gallstone dissolution®*. Stone
dissolution appears to be associated with a reduction in lithogenicity of bile,
i.e. a reduction in concentration of cholesterol relative to the solubilizing
lipids - bile acids and phospholipids. Measurement of the lithogenicity of
bile before and during treatment with CDCA or UDCA as well as looking for
cholesterol crystals® will help to select patients with cholesterol gallstones for
therapy and is important for dose adjustment®. Although the analysis of the
biliary composition of fasting gallbladder bile is important and has given
relevant information in this field, it does not define the underlying
mechanism of cholesterol gallstones development by which administration
of CDCA or UDCA reduces the lithogenicity of bile.

This review will summarize the method of measuring biliary lipid
secretion rates, which give more information of the pathophysiology of
cholesterol gallstone formation and the effect of bile acid feeding on these
parameters. In addition it will deal with studies which were performed in Dr
Grundy's laboratory where faecal excretion of bile acids and neutral steroids
were measured along with biliary lipid outputs. From these measurements of
partial functions of the EHC, daily synthesis and secretion of bile acid and
cholesterol as well as intestinal absorption of bile acids and cholesterol may
be estimated. Pool size of bile acids can be measured simultaneously with
estimation of biliary outputs by using an isotope dilution principle’.
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In 1972 Grundy and Metzger® described a physiological method for
estimation of hepatic secretion of biliary lipids in man. This method employs
duodenal intubation with a triple lumen tube the evening before the study.
The next morning the tube is positioned under X-ray guidance so that the two
proximal outlets are located opposite the ampulla of Vater and the third
10 cm distally at the ligamentum of Treitz (Figure 6.1). A liquid formula is
infused continuously through the one proximal lumen; beta-sitosterol is also
infused as a non-absorbable dilution marker. After allowing 4h for gall-
bladder contraction and for stabilization of hepatic bile secretion, hourly
samples are obtained by slow and continuous aspiration from the proximal
and distal outlet. Less than 5% of duodenal content passing these outlets are
withdrawn and hourly outputs of biliary lipids remains constant up to 24
hours8. Since the infusion rate of beta-sitosterol was known with precision,
measurement of cholesterol and beta-sitosterol recovery at the distal port

Figure 6.1 Measurement of biliary lipid secretion by means of a tube having three lumens
with perforated olives. The tube is swallowed by the patient the evening before the study. In
the morning the position of the tube is controlled by X-ray guidance. A liquid formula
(34kcal/h) plus beta-sitosterol as a recovery marker is infused through the most proximal
lumen. After allowing 4 hours for stabilization of hepatic bile secretion and gallbladder
contraction hourly samples were obtained from the second proximal and the distal outlets by
slow and continuous aspiration. Less than 5% of passing intestinal content is aspirated through
this procedure. Thus, the EHC of biliary lipid is not interrupted
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gave the rate of cholesterol secretion. Measurements of concentrations of
bile acids and phospholipids relative to cholesterol at the proximal outlet
permit calculation of the hourly secretion rates of bile acids and phospho-
lipids:

Biliary cholesterol (mg/h) = M X sitosterol (mg/h) 1)
Sitosterol
Bile acid

Biliary bile acids (mg/h) —_oreacds X cholesterol (mg/h)  (2)
Cholesterol

Phospholipids

Biliary phospholipids (mg/h) =——————— X cholesterol (mg/h)  (3)

Cholesterol

The results of cholesterol secretion in equations (2) and (3) are derived from
equation (1). Equations with corrections for cholesterol and phospholipid
contents of formula diets are given in the original paper of Grundy and
Metzger®.

A similar method for measurement of biliary lipid secretion has been used
by Shaffer and Small’. However, they used sulphobromophthalein as non-
absorbable dilution marker and infused an essential amino acid solution to
contract the gallbladder and provide a source of calories during the study
instead of a full-formula diet which contains fat, carbohydrates and protein.
On the other hand, Hofmann and co-workers® recommended that
measurements be made over 24 hours during which subjects ingest three
liquid meals in order to simulate more closely man's feeding pattern. For
comparison and interpretation of data from the various laboratories, it is
important to know whether biliary secretion rates during constant infusion
of a full-liquid formula or an essential amino acid solution and during
intermittent feeding using three liquid meals and an overnight fast are the
same.
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Figure 6.2 Comparison of mean hourly outputs of bile acids, cholesterol and phospholipids in
three comparable groups of patients by three different groups of investigators (I=reference 11;
II=reference 10; IlI=reference 9.)
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Figure 6.2 summarizes the results from comparable control groups
published from the three different laboratories (the data were derived from
references®11). The results of the different studies indicate that similar results
are obtained for average hourly secretion rates of biliary lipids whether the
diet is given continuously into the duodenum or is fed orally as three meals
per day. Indeed, an intraindividual comparison in nine patients using both
the methods of Grundy and Metzger and Hofmann and co-workers shows a
good agreement when the results are expressed in terms of mg/h outputs
(Table 6.1). In contrast to the similarity in results by the two methods, the
biliary secretion rates measured by Shaffer and Small®are different from
those from Grundy and co-workers!! and Hofmann and co-workers?®,
However, recent studies from Kern and co-workers (personal
communication) have demonstrated that an essential amino acid solution
infusion into the duodenum does not tonically contract the gallbladder in
contrast to a full-liquid formula. Therefore, the biliary secretion rates are
lower and the bile acid pool circulates less often in the EHC. Whereas the bile
acids pool circulates 9.4 and 6.4 per day in control subjects from Grundy's
and Hofmann's groups, respectively, the cycling frequency was only 4.6 per
day in the control subjects from Shaffer and Small®.

Table 6.1 Mean hourly biliary lipid secretion in nine subjects during
constant infusion of a liquid formula into the duodenum and
intermittent feeding of three equicaloric meals and an overnight fast*

Biliary lipid secretion

Cholesterol Bile acids Phospholipids
(mg/h) (mg/h) (mg/h)
Intermittent 48 794 304
Continuous 46 769 308

*Data derived from reference 12.
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Figure 6.3 Comparison of mean hourly outputs of bile acids, cholesterol and phospholipids in
Caucasian women without gallstones (CO) and Indian women with gallstones (IND). Bile acid
secretion was significantly higher in Caucasian women without gallstones, and cholesterol
secretion was significantly higher in Indian women with gallstones. (From reference 16.)
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It is currently believed that the primary defect in cholesterol gallstone
formation is an abnormal hepatic secretion of biliary lipids’*-1¢. Grundy and
co-workers'® have measured the biliary lipid secretion rates in American
Indian women who are particularly prone to development of cholesterol
gallstone'. These authors compared their results obtained in Indian women
with gallstones with Caucasian women without gallstones. The results are
summarized in Figure 6.3. Their results demonstrated that Indian women
with stones have two abnormalities leading to the production of bile which is
supersaturated with cholesterol; not only was bile acid secreted at a reduced
rate by the liver, but also, outputs of cholesterol were increased. Therefore,
production of supersaturated bile in these Indian women with gallstones was
due to a combined defect in hepatic secretion of biliary lipids. Another group
of patients with a high risk of cholesterol gallstone formation are obese
subjects'®. Bennion and Grundy® measured the biliary output in very obese
patients and compared the results with normal weight subjects (Figure 6.4).
These authors concluded that obesity is characterized by excessive hepatic
secretion of cholesterol which results in lithogenic bile. However, not all
patients with cholesterol gallstone are obese or American Indians. It was
therefore of interest to compare the biliary lipid output in normal weight
subjects matched for age, sex and weight with patients with radiolucent
gallstones.

The results obtained from different groups are controversial. Whereas
Northfield and Hofmann® could not find any difference in total biliary lipid
output between gallstone and contol subjects (Figure 6.5), a significant lower
bile acid and phospholipid secretion in cholesterol gallstone subjects could be
demonstrated by Shaffer and Small® (Figure 6.6). Comparable results could
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Figure 6.4 Comparison of mean hourly outputs of bile acids, cholesterol and phospholipids in
control subjects (CO) and very obese patients (OBESE). Cholesterol secretion was significantly
higher in obese patients. (NS=not significant; from reference 19.)
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Figure 6.5 Comparison of mean hourly outputs of bile acids, cholesterol and phospholipids in
control subjects (CO) and patients with gallstones (GST). (NS=Not significant; from reference
20.)

be obtained by Dowling and co-workers (personal communication).
However, it must be mentioned that these results obtained by these two
groups of investigators were performed with the infusion of an essential
amino acid solution into the duodenum, which does not tonically contract
the gallbladder. On the other hand, this method might be more sensitive to
small differences in hepatic lipid output. More studies have to be performed
to define the underlying mechanism in the difference of biliary lipid secretion
in normal weight subjects with and without gallstones.

As mentioned before, oral administration of CDCA and UDCA has been
shown to promote cholesterol gallstone dissolution in man 2%, and stone dis-
solution appears to be associated with a reduction in lithogenicity of bile.
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Figure 6.6 Comparison of mean hourly outputs of bile acids, cholesterol and phospholipids in
control subjects (CO) and patients with gallstones (GST). (NS=not significant; bile acid and

phospholipids secretion was significantly lower in patients with cholesterol gallstones; from
reference 9.)
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Figure 6.7 Comparison of hourly secretion rate of biliary cholesterol during a control period
(CO), chenodeoxycholic (CDCA) and cholic acid administration (CA). The results of the
upper part of the figure are derived from the data of LaRusso et al.22 and in the lower part from
Adler et al.2!

Theoretically, a decrease in supersaturated bile could be achieved by several
mechanisms: an increase in hepatic secretion of bile acids and/or phospho-
lipids, a decrease in secretion of cholesterol, or by all three mechanisms.
Adler et al.?* and LaRusso et al.?? measured the biliary lipid secretion before
and during CDCA and cholic acid (CA) administration. Both investigators
demonstrated that CDCA but not CA reduces biliary cholesterol secretion
significantly (Figure 6.7). Whereas Adler et al.?! using a low dose of CDCA
could not find a difference in bile acid or phospholipid secretion, LaRusso ef
al.?2 using a higher dose of CDCA depicted a slight but not significant
increase in bile acid and phospholipid secretion. Later, Mok et al.?® could
demonstrate an increased bile acid secretion during feeding of CDCA in
obese subjects undergoing weight reduction and Tangedahl et al.?* depicted
an increased bile acid secretion in hypercholesterolaemic subjects during
CDCA administration. Studies performed in our laboratory?? in 10 non-
obese patients with radiolucent gallstones using CDCA and UDCA in a fixed
dose of 1g/day in a crossover design, revealed that bile acid decreases biliary
secretion of cholesterol and increases bile acid and phospholipid secretion.
The results of this study are summarized in Figure 6.8. The effect of UDCA
on depression of hepatic secretion of cholesterol is more pronounced than
the effect of CDCA. This confirms previous results from Stiehl and co-
workers?, that UDCA reduces the lithogenicity of fasting gallbladder bile
more than an equimolar dose of CDCA.
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Figure 6.8 Comparison of mol % of cholesterol (CH), biliary secretion of cholesterol, phos-
pholipids (PL) and bile acids (BA) in normal weight patients with radiolucent gallstones before
(open bars) and during chenodeoxycholic acid (shaded areas) and ursodeoxycholic acid (black
areas) administration. (1g/day; from references 25 and 26.)

Since it has been demonstrated that similar results are obtained for
average hourly secretion rates of biliary lipids whether the formula is given
continuously into the duodenum or is fed orally in three meals per day,
measurements of daily biliary lipid output may be accomplished in a shorter
time. Thus, the combination of measurement of biliary lipid secretion and
quantitative measurement of neutral and acidic steroids in faeces®? can give
further useful results in respect of intestinal cholesterol and bile acid
absorption. In addition this method can differentiate between the mass and
percentage of cholesterol and bile acid absorption. Several previous attempts
have been made to measure cholesterol absorption in man; however, most of
the techniques developed thus far estimate absorption of exogenous
cholesterol only**-%, Since the bulk of cholesterol which enters the intestinal
tract is of biliary origin’# change in biliary cholesterol secretion as well as
change in dietary cholesterol must influence the mass or percentage of
cholesterol absorption. Using the combination of biliary lipid secretion and
faecal excretion of bile acids and neutral steroids von Bergmann et al.'? and
Mok et al.¥” could demonstrate that absorption of bile acids was highly
efficient (mean 97.5%), similar to values quoted in the literature. In addition
their results indicate that absorption of cholesterol was surprisingly high
(mean 60%). Earlier studies have generally given lower values of cholesterol
absorption3*35.3  The method of measurement of cholesterol absorption
was further evaluated when cholesterol absorption was measured in eight
subjects by an intestinal perfusion method® and the combined biliary
outputs and sterol balance. No difference in percentage of cholesterol
absorption could be detected using the direct (intestinal perfusion) and the
indirect method (combined biliary outputs and sterol balance).

The usefulness of measuring cholesterol absorption by this method is
demonstrated by an example from the literature. Adler and co-workers?
measured in their subjects before and during CDCA administration not only
biliary lipid secretion rates along with the faecal excretion of neutral steroids
but also cholesterol absorption by the method of Quintao®. At this time
these authors were not aware that biliary cholesterol secretion using
continuous formula infusion for 8 hours gave valid estimation of overall
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Figure 6.9 Comparison of cholesterol absorption during a control period (CO) and cheno-
deoxycholic (CDCA) and cholic acid (CA) administration. Cholesterol absorption was signifi-
cantly lower during CDCA administration. Data are derived from Adler et al.2l. The results
were calculated according to the equation of von Bergmann et al.12. Number in parentheses
represents number of patients studied

daily secretion rates of biliary cholesterol. Their results on cholesterol
absorption using the double isotope method of Quintao et al. * could not
demonstrate any difference between the control period and CDCA as well as
CA period (mean cholesterol absorption during the control, CDCA and CA
period was 36%, 33% and 46 %, respectively). However, recalculation of
cholesterol absorption using the combined biliary outputs and sterol balance
method revealed a significant reduction of cholesterol absorption during
CDCA administration (Figure 6.9). Although the effect of CDCA on
cholesterol absorption is still controversial in the literature®-%, this
discrepancy in the results using two different methods demonstrates the
importance of comparison methods from different laboratories. On the
other hand, change in either dietary or biliary cholesterol must be followed
by a change either in percentage or in mass of cholesterol absorption.
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7
Bile in the stomach

C. J. FIMMEL AND A. L. BLUM

HISTORICAL PROLOGUE: WILLIAM BEAUMONT AND
DUODENOGASTRIC REFLUX

In his celebrated book entitled Experiments and Observations on the Gastric
Juice and the Physiology of Digestion' William Beaumont precisely describes
duodenogastric reflux of bile. While observing the stomach of his patient and
experimental subject, Alexis St. Martin, across a gastric fistula, Beaumont
noted: ‘on lying him horizontally on his back, pressing the hands upon the
hepatic region, agitating a little and at the same time turning him to the left
side, bright yellow bile appears to flow freely through the pylorus, and
passes out through the tube. Sometimes it is found mixed with the gastric
juice, without this operation. This is, however, seldom the case unless it has
been excited by some other cause.” Anger, while reducing the secretion of
gastric acid, ‘causes an influx of bile into the stomach which impairs its
solvent properties.” ‘Irritation of the pyloric extremity of the stomach with
the end of the elastic tube or the bulb of the thermometer, generally
occasions a flow of bile into this organ.” ‘I have observed that when the use of
fat or oily food has been persevered in for some time, there is generally the
presence of bile in the gastric fluids. Whether this be a pathological
phenomenon, induced by the peculiarly indigestible nature of oily food; or
whether it be a provision of nature, to assist a chymification of this particular
kind of diet, [ have not yet satisfied myself.” ‘With the exception that I have
mentioned, it (bile) is never found in the gastric cavity, in a state of health;
and it is only in certain morbid conditions that it is found there.” Six years
later Beaumont had the opportunity to re-examine his subject after he had
‘been drinking ardent spirits, pretty freely, for 8 or 10 days past.” Beaumont
noted ‘considerable erythema and some aphthous patches’ and ‘extracted
about an ounce of gastric fluid, consisting of ropy mucus, some bile.” These
signs disappeared within a few days of abstinence of alcoholic drinks.

150 years later, Beaumont’s description remains unsurpassed, and only
minor modifications are necessary.
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DOES BILE REFLUX CAUSE ULCERS?
Arguments in favour

The authors quoted in Table 7.1 feel, with one exception’, that bile reflux
causes gastric ulcers because in their series ulcer patients had, on average,
higher bile salt concentrations in their stomachs than healthy subjects. The
highest intragastric bile salt concentrations were found in patients after distal
gastric resection. Black et al. argued that reflux causes ulcers and not vice
versa, because patients with active ulcers, healing ulcers, and healed ulcers
had similar bile salt concentrations in their gastric juice*>.

Table 7.1 Bile acids in the stomach

Reference Bile acids in gastric juice
(mmol/1)
Fasting Postprandial
Normal 2 Range=0.02-2.0
stomach Mean (+SD)=0.8+0.5
3 Range=0.01-0.33 Mean =0.06
Maximum =0.69
4,5 Range=0-0.12 Range =0-0.48
6 Mean (£SD) before IMC*=0.6+0.4
Mean (+SD) after IMC*=0.2+0.1
7 Median=0.06 Median =0.30
Range=0.05-0.10 Range =0.07-0.38
Gastric 2 Range=0.4-10.6
ulcer Mean (+SD)=4.6+3.4
3 Range=0.03-3.17 Mean =1.1%£0.3
4,5 Range=0-3.2 Range =0.1-7.4
After 8 Asymptomatic Asymptomatic
distal range=0-1 range =0.6-11.5
gastric
resection Symptomatic Symptomatic
range=2-4 range =2-16
7 Range=2.5-32 Range =0.6-11.5
Median=4 Median =2

*Describes bile salt concentrations before and after phase III of the interdigestive myoelectrical
complex.

Arguments against

Intragastric bile salts may, at least in part, be biologically inactive. For
example, Duane and Wegand found in patients after gastric surgery that
almost half of the intragastric bile salts were insoluble’.

Even the high bile salt concentrations found in gastric ulcer patients may
be too low to cause mucosal damage. It should be noted that it is impossible
to give a threshold dose for damaging concentrations of bile salts by merely

130



BILE IN THE STOMACH

measuring bile salt concentrations. Micellar bile salts are more potent than
non-micellar bile salts’, dehydroxylated secondary bile salts cause more
damage than primary bile salts; bile salts in acid solution are more potent
than in neutral solution®. The damaging effect is enhanced by the addition of
lysolecithin or pancreatic juice; a secreting mucosa may be less vulnerable
than a resting mucosa; ischaemia renders the stomach vulnerable; and a
second bile salt exposure may be less effective than the first challenge. All
these factors should be taken into consideration before concluding that a
certain bile salt concentration measured in the human stomach is high
enough to damage the mucosa.

With a few exceptions, bile reflux does not produce ulcers in animal
models; in fact, during prolonged exposure of the stomach to bile, an
increased resistance has been noted’®. We measured the damaging effect of
human gastric juice in a simple model using its haemolytic effect on human
erythrocytes. Haemolytic activity was expressed with a lysolecithin
standard. The lytic effect was similar in patients with peptic lesions and in
subjects with a normal gastrointestinal tract. We were unable to observe an
increased duodenogastric reflux in patients with gastric ulcer.

