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Editors' preface

The aim of the publication of this series of monographs, known under the
collective title of "Frontiers of Biology", is to present coherent and up-to-date
views of the fundamental concepts which dominate modern biology.
Biology in its widest sense has made very great advances during the past
decade, and the rate of progress has been steadily accelerating. Un doubtedly
important factors in this acceleration have been the effective use by biologists
of new techniques, including electron microscopy, isotopic labels, and a great
variety of physical and chemical techniques, especially those with varying
degrees of automation. In addition, scientists with partly physical or chemical
backgrounds have become interested in the great variety of problems
presented by living organisms. Most significant, however, increasing interest
in and understanding of the biology of the cell, especially in regard to the
molecular events involved in genetic phenomena and in metabolism and its
control, have led to the recognition of patterns common to all forms of life
from bacteria to man. These factors and unifying concepts have led to a
situation in which the sharp boundaries between the various classical
biological disciplines are rapidly disappearing.
Thus, while scientists are becoming increasingly specialized in their
techniques, to an increasing extent they need an intellectual and conceptual
approach on a wide and non-specialized basis. It is with these considerations
and needs in mind that this series of monographs, "Frontiers of Biology" has
been conceived.
The advances in various areas of biology, including microbiology,
bio-chemistry, genetics, cytology, and cell structure and function in
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general will be presented by authors who have themselves contributed
significantly to these developments. They will have, in this series, the
opportunity of bringing together, from diverse sources, theories and
experimental data, and of integrating these into a more general conceptual
framework. It is unavoidable, and probably even desirable, that the special
bias of the individual authors will become evident in their contributions.
Scope will also be given for presentation of new and challenging ideas and
hypotheses for which complete evidence is at present lacking. However, the
main emphasis will be on fairly complete and objective presentation of the
more important and more rapidly advanci ng aspects of biology. The level will
be advanced, directed primarily to the needs of the graduate student and
research worker.
Most monographs in this series will be in the range of 200 —300 pages, but
on occasion a collective work of major importance may be included somewhat
exceeding this figure. The intent of the publishers is to bring out these books
promptly and in fairly quick succession.
It is on the basis of all these various considerations that we welcome the
opportunity of supporting the publication of the series "Frontiers oj Biology"
by North-Holland Publishing Company.
E. L. TATUMf
A. NEUBERGER,

Editors

Author's preface

There is nothing like a little practical application for stimulating research and
the discovery that eating a common bile acid could, in suitable cases, lead to
the disappearance of gallstones has had an explosiye effect on the output of
studies on bile salts. Even before this discovery, medical interest in these
substances was increasing, as witnessed by the three volumes of Bile Acids,
edited by P. P. Nairand D. Kritchevsky (1971, 1973, 1976) and K. W. Heaton's
Bile Salts in Health and Disease (1972). I quote from these excellent works in
the present text, which is an attempt to summarise a professional life time's
thought and experience with these (to me) fascinating steroids. The present
book is no sense a second edition of my Bile Salts (1967), being entirely
re-written and with emphasis mainly on biological and medical rather than
chemical matters: I have not dealt in any detail with the chemistry and have
confined myself almost entirely to natural products. Much of the text is of
course factual; some is idiosyncratic and speculative. The references, too, are
a personal choice selected partly for their general interest and p artly to assign
credit in important original discoveries. In these times of computer storage
and retrieval, completeness seems an unecessary aim and may make reading
difficult and dull.
It is a pleasure to acknowledge the remarkable patronage to me and man y
other workers on liver problems of Dr. Herbert Falk, who has generously used
his resources and those of his Companies in Freiburg, West Germany, and
Basle, Switzerland, to encourage frequent inter national gatherings in these
pleasant cities, at which much exchange of information and ideas, both
publicly and privately, has taken place.
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Papers read at Falk Congresses are published and are referred to in this book.
Many scientific and medical colleagues have helped me in writing this
book, by discussion and by supplying publications; I express my gratitude.
My practical contributions would have been impossible but for the generosity
of those who have collected and supplied samples of bile. I thank the
following for permission to refer to unpublished work: Dr. K. E. Banister, Dr.
T. Briggs, Professor M. L. Johnson, Dr. R. J. J^rgensen, Dr. S. Ikawa, Dr. R.
S. Oldham, Dr. A. R. Tammar and Dr. L. Tőkés.
I thank- Drs. Ehrlinger and K. R. Porter and Professor R. H. Dowlingand