Authors who observed increased concentrations of bile salts in the
stomachs of gastric ulcer patients also observed an increased concentration
in duodenal ulcers, where a pathogenetic role of intragastric bile is unlikely.
Finally, even the authors in favour of the bile salt theory (Table 7.1) were
able to measure elevated bile salt concentrations only in a minority of their
gastric ulcer patients (Figure 7.1).

QUANTITATIVE MEASUREMENTS OF DUODENOGASTRIC REFLUX

Most of the many methods so far proposed to measure duodenogastric reflux
depend on the use of a duodenogastric tube. This tube might, however,
affect duodenogastric reflux. Recently some methods have been proposed to
measure reflux in the absence of a transpyloric tube. These methods depend
on the appearance within the stomach of a labelled hepatic excretion marker.
Reflux is assessed by scintigraphic measurements.

We have developed a method which allows simultaneous measurements of
gastric secretion, gastric emptying, and duodenogastric reflux and avoids
transpyloric intubation. Duodenogastric reflux is measured by abdominal
scanning of an intravenously infused hepatic excretion marker (99mTc).
S1Cr(Cl is used as a gastric volume marker. Duodenogastric reflux rate,
gastric emptying rate, and the rate of gastric volume secretion are calculated
using a set of differential equations.

Figure 7.2 shows gastric emptying rate and duodenogastric reflux rate in
healthy volunteers, studied in the upright and supine position during an
infusion of atropine. Atropine slowed gastric emptying and increased
duodenogastric reflux. Postprandial reflux was not higher than fasting
reflux. Figure 7.3 shows gastric emptying rates and duodenogastric reflux
rates in healthy controls and subjects with endoscopically proved active
gastric ulcer. No difference was observed between controls and ulcer
patients.
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Figure 7.3 Gastric emptying rates and duodenogastric reflux rates in healthy controls and in
subjects with endoscopically proved gastric ulcer

In a second series of experiments, the effect of the pylorus on duodeno-
gastric reflux was examined. Trained, unrestrained dogs were used. They
had either an intact pylorus, or had undergone pyloroplasty, or pylorec-
tomy. A duodenal fistula was constructed with an isoperistaltic jejunal loop.
In addition, a Komarov type oesophagostomy was constructed that did not
interfere with food and fluid intake. Fasting reflux rate was similar in dogs
with an intact pylorus and in those with pyloroplasty or pylorectomy. In all
three types of dogs, a transpyloric tube caused a five-fold increase of the
reflux rate. A low dose of apomorphine that did not produce vomiting
increased the reflux rate ten-fold, irrespective of whether the pylorus was
intact. Administration of a meal increased reflux. This rise was more
pronounced in dogs with pylorectomy or pyloroplasty than in dogs with a
normal pylorus, and it was higher after a lipid meal than after a protein meal
(Figure 7.4). A fatty meal increased reflux. This rise was more marked in
dogs with pylorectomy or pyloroplasty than in dogs with a normal pylorus.
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Figure 7.4 Results showing effect of pylorus on duodenogastric reflux

Our studies demonstrate that in animals the pylorus is an anti-reflux
barrier: a compromised pylorus allows reflux to increase, and complete
pyloric destruction leads to a marked increase of reflux. Since we did not
observe increased duodenogastric reflux in gastric ulcer patients, it appears
unlikely that in these patients pyloric dysfunction was responsible for the
development of ulcers. In view of the known heterogeneity of gastric ulcer
disease, however, our negative results do not necessarily apply to other ulcer
patients. Furthermore, our results do not rule out pyloric dysfunction,
duodenogastric reflux and an impairment of gastric emptying of solid meals.

MECHANISMS OF GASTRIC MUCOSAL DAMAGE INDUCED BY
BILE SALTS

Figures 7.5-7.7 show a schematic representation of the gastric mucosa
before, during, and after bile salt attack. The following sections discuss the
mechanisms of attack.

Dissolution of mucosal lipids

This is probably the major mechanism by which bile salts disrupt the
mucosal barrier. Duane et al.” showed that micellar bile salts release
phospholipid and cholesterol from the plasma membrane. In addition,
experiments with isolated gastric cells have shown that during incubation
with 5mmol/] sodium taurocholate, the prostaglandin 6-keto-PGF was also
released from the plasma membrane!-3, Non-micellar bile salts did not
break the barrier and did not release membrane lipids. These findings are
corroborated by histological examinations: after a 30-minute exposure to
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Figure 7.5 Gastric mucosa before bile salt attack. Two surface cells of the gastric mucosa are
schematically represented. The cell membranes are shown to contain lipids and prostaglandins
(P). The cells contain mucus granules (top), mitochondria (middle) and a nucleus (bottom).
Cellular constituents (DNA, K™, HCO;7) and interstitial constituents (NAT, HCO; ™), which
play a role during damage, are shown. Electrical potential difference is —40 mV.

Figure 7.6 Gastric mucosa during bile salt attack
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Figure 7.7 Gastric mucosa after bile salt attack

deoxycholate, the histological signs of mucosal damage are limited to the
apical cell surface. On the other hand, Duane could recently show that bile
acids probably disrupt the mucosal barrier by an uptake of bile acids. Under
these circumstances, micelle formation is not required for the disruption of
the barrier (Duane, 1980).7

Inhibition of mucus biosynthesis

Sticky mucus is thought to form an unstirred layer with a pH gradient!.
Barrier breakers such as aspirin and probably taurocholate inhibit mucus
biosynthesis. Bile salts may in addition stimulate the explosive release of
mucus by total cell extrusion. This mucus is not able to stick to the gastric
mucosa and floats off into the lumen.

Sodium and bicarbonate loss

An early sign of damage to the gastric mucosal barrier is the entry of Na*
into the gastric lumen. Sodium is a constituent of the interstitial fluid which
leaks across dead cells and probably also across damaged tight junctions.
Amphibian gastric mucosa in vitro responds to sodium taurocholate by
turning off its alkali production. In contrast, mammalian mucosa in vivo
releases large amounts of alkali when exposed to sodium taurocholate. The
source of this alkaline tide is the interstitial fluid®s. It is not known whether
the mammalian gastric mucosa actively secretes alkali.
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Breakdown of the transmucosal electrical potential difference

The gastric mucosa maintains a transmucosal electrical potential difference
of about 40-50mV. This potential difference breaks down soon after
exposure to bile salts. A typical example is shown in Figure 7.8. Here, a
human stomach has been exposed for 15 minutes to 5mmol/1 sodium tauro-
cholate. The breakdown of the potential difference is followed by an out-
pouring of the cellular contents. Figure 7.9 shows the effect of increasing
concentrations of sodium taurocholate on potential difference at pH 3. The
threshold dose is 5mmol/1.
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Figure 7.8 Changes in transmucosal potential difference (PD, black dots) and DNA output
striated bars after exposure to taurochloric acid solution (5mmol/]) in a normal human

volunteer.

Changes in electrical potential difference should be interpreted with care
because they depend on the secretory status of the mucosa and on physical
factors such as intragastric pH and fluid volume. It should also be noted that
certain damaging agents such as intravenous aspirin produce severe gastric
lesions without affecting the electrical potential difference’¢.

Impairment of energy metabolism

Some authors have suggested that bile salt damage starts by an impairment
of energy metabolism after absorption of the bile salts. It is more likely,
however, that these events are the consequence of apical membrane damage.
Other damaging agents such as bile acids, lysolecithin?, aspirin’® and in
particular ethanol’ may directly attack intracellular metabolism.

137



BILE ACIDS IN GASTROENTEROLOGY

NaCl [TC01,05 ;10 ;20 ;30 ,50mM|  NaCl 09%

PD

_60_

- 404

-20 1

O T T T T T T T T T T
0 30 60 90 120 150
minutes

Figure 7.9 Effect of sodium taurocholate concentration on transmucosal potential difference
at pH3

Cell death; extrusion of cellular content

When isolated, dispersed gastric cells were preloaded with 86Rb and then
exposed to 5mmol/l of sodium taurocholate, there was an immediate
leakage of 86Rb. In this experiment, Rb was used as a marker of potassium
fluxes (Figure 7.8). In man, bile salt exposure leads to a similar potassium loss
which is paralleled by a loss of deoxyribonucleic acid (Figure 7.8).

Acid back diffusion

The physiological intramucosal pH is about 7.4. Marked acid back diffusion
is noted as soon as the disruption of cells becomes manifest on histological
examination?®. This may lead to mucosal acidification, which in turn
produces massive destruction of cells and even gross mucosal lesions. It is,
however, not possible to estimate the degree of mucosal acidification by
simply measuring the rate of back diffusion, because intramucosal pH
depends on gastric mucosal blood flow and blood pH: there is little change of
intramucosal pH even in the presence of a high back diffusion rate, provided
that gastric mucosal blood flow is high or the blood is alkalotic. Thus, intra-
mucosal pH is the result of acid back diffusion, acid neutralization by plasma
bicarbonate and acid removal by circulation.
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Mucosal blood flow

Together with the basement membrane, mucosal blood vessels are the
second line of defence. Bile salts are potent barrier breakers, but they
produce only minor macroscopic damage, probably because they stimulate
mucosal blood flow. When bile salts are given in a state of reduced mucosal
blood flow, they produce severe lesions?®2!. Other barrier breakers such as
aspirin and indomethacin reduce basal gastric mucosal blood flow??. This
reduction may be the cause for the severe damaging effects of these agents.

Other effects

It is questionable whether bile salts affect gastric acid secretion®. They
might, by destroying the chief cells, increase pepsin output, but this is not
likely to be of major importance.

An inhibition of cell proliferation is known to lead to mucosal damage. An
inhibition of cell proliferation by bile salts has not been described.

PROTECTION FROM THE BILE SALT ATTACK
Mucus secretion

The protective properties of mucus are discussed above. It has been
suggested but has not been proved that the stimulation of mucus secretion is
a protective’ mechanism. Some prostaglandins increase the production of
mucus? and the mucus layer covering the mucosa (A. Garner, personal com-
munication). They also stimulate cyclic AMP-synthesis in mucus-cell
fractions®®. When given for several weeks, prostaglandins also increase the
number of mucin-producing cells (F. Halter, personal communications).

Stimulation of bicarbonate secretion

Theoretically, bicarbonate may improve mucosal protection by creating a
pH-gradient within the mucus layer. PGE, and its analogues stimulate
bicarbonate secretion in the amphibian stomach and duodenums?-2. A
chloride carrier may be involved in this mechanism?. High serosal
bicarbonate concentration protects both amphibian and mammal gastric
mucosa®-3!,

In the mammal, gastric bicarbonate secretion is controversial. Some
authors claim that the human fundic mucosa actively secretes bicarbonate
and that this secretion may be stimulated by prostaglandins of the E series,
but the reported technique of measuring secretion is open to question (C.
Johansson, personal communication). Swiercyek et al. have shown that in
the dog conventional doses of prostaglandins do not stimulate bicarbonate
secretion, whereas high doses lead to a marked outpouring of bicarbonate as
a consequence of membrane damage’s.
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Inhibition of acid secretion

Many cytoprotective prostaglandins and prostacyclins inhibit gastric acid
secretion, probably by inhibiting the cyclic AMP formation in parietal
cells®2. However, the threshold dose for protection is claimed to be below the
threshold dose for secretory inhibition.

Under certain experimental conditions secretory inhibitors such as hista-
mine antagonists and anticholinergics are ‘protective’. On the other hand,
recent work has shown that histamine Hj- and Hy-blockade has no
protective effect against a 20mmol/l sodium taurocholate challenge in the
dog Heidenhain pouch?. The secreting mucosa may even be more resistant
than a non-secreting stomach?.

Blood flow

Increased blood flow protects against barrier breakers, and some cytoprotec-
tive agents such as prostacyclin increase mucosal blood flow. Other types of
protective agents, however, such as PGE;, have no effect on blood flow at
low concentrations and, when given at higher doses, even reduce blood flow
in parallel with their inhibition of acid secretion3. Thus, blood flow does not
explain the protective effect of many of the prostaglandins.

Bicarbonate content of plasma

An important mechanism of protection is a high bicarbonate content of
plasma. Metabolic acidosis was, in our own study (unpublished
observation), shown to promote stress lesions during haemorrhagic shock.
When metabolic acidosis was corrected by bicarbonate, stress lesions were
prevented. Bicarbonate probably acts directly on the mucosa by neutralizing
acid after back-diffusion from the lumen into the mucosa.

Other mechanisms which might protect the mucosa

It is not known whether prostaglandins have a direct effect on membrane
resistance. Bowen et al. found a stimulation of cellular sodium extrusion by
PGE, that might prevent the sodium accumulation and osmotic swelling
induced by barrier breakers®. In our experiments with isolated rat gastric
cells, PGE; did not prevent sodium influx after taurocholate administra-
tion!-13,

Prostaglandins in high doses accelerate gastric emptying® and may thus
shorten the contact of the mucosa with barrier breakers. This mechanism
cannot explain the protective effect of low-dose prostaglandins, which do
not affect gastric motility?.
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Are endogenous prostaglandins protective?

Many barrier breakers inhibit prostaglandin synthesis¥%, Mucosal
prostaglandin concentrations are found to be subnormal in gastric ulcer®,
but not in duodenal ulcer®. There is circumstantial evidence that
mechanisms which increase the prostaglandin formation of the mucosa are
protective. There is, however, no proof that prostaglandin deficiency is a
cause of decreased resistance or that simulation of prostaglandin synthesis is
directly responsible for protection.

Does protection by prostaglandins really work?

When we perfused human stomachs with a 5mmol/] sodium taurocholate
solution, the drop of electrical potential difference could not be prevented by
instillation of PGE;. The elusiveness of a mode of action is not only a charac-
teristic of prostaglandins but also of other ‘protective’ agents, for example
carbenoxolone. Some prostaglandin experiments look like witchcraft® and
may raise some doubt about ‘cytoprotection’. In a careful histological study,
the only clear-cut effect of prostaglandin protection was the prevention of
ethanol-induced haemorrhage®!.

CONCLUSIONS

150 years after Beaumont’s observations, his description of bile salts in the
stomach remains unsurpassed. Two minor corrections of his pathophysio-
logical concept have had to be made:

(1) The healthy gastroduodenal junction is not completely ‘tight’ — some
reflux occurs even in healthy individuals in the fasting state and after a meal.

(2) A physiological role of intragastric bile salts has never been defined.
On the contrary, we know that they in fact damage the gastric mucosa. Some
mechanisms of bile salt damage have been experimentally elucidated, for
instance membrane disruption, bicarbonate loss, breakdown of
transmucosal electrical potential difference, and impairment of cellular
energy metabolism. There is even a considerable body of knowledge about
the possible ways by which the stomach defends itself against damaging
agents.

Nevertheless, Beaumont’s most important question has not been
answered: Do bile salts produce gastric diseases by their own action or do
they merely accompany or aggravate the effect of other pathophysiological
mechanisms?
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8
Motility of the human biliary tree

A. TORSOLI, E. CORAZZIARI AND E. De MASI

The mechanical activity of the human biliary tree has been rather neglected
by motilists for a long time, and this is mainly because of the difficulties
encountered in introducing their recording devices into the gallbladder and
the bile ducts. Specific motor events, however, take place along the entire
biliary tract, and the related disorders have a great relevance in both clinical
medicine and surgery.

Emptying of the gallbladder, the movements of the common bile duct and
the choledocho-duodenal junction will be discussed.

EMPTYING OF THE GALLBLADDER

In physical terms, the gallbladder can be defined as a pressure condenser in
parallel with the common duct. There is evidence of this after gallbladder
removal, when stimuli producing transient obstruction of the common bile
duct critically increase its intraluminal pressure and easily produce pain.

In physiological terms, the motor function of the gallbladder consists in
collecting, retaining and releasing bile. Limited amounts of bile may be
delivered on fasting, following different stimuli after a glass of water (Figure
8.1) or even with no apparent stimulation at all; the main emptying is,
however, related to the ingestion of food.

There has been a long debate, in the past, on the nature of this emptying,
whether active or passive. Some animal species have in fact a non-contractile
gallbladder!. In man, as well as in the dog and the cat, the great emptying
was finally proved to be active by showing that CCK-stimulated reduction in
volume of the gallbladder was associated with a definite increase in its intra-
luminal pressure?.

Pressure curves indicate a tonic type of contraction, with no phasic or
peristaltic events, which is longer and stronger than the spontaneous
contractions of the interdigestive period. The pressure peak does not usually
exceed the pressure of liver secretion?, but higher values can be observed
when obstruction occurs at the cystic duct.
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Figure 8.1 Cholescintigraphy. (a) basal conditions; (b) visible contraction of the gallbladder
after ingestion of a glass of water

The outflow, generally ranging from 40 to 70%, begins shortly after the
onset of gallbladder contraction, when the pressure reaches and overcomes
the resistance offered by the cholecysto-cystic junction. This resistance is
greater from the gallbladder to cystic duct than in the opposite direction?,
and has been seen to increase after abrupt distension of the gallbladder or
administration of morpine and then to decrease with amyl nitrite. Amyl
nitrite re-opens the junction and re-establishes bile flow?®.

This suggests not only a valve- but also a sphincter-like mechanism. It may
explain why in some cases the junction is occluded even in the absence of
stones or obvious organic alterations. However, anatomical data in this area
are conflicting and require further investigation.

Gallbladder emptying appears to be primarily controlled by hormones,
but the hormones concerned and their role in the process have not yet been
defined. Cholecystokinin (CCK) has a direct myogenic effect, which can be
blocked by a specific receptor antagonist, dibutyryl - cGMP¢ and a second
target on cholinergic neurones has recently been reported’.

Besides CCK, many other GI peptides and neuropeptides may interfere
with gallbladder motility. A plasma motilin increase has been shown to be
associated with water-stimulated gallbladder contraction® and the contrac-
tile effect of bombesin in man has been shown’ (Figure 8.2). Vasoactive
Intestinal Peptide (VIP) in vivo and in vitro, relaxes the gallbladder when
contracted by CCK™11, Pancreatic polypeptide and somatostatin also
produce relaxation'?13, but the significance of these various effects remains
unclear.
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Figure 8.2 Planimetric variations of the gallbladder area during bombesin infusion. 2-3, 10
indicate the infusion rate of the polypeptide in ngkg ™ min . FM refers to the conventional
two-egg meal

CCK and caerulein, when administered in adequate doses, reduce the
volume of the gallbladder to the same degree and at the same rate as a
conventional fatty meal?14.

There is also evidence that postprandial gallbladder emptying may be
regulated by nerves. Adrenergic alpha- and beta-receptors, cholinergic and
peptidergic receptors have been demonstrated in the gallbladder muscle
tissue.

Adrenergic innervation seems to be mainly inhibitory; postgangliar vagal
innervation includes cholinergic as well as peptidergic neurones, and at this
level enkephalin is likely to play a contractile role, whereas VIP has an
inhibitory effect.

Acetylcholine and other parasympathetic agents increase gallbladder tone
and motility, while truncal vagotomy, but not selective vagotomy, produces
significant increase in volume of the gallbladder at rest which may be inter-
preted as evidence of atony of the viscus. Vagotomy does not alter gall-
bladder response to a fatty meal, except by increasing the sensitivity
threshold of the muscle. This has been interpreted as a denervation-induced
super-sensitivity, but could perhaps reflect the presence of VIPergic
neurones in vagal innervation.

THE MOVEMENTS OF THE COMMON BILE DUCT

The movements of the common bile duct have also been the subject of along-
lasting discussion concerning the role of the duct in bile transport. X-ray
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evidence of peristaltic contractions has been reported in man, despite the fact
that in the human bile duct there is no continuous longitudinal and circular
muscle: and this is a sine qua non condition for the occurrence of peristalsis.
Indeed, no phasic pressure variations in a coherent time-space sequence
have ever been recorded in man.

The radiological changes considered as peristaltic, probably represent the
elastic wall reaction to pressure variations related to sphincter
movements!>,

The common bile duct pressure usually increases after cholecystokinin
when the gallbladder is functioning, and decreases after its removal.

THE MOVEMENTS OF THE CHOLEDOCHODUODENAL JUNCTION

Although Oddi’s work on the choledocho-duodenal junction has been
questioned for almost a century most of the acquisitions about the anatomy
of this area are derived from his studies?”-18. Boyden studying the sphincter in
different species was able to demonstrate its embryological and anatomical
independence’®?. He also showed that the superior segment of the sphincter

Figure 8.3 Schematic drawings from cinefluorographic images concerning opening and
closing movements of the human choledocho-duodenal junction
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muscle is partially extramural and that the longitudinal muscle is only
represented by two lateral fascicles. Comparative studies also indicate that
the sphincter is usually lacking in species without a gallbladder, and this
suggests that its primary function lies in promoting gallbladder filling and
perhaps in regulating its emptying.

Cinefluorography has for a long time recorded rapid opening and closing
movements of the choledoco-duodenal junction in man. Opening consists in
a progressive dilatation from the proximal to the distal part of the sphincter
segment, 0.5-2 seconds in duration, followed by flow of bile into the
duodenum. The closing movement, 1-3 seconds in duration, begins as a
ring-like contraction at about half-way of the sphincter. Then, the upper
part contracts from below upwards, obstructing the duct, while the lower
part contracts from above downwards and empties the ampulla (Figure 8.3).
So, bile actually flows into the duodenum during both contraction and
decontraction of the sphincter.

More recently, by using pull-through manometry with a triple-lumen
catheter? introduced via a duodenoscope, it has been possible to identify a
high-pressure segment (22 +2.8mmHg) about 6-12mm in length,
corresponding to the sphincter. Phasic pressure variations, sometimes,
rhythmic, other times irregular, measuring 90-100mmHg in amplitude,
3.5per minute in frequency and of 5-6 seconds in duration, are usually
superimposed on the basal pressure (Figure 8.4).

A proximally (Figure 8.5) and/or distally (Figure 8.6) propagating pattern
of the phasic contractions may be occasionally observed.

Which kind of relationship, if any, between this activity and the
movements detected by cinefluorography, remains to be established.
Considering that the external diameter of the catheter almost equals the

Figure 8.4 Manometric recordings with a triple-lumen catheter (proximal, middle, distal) from
the sphincter of Oddi and with a single-lumen catheter from the duodenum (Duod). Simulta-
neous phasic contractions at three levels of the sphincter of Oddi. Calibration in mmHg
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Figure 8.5 Manometric recording with a triple-lumen catheter (proximal, middle, distal) from

the sphincter of Oddi and with single-lumen catheter from the duodenum (duod). On the left
phasic contractions propagating distally

Figure 8.6 Manometric recording with a triple-lumen catheter (proximal, middle, distal) from
the sphincter of Oddi and with a single-lumen catheter from the duodenum (duod). On the left,
phasic contractions propagating proximally

internal diameter of the sphincter, further studies are necessary to determine
to which extent the above-mentioned phasic pressure variations are related
to the presence of the catheter within the sphincter.

CCK, caerulein (Figure 8.7) and glucagon depress this activity and dilate
the sphincter. There is evidence of the physiological role of the CCK in
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Figure 8.7 Basal sphincter of Oddi pressure tone (upper line) and phasic wave frequency
(lower line) before, during and after administration of normal saline (ns) and caerulein (CRL).
Significant reduction of wave frequency 2min after the end of CRL infusion

inhibiting the sphincter. CCK inhibition seems to be the net result of two
effects: a direct myogenic effect producing contraction, and a neurogenic
effect, consisting of the activation of a VIP, intrinsic neurone resulting in
relaxation. The neurogenic effect seems to predominate in man, whereas the
myogenic effect would be prevalent in other species, like the rabbit??,

The sphincter muscle also possesses receptors for different peptides, such
as alpha-endorphine and enkephalins, in addition to cholinergic and alpha-
and beta-adrenergic receptors. Parasympathomimetic drugs and vagal
stimulation increase flux resistance, while the effects of adrenergic
stimulation remain controversial.

Many questions still await an answer. But the sphincter can no longer be
considered a 'somewhat mythical entity’. On the contrary, it appears to be a
well-established reality, unique in its structure and function.
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Gallbladder contraction: hormonal
regulation

V.S. CHADWICK, P.N. MATON AND A.C. SELDEN

Several circulating (endocrine) gut peptide hormones and non-circulating
(paracrine and neurocrine) gut peptides have effects on gallbladder motility
or function, when tested in in vitro or in vivo. Many of these reported effects
are ‘pharmacological’ and the criteria for attributing a ‘physiological’ role to
many of these peptides have not been fulfilled.

In order to demonstrate a ‘physiological’ role in regulation of gallbladder
contraction or relaxation, a reliable radioimmunoassay for the hormone in
plasma is essential. If a physiological stimulus (e.g. a meal) produces both
gallbladder contraction and an increase in circulating levels of the peptide
hormone, and if the same response is obtained by infusion of the pure hor-
mone to achieve comparable plasma levels, then a physiological role for that
hormone is probable. In some cases, however, the activity of a hormone may
be potentiated or inhibited by another (e.g. secretin potentiation of chole-
cystokinin (CCK)) or the hormone may exist in several molecular forms with
differing bioactivities so that by infusing a single molecular form of a hor-
mone one is not simulating the true physiological situation.

MEASUREMENT OF GALLBLADDER CONTRACTION

Several techniques are suitable for studying gallbladder contraction and
relaxation (or storage) in man, including various imaging techniques - for
example, ultrasound?, and hepatobiliary scanning with [99Tc]JHIDA?2 and the
duodenal perfusion techniques where changes in gallbladder storage or
emptying are inferred from changes in the duodenal recovery of either endo-
genous bilirubin® or exogenously administered indocyanine green*> (ICG).
In the perfusion techniques, plasma levels of the marker should be monitored
to detect changes in hepatic uptake, while pancreatic secretion must be
monitored to detect altered activity of the sphincter of Oddi. Furthermore,
studies may have to be performed in cholecystectomized subjects before
attributing observed effects in normals to an effect on the gallbladder rather
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than the extrahepatic biliary tree. Using these techniques gallbladder storage
and emptying patterns during fasting and in response to luminal (e.g. fatty
acids, amino acids and bile acids) stimuli or exogenous (e.g. CCK-secretin
infusions) stimuli can be determined and the effects of other peptide
hormones monitored.

CHOLECYSTOKININ

CCK-secreting cells are located in the upper small intestine®’. Although
intravenous infusions of CCK or the synthetic decapeptide analogue
caerulein are known to cause gallbladder contraction and pancreatic enzyme
secretion, knowledge about the role of CCK in normal physiology and
disease states is limited because of difficulties in measuring levels of this
hormone in blood. Radioimmunoassays have proved to be uniquely difficult
in the case of CCKs since most anti-CCK antibodies cross-react with
gastrins, and use of a single antibody to measure ‘total CCK levels’ does not
distinguish between the various molecular forms (those with 4, 8, 12, 33 and
39 amino acid residues), each of which differ in bioactivity.

In our laboratories we have developed a high-pressure liquid chromato-
graphic (HPLC) method?®® of processing plasma samples which concentrates
and separates the various CCK peptides. Each of the forms may then be
measured in appropriate column fractions using a simple assay recognizing
the common carboxyl terminal of all CCKs. This approach overcomes most
of the problems of measuring CCK levels and has been applied to the study of
the different molecular forms of circulating CCKs during fasting in response
to the ingestion of fat™.

Ten healthy volunteers underwent an overnight fast and then took a
breakfast of 100ml of an emulsion of peanut oil. This stimulus produces
prompt gallbladder contraction (within 20 minutes). Blood samples for CCK
measurements were taken at 5-minute intervals after the fat meal. In five sub-
jects the study was repeated after pretreatment with atropine 0.6-0.9mg.

Fasting levels of CCK8 and CCK33/39 were less than 3 and less than
6 pmol/l, respectively. After oral fat both CCK 8 and CCK 33/39 levels rose
promptly with peak levels of 15+4.4 pmol/] at 30 minutes for CCK8 and
two peaks of 14.3+4.2pmol/l at 15 minutes and 20.2+9.4pmol/l at 90
minutes for CCK 33/39. The biphasic profile for combined CCK levels was
evident with the small forms predominating between 5 and 30 minutes and
the larger forms between 60 and 120 minutes. Pretreatment with atropine
reduced CCK 8 levels by 50% and CCK 33 levels by 66 % . These results show
that both large and small forms of CCKs are released into the circulation
following ingestion of a liquid fat meal. The gallbladder exhibits prompt and
progressive contraction for the first 40 minutes following such a stimulus and
since 5-10pmol/l of CCK8 or CCK33 are probably sufficient for a bio-
logical response these data are consistent with a physiological role for CCK
in promoting gallbladder contraction in response to oral fat. Cholinergic
mechanisms are probably involved in CCK release as indicated by the effects
of atropine.
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PANCREATIC POLYPEPTIDE (PP)

Pancreatic polypeptide secreting cells are localized in the pancreas'! and this
hormone is released into the circulation following ingestion of protein or fat,
by vagal stimulation and by endocrine stimulation'? (CCK infusions). Intra-
venous infusions of bovine pancreatic polypeptide (BPP) in man to achieve
plasma levels comparable with those observed after meals result in gall-
bladder relaxation and storage'. PP levels remain elevated for several
hours following meals and these observations are consistent with a possible
role for this hormone in promoting gallbladder storage between meals.

MOTILIN

Motilin is localized in the enterochromaffin cells of the duodenum and
jejunum?®® and is released following mixed meals or oral fat*®. During fasting
partial gallbladder emptying occurs and is associated in time with an increase
in circulating plasma motilin levels. Similarly ingestion of water stimulates
partial gallbladder emptying and motilin release'’. Intravenous infusion of
motilin, however, although known to increase gallbladder pressure in
animals had no significant effect on galibladder emptying in man'®. These
data suggest that changes in endogenous motilin levels associated with gall-
bladder emptying are consequential rather than causal.

EFFECTS OF OTHER GUT PEPTIDES

Substance ‘P’ stimulates gallbladder contraction in the dog!® and bombesin
causes gallbladder contraction in both dog and man?® though this may be
mediated indirectly via stimulation of CCK release. Vasoactive intestinal
polypeptide (VIP)?! and somatostatin cause gallbladder relaxation?, the
latter possibly by inhibiting CCK release?. The role of these peptides in the
physiological regulation of gallbladder function is not yet clear. At ‘physio-
logical’ plasma levels gastrin, secretin, gastric inhibitory peptide (GIP) and
neurotensin have no apparent effect on the gallbladder though secretin may
potentiate the effects of CCK2,

CONCLUSION

Cholecystokinins (CCK 8 and CCK 33/39) are probably the most important
hormones mediating gallbladder contraction in response to meals. Pan-
creatic polypeptide may have a role in promoting gallbladder storage and
opposing the effects of CCK. The release of both of these hormones is in-
fluenced by the cholinergic nervous system.

Several other peptide hormones may modulate the effects of these hor-
mones either by stimulating or inhibiting their release or by modifying the
target organ response. Although theoretically under- or over-secretion of gut
peptides would be associated with abnormalities of gallbladder contraction
there is little experimental evidence for this at present.
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Bile acids in constipation and diarrhoea

R. HERMON DOWLING

INTRODUCTION

The idea that bile might be an important regulator of intestinal function is
not new: in the sixteenth century, Andreas Vesalius suggested that ‘the biting
quality of bile irritates the intestines and propels the refuse. Over the past
20 years the concept that when the active transport system for bile acids is
affected by ileal disease or resection, bile acids spill into the colon and diarr-
hoea results, has become well established?. The story was consolidated some
15 years ago when George Rowe, a cardiologist, noted for the first time that
bile-acid-mediated diarrhoea might be relieved by treatment with the bile
acid binding agent cholestyramine3.

The evidence that bile acids influence normal colonic function, however,
is largely indirect and comes from observations that bile-acid excess causes
diarrhoea** while bile-acid deficiency may lead to constipation®? (Table
10.1). The cathartic effect of the di-hydroxy bile acids, such as chenodeoxy-
cholic (CDCA) and deoxycholic (DCA) acids, is greater than that of the tri-
hydroxy bile acid, cholic acid; and from the studies of Chadwick et al., on

Table 10.1 Evidence that bile acids influence normal colonic function

Bile acid deficiency from colon causes

Bile acid excess in colon causes diarrhoea constipation
Ileal resection or by-pass Treatment with bile acid binding agents:
Cholestyramine

lleal disease:
e.g. Crohn’s disease
Ileocaecal TB Congenital bile acid deficientyé.7
Radiation ileitis

Aluminium hydroxide

Defects in active ileal bile acid transport4.5

CDCA treatment in some gallstone patients
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structure/activity relationships®, we now know that the two hydroxyl
groups must be in the alpha configuration. When bile acids such as these spill
into the colon, water and electrolyte transport are inhibited and colonic
motility is increased. This happens, for example, after ileal resection and
during the treatment of some gallstone patients with CDCA. Conversely,
constipation is seen in patients treated with bile acid binding agents, such as
the anion-exchange resin cholestyramine and the antacid aluminium
hydroxide.

BILE ACID-MEDIATED DIARRHOEA
The diarrhoea of CDCA treatment

If, arbitrarily, we define diarrhoea as more than two loose bowel actions per
day in patients who had previously had normal bowel function, the overall
incidence of diarrhoea in CDCA-treated patients is about 40% . However it is
dose related, increasing from 33% in patients given less than 13mg
CDCAkg='day~?, to 50% when the dose exceeds 16 mgkg-'day~.
Fortunately, in most cases it is easily controlled. It frequently remits spon-
taneously and if not, it usually responds to a reduction in the CDCA dose
and only rarely requires anti-diarrhoeal medication®.

But why should some cheno-treated patients develop diarrhoea whilst
others do not? To study this problem, Podesta and colleagues® looked at the
relationship between the stool weight (g/day) and total faecal bile acid
output (mg/day). They found a reasonably close linear relationship between
these two variables (y=0.10x+78; n=>52; r=0.62; p {0.001) so that the

Figure 10.1 Sulphated and non-sulphated faecal bile acid excretion plotted in mg/day for
control subjects, untreated gallstone patients, gallstone patients given UDCA and those given
CDCA, where the results are sub-divided into those for patients with and without diarrhoea'®
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higher the faecal bile acid excretion, the greater was the stool weight. They
went on to measure faecal bile acid excretion in different patient groups -
controls, untreated gallstone patients, those given urso and those given
cheno, with and without diarrhoea. And in each group, faecal bile acid out-
put was subdivided into the sulphated and non-sulphated fractions (Figure
10.1). These results were based on differences in faecal bile acid excretion be-
tween the solvolysed and non-solvolysed material and for technical reasons,
there was considerable controversy about Podesta’s findings when they were
first presented?. Other investigators found lower quantities of sulphated bile
acids in the stools!’~'4, But whatever the magnitude of the sulphated frac-
tion, it is obvious from Podesta’s results that in patients with diarrhoea both
the sulphated and non-sulphated faecal bile acid fractions increase. It was far
from clear, however, whether the sulphated or the non-sulphated fraction
was the most important in the pathogenesis of the bile-acid-mediated diar-
rhoea.

The effect of sulphated and non-sulphated bile acids on the colon

To study this further, Breuer et al.'® used an in vivo, single-pass, colonic per-
fusion model in conscious restrained rats to measure changes in net water
and electrolyte transport and in the output of protein and DNA into the
effluent fluid after perfusing 5-15 mmol/I solutions of sulphated or non-sul-
phated bile acids through the colon. Their perfusion medium was an isotonic
electrolyte solution containing the non-absorbable marker, polyethylene
glycol (molecular weight 4000) made up to simulate the ileal effluent. They
used a 30 min equilibration period followed by 5X10 min collection periods
(a total perfusion time of 80 min) starting with the electrolyte solution alone
and followed by a test solution containing either the sulphated or the non-
sulphated bile acid or a mixture of the two (perfused for a further 80 min
period).

5mmol/l sulphated or non-sulphated deoxycholate

Table 10.2 shows the effect of DCA on net mucosal transport of water and
sodium, and compares the results found when the electrolyte solution alone
was perfused during both 80 min perfusion periods, when the electrolyte
solution was followed by 5mmol/]1 non-sulphated DCA and when the elec-
trolyte solution was followed by 5 mmol/1 sulphated DCA?®S.

With the control solution alone, there was net water absorption
(+14.3£1.13 plcm ™1 (10 min)~?) during the first 80 min perfusion period
and net transport improved slightly during the second 80 min period (to
+16.6+1.34plcm~1(10 min)~!). In keeping with the results of many
previous studies, net water absorption changed to net secretion
(—12.8%1.96 ul cm1(10 min)~%; p(0.001) after perfusing the non-sulphated
DCA. In contrast, there was no such ‘cathartic’ effect with the sulphated bile
acid where the pattern of results was similar to that seen when the electrolyte
solution alone was perfused during both perfusion periods.
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Figure 10.2 Colonic mucosal histology after 2 X80 min perfusion periods, with the control
(electrolyte) solution alone (left panel) or the control solution followed by a test solution con-
taining 5mmol/l non-sulphated DCA®. The mucosa on the left shows oedema in the sub-
mucosa and lamina propria, but is otherwise normal. The mucosa on the right shows, in addi-
tion to oedema, goblet cell depletion and an inflammatory infiltrate in the lamina propria, epi-
thelial cell damage, surface ulceration and epithelial and inflammatory cells trapped in the
excess surface mucus

A similar pattern of results was seen for sodium transport (Table 10.2). In
other words, there was a slight increase in net sodium absorption from per-
fusion period 1 to perfusion period 2, with both the electrolyte solution alone
and the 5mmol/l sulphated DCA. But as with water transport, perfusion
with the non-sulphated bile acid again changed net sodium absorption
(+3.61+0.43 uEq cm~1(10 min)~?) to net secretion (—5.3£0.80; p<0.002).

At the same time, there were striking changes in colonic mucosal
histology. Figure 10.2 shows the appearance of the colon after perfusion with
the electrolyte solution alone which resulted in a normal, albeit slightly oede-
matous, mucosa free from inflammation and showing normal crypts packed
with goblet cells. In contrast, after perfusion with 5mmol/l non-sulphated
DCA, the mucosa became highly abnormal with an inflammatory cell infil-
trate in the lamina propria, goblet cell depletion and desquamation of the
epithelial cells which were trapped in the surface mucus.

These morphological changes were associated with striking changes in
protein and DNA output into the perfusion effluent (Table 10.2). With the
electrolyte solution alone, protein output decreased slightly betweenthe first
and second perfusion periods, but with the non-sulphated DCA there was a
16-fold increase in mean protein output and only a modest, although
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statistically significant, change with the sulphated bile acid. Similarly, there
was a 57-fold increase in DNA output into the effluent after perfusion with
the 5mmol/l non-sulphated DCA solution but again only a very modest
change after perfusion with the 3-mono-sulphate ester.

POSSIBLE MECHANISMS FOR THE CHANGES IN COLONIC
MUCOSAL STRUCTURE AND FUNCTION DURING BILE-ACID
PERFUSION

The possible mechanisms for the changes described during the experimental
animal studies and, indeed, the mechanism for the diarrhoea seen in patients
given CDCA treatment and in other types of bile acid-mediated diarrhoea,
are poorly understood but have been summarized in Table 10.3.

Table 10.3 Possible mechanisms whereby excess bile acids in the colonic lumen cause
diarrhoea.

Increased colonic motility Decreased net water and electrolyte transport
Kirwan et al.16 Changes in:

Falconer ot al.17 (i) The adenylate cyclase/cyclic AMP system19-22
Flynn et al.18 (ii) The guanylate cyclase/cyclic GMP system?22

(iii) The sodium/potassium dependent ATPase system?23
(iv) Mucosal permeability ~ reversible4

(v) Prostaglandin metabolism?26

(vi) Mucosal damage or epitheliolysis825

First, there are changes in colonic motility and the results of several
studies®!® have suggested that when excess amounts of di-hydroxy bile acids
spill into the colon, colonic transport becomes more rapid than normal.
Secondly, as illustrated above, there are changes in net water and electrolyte
transport and, in turn, there are at least six possible explanations for this
phenomenon:

(1) Changes in the adenylate cyclase/cyclic AMP system?9-22,

(2) Changes in the guanlylate cyclase/cyclic GMP system?2,

(3) Changes in the sodium/potassium dependent ATP-ase system?.

(4) Changes in ‘mucosal permeability, which are believed to be
reversible?,

(5) Mucosal damage or epitheliolysis®? as illustrated in Figure 10.2.

(6) Changes in prostaglandin metabolism?.

The first five of these hypothetical mechanisms have been discussed many
times before and are not reviewed further here, but for several reasons the
sixth mechanism is discussed in more detail.

The role of prostaglandins in bile-acid-mediated diarrhoea
Prostaglandins are known to be ‘cathartic’ to the small intestine?”’ 3 and
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possibly also to the colon. Secondly, both bile acids and prostaglandins
stimulate the adenylate cyclase/cyclic AMP system®* which, as shown
classically with the cholera toxin model, provokes marked increases in net
intestinal secretion. Thirdly, bile acids and prostaglandins may also produce
intestinal mucosal damage®; and fourthly, recent studies by Rampton and
colleagues from our unit?* have shed new light on this subject. Rampton et
al.? compared the effect of DCA alone, of PGE; alone (chosen because it is
the most stable and predominant prostaglandin in the colon) and DCA alone
in animals pre-treated with prostaglandin synthesis inhibitor, indomethalin,
on colonic mucosal water and electrolyte transport and on the output of
immunoreactive PGE,, into the perfusion effluent.

Figure 10.3 shows the effect of DCA alone in 1, 2 and 5mmol/]l concen-
trations, on delta water transport plotted above and below the zero line
where the delta value refers to the difference between the first and second 80
min perfusion periods. The results illustrated in the Figure confirm the well-
known fact that there is a clear-cut, dose-response effect so that the higher
the concentration of deoxycholate in the perfusion medium, the greater is the
net secretion of water.

Figure 10.3 Effect of perfusing an electrolyte solution alone (control) or electrolyte solutions
containing 1, 2, or 5mmol/l non-sulphated DCA through the colon, on delta (A) water trans-
port

Figure 10.4 shows the effect of perfusing 1, 2 and 5mmol/l DCA through
the colon, on PGE; output into the perfusion effluent. During the control
perfusion (electrolyte solution alone), the mean output of PEG,-like material
was 23 fmolem™? (10 min)~? but after perfusion with 5mmol/1 DCA, there
was a 270-fold increase in prostaglandin output to a mean of 6260 fmolcm™!
(10 min)~! (p<0.005). Again, this was a dose-related phenomenon with an
8-fold increase in PEG, output after perfusion with a 1mmol/l non-
sulphated DCA solution and a 10-fold increase after 2mmol/1 DCA (Figure
10.4).
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Figure 10.4 Effect of perfusing an electrolyte solution alone (control) or electrolyte solutions
containing 1, 2, or 5mmol/l non-sulphated DCA through the colon on delta (A) PGE, output
into the perfusion effluent

Figure 10.5 Effect of perfusing an electrolyte solution containing PGE, (100ug/ml or
0.28 mmol/]) through the colon on net mucosal water and sodium transport

Does this mean that prostaglandins mediate the bile-acid induced effects
on water and electrolyte transport? Figure 10.5 shows the effects of perfusing
PEG,, in a concentration of 100 ug/ml, through the colon on net mucosal
transport of water and sodium. When compared with the control (electrolyte
solution alone) perfusion, the PGE, perfusion did indeed lead to small, but
significant, reductions in both Awater (—11.2ulcm~*(10 min)~!) and
Asodium (—9uEqcm~1(10 min)~1) absorption but it never induced secre-
tion. It is worth emphasizing that this PGE; concentration is considerably

164



BILE ACIDS IN CONSTIPATION AND DIARRHOEA

Figure 10.6 Effect of perfusing electrolyte solutions containing 1, 2 or 5mmol/l non-
sulphated DCA on delta (A) PGE, output into the perfusion effluent in untreated animals
(stippled bars) and in rats pre-treated with indomethacin (cross-hatched bars)

higher than that found in the effluent fluid after perfusing the highest con-
centration of deoxycholate. This suggests, therefore, that although high con-
centrations of luminal prostaglandins can reduce colonic water and electro-
lyte transport, this effect does not occur after perfusion with concentrations
of prostaglandins found in the perfusion effluent after 5mmol/l DCA. And
since we never induced net secretion, it seems unlikely, on this evidence at
least, that prostaglandins are major mediators of bile acid-induced colonic
secretion. Further support for this conclusion comes from studies with the
prostaglandin synthesis inhibitor, indomethacin.

Figure 10.6 shows the effect of perfusing 1, 2, and 5 mmol/] concentrations
of deoxycholate, on A prostaglandin output before, and after pre-treatment,
with 10 mg indomethacin/kg body weight given subcutaneously 16 h and
again 1h before the study. As Figure 10.6 shows, indomethacin treatment
does indeed have a marked effect on PGE; output. In other words, by using
the prostaglandin synthetase inhibitor, we achieved our original aim of in-
hibiting prostaglandin synthesis and output. But what of the corresponding
changes in Awater transport?

Figure 10.7 (upper panel) shows, on the left, A PGE, output (as already
illustrated, in part, in Figure 10.6) and on the right, the corresponding
changes in Awater transport after perfusing 2 mmol/]l non-sulphated DCA
through the colon, in rats with and without indomethacin pre-treatment.
Despite the significant reduction in PGE, output after indomethacin, there
was no corresponding change in Awater transport. In fact, if anything, the
2mmol/l DCA produced a greater change in water transport after indometh-
acin than before. Conversely, if we compare the results of APGE, output
after perfusing 5 mmol/l deoxycholate in animals pre-treated with indometh-
acin, with those found after perfusing 2 mmol/1 DCA without indomethacin

165



BILE ACIDS IN GASTROENTEROLOGY

Figure 10.7 Selected results illustrating the dissociation between delta (A) PGE, output and
Awater transport in rats perfused with 2 mmol/l non-sulphated DCA with (cross-hatched bars)
and without (stippled bars) indomethacin pre-treatment - upper panel - or with 5mmol/l DCA
in treated rats and 2mmol/l DCA in untreated rats — lower panel

(Figure 10.7, lower panel), it can be seen that APGE, output was virtually
identical, but Awater transport was strikingly different.

Comment

This dissociation between prostaglandin synthesis and release on the one
hand, and electrolyte transport on the other, confirmed and consolidated
our belief that prostaglandins are unlikely to be important mediators of
deoxycholate-induced changes in colonic water and electrolyte absorption.
If we can extrapolate from these findings in animals to man and particularly
to patients with bile-acid-mediated diarrhoea, our results suggest that these
patients should not respond to treatment with drugs such as indomethacin
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(or to beta-blockers such as propranolol). Indeed, despite the results of
elegant animal studies by Conley, Schoenfield and colleagues® and by
Binder et al.**, most clinical investigators find that neither indomethacin nor
propranolol are helpful in the treatment of patients with bile acid-related
diarrhoea.

BILE ACID DEFICIENCY ASSOCIATED WITH CONSTIPATION

The evidence that bile acid deficiency may lead to constipation is sum-
marized in Table 10.1.

Normal man excretes up to 500-600mg of bile acids each day in the
stools'®, and it has been suggested that this normal colonic throughput of bile
acids may act as a physiological laxative. The fact that bile-acid binding
agents, such as aluminium hydroxide and cholestyramine, may lead to con-
stipation has already been discussed but several years ago, studies by Iser et
al.® in a unique patient with congenital bile acid deficiency, provided a
further link in the chain of evidence that lack of bile acids might cause consti-
pation.

Case report

At the time of study, the patient was a healthy looking woman aged 29 -
even if she was somewhat small in stature at 1.5m (4°11").

Previous history

From the age of 3, the patient had had documented steatorrhoea, but despite
this she had been constipated and on clinical grounds was thought to have
been suffering from coeliac disease. Then in 1953, when she was aged 10, she
was investigated by Ross and colleagues from Birmingham?, who suggested
that she probably had bile acid deficiency. They based this conclusion on the
fact that she had low concentrations of cholic acid in duodenal samples, and
that her steatorrhoea could be partly corrected by oral replacement therapy
with the desiccated ox-bile preparation ‘Desibyl’.

Present history

Without treatment, the patient was markedly constipated, opening her
bowels only once every 3-6 weeks. The Desibyl treatment had been of some
help, and whilst taking it she opened her bowels about once every 2 weeks;
but the only way she could maintain anything approaching a normal bowel
habit was with a self-administered phosphate enema. Despite this, she fre-
quently had intermittent, colicky abdominal pains, which occasionally be-
came severe.

She complained of dyspareunia - which was attributed, in part, to the for-
ward projection of faecal ‘rocks’ from an impacted rectum. She also com-
plained of dizzy spells which proved, on investigation, to be due to classical
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grand-mal epilepsy. Fortunately, her fits responded well to treatment with
phenobarbitone, although this enzyme-inducing agent was withdrawn for
the special bile-acid studies (see below).

Investigations

The intestinal bile acid deficiency was confirmed by aspirating duodenal
fluid before and after intravenous CCK stimulation of gallbladder contrac-
tion when dark, pigment-rich ‘bile’ was obtained. Although it looked
entirely normal, its total bile acid concentration was markedly reduced, with
most of the samples having total bile acid concentrations in the
0.5-1.0mmol/l range. In fact, the highest bile acid concentration in her bile-
rich duodenal juice was 4 mmol/l, which was well below the corresponding
values found in our gallstone patients, where the mean was 64 mmol/l. We
also documented bile acid deficiency in the serum - as evidenced by a 14h
profile of the serum conjugates of CDCA measured by radioimmunoassay.
With few exceptions, the values in the patient’s serum were below the normal
range found in control subjects taking the three conventional meals of the
day.

Because of constipation, faecal collection and analysis were difficult, but
we estimated that faecal bile acid output was also grossly diminished at
about 40 mg/day - as opposed to the normal of some 500 mg/day?™.

Having confirmed bile acid deficiency in the intestine, and having shown
bile acid deficiency in serum, bile and faeces, we went on to exclude common
diseases of the liver and intestine which might have affected the two active
transport mechanisms for bile acids - in the distal ileum and at the sinusoidal
membrane of the liver. There was no evidence of disease at these sites. We
therefore went on to measure the pool sizes and synthesis rates of the two
primary bile acids, cholic acid and CDCA, using the classical Lindstedt iso-
tope dilution technique®. The results in the patient were compared with pub-
lished results in normal controls and in patients with gallstones who are
known to have a reduced bile acid pool size*” (this seemed appropriate since
our patient too was shown to have developed cholesterol gallstones which
were subsequently removed during elective cholecystectomy). Analysis of
the isotope dilution results showed that there was a gross deficiency of both
primary bile acids, but particularly a deficiency in the cholic acid pool’. This
was confirmed by a GLC tracing of the trifluoroacetate derivatives of the
patient’s biliary bile acids where cholic acid accounted for only 17% of the
bile acid total.

There were corresponding changes in the synthesis of the two primary bile
acids. The synthesis of both was diminished but this particularly affected
cholic acid synthesis which was markedly reduced’. This led us to postulate
that there must have been a defect in hepatic bile acid synthesis - presumably
affecting mainly cholic acid production which is largely rate-limited by the
enzyme cholesterol 12« hydroxylase®. Later, when the patient came to elec-
tive cholecystectomy, a small wedge biopsy of liver was taken, and with the
help of Dr Kostos Mitropoulis at the Royal Postgraduate Medical School we
measured the activity of the rate-limiting enzymes for cholesterol
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(HMGCoA reductase) and bile acid and cholic acid (cholesterol 7o and 12¢
hydroxylase) synthesis. The results showed that there was a reduced level of
HMGCoA reductase, a low-normal 7o hydroxylase activity but a marked
deficiency in the 12« hydroxylase enzyme. It seems, therefore, that this
unique patient had a presumed congenital bile acid deficiency associated
with marked constipation. While we cannot conclusively prove a cause-and-
effect relationship between the low faecal bile acid output and her constipa-
tion, in the absence of other colonic disease, it is tempting to speculate that
the two might be related.

Conclusions

This, then, is a brief review of the relationship between bile acids and the
colon with a particular emphasis on constipation and diarrhoea. The role of
bile acids in promoting hyperabsorption of dietary oxalate® in patients with
enteric hyperoxaluria® has not been discussed, nor has the controversial
question of bile acids and colon cancer® been addressed. However, these
topics have been fully discussed elsewhere®.
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Bile acid malabsorption

L. BARBARA

The bile acid (BA) pool size is preserved in the enterohepatic circulation
(EHC) by means of an efficient intestinal absorption?.

The BA, which enter the small intestine after gallbladder emptying, take
part in the digestion and absorption of fat and fat-soluble vitamins in the
jejunum and proximal ileum; then they are absorbed, mainly in the distal
ileum?3.

Two modalities of bile acid absorption have been identified: passive
absorption and active absorption, the former mechanism operating in the
proximal small intestine and the colon, the latter accounting for the absorp-~
tion in the distal ileum.

As far as the passive absorption mechanism is concerned, this inversely
correlates with the number of hydroxyl groups and the degree of ion-
ization*®.

The hydroxyl groups increase the binding of BA to water; therefore, the
partition coefficient of the BA into the lipid membranes of the cells is
decreased.

Passive ionic diffusion now is thought to account for little of the total BA
absorption, while the protonate molecule, i.e. non-ionized, is considered the
major determinant of the passive absorption.

Therefore, since the pK, of unconjugated BA present as ‘monomers’ is
about 5, i.e. more similar to the pH of the intestinal lumen than that of the
conjugated forms, unconjugated BA, mainly dihydroxy, are candidates for
passive absorption.

The active BA intestinal transport is operating in the terminal ileum,
though the exact mechanism is not yet known and its histochemical local-
ization is still to be fully determined.

Active absorption follows Michaelis-Menten kinetics®: Vi, increasing
with the number of OH groups, K, being, on the contrary, related to con-
jugation, either with taurine or glycine’.

The colon helps maintain the enterohepatic circulation of BA by means of
passive absorption®: its contribution to the total absorption may be import-
ant in cases of BA malabsorption (BAM) in the small intestine’.

172



BILE ACID MALABSORPTION

In health, only about 10-15% of the total BA pool is lost daily in the
faeces; in presence of interruption of the EHC, with or without mucosal
damage, the BA are malabsorbed?®.

Various conditions have been so far described in association with BAM,
though a cause-effect relationship has not been identified for each of them;
three types of BAM have been listed!!: the first is due to ileal resection or
disease®1213; the second is regarded as a primary BAM; the third is found in
association with clinical conditions, such as cholecystectomy, fenformine
treatment, or renal failure!l.

The first type of BAM, which is pathognomonical for the disease, is
related either to Crohn’s disease or to ileal resection: the severity of the mal-
absorption depends on the extent of the ileal involvement.

The second type of BAM, firstly described by Thaysen and Pedersen4
and later studied by us'¢, seems to be related either to an increased BA syn-
thesis rate, overloading the ileal transport system or to impaired intestinal
absorption of a normal BA load, due probably to a defect in the carriers in
the ileal mucosa.

The third type has been found in uraemic patients’’, patients on
biguanydes therapy, though this second case has not been confirmed, and in
cholecystectomy, possibly because of the increased recycling frequency of
the BA pool.

Since ileal resection has been almost always found in association with
changes in the enterohepatic circulation of bile acids at the level of intestinal
absorption, two syndromes have been described, depending upon the length
of the resection!®:

(1) Bile acid diarrhoea: the increased concentration of bile acids in the
colon induces diarrhoea in resections under 100 cm. In this syndrome
usually none or slight steatorrhoea is present (8-20g/day); BAM is
present, and hepatic bile acid synthesis is increased'® to maintain a
normal or only slightly decreased jejunal bile acid concentration. The
concentration of the bile acids in the faecal water is increased; in
particular, dihydroxy bile acids are present in concentrations similar
to those which have been shown to cause water and electrolyte
secretion during colonic perfusion in man?®. Cholestyramine® is con-
sidered to have abolished diarrhoea by binding BA, thus preventing
their secretory effect in the colon. Although a cholestyramine-
induced steatorrhoea may develop, this is usually of no caloric or
symptomatic consequence?.

(2) Fatty acid diarrhoea: in cases of resection over 100 cm, steatorrhoea is
usually severe ()20g/day); bile acid malabsorption is severe and
jejunal bile acid concentration is usually decreased, despite an in-
creased BA synthesis rate. Because of a decreased bile acid secretion,
the concentration of the BA in the faecal water of colonic content is
normal and bile acids do not induce water secretion in the colon. In
this case, hydroxy fatty acids may induce water and electrolyte
secretion in the colon?>2, Cholestyramine treatment is of no sympto-
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matic benefit; it increases steatorrhoea, causing significant caloric
loss; long-chain triglycerides/medium-chain triglycerides exchange

decreases both diarrhoea and steatorrhoea and is probably of caloric
benefit?2,

The development of a bile supersaturated in cholesterol and hyperoxaluria
are further disturbances in the syndrome of broken enterohepatic circulation
of bile acids.

The reduced return of bile acids to the liver leads to a decreased bile acid
secretion intc bile; the hepatic BA synthesis rate increases, but, when the
interruption of the EHC is severe (large ileal resections), it is not increased
enough to maintain a secretion of BA able to solubilize biliary cholesterol: a
lithogenic bile and cholesterol gallstones may develop.

As far as the high incidence of urinary oxalate stones in patients with ileal
resection is concerned, several possible mechanisms for hyperoxaluria have
been proposed. So far, the most reliable mechanism seems to be related to the
amount of fatty acids malabsorbed in the colon, which bind calcium ions,
leaving oxalate in solution available for absorption.

The two syndromes described by Hofmann do not seem, so far, com-
pletely separated, and results from our laboratory? seem to suggest that, in
cases of very short ileal resection (40-50 cm), little, if any, BAM is present; in
resection of about 100 cm, BAM is accounted for by almost only trihydroxy
BAM, possibly because of the better intestinal conservation of dihydroxy
BA, due to passive absorption in the small intestine and the colon. In these
cases, a bile-acid mediated diarrhoea does not seem always possible, because
few dihydroxy bile acids are malabsorbed.

When the EHC is more severely interrupted, i.e. in large resections, the
malabsorbed dihydroxy BA may induce water and electrolyte secretion in
the colon, and, when the jejunal concentration of the BA is reduced, fatty
acid diarrhoea simultaneously develops.

In even larger ileal resections, both bile acids and fatty acids precipitate for
the low intestinal pH and the diarrhoea is due to the great amount of fluids
entering the colon.

Different techniques are so far available for measuring BAM.

BAM may be assessed by measuring the fraction of ring-labelled bile acid
(usually taurocholate), excreted in stools, 24-48 hours after intravenous
administration in fasting conditions?’%,

Usually, only about 10% of the labelled trihydroxy BA is recovered from
healthy subjects; this amount is severely increased in cases of interruption of
the EHC. Since a trihydroxy BA, conjugated with taurine, is used, the test
gives information about the impairment of active absorption; in fact, the
very low taurocholic acid pK, (1.8) makes the passive absorption of this
moiety very unlikely.

The use of ring-labelled glycochenodeoxycholic acid may give
information about the interruption of the dihydroxy BA circulation.
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Principle of the test

The fraction of the ring-labelled BA is related to the fraction of the same
endogenous BA not absorbed in the ileum.

If a 3H-ring-labelled BA is used, a small part of radioactivity is removed by
bacteria and converted to HyO, which is absorbed and enters the body
water®. Part of the labelled BA is deconjugated, and cholic acid or its bac-
terial product, deoxycholic acid, may be in part absorbed and in part recon-
jugated with glycine. The remaining [3H] radioactivity is lost with stools, the
amount of which depends upon the completeness of colonic emptying.

The use of a non-absorbable faecal marker (usually 51CrCl;) can assess the
recovery of the test substance.

VALUE OF THE RING-LABELLED BA IN THE DIAGNOSIS OF BA
MALABSORPTION

The test seems® to be sensitive and accurate, provided a faecal marker is
used.

In fact, patients with diarrhoea, but not ileal disease, do not have BAM
and the ratio of the BA radioactivity to the marker radioactivity differen-
tiates them from patients with BAM.

51CrCl3 does not seem to behave ideally as a faecal marker, since it may
precipitate, forming insoluble salts.

Polyethylene glycol (PEG 4000), a marker of the watery phase of stools,
may be a better choice®.

In most patients with BAM, bile acid pool size is reduced® and the frac-
tional turnover rate is increased; it is technically difficult to measure the
efficiency of the reabsorption in patients with BAM, because of the high frac-
tional turnover rate, but the evaluation of the pool size by Lindstedt’s tech-
nique may be successful, provided the duodenal bile sampling is obtained at
very short time intervals.

BAM is also assessed by the [1-14] glycocholic acid test. The amide bond
linking the steroid moiety to glycine may be cleaved by bacteria present in
the small intestine, in cases of bacterial overgrowth, and in the colon, in
healthy subjects.

The 14C-glycine moiety, when released, is converted to 14CQO,, which
promptly diffuses through the intestinal wall and is expired.

Increased deconjugation may occur both in cases of bacterial colonization
of the small intestine and in cases of BAM in the small intestine, when great
amounts of bile acids enter the colon.

The test, usually performed according to the method of Fromm and
Hofmann? distinguishes between bacterial overgrowth and BAM, provided
the combined breath 14CO; and faecal 14C excretion test is performed (Figure
11.1).

The test is rapid, simple and safe, the radiation dose involved is compar-
able with that of a routine X-ray of the colon; it is less than that of a Shilling
test.
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Figure 11.1 Cholyl-1-14C glycine test in different groups of patients. N=No. of patients

Moreover, the biological half-life of [1-14C] glycocholic acid is less than 5
days.

The breath-test, as well as the Shilling test, is influenced both by the
mucosal function and by the interaction of the test substance with intestinal
bacteria.

While a negative breath-test in cases of bacterial overgrowth must always
be interpreted with caution and considered together with the 14C faecal
excretion. According to Fromm?, the cholyl-1-14C-glycine assay with com-
bined measurements of breath and faecal 14C is as sensitive as the ring-
labelled taurocholic acid faecal excretion and more sensitive in detecting
BAM, and more sensitive than the Shilling test in assessing ileal dysfunction.

In order to avoid as much as possible the influence of variations in the
colonic emptying in the interpretation of the 14C results, the use of a faecal
marker is recommended?®. Thaysen® suggested the use of carmine red, which
is the best choice for out-patients. The marker can be used together with the
test meal® or 24 hours after the beginning of the study?.

Since the intestine is the major determinant of serum bile acid levels®*%, in
patients with normal liver function, and since the hepatic clearance seems in-
dependent from fasting and postprandial condition®, serum BA levels have
been regarded as a possible test of bile acid malabsorption®.,

The development of sensitive ‘Radioimmunoassay techniques specific for
classes of bile acids (conjugates chenodeoxycholic and cholic acids) made the
easy determination of these BA in fasting and postprandial conditions pos-
sible as well as a better understanding of the two different enterohepatic
circulation dynamics of tri- and dihydroxy bile acids®> and their different
extent of EHC interruption in ileal resections.
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Figure 11.2 Diurnal variations of serum levels of cholic (CCA) and chenodeoxycholic
(CCDCA) acid conjugates in patients with ileal resection

Cholic acid conjugates have been reported to be low in fasting patients
with BAM! and their postprandial rises were found to be low and progres-
sively diminishing with each meal'. Chenyl-conjugate value peaks after
meals®, however, were found lower but constant throughout the day in
patients with BAM.

Data from our laboratory% seem to indicate that, in patients with BAM
(positive 1-14C-glycocholic acid test), serum fasting levels of chenodeoxy-
cholic acid conjugates are normal, while cholic acid conjugates are low,
mainly in patients with large ileal resection and more severe BAM.

Chenodeoxycholic acid postprandial peaks were found to be almost
normal in patients with BAM, while cholic acid peaks were severely reduced,
if not abolished by malabsorption (Figure 11.2); both cholic and cheno-
deoxycholic conjugates postprandial peaks inversely correlate with the
respective acid faecal excretion. Moreover, recent studies indicate that a
positive correlation is present between cholic acid pool size and cholic acid
peaks after meals* in children with ileal resections.

These data further support the concept of a better intestinal absorption of
dihydroxy BA in cases of ileal resections and indicate that cholic acid rises
after meals closely parallel the degree of intestinal absorption impairment,
and prove to be a more sensitive index of terminal ileum involvement than
chenodeoxycholic acid ones, whilst chenodeoxycholic acid peaks may have
a diagnostic significance in detecting colonic dysfunction.

Perfusion studies in the human colon® in fact have demonstrated that the
rate of chenodeoxycholic acid absorption in the colon averages nine times
that of cholate and that the colon may contribute significantly to the con-
servation of the dihydroxy bile acid pool, mainly in condition of BAM in the
small intestine.
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Figure 11.3 Faecal bile acids in patients with ileal resections and colectomy

Futhermore, recent studies*>*¢ indicate that the determination of the serum
rises of glycocholic acid after the oral administration of 1g glycocholic acid
may be clinically useful, the patients with BAM having very little or absent
peaks within 5 hours from the ingestion of the BA.

The sensitivity and the specificity of the test, however, is still to be better
evaluated. Similarly the serum ursodeoxycholic acid determination? after an
oral load of the bile acid has been also proposed as a test of intestinal absorp-
tion, in patients without liver disease.

As well as the diagnosis of liver disease, also in the detection of intestinal
malabsorption, the use of an exogenous BA oral load seems so far preferable
to the endogenous BA load because such variables as gallbladder emptying
intestinal transit, hepatic blood flow can be avoided.

Since the daily bile acid faecal excretion represents the hepatic daily syn-
thesis of bile acids from cholesterol?, the degree of interruption of the EHC of
bile acids is paralleled by an increase in the hepatic synthesis rate and faecal
bile acid excretion.

In healthy subjects, cholic acid synthesis is about twice that of cheno-
deoxycholic acid, because of the better intestinal conservation of the latter
BA. In intestinal resections, the enterohepatic circulation of cholic acid is
more severely interrupted than that of chenodeoxycholic acid and the daily
synthesis of the former becomes about ten-fold higher than the latter one?,

The daily bile acid faecal excretion is determined usually by gas-liquid
chromatographic analysis*, which provides quantitative and qualitative in-
formation of total and single faecal bile acids (Figure 11.3).

BAM does not mean bile acid diarrhoea: prerequisites of the occurrence of
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a bile acid mediated diarrhoea are: the presence of high amounts of secretory
BA in the faecal content (dihydroxy BA malabsorption) and a pH value
keeping these BA in solution?.

The faecal pH is so far considered the major determmant of the dihydroxy
BA concentrations in the faecal water®: from colonic intubation studies,
chenodeoxycholic and cholic acid solubility in the faecal water has been
found?® to be quite similar to that reported by in vitro studies’®*2 and cheno
appears slighty more soluble than deoxy.

Since small ileal resection appears to be associated with an alkaline pH,
while in large resections the pH appears to become acidic, in large resections
faecal bile acid precipitation prevents the bile acid diarrhoea®.

Therefore, in large resections, the large amounts of fluids in the colon, per
se, cause diarrhoea. Data from our laboratory? failed to find a close correla-
tion between the pH value and the length of the resection; large resections
were not always found associated with acidic pH; therefore in these cases,
high amounts of dihydroxy bile acids were found in the faecal water.

The concentration of dihydroxy BA reported to have cathartic properties
in man has been shown of the order of 1.5mmol/1 (1-3 mmol/1)¥: this may
be not exactly the same that is eventually found in the faecal water, since the
actual concentration in the faecal water is the result of the dilution of the bile
acids by the colonic secretion.

In spite of alkaline faecal pH, cheno and deoxy are in solution in a smaller
percentage than should be expected: this may be accounted for by absorp-
tion of BA to fibres, nutrients or organic materials*®. Once the bile acid mal-
absorption has been demonstrated, the evaluation of the dihydroxy BA in
the faecal water is needed as well as the faecal BA pattern in order to ascer-
tain the presence of a BA diarrhoea.

This information is usually achieved by the enzymatic determination of
total BA in the faecal water, after ultracentrifugation at 100000 g** for 3
hours, combined with gas-liquid chromatography.

In healthy subjects, only deoxycholic and lithocholic acid are found in
stools; in patients with BAM, primary BA are also present in large amounts.

Since primary BA are also present in patients with diarrhoea, without
BAM, their presence has no diagnostic significance.

In patients with bile acid diarrhoea, cholestyramine administration
abolishes diarrhoea, by binding the BA; though it is effective in the treatment
of the diarrhoea, it induces fat maldigestion. Moreover, the EHC inter-
ruption may become more severe, leading to cholesterol gallstone form-
ation.

In cases of fatty acid diarrhoea, the administration of medium-chain tri-
glycerides instead of long-chain triglycerides improves steatorrhoea and is of
metabolic benefit.

Neither of these therapies correct the bile acid deficiency in these
patients®3, therefore a bile acid replacement therapy has been proposed.

Ursodeoxycholic acid, the 7-beta-epimer of chenodeoxycholic acid
decreases cholesterol saturation in bile%, is passively absorbed in the small
intestine® and has no cathartic properties®.

Therefore, when chronically administered to patients with ileal resection,
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it may reduce the diarrhoea by replacing the cathartic chenodeoxycholic
acid, and meanwhile it may improve the cholesterol solubility in bile3.
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The role of bile acids in intestinal
absorption of cholesterol

NICHOLAS F. LaRUSSO

INTRODUCTION

Although chronic administration of chenodeoxycholic acid (CDCA) and
ursodeoxycholic acid (UDCA) has been shown to dissolve cholesterol gall-
stones, the mechanism of this effect is unclear. Since diminished hepatic
cholesterol secretion results from administration of each of these bile acids
and is a prerequisite for their litholytic effect, any hypothesis explaining bile
acid-induced gallstone dissolution must account for a diminution in hepatic
cholesterol secretion. Possible explanations for suppression of hepatic
cholesterol secretion by bile acids include inhibition of hepatic cholesterol
synthesis and suppression of intestinal cholesterol absorption.

Studies addressing each of these hypotheses have generated data which
often have little or only indirect relevance and, in some cases, are conflicting.
For example, although both bile acids inhibit the hepatic activity of
HMGCo-A-reductase, the rate-limiting enzyme of cholesterol synthesis,
such inhibition may have little effect on the amount of cholesterol secreted in
bile because most biliary cholesterol probably originates from a preformed
pool of non-newly synthesized lipid. Moreover, large alterations in hepatic
activity of this enzyme may not be accompanied by changes in biliary choles-
terol secretion.

More relevant to the topic of this review are data concerning the effect of
litholytic bile acids on cholesterol absorption. No effect of CDCA on choles-
terol absorption has been observed in animals and man by some investi-
gators, while other workers report that CDCA inhibits intestinal UDCA
absorption of cholesterol. Two studies have evaluated the effect of UDCA on
intestinal absorption of cholesterol; results of one showed significant inhib-
ition, while results of the other showed no effect. Thus, although administra-
tion of CDCA and UDCA is known to dissolve cholesterol gallstones, the
mechanism whereby these litholytic bile acids suppress hepatic cholesterol
secretion continues to be obscure, and the role of altered cholesterol absorp-
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tion in the dissolution process remains uncertain.

With this background, I will address the normal mechanisms whereby
cholesterol is absorbed by the intestine, review the methods for measuring
cholesterol absorption in man, survey the data relevant to the effect of bile
acid administration on intestinal absorption of cholesterol, and discuss the
complex relationships among cholesterol absorption, biliary cholesterol
secretion, and gallstone dissolution.

CHOLESTEROL ABSORPTION

Cholesterol is a non-polar lipid that is insoluble in aqueous systems (Figure
12.1). Virtually all cells are capable of synthesizing cholesterol, but chemical
degradation of cholesterol to bile acids occurs exclusively in the hepatocyte,
and biliary excretion of cholesterol is the major mechanism by which the
body disposes of excess cholesterol.

Bile acid Lecithin Cholesterol
(Chenodeoxycholic)

sHC o 3HC:
"
CHy COOH ,HC-0-C-R CHgy
8.
CHy| HC-0-C-R CHg CH3
2
2nc-o—f—o~(cnz)2—»la*
ol \OH 0- (CH3)3 OH

Figure 12.1 Chemical structure of biliary lipids

Cholesterol absorption occurs in the upper small intestine, and intestinal
cholesterol is derived from exogenous and endogenous sources. Exogenous
or dietary cholesterol has no nutritional value, and, although variable, the
average dietary cholesterol intake in developed countries is
500-1000mg/day. The proportion of dietary cholesterol present as free
cholesterol or cholesterol ester is also variable but usually in the range of
90% free cholesterol and 10% cholesterol esterified with fatty acid. Endo-
genous cholesterol is derived from several sources, but biliary excretion pro-
vides the major input of endogenous cholesterol into the intestine. Secretion
studies using marker-dilution techniques indicate that about 2g/day of
cholesterol is secreted by the liver into the intestine. Total cholesterol absorp-
tion appears to be directly related to the total (endogenous plus exogenous)
input of cholesterol into the intestine. Increasing cholesterol intake results in
greater cholesterol uptake although the percentage absorbed may be less.
Thus cholesterol absorption is relatively, not absolutely, fixed.

Cholesterol absorption can conveniently be divided into four stages: intra-
luminal events, entry into absorptive cell, intracellular processing, and exit
from mucosal cells.
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Intraluminal events are initiated by the conversion of cholesterol esters to
free cholesterol, a reversible enzymatic reaction catalysed by pancreatic
cholesterol ester hydrolase (also called cholesterol esterase). This reaction
requires bile acids, which probably act as co-factors, protect the enzyme
against proteolysis, and favour the direction of de-esterification. Free choles-
terol is then incorporated into micelles composed of bile acids and lipolytic
products of triglyceride digestion (monoglyceride and fatty acids) (Figure
12.2). Bile acids are amphipathic molecules which facilitate cholesterol
absorption by dispersing lipolytic products in micellar forms. For micellar
solubilization, the bile acid concentration must be above their critical
micellar concentration (CMC) which is approximately 2mmol/l. Micellar
dispersion increases the entry of fat into the absorptive cell by increasing the
concentration of lipolytic products in the aqueous phase about 1000 times.
Moreover, since the flux through the ‘unstirred layer’ on the mucosal surface
of intestinal absorptive cells is a product of the concentration and the dif-
fusion rate, micellar solubilization increases the flux through the aqueous
phase at least 100 times. Cholesterol has low solubility in micelles composed
of bile acids alone, but dissolves relatively well in bile-acid-fatty-
acid-monoglyceride micelles, since it can pack between the liquid hydro-
carbon chains of the lipolytic products. Indeed, at a fixed bile acid concentra-
tion the solubility of cholesterol increases in proportion to the concentration
of lipolytic products.

Figure 12.2 Structure of mixed micelle (From AGA Undergraduate Teaching Project, Unit V,
Lipid Digestion and Absorption.)

The precise mechanism whereby cholesterol enters the absorptive cell is
not known. Uptake probably occurs from a true molecular solution which is
kept saturated by cholesterol molecules moving out of the micelle (Figure
12.3). The micelle may also collide with the plasma membrane but is prob-
ably not absorbed.

After entry, intracellular processing of cholesterol occurs after free choles-
terol is transported by an unknown mechanism, perhaps a cytosolic protein,
to the endoplasmic reticulum for re-esterification by a mucosal cell choles-
terol esterase with properties similar to those of pancreatic cholesterol ester
hydrolase. Esterified cholesterol is then incorporated into chylomicrons
(Figure 12.4) and very low density lipoproteins, probably within the Golgi.
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Figure 12.3 Uptake of lipolytic products (From AGA Undergraduate Teaching Project, Unit V,
Lipid Digestion and Absorption.)

Figure 12.4 Structure of chylomicrons (From AGA Undergraduate Teaching Project, Unit V,
Lipid Digestion and Absorption.)

The former are large (800-5000 A), triglyceride-rich (approximately 90%),
protein- (approximately 2%) and cholesterol-poor (approximately 5%) lipo-
proteins synthesized in the intestine, while the latter are smaller (30-80 A),
triglyceride-rich (60% ) lipoproteins containing more protein (approximately
10%) and cholesterol (approximately 15%) and synthesized in both the in-
testine and liver.

Cholesterol exits from the mucosal cell via these lipoprotein vehicles
which pass across the lateral borders of the enterocytes to enter intracellular
spaces from which they diffuse into laterals. Chylomicrons travel via intes-

tinal lymphatics into the cysterni chyli and then into the superior vena cava
via the thoracic duct.

ROLE OF BILE ACIDS IN CHOLESTEROL ABSORPTION

Bile acids play a vital role in cholesterol absorption, probably at each of the
steps outlined above. This is most dramatically demonstrated by the fact

that complete bile diversion results in nearly complete cessation of choles-
terol absorption.
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During the intraluminal events of cholesterol absorption, bile acids, in
conjunction with the lipolytic products of triglyceride digestion, solubilize
free cholesterol into mixed-lipid micelles. In addition, bile acids are essential
for the proper function of pancreatic cholesterol ester hydrolase, probably
by at least two mechanisms. First, they may act as co-factors by enhancing
the activity of this enzyme independently of their solubilizing properties.
Moreover, different bile acids have different capacities for stimulating pan-
creatic cholesterol ester hydrolase; the trihydroxy bile acids are the most
effective. Second, bile acids protect cholesterol ester hydrolase from pro-
teolytic degradation by chymotrypsin.

Bile acids may also influence the intracellular processing of free cholesterol
once it has entered the mucosal cell. For example, diversion of bile reduces
the esterifying capacity of the intestine. Also, it has been suggested that bile
acids may enhance the transport of mucosal chylomicrons into lymph.

METHODS FOR MEASURING CHOLESTEROL ABSORPTION IN
MAN

There are a variety of established and validated methods for measuring
cholesterol absorption in man, some of which are briefly summarized in
Table 12.1. Most methods employ cholesterol radiolabelled with 3H, “C or
both. Other techniques have also been employed by particular investigators,
but this table identifies those most commonly used. Each method has its
strengths and weaknesses and no single method is clearly superior with res-
pect to both accuracy and precision. The most appropriate method depends
on the specific hypothesis being tested or the particular question being asked,
the familiarity of the investigator with the individual techniques, and the
facilities available. In many circumstances the precision or reproducibility of
the method may be more important than the absolute accuracy, such as situ-
ations in which the effect of a particular drug or dietary regimen is being
compared with a placebo. Ideally, more than one technique should be
employed whenever conveniently possible.

CHOLESTEROL ABSORPTION AND GALLSTONE DISEASES

As reviewed earlier, bile acids clearly are major determinants of cholesterol
absorption in man at a variety of levels. Moreover, everyone agrees that dif-
ferent bile acids may affect cholesterol absorption differently. For example,
deoxycholic acid has been shown to inhibit cholesterol absorption by several
groups of investigators, whereas cholic acid probably stimulates cholesterol
absorption. Nevertheless, unresolved questions exist concerning the mech-
anism(s) whereby different bile acids affect cholesterol absorption differ-
ently, the relationships between alterations in intestinal cholesterol absorp-
tion and biliary cholesterol secretion induced by different bile acids, and the
effect of litholytic bile acids on cholesterol absorption.

Little information is available on the possible mechanisms whereby bile
acids might affect cholesterol absorption. As reviewed earlier, they could in-
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fluence cholesterol absorption at any one of the several steps involved in the
intraluminal and intracellular phases of cholesterol absorption. Other pos-
sible mechanisms include direct mucosal damage, alterations in intestinal
transit time modifying the duration of exposure of cholesterol to the mucosal
cell, or the absolute amount of trihydroxy bile acids present in the intestinal
lumen. However, considerable data are available on the effect of different
bile acids on both intestinal cholesterol absorption and hepatic cholesterol
secretion. The results suggest no direct or clear-cut relationship between bile
acid induced alterations in cholesterol absorption and biliary cholesterol
secretion. For example, deoxycholic acid inhibits intestinal cholesterol
absorption but has no effect on biliary cholesterol secretion. Similarly,
cholic acid stimulates cholesterol secretion but also does not affect biliary
cholesterol secretion. These data suggest that, if a relationship does exist be-
tween bile acid induced changes in cholesterol absorption and biliary choles-
terol secretion, the relationship is complex and other factors (e.g., direct
effects of individual bile acids on hepatic lipoprotein and cholesterol meta-
bolism) are probably involved.

At the present time, the effect of litholytic bile acids (CDCA and UDCA)
on cholesterol absorption in man is controversial (Table 12.2). Most, but not
all, investigators have observed no effect of CDCA on cholesterol absorp-
tion when given in doses sufficient to cause both decreased cholesterol satur-
ation in bile and gallstone dissolution. Less data exist on the effect of UDCA
on intestinal cholesterol absorption in man; one study found no effect, while
another found a significant diminution of cholesterol absorption after
UDCA administration. The reasons for these differences are not apparent;
different methodology, different dose regimens, and different patient pop-
ulations may all contribute.

Although the relationships among absorption of cholesterol, secretion of
biliary cholesterol, and plasma cholesterol levels are complex and although

Table 12.2 Effect of litholytic bile acids on
cholesterol absorption in man

Reference Results
Chenodeoxycholic acid:
6 Inconclusive
7 No effect
8 Decreased
9 No effect
10 No effect
11 No effect
12 No effect
Ursodeoxycholic acid:
13 Decreased
12 No effect
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controversy continues regarding the effect of litholytic bile acids on absorp-
tion of cholesterol, several generalizations seem appropriate. First, it seems
likely that at least some agents that lower serum cholesterol levels by inhibit-
ing absorption of cholesterol do not concurrently alter secretion of biliary
cholesterol. This suggests that such drugs, compared with agents that
decrease serum lipid levels by different mechanisms (for example, clo-
fibrate), are unlikely to be associated with bile saturated with cholesterol or
with an increased incidence of cholesterol cholelithiasis. Second, attempts at
dissolution of cholesterol gallstones by agents whose only effect is to inhibit
absorption of cholesterol are unlikely to be fruitful, in as much as no predict-
able correlation seems to exist between pharmacologically induced changes
in the absorption of cholesterol and the concentration of cholesterol in bile.
Finally, a thorough description of the mechanism or mechanisms whereby
litholytic agents unsaturate bile requires techniques that concomitantly
measure secretion of biliary cholesterol, absorption of cholesterol, and syn-
thesis of cholesterol in a homogeneous group of patients.

Further reading

Reviews

Treadwell, C.R. and Vanhouny, G.V. (1968). Cholesterol absorption. In
Handbook of Physiology - Alimentary Canal, III, 1407
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Physiological immaturity of the
enterohepatic circulation of bile acids

W.F. BALISTRER], F.]. SUCHY, ]J.E. HEUBI AND W.M. BELKNAP

Biliary flow is directly dependent upon the adequate synthesis, conjugation,
secretion, and recirculation of bile acids'—3. Efficient transport of bile acids is
central to the biliary elimination of many endogenous and exogenous com-
pounds since they are the main determinants of bile flow in the mature
animal?. At birth the newborn can no longer depend upon placental excre-
tory function, and during the transition from fetal to an extrauterine
existence progressive maturation of the liver and gastrointestinal tract must
occur. Inefficiency of normal physiological events such as bile secretion and
fat digestion are the consequences of faulty adaptation to these new
demands®®.

Figure 13.1 Serum concentrations of cholyglycine and conjugates of chenodeoxycholate in
maternal and cord sera and from neonates during the first 4 days of life. (Numbers in paren-
theses indicate the number of subjects in each group.)
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Figure 13.2 Serum concentrations of cholylglycine and conjugates of chenodeoxycholate
during the first year of life.

Our previous investigation of the normal human adaptation of hepatic
function to extrauterine life led to the observation that the serum concentra-
tions of the conjugated primary bile acids are elevated in both the fasting
and postprandial state in the human infant (Figures 13.1 and 13.2)%. This has
provided indirect evidence of immature hepatic excretory function in normal
infants.

In order to assess further the ontogeny of the enterohepatic circulation a
suitable animal model was sought. It is known that in the rat there is a
temporary period of morphological cholestasis in the first few days of life”.
We therefore sought to define the interrelationship of the various steps of bile
acid metabolism in the rat.

METHODS
Animal Model

The subject of our studies was the Sprague-Dawley rat killed throughout
various phases of development into adult life. Fetal animals were obtained
by Caesarean-section on day 21 and 22 of fetal life, and postnatal animals
were studied at various intervals (e.g. 1, 4, 7, 10, 14, 21, 28, 42 and 56 days of
age). This allowed us to measure and correlate with age several parameters
of bile acid metabolism and the enterohepatic circulation.

Analyses

Serum bile acid concentration - Specifically, the concentration of total
conjugates of cholic acid, the main bile acid found in this species, were
measured in serum obtained from fetal, suckling, weaning and adult
Sprague-Dawley rats using a sensitive and specific radioimmunoassay®.

Bile acid pool size -~ The total pool of bile acids was estimated by excising
the entire liver and gastrointestinal tract followed by homogenization,
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extraction and analysis of the bile acid content by gas chromatographic
methods?®.

Bile acid uptake (hepatic) - Taurocholate uptake was assessed in hepa-
tocytes isolated from rats of various ages throughout development. Hepa-
tocytes were isolated by in situ collagenase perfusion. After preincubation
(20 minutes at 37 °C), 2.0 ml of the cell suspension were incubated with [C]
taurocholate and varying concentrations of bile acids ranging from 5 to
200 umol/l, and the uptake of taurocholate was assessed following micro-
centrifugation®!.

Bile Acid Conjugation - We studied conjugation of cholic acid in hepa-
tocytes isolated by either collagenase digestion of fetal/neonatal rat liver
slices or by in vivo collagenase perfusion in older rats'213, Tracer unconju-
gated [C] cholic acid was incubated with viable cells and the extent of con-
jugation measured at 30 minute intervals (for 3 hours) by TLC of the ethanol-
NH, extract of the suspension. Biotransformation to the taurine (or glycine)

conjugates was calculated from the fraction of the radioactivity eluted from
each band.

Bile Acid Uptake (Intestinal) - Intestinal bile acid uptake was assessed
using the villous technique developed by Heubi and Fondacaro. Segments
of jejunum and ileum were obtained from various aged animals and in-
cubated for 2 minutes in Krebs-Ringer bicarbonate buffer with glucose (pH
7.4) at 37°C with “C-labelled taurocholate and various concentrations
(0.1-3.5mmol/1) of unlabelled bile acid. The segment was subsequently
washed, freeze-dried and the villi chipped and weighed. The radioactivity
was assessed and uptake per gram of dry weight was calculated.

RESULTS
Serum Bile Acids

The bile acid concentration obtained in serum from rats at various ages are
shown in Figure 13.3°. Fetal serum bile acid levels were low, approximately
1-2 umol/l, probably reflecting minimal enterchepatic circulation in utero
and possible short circuiting by placental transport. The concentration of
bile acids in serum rose abruptly with birth and the initiation of suckling,
suggesting an inefficient hepatic extraction of the bile acids present in the
increased portal blood flow in addition to an impairment of biliary secretion.
There was a subsequent progressive rise in cholyl conjugate concentrations
throughout the suckling and weaning phase, with levels approaching those
noted in adult rats with induced cholestasis’>!®. Following weaning at 21
days, there was a dramatic peak in bile acid concentrations to approximately
22 umol/l; values then fell to achieve adult normal values by 56 days of age.
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Figure 13.3 Serum concentration of conjugates of cholate (CCA) in developing rats
(n=number of animals in each group)

Bile Acid Pool Size

The total bile acid pool size at various phases of development were found to
increase directly with age, there was a progressive expansion of pool size
from under 50 ug/(g body weight) to a value of over 500 ug/(g body weight)
by the time adult life was reached (Figure 13.4).

Figure 13.4 Bile acid pool size in developing rats
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Hepatic Uptake

To define developmental changes in bile acid metabolism further, we deter-
mined the kinetics of taurocholate uptake by hepatocytes isolated from rats
at 7, 14, 21, 28 and 56 days of age. There was a progressive increase in tauro-
cholate uptake with age (Figure 13.5)'1. The uptake process exhibited satur-
able kinetics in every age group with a maximum uptake velocity obtained
above a taurocholate concentration of 200 umol/l. There were no differences
in Ky, values but Vi, increased progressively between 7 and 56 days of age
(Figure 13.6). Comparable K, values for the uptake process indicate that
hepatocyte affinity for taurocholate remains constant during development
whereas the rise in Vi, with postnatal age may reflect an increase in the
number of binding sites for bile acids.
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Figure 13.5 Initial velocity of taurocholate uptake (V) plotted against substrate concentra-
tion for hepatocytes isolated from developing rats. Each circle represents the mean +SE of data
obtained from six animals

Bile Acid Conjugation

The conjugation of bile acids favourably alters their physio-chemical proper-
ties, allowing optimal participation in bile flow, solubilization of dietary
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lipid and conservation by ileal active transport. The capacity to conjugate
cholic acid was not fully developed in hepatocytes isolated from fetal and
suckling rats!®. Conjugation was most impaired in the fetal liver at a time
when other metabolic processes such as protein synthesis were increased in
comparison with the mature animal. There was a rapid maturation of con-
jugation at weaning. The increase was proportional to body weight and was
fully developed by 2 months of age. Taurocholate was the predominant con-
jugate in every age group.

Intestinal Uptake

Jejunal uptake of taurocholate was linear with respect to bile acid concentra-
tion in the incubation media and was similar in all age groups studied. How-
ever, in ileal segments isolated from adult rats there was a demonstrable
saturable process’®. In contrast, in animals studied at 1 week of age both ileal
and jejunal uptake were linear. Similar curves were obtained in 2-week-old
animals. Active transport was not demonstrable until 3 weeks of age when
saturation kinetics for ileal uptake were first observed (Table 13.1). Ileal
active transport kinetics were determined by subtracting jejunal from ileal
uptake. The K, remained unchanged after 3 weeks; however, the V ,,, was
highest at 3 weeks and declined thereafter. As was also demonstrated in the
hepatocyte, binding affinity was constant; however, binding sites per unit
ileal weight declined after 3 weeks. Age-related differences in permeability
may not serve to facilitate bile acid recycling before the development of ileal
active transport.

Table 13.1 Postnatal development of ileal bile acid transport in the rat

Age at time of study

(weeks): 1(n=18) 2(n=26) 3(n=19) 4 (n=15) Adult (n=15)
Monomeric permeability 0.26 0.27 0.22 0.27 0.44
coefficient (Papp)

(gmol min—1(mg dry
weight) ~Immol 1

Maximal transport 0 0 13.14 9.81 9.61
velocity (V, p)

(pmol min—fmg (dry

weight)~1

Michaelis constant 0 0 0.37 0.48 0.46

(Ky,) (mmol)

CONCLUSIONS

In early life there is an immaturity of the enterohepatic circulation. The
serum bile acid concentration both in rats and in humans are elevated; these
studies demonstrate that in the rat this occurs when bile acid pool size is
diminished and ileal active transport is negligible (Table 13.2). This suggests
that impaired hepatic clearance and/or impaired secretion is the major limit-
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Figure 13.6 Rate constants for uptake of taurocholate by hepatocytes isolated from develop-
ing rats. Each bar represents the mean =+ SE of data obtained from six animals

ing factor at this time of life. This hypothesis has been confirmed by our data
which show impaired hepatic uptake of bile acids by hepatocytes in early
life. Later during maturation, at around the time of weaning, serum bile acid
levels increase further. There has been an expansion of the bile acid pool size
and the appearance of ileal active transport further suggesting that hepatic
uptake and/or secretion remain the limiting factor. With full maturation,
serum bile acid levels decrease, at a time when bile acid pool size has had a
ten-fold increase over fetal levels and ileal active transport is now efficiently
conserving the bile acid pool. These findings and the data obtained from our
study of isolated hepatocytes suggest that processes involved in hepatic bile
acid metabolism have progressively achieved adequate function.

It, therefore appears that developmental changes in the enterohepatic
circulation of bile acids are related to maturation of specific hepatic and in-
testinal cellular events which occur in a non-synchronous manner. Through-
out development, the hepatic phase of bile acid metabolism seemingly limits
efficient cycling. The consequences of an impaired enterohepatic circulation
of bile acids are reflected in certain clinical consequences. An increased sus-
ceptibility to cholestasis is observed in infants with sepsis or during the use of
total parenteral nutrition; this may be due in part to a functional reduction of
bile flow related to ‘physiologic cholestasis’ and immaturity at several sites of
the enterohepatic circulation of bile acids'’. In addition, the contracted bile
acid pool size and low intraluminal bile acid concentrations may place the
infant at a disadvantage since the critical micellar concentration required for
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Table 13.2 Proposed sequence in the ontogeny of hepatic and intestinal events
involved in bile acid metabolism

Early life
(suckling phase) Weaning Adult
/I\Serum bile acid /]\ /T‘ Serum bile acid Serum bile acid

e |/pool * A pool «AMpool

® yileal transport ¢ Aileal transport * Mileal transport
.. hepatic Uptake .. hepatic phase .. hepatic Uptake/

impaired remains limiting secretion

(7 regurgitation) efficient

fat digestion/absorption is not reached - a state of ‘physiologic steatorrhoea’
exists. The factors modulating the maturation of the various phases of the
enterohepatic circulation of bile acids remain to be defined.
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14
Bile acids and bile flow

SERGE ERLINGER

According to current views, canalicular (hepatocytic) bile water transport is
mostly an osmotic process: water and inorganic electrolytes flow into bile
canaliculi along an osmotic gradient resulting from the extrusion of solutes
by the hepatocytes into the canalicular lumen®?. Although, over the past
decade, much data has been generated, the overall understanding of the
cellular and molecular events responsible for transepithelial transport in the
liver is still poor and many aspects are controversial. In this paper, I will not
attempt to provide a comprehensive review of the - mechanisms of bile flow,
since such reviews are available®*. Rather, [ will focus on those aspects which
are most debated and on which further research is obviously needed. These
include the mechanisms of bile salt transport by the liver, the localization
and putative role of the sodium pump of hepatocytes, the relationship be-
tween bile salts and the sodium pump, the possible role of other inorganic ion
‘pumps’ (i.e. bicarbonate) and the respective roles of the transcellular and
paracellular pathways.

CANALICULAR BILE FLOW

The maximal bile secretory pressure (about 30cmH,0O) exceeds the sinu-
soidal perfusion pressure (about 5-10 cmH,0). This simple observation is
generally considered to rule out hydrostatic filtration as an important mech-
anism for canalicular bile secretion. Canalicular bile formation is therefore
regarded as an osmotic water flow in response to active solute transport. Be-
cause of the excellent correlation between bile flow and bile-acid output in
bile, bile acids are most probably one of the solutes generating bile flow: the
term bile-acid-dependent flow is used to describe this fraction of bile flow. In
contrast, flow that may be generated at low bile-acid outputs or in the
absence of bile acids is described as bile-acid-independent flow'~%. Concepts
regarding these two fractions are, however, changing and the cellular mech-
anisms are still controversial. The following discussion is an attempt to
examine these concepts in the light of the observed facts and of mechanisms
postulated in other transporting epithelia.
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BILE-ACID-DEPENDENT FLOW

Because of the observation, in all species, of an excellent linear correlation
between bile flow and bile-acid secretion into bile, it is not surprising that
bile-acid secretion is regarded as a strong determinant of bile flow. The most
widely accepted explanation for bile-acid induced choleresis is that the
osmotic gradient created by ionized bile acids (or by their associated
counter-ions) in the canalicular lumen provides a driving force for water and
electrolytes. Other possibilities may, however, be considered, such as stimu-
lation of transport of sodium or other ions. Two other questions regarding
the mechanism of bile-acid-dependent choleresis have been discussed
recently: what are the mechanisms of bile-acid transport by the liver cell; and
what is the pathway of bile-acid-induced fluid movement?

Mechanism of bile-acid transport: role of Nat,K+-ATPase

The uptake of bile acids by the liver is a saturable, carrier-mediated pro-
cess>¢. Furthermore, it exhibits a strong sodium dependence: uptake is con-
siderably reduced when Na ¥ is omitted from the external medium in the iso-
lated rat liver’® in isolated hepatocytes®®, in cultured hepatocytes!! and, as
shown more recently, in membrane vesicles prepared from rat liver'>4. Such
Nat dependence is highly suggestive of a sodium-coupled transport: this
type of transport is energized by the sodium gradient established by the Na+
pump (or Na+, K +-ATPase). The postulated mechanism is thought to be a
symport system transporting both Nat (along its electrochemical gradient)
and a solute (in our case the bile acid), and allowing accumulation of the
solute (the bile acid) against an electrochemical gradient. Because a system of
this type allows such accumulation of the substrate against an electro-
chemical gradient, it is usually referred to as ‘active’. Because it is not directly
linked to an energy source (such as ATP), but rather to an ion gradient, it is
referred to as ‘secondary active’. Other well-characterized examples of
secondary active transport systems using the Nat gradient provided by the
Nat K+t-ATPase are glucose accumulation in the intestine and kidney
tubule or transport of ‘A’ type amino acids in a variety of cells.

It is, therefore, reasonable to assume that bile-acid uptake by hepatocytes
is a secondary active transport energized by the sodium gradient and hence,
by the Nat,K+-ATPase. Once accumulated into the cell, the bile acid anion
will tend to move out of the cell into the canalicular lumen along its chemical
gradient (since, to start with, there is no bile acid in the lumen); this move-
ment is favoured by the negative membrane potential, (approxi-
mately —50mV in the mammalian liver) which tends to drive anions out of
the cell. Since it is known that canalicular secretion of bile acids is limited by
a transport maximum (T,,), one has to assume the existence of a canalicular
carrier. A reasonable candidate is the bile-acid binding protein identified by
Accatino and Simon?. It is not known, however, whether at this stage the
carrier uses an additional source of energy or whether it is a passive carrier-
mediated transport (e.g. facilitated diffusion). Using the Nernst equation,
and assuming a hepatocyte bile-acid concentration of 0.1-0.3mmol/] one
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Figure 14.1 Hypothetical representation of bile-acid transport by hepatocytes. Blood bile
acids (B.A.,) are taken up by the sinusoidal membrane by a symport system with Nat, using
the Na+ gradient established by the Nat ,K+-ATPase as its energy source. By this system
(called a secondary active transport), bile acids may be accumulated into the cell against their
electrochemical gradient (B.A.;). They can then move into the canalicular lumen down their
electrochemical gradient, probably using a saturable canalicular ‘carrier’ (B.A.,). This
excretory process may be passive (as depicted here) or may use an additional source of energy
(not shown here). K+ ,=external K+; K+;=internal K*; Na,=external Na*; Na*t;=internal
Nat (from reference 21)

can calculate that hepatocyte to canaliculus concentration ratios of 1:5-1:10
could be achieved by a passive process. This could account for a canalicular
non-micellar (monomeric) bile acid concentration in the vicinity of the
critical micellar concentration. Higher concentrations could be achieved, in
principle, by micellar sequestration.

In summary (Figure 14.1), bile acids are thought to be taken up from sinu-
soidal blood by the hepatocyte by a secondary active transport system.
Transport is probably energized by the Na+ gradient created by the Na+
pump (the Na+t ,K+-ATPase). Bile acids are then translocated to the canal-
icular membrane and transported into bile canaliculi. It is not known
whether canalicular transport is by a carrier-mediated process (facilitated
diffusion), or if it requires an additional source of energy. However, the
overall driving force for transport from blood to bile seems to be the
Nat,K+-ATPase, using ATP as an energy source and the Na+ gradient as
the mode of coupling between transport itself and the energy source.

Bile-acid dependent flow movement: Transcellular or paracellular?

Because bile acids are transported through the canalicular membrane of the
hepatocyte, it is often stated that the osmotic water flow in response to this
transport also occurs through the canalicular membrane. However, the ionic
composition of bile closely resembles that of the extracellular fluid. It is
therefore necessary to postulate either an ionic equilibrium downstream
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along the biliary channels, or a paracellular water and ionic pathway from
the intercellular space into the bile canaliculi. The first possibility seems un-
likely, since, at least in the rat, the biliary channels seem relatively imperme-
able to ions.

We have already suggested, on structural grounds alone, that the liver
could be a relatively ‘leaky’ epithelium. The fact that the bile-to-plasma con-
centration ratios for large solutes, such as inulin (mol wt 5000) or sucrose
(mol wt 342) stabilized well before the hepatocyte-to-plasma concentration
ratios has suggested a ‘restricted’ pathway which could be the intercellular
route. More recent studies with polyethylene glycol-4000 support the view of
a water flow through the intercellular junctions'®. Experiments with the
potent choleretics dehydrocholate or taurodehydrocholate have demon-
strated a progressive increase in the bile-to-plasma concentration ratio of
sucrose, a penetration of ionic lanthanum into the tight junctions and an in-
crease in the number of intercellular ‘blisters’. These observations have sug-
gested that the paracellular pathway may be an important site for bile-acid
induced water and ion movement into bile'”. Consistent with this hypothesis
is the rapid appearance in bile (approximately 10 minutes) of ferrocyanide
(mol wt 484, hydrated form). In these elegant experiments, the biliary clear-
ances of negatively charged solutes were consistently lower than those of the
uncharged solutes of comparable molecular size, an observation suggesting
that this pathway includes a barrier that selectively restricts passive anionic
movement.

In summary, although the respective parts of the transcellular and para-
cellular pathways in bile-acid induced choleresis are not yet established,
there are both structural and physiological arguments to consider that the
paracellular pathway may be an important route for movement into bile of
large solutes (such as inulin and sucrose) and, possibly, of smaller biliary
electrolytes and water.

BILE-ACID-INDEPENDENT FLOW
Evidence

This postulated process has generated the greatest controversy. Plots of bile
acid secretion rate against canalicular bile flow (as estimated by erythritol or
mannitol clearance) display a positive intercept when extrapolated to the
flow axis in all animal species studied, including man (for reviews, see
references!?). Although it is clear that the slope of such plots tend to increase
at very low bile-acid secretion rates, possibly because bile-acid concentra-
tion falls below the critical micellar concentration, the extrapolated value in
a given experiment does not change significantly and is generally regarded as
the bile-acid independent fraction of canalicular bile flow. Whether the
extrapolation procedure yields a correct quantitative estimation in all situ-
atiuons is uncertain and quantitation should therefore be evaluated critically
in any given experimental situation. Additional, and for some more convinc-
ing, evidence for canalicular flow-generating systems distinct from bile acids
comes from the study of drugs which increase canalicular bile flow without
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modifying bile salt secretion. Examples are phenobarbital and other barb-
iturates when given to rats for 3 or 4 days, theophylline, glucagon, hydro-
cortisone or the bicyclic anion SC-2644%3. With the possible exception of
hydrocortisone, these drugs are not appreciably secreted into bile, so that
their choleretic effect cannot be attributed to an osmotic drive. Nor is there
any evidence that these compounds alter the osmotic activity of the bile acids
or the permeability of the biliary system to water or ions. The most appeal-
ing interpretation for canalicular bile-salt-independent bile formation is
therefore inorganic ion transport. Nat transport linked to the
Nat,K+-ATPase, and more recently, bicarbonate transport, have been
implicated.

Role of Nat,K+-ATPase

Therole of Nat,K+-ATPase in bile-salt independent bile flow is, at present,
highly controversial. Evidence for a role of the Nat-K+-ATPase was
originally derived from studies of the effect of inhibitors of sodium transport
on bile flow (see reference 1). However, it has become clear that interpre-
tation of the effect of such drugs as ouabain, ethacrynic acid and amiloride in
vivo is more complex than initially thought. Quabain and ethacrynic acid
are themselves secreted into bile by concentrative processes and produce an
osmotic choleresis. This choleresis may mask, in part or in totality, their
possible inhibitory effect.

Thereafter, more direct evidence for a role of Na+,K+-ATPase has been
sought by studying the relationship between bile flow and Na+t,K+ ATPase
activity in liver cell plasma membranes. Experiments using oestrogens,
phenobarbital, other microsomal enzyme inducers, thyroid hormones and
chlorpromazine have, in general, shown excellent correlations between bile
flow (or its canalicular bile-acid-independent fraction) and
Na+ K+-ATPase activity measured in membrane preparations. The mech-
anism by which each agent modifies the enzyme activity differs probably
from one to the other. For example, oestrogens have been claimed to do so by
altering the lipid composition of the membrane, chlorpromazine and its
metabolites by modifying the local environment of the membrane (pH and
glutathione concentration; in both cases membrane fluidity may be
decreased), and phenobarbital by increasing enzyme synthesis. A major
problem, however, is to understand the mode of coupling between enzyme
activity and secretion. As seen before, the bulk of Na+,K+-ATPase activity
is located before, the bulk of Nat,K+-ATPase activity is located not on the
canalicular membrane (as would be expected for direct pumping of sodium
into the canaliculi) but on the sinusoidal and intercellular membrane. This
seems to be a general rule in transporting epithelia, Na+ pump sites being
located on the basolateral site, regardless of the direction of net movement of
solute and water transport. There is little dispute, however, that the
Na+ K+-ATPase should ultimately be the agent of coupling between the
energy source and the transepithelial transport (we have already seen that it
is most probably true for the transhepatic transport of bile acids). At least
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two ways in which Na+,K+-ATPase could drive ions (and subsequently
water) through the liver can be proposed.

The first could be active transport of Nat into the intercellular space
followed by passive movement of the ion into the canalicular lumen through
a tight junction cation channel. Considering a localization of the pump on
the lateral (intercellular) membrane, it is clear that Na+ will be pumped into
the long intercellular spaces. It will then tend to flow towards the extremities
of these spaces (the one facing the sinusoids and the one facing the tight junc-
tions and the canaliculi). The proportion of sodium flowing towards each
end will depend on the resistances encountered along the way. We have
already discussed the morphological and physiological evidence for perme-
ability in the tight junctions. Admittedly sodium permeability of the liver
tight junctions is unknown. But assuming a finite permeability for sodium
and an even distribution of Nat pump sites along the intercellular mem-
branes, Nat ions pumped near the tight junctions will flow through the junc-
tions rather than through the long intercellular channels, The proportion of
the total sodium pumped out of the hepatocyte which will, in this way, flow
through the junctions may be small but still sufficient to drive water osmotic-
ally into the canalicular lumen.

The second possible way of coupling between Na+,K+-ATPase and
secretion could be transport of an anion, such as Cl— or HCO;3~ (or still
another) using the Nat gradient (in much the same way as bile acids them-
selves are transported). Sodium-driven Cl~ transport is widespread in many
other epithelia. Although preliminary results do not support this view in the
liver, it should certainly still be carefully examined. Bicarbonate transport
by such a system has not been characterized but is also conceivable. In the
next section a possible role of bicarbonate transport in bile-acid independent
choleresis is discussed.

Role of bicarbonate transport

In the isolated, perfused rat liver, perfusion with a bicarbonate-free solution
reduced the bile-acid independent flow by 50%¢. Under this condition bicar-
bonate secretion was nearly eliminated, while sodium secretion was
markedly reduced. In contrast, administration of SC-2644 to dogs increased
canalicular bile flow and bicarbonate concentration in bile’. These observ-
ations have led to the conclusion that a bicarbonate transport mechanism
may have a role in the elaboration of the bile-acid-independent flow. Urso-
deoxycholate and 7-ketolithocholate increased canalicular bicarbonate
secretion and bile flow in the rat?, an effect possibly related to stimulation of
the bicarbonate transport system by these bile acids. The cellular mechanism
remains to be elucidated. Attempts to demonstrate a bicarbonate-sensitive
ATPase in liver cell plasma membranes have been, as yet, unsuccessful?, but
other mechanisms (such as the Na+/H+ antiport of the kidney tubule or
pancreas) are possible.
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Relationship between bile acids and inorganic ion transport. Is the bile-
acid independent flow really independent?

Several studies have suggested a link between bile acids and the so-called
bile-acid independent flow. In particular, rats with a partial biliary obstruc-
tion had an increased bile-acid flux through the unobstructed liver, and, at
the same time, an increased Nat,K+-ATPase activity and an increased bile-
acid independent bile flow. Other examples are the decreased bile-acid
secretion observed after oestrogen treatment in rats (when bile-acid-
independent flow is mostly decreased), or still variations of the bile-acid
independent flow at varying rates of bile-acid infusions. We have also seen
the effect of ursodeoxycholate on what appears to be a canalicular
bicarbonate transport.

If one postulates that bile-acid transport on the one hand and bile-acid-
independent bile formation are both dependent on the Na+,K+-ATPase (as
discussed above) such interrelationships are not surprising. Predictable con-
sequences of such an hypothesis are:

(1) Anincreasein Nat,K+-ATPase activity will be associated with only
an increase in bile-acid-independent bile flow, since the liver can only
excrete the load of bile acids that is presented to it, and not more. This
is observed after chronic (4 days) administration of phenobarbital in
the rat (administration for a longer time might result in an increased
synthesis, pool size, and hence, secretion).

(2) A decreasein Na+,K+-ATPase activity will be expected to result in a
decrease of both bile salt transport (due to the decreased Na+t
gradient) and bile salt-independent flow. This dual decrease is usually
observed with agents inhibiting Na+,K+-ATPase, such as ouabain
in our earlier experiments, or oestrogens.

(3) An increased bile-acid uptake and flux by the hepatocyte might be
expected to stimulate Na+t entry into the cell (in the same way as glu-
cose or amino acids do when they are transported in a Na+-depen-
dent fashion). This process could in turn activate Na+,K+-ATPase,
since intracellular sodium is supposed to be one of the regulators of
the Nat pump, and provide a mechanism by which the bile acids
could act as regulators of the Nat pump.

Numerous other possibilities of interactions between the two processes
(bile-acid dependent and independent) can be imagined. In this sense, bile-
acid independent flow is not truly ‘independent’. The term is, at present,
however, the most commonly used and a better terminology might have to
await a more accurate knowledge of the mechanisms involved.

CONCLUSION

We can now propose a revised two-component theory? of canalicular bile
flow which has analogies with that recently proposed by Boyer?. Bile is an
isotonic secretion deriving its energy from ATP, through the
Na+ K+-ATPase. The Na+,K+-ATPase (the Na+ pump) is located on the
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sinusoidal and/or lateral part of the plasma membrane (the basolateral mem-
brane of other epithelia). It establishes a Na+ gradient which is used to ener-
gize the uptake (by a Na+ bile acid symport system) and accumulation of
bile acids into the cells. Bile acids are subsequently transported into the
canalicular lumen. They exert their choleretic effect either because of their
own osmotic activity, or through that of associated counter-ions, or else by
increasing sodium movement into the cell with subsequent activation of
Nat,K+-ATPase. This process is responsible for the so-called bile-acid-
dependent canalicular bile flow. Bile-acid-independent canalicular bile flow
may be generated by one of two processes. One could be active Na*t trans-
port by the Nat pump into the intercellular space followed by passive move-
ment of Na+ through a caution-selective channel of the tight junction. The
second could be movement of an anion (other than bile acid, such as C1~ or
HCO3™) using the sodium gradient generated by the Nat,K+-ATPase.
Obviously, both bile-acid-dependent and bile-acid independent bile form-
ation are ultimately linked to the activity of the Nat,K+-ATPase and inter-
relationships may be anticipated between them. Terminology itself may have
to be changed, because, according to this view, the two fractions are not
truly independent.

In this way, the hepatic cell uses the activity of the Na+,K+-ATPase both
to maintain a basal bile flow (bile-acid independent) and to drive the trans-
port of bile acids. Such a dual mechanism makes sense from a teleological
point of view because relying only upon bile acids to drive bile flow would be
hazardous, since the bile acid load to the liver is subject to great variations
which could lead, during the periods of very low bile acid secretion (i.e.
between meals) to a dangerously low bile flow and eventually a blockage of
secretion.
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Bile acid metabolism in liver disease

L. CAPOCACCIA, M. ANGELICO, A. ATTIL],
D. ALVARO, A. De SANTIS and M. MARIN

In this presentation, we will limit our interest to the modifications in bile
acids (BA) during the course of liver cirrhosis (LC), thus excluding the
behaviour in cholestasis. There is little doubt, on the other hand, that LC is
the typical model of parenchymal chronic liver disease. Moreover, hepato-
cellular disorders and cholestatic processes are often associated in LC and
thus the major points of cholestasis will also be included.

BILE ACID POOL

The BA pool in normal subjects is 2-4g, circulating 6-10 times a day. It
comprises 40% cholic acid (CA), 40% chenodeoxycholic acid (CDCA) and
20% deoxycholic acid (DCA); lithocholic acid (LA) accounts for less than
1%.

In patients with LC the total BA pool is reduced to approximately half that
in normal conditions. This reduction occurs essentially at the expense of CA
and DCA, that of CDCA being negligible and therefore resulting in this BA
becoming the major component of total BA pool. The CA/CDCA ratio,
which is around 1 in the normal subject, appears in general reduced in LC!.

The decrease in the CA pool is probably due to reduced synthesis of this
BA, as will be discussed later. Conversely, much controversy exists as to
why DCA is also reduced in LC. It has been demonstrated in fact that the
formation of this BA in the intestine is actually reduced, despite substrate
and micro-organisms being present in adequate amounts. It has also been
hypothesized that the reaction may be inhibited in the colonic milieu of
cirrhotics. Knodell et al.? suggested the induction of BA dehydrogenases in
such patients, with formation of keto-bile acids, which in fact they found to
be increased in the faeces of cirrhotics. A further reduction of DCA in bile
has been demonstrated by us after portacaval shunt (PCS).

In normal subjects, more than 99% of the BA pool size is confined in the
enterohepatic circulation (EHC). In LC a larger fraction of this pool is
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Figure 15.1 Percent distribution of total BA pool in the enterohepatic circulation (EHC) and
in the systemic circulation (SC).

diverted into the systemic circulation (SC) and diffuses into the extracellular
fluid (ECF). It may be grossly calculated that in normal subjects
approximately 20mg of BA are present in the 101 ECF. In LC,
approximately 150mg of BA (i.e., about 10% of the total pool size) are
present in the ECF. This increased presence of BA in the plasma of patients
with LC occurs, as will be discussed later, for two main reasons: decreased
hepatic cellular uptake; and increased hepatic blood by-pass. It is also
conceivable that the percentage fraction of the pool size outside the EHC
shows a further increase when ascites develop. Our data show that the
quantity of BA outside the EHC is approximately doubled after surgical
anastomosis (Figure 15.1).

BILE-ACID SYNTHESIS

In normal subjects, approximately 500 mg of BA are synthesized daily by the
liver, 350 mg being CA and 150mg CDCA.

In patients with LC the overall synthesis of primary BA is decreased, the
reduction of CA accounting for the large majority. In fact, the synthesis of
CA isreduced by about 70 %, whilst that of CDCA is only slightly decreased.
As already pointed out, the decreased synthesis of CA accounts for the
reduction in the pool size of this BA. The synthesis ratio CA/CDCA
approximates 1. Only in one study® was CDCA synthesis reduced by more
than 50% . The reason why BA synthesis, especially that of CA, is depressed
in LC is not known, even if selective impairment of 12 a-hydroxylase activity
has been suggested since 1958 by Carey* and recently supported by Angelin
et al.5. The latter authors, stimulating BA synthesis by cholestyramine
administration in cirrhotic patients, observed that the increase in CA
synthesis was lower than that normally occurring in normal subjects. More
recently, Patteson et al.?, administering various radiolabelled precursors of
BA synthesis to advanced cirrhotics, failed to demonstrate any selective
impairment in the BA synthesis pathway. Conversely, several steps were
found to be slightly depressed, including the side-chain oxidation and the
12 a-hydroxylation step, and these authors therefore suggested that impaired
7 a-hydroxylation of cholesterol and/or lack of available cholesterol
substrate are likely additional factors, which might explain the reduction
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also of CDCA synthesis. Halloran et al.® have demonstrated that HDL-free
cholesterol is the prime source for BA synthesis and emphasize that in
alcoholic liver disease HDL-cholesterol is markedly decreased and
morphologically altered’. These alterations in plasma lipoproteins might be
responsible for the decreased availability of cholesterol substrate for BA
synthesis.

BILE-ACID TURNOVER

In normal conditions, CA presents a halflife of 2.2 days and CDCA of 3.1. In
LC the fractional turnover rate (FTR) of CDCA remains unchanged, while
that of CA is markedly slower (t%2=4.1 days). However, the prolonged
halflife of CA only partially compensates its reduced synthesis: in fact, as
mentioned above, the CA pool size is greatly decreased in this disease. The
reason why the FTR of CA is more rapid in normal conditions than that of
CDCA is not yet known but it is probably due to differences in the respective
circulation of these BA within the enterohepatic system. The increased
halflife of CA in LC is probably due to an overall reduction of BA conversion
into degradation products, though a faecal increase of 7-keto products has
been described in LC as already stated?.

ENTEROHEPATIC CIRCULATION

Any substance to be taken as a model of EHC should have: efficient intestinal
absorption, efficient hepatic uptake, and complete biliary secretion. BA
represent such a substance.

Absorption

To our knowledge, no direct measurement of intestinal absorption of BA in
LCis available. Even if intestinal malabsorption may be present in cirrhotics,
much evidence has been forthcoming in support of the concept that BA
absorption is not substantially reduced in these patients. In fact, the
decreased FTR of CA and the rather efficient serum BA peak after a meal test
or after an exogenous load provide indirect evidence in support of this
statement. Furthermore, in moderately advanced LC, von Bergman et al.?
found faecal excretion of acidic steroids to be within normal limits.

These points are obviously referred to the mechanism(s) of the intestinal
absorption, whereas the overall quantity of absorbed BA is presumably
lower than in normal conditions, intraluminal concentration of BA being
lower in LC.

Hepatic uptake

The normal liver clears 92% of CA and 78 % of CDCA on their first passage.
This is another reason (together with the higher circulation rate of CDCA)
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Figure 15.2 Total serum bile acid concentration in unoperated cirrhotics and in patients with
mesocaval (MCS) or portacaval (PCS) shunt. Number in parentheses represents number of
patients studied.

Figure 15.3 Bile acid ratios before and after portacaval shunt (PCS). (CA=cholic acid;
CDCA =chenodeoxycholic acid.)

why the ratio CA/CDCA is lower in serum (approximately between 0.6 and
0.8) than in bile (about 1).

Hepatic clearance of BA in LC is clearly impaired, as demonstrated by the
increase in serum BA both in fasting conditions and after exogenous or
endogenous load. Moreover, in LC labelled BA injected intravenously are
cleared from the peripheral circulation at a slower rate than in normal
subjects. This principle is exploited clinically to assess hepatic function. The
CA/CDCA ratio is lower (0.2-0.4) in LC than in normal subjects.

The two main reasons for the impaired BA clearance are decreased hepato-
cellular clearing capacity and the presence of portal systemic shunting.

Which of these two mechanisms prevails is still not known. It is very
difficult, on the other hand, to discriminate between the two. A model to
evaluate the importance of blood liver by-pass is PCS. Obviously, also in
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this condition, the role played by the reduction of liver mass cell cannot be
eliminated. However, all those studying this problem have described an
increase in serum BA levels after PCS both in animals and in man. Poupon et
al.® observed that the increase in serum BA levels was related to the time
lapse after surgery and interpreted this finding as due to the progressive
deterioration of hepatic function. Conversely, experimental data in dogs
support the hypothesis that the serum BA increase is directly related to the
hepatic blood flow™°.

Our findings in a population of patients submitted to PCS or mesocaval
shunt (MCS) seem to stress the importance of portal diversion in determining
serum BA levels. In fact, these levels were found to be higher after PCS than
after MCS. It is generally accepted that the latter procedure allows a better
blocd flow than the former®?. It is also noteworthy that in MCS the
CA/CDCA ratio was higher, as if CDCA would be allowed a somewhat
effective hepatic uptake through the pancreatic veins'®. The major role
played by the diversion of liver blood flow is further demonstrated by a
threefold increase in serum BA 2 months after PCS in the absence of any
significant change in the liver function tests. In addition, the CA/CDCA
ratio tends to increase, resembling more closely that of the portal levels
(Figures 15.2 and 15.3).

Secretion

In patients with LC the overall secretion of BA is markedly reduced, the
proportion of CA:CDCA becoming similar to that in the pool.

The relative reduction in the BA pool might have been expected to cause
increased cholesterol saturation in gallbladder bile; on the contrary, fasting
gallbladder bile in LC is not markedly supersaturated® and tends to unsatura-
tion with evolution of the disease!*. The secretion rate of the three biliary
lipids shows that in LC secretion of cholesterol is more markedly reduced
than that of BA and phospholipids®®, thus resulting in the rarity of choles-
terol gallstones in this disease, though bile is markedly less concentrated than
in normal subjects. Von Bergman et al.® suggested the presence, in
moderately advanced LC (i.e. in patients with moderate supersaturation), of
a much higher coupling of cholesterol to lecithin and BA at the levels of the
canalicular membrane than in controls. Why the secretion of cholesterol is
lower than the other two biliary lipids and/or cholesterol is more tightly
coupled to BA is not known. In LC, Ponz de Leon et al.’¢ observed a reduced
activity of HMG-CoA reductase, the rate-limiting enzyme for cholesterol
synthesis. They also showed that cholesterol absorption is significantly
reduced in LC, the reduction being positively related to the severity of the
disease and inversely related to the CA pool size.

CONJUGATION AND DECONJUGATION

Free BA present in the liver are conjugated with glycine or taurine before
biliary secretion by a microsomal enzyme system (BA acyl CoA:amino-acid-
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N-acyl transferase). No evidence exists that this enzymatic activity is altered
in parenchymal liver damage. Biliary BA in LC as in normal subjects are all
conjugated.

In normal conditions conjugation with taurine is limited by its low
concentration in the liver. Thus the biliary glycine/taurine ratio is 3:1. When
conjugation requirements increase (i.e., BA malabsorption, small-bowel
contamination, treatment with cholestyramine or BA, etc.) the
glycine/taurine ratio is markedly enhanced. Conversely, when synthesis of
BA is decreased, such as in LC (i.e., fewer BA need to be conjugated) the
glycine/taurine ratio decreases.

Glycine-conjugated BA are more readily deconjugated and have a more
rapid turnover than taurine-conjugated BAY. It is not known whether the
higher percentage of taurine-conjugated BA in LC with respect to that in
normal subjects could account for the prolonged halflife of CA in LC.

SULPHATION

In normal subjects only a very small fraction of BA is sulphated and this is
substantially of mono-hydroxylates (totally and approximately less than
1%) (3, 58-cholanic acid or lithocholic acid; 33, 5A-cholanic acid).

The introduction of sulphate groups into the BA molecules modifies their
physiochemical properties enhancing hydrosolubility and thus the renal and
faecal excretion are thus increased. Conversely, much controversy exists as
to whether sulphation represents a detoxifying process!®.

The sites of sulphation are the liver, kidneys and possibly also other
organs. Monosulphates are poorly absorbed through the intestine.

Though cholestasis is the model for the metabolism of sulphates, a
relevant fraction of BA sulphates is present in LC. This is probably related to
the increased presence of BA outside the EHC in this disease. In LC, BA
sulphates are increased in serum (between 5 and 30% according to various
authors; around 25% in our patients), in urine (45-75%; 40% in our
patients), but not in bile: the presence of measurable amounts of sulphated
BA other than monohydroxylates was reported in only three cases in the
series of patients studied by Stiehl*® and by Makino et al.?. It is also note-
worthy that in LC Stiehl et al.? calculated that less than 1% of the CA pool
and 5% of the CDCA pool are sulphated. Synthesis of sulphated CA is 8% of
the total synthesis of this BA; that of CDCA is 27% . The halflife of sulphated
CA is 0.7 days and that of CDCA is 0.8 days; this rapid turnover is probably
due to the high urinary excretion of sulphates.

Further data on the metabolism of sulphates may be deduced from studies
on patients submitted to PCS, i.e.:

(1) BA sulphates are present in minimal quantities in bile.

(2) Portal levels of BA sulphates, although not significantly, are higher
than peripheral levels. This difference suggests the existence of
intestinal sulphation?2.

(3) Serum BA levels after PCS are significantly increased, those of
sulphates being only slightly and not significantly increased with
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respect to preoperative levels (Figure 15.4).
(4) BA sulphates have a rather poor EHC.

BILE ACID METABOLISM IN PRIMARY BILIARY CIRRHOSIS

Some aspects of BA metabolism have been studied by Raedsch et al.?® in
patients with primary biliary cirrhosis (PBC) and varying degrees of
cholestasis: PBC offers a gcod model of both cholestasis and hepatocellular
disease. Essentially they found serum BA to be increased several fold (up to
300 umol/l) and highly correlated with urinary BA excretion. About one
third of urinary BA were found to be unsulphated, one third monosulphated
and one third polysulphated and/or glucuronated. They also found that CA
and CDCA were both sulphated at either the 3 position and/or the 7
position. BA pool size, turnover rate and synthesis were found to be
essentially similar to those reported in patients with LC without cholestasis.
4-38% of CDCA synthesis was sulphated. These authors concluded that the
main abnormalities of BA metabolism in cholestasis secondary to BLC were
marked increase in BA sulphation and a shift to renal excretion as a primary
route of BA elimination.

Figure 15.4 Serum bile acid (BA) levels before and after portacaval shunt (PCS).
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Serum bile acids and bile acid tolerance
tests in liver disease

G. PAUMGARTNER, G.A. MANNES and F. STELLAARD

It has been recognized for many years that elevated concentrations of bile
acids in serum are markers of hepatobiliary disease. The availability of
commercial kits for enzymatic and radioimmunological determination of
serum bile acids has made it feasible to determine serum bile acids in clinical
routine. For optimal use and interpretation of serum bile acid measurements
in clinical practice it is important to know the determinants of bile acid
concentrations in serum.

DETERMINANTS OF BILE ACID CONCENTRATIONS IN SERUM

In healthy subjects the bile acid pool of about 6 mmol is almost completely
confined within the enterohepatic circulation!. Less than half a percent of the
pool is present in the peripheral blood. This is accomplished by an extremely
efficient active transport mechanism located in the sinusoidal plasma mem-
brane of the hepatocyte?? which removes about 88% of conjugated cholate
from portal blood during one passage?. Extraction of unconjugated cholate is
somewhat less, namely about 70%?*, and extraction of unconjugated cheno-
deoxycholate is about 62 %?. Renal elimination of bile acids is so small under
normal conditions that it can be neglected. Consequently, bile acids are
eliminated from peripheral blood almost exclusively by hepatic clearance.

In healthy subjects and in patients with mild to moderate liver disease,
hepatic bile acid transport operates far below saturation2. Therefore, hepatic
extraction of bile acids remains practically constant over the whole range of
physiological bile acid loads to the liver®-®. Thus, for the diurnal changes of
the bile acid concentrations in peripheral blood intestinal input of bile acids
is the major determinant®.

Input of bile acids from the intestine may occur via two pathways: firstly,
via the hepatic circulation; and secondly - in certain disease states - via
portal-systemic shunts. Thus, the degree of first-pass elimination of bile
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acids by the liver is an important determinant of bile acid concentration in
systemic blood. A decrease of first-pass elimination of bile acids can result
from diminished hepatic extraction of bile acids or from increased
portal-systemic shunting. It should be noted that a reduction of first-pass
elimination from 90 to 80% will increase the spillover of bile acids into the
systemic circulation by 100%.

First-pass elimination will influence bile acid levels in serum not only after
exogenous oral bile acid loads and after meals, but also in the fasting state,
since bile acid delivery into the duodenum continues in the interdigestive
state’.

After meals serum bile acids increase 2-6-fold because of considerably
increased delivery of bile into the intestine and transport of bile acids
towards the terminal ileum'*-'3. Chenodeoxycholic acid shows the most
rapid and largest increase followed by deoxycholic acid and cholic acid. This
is mainly due to the fact that chenodeoxycholic acid is absorbed more
rapidly from the intestine and is extracted by the liver less efficiently than
deoxycholic and cholic acid®.

Whereas bile acid concentrations in the fasting state, after meals and after
an oral bile acid load are influenced by hepatic first-pass elimination of
portal bile acids, the bile acid concentrations after an intravenous bile acid
load are mainly determined by hepatic clearance of systemically circulating
bile acids. A similar situation is present in patients with a surgical end-to-side
portacaval shunt. In these patients portal blood is diverted into the systemic
circulation and serum bile acids distribute in the systemic circulation before
undergoing elimination by the liver. The blood supply of the liver in these
patients is only arterial. Poupon et al.’* have found that the decrease of
hepatic clearance of bile acids in these patients with cirrhosis and portacaval
shunt was mainly caused by a reduction of the inherent ability of the liver to
remove bile acids from the blood rather than by the reduction of liver blood
flow.

The determinants of the bile acid concentration in serum are as follows:

(1) Intestinal absorption;
(2) Hepatic elimination;
(a) First-pass elimination (from portal blood);
(b) Systemic clearance (from peripheral blood)
~intrinsic clearance
-liver blood flow.

The concentration of bile acids in serum of peripheral blood at any moment
is determined by the instantaneous balance between input of bile acids from
the intestine and elimination of bile acids by the liver. Hepatic elimination of
bile acids occurs during their first hepatic passage from portal blood and
after their recirculation from the systemic circulation both from portal and
arterial blood. The clearance of bile acids from the peripheral blood depends
on the inherent ability of the liver to remove bile acids (intrinsic clearance of
bile acids) and on liver blood flow. In subjects with a normal liver, intestinal
input of bile acids is the major determinant of serum bile acid concentrations.
In patients with liver disease diminished hepatic elimination is responsible
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for the elevations of serum bile acids. The reduced hepatic elimination of bile
acids in liver disease results from a diminished hepatic clearance, from porto-
systemic shunting or from a combination of both.

SENSITIVITY OF ELEVATED SERUM BILE ACIDS FOR DETECTION
OF LIVER DISEASE

Diagnostic use of serum bile acids requires information on the relative
sensitivities of fasting and postprandial bile acid determinations for
detection of liver disease. The serum concentration of bile acids in the fasting
state and 2 hours after a standardized test meal has therefore been compared
with various tests of liver function'. Total bile acids in serum were
determined by an enzymatic-fluorimetric method in various groups of
patients with histologically verified liver disease'®. In this study the
determination of postprandial serum bile acids proved to be nearly as
sensitive for detection of liver disease (unselected patients with alcoholic
cirrhosis, chronic hepatitis) than BSP-retention and more sensitive than
transaminases. Fasting serum bile acids were less sensitive than postprandial
bile acids.

On the basis of the concepts discussed above, it is difficult to explain the
increased sensitivity of postprandial serum bile acids found by some
authors'>-" but not others'®. If first-pass elimination of bile acids is reduced
after meals, it should also be reduced in the fasting state. The smaller
sensitivity of fasting serum bile acids, found by workers using the enzymatic
method, could simply reflect methodological difficulties of measuring small
changes of bile acid concentrations by the enzymatic assay at low
concentrations. In other words, the signal to noise ratio could be too small in
the fasting state to detect small to moderate deviations from normal.

Consequently, we have compared fasting and postprandial serum bile
acids using both the enzymatic assay and a sensitive radioimmunoassay in
the same patients?!. For the enzymatic test the kit from Nygaard, for the
radioimmunoassay the kit from Becton Dickinson was used. We have
performed this comparison in a group of patients with liver cirrhosis who
had normal transaminases, because it is this group of patients which often
poses diagnostic difficulties.

Again the postprandial bile acids were a more sensitive parameter than
fasting serum bile acids when the enzymatic assay was used (Figure 16.1). By
contrast, the sensitivity of fasting and postprandial bile acids was equal,
namely 93% when the radioimmunoassay was used. The sensitivities
obtained with conventional liver function tests were 69% for y-glutamyl-
transferase or less. These data demonstrate that fasting serum bile acids were
as sensitive for detection of liver disease as postprandial bile acids provided
that an assay with high sensitivity and accuracy is used.

When the serum bile acid concentrations are correlated with other tests of
liver function there is no significant correlation with serum enzymes, serum
albumin or prothrombin time. However, a significant correlation was found
between postprandial serum bile acids and BSP-retention'®. This may be
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Figure 16.1 Percentage of abnormal results (sensitivity) of enzymatic and radioimmuno-
logical serum bile acid determinations in the fasting and in the postprandial state in patients
(n=29) with cirrhosis of the liver (documented by histology and/or peritoneoscopy) and
normal serum transaminases (SGOT and SGPT)

explained by the fact that BSP and bile acid elimination have common
determinants. Both depend on excretory function of the liver and on liver
blood flow. However, considerable deviations of postprandial serum bile
acid levels from this correlation in individual patients occur. This must be
expected because of numerous variables involved in the endogenous bile acid
loading test. In contrast to the BSP-test, postprandial serum bile acids are not
only dependent on hepatic removal, but also on delivery of bile acids into the
duodenum, on intestinal motility and on intestinal absorption of bile acids.

To eliminate the variations in intestinal input of bile acids, intravenous
bile acid tolerance tests have been developed??. However, the sensitivity of
these i.v. tests for detection of liver disease was unsatisfactory?-?°. Oral bile
acid tolerance tests employing cholate? or ursodeoxycholate?”?® met with
more success but have so far not gained wide acceptance.

To elucidate the factors which contribute to the higher sensitivity of oral as
compared with intravenous tolerance tests, oral and intravenous tolerance
tests have been performed with ursodeoxycholic acid®. This bile acid is
absorbed in proximal parts of the small intestine by passive non-ionic
diffusion.

After oral administration of ursodeoxycholic acid (1.5mg (kg body
weight)™?) to healthy subjects, serum concentrations of this bile acid
increased to peak levels within 15-30 minutes. Thereafter a decrease
compatible with first-order kinetics followed in all subjects. When the same
dose of ursodeoxycholic acid (1.5 mg/kg) was ingested by patients with mild
liver disease or with cirrhosis, the peak concentrations were increased up to
two-fold in mild liver disease and up to three-fold in patients with cirrhosis®.
While the plasma disappearance rate constants of patients with mild liver
disease showed practically complete overlap with those of the healthy
controls, the disappearance rate constants of cirrhotics were decreased by an
average of 40%. The increases of the area under the time-concentration
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curve in the patients were much more impressive than the decreases of the
disappearance rate.

The finding of large changes in the area under the curve in the presence of
relatively small changes in the disappearance rate may result from decreases
in first-pass elimination which increase the systemic availability of urso-
deoxycholic acid. This hypothesis was substantiated by studies in a small
number of healthy subjects and cirrhotics who received the same dose of
ursodeoxycholic acid orally and intravenously?. Systemic availability of
ursodeoxycholic acid was calculated by dividing the area under the curve
obtained after oral administration by the area under the curve obtained after
intravenous administration of ursodeoxycholic acid. The results of this
study support the pharmacokinetic concept that alterations of the systemic
availability and the disappearance rate constant have a multiplicative rather
than additive effect on the elimination of substances which are efficiently
cleared by the liver®.

In cirrhotics, a reduced first-pass extraction and a diminished systemic
clearance of bile acids act together so that bile acids do not only enter the
systemic circulation at increased rates but remain there for increased periods
of time. The relative insensitivity of intravenous bile acid tolerance tests may
be explained by the fact that disease-induced increases of systemic
availability do not play a role in these tests.
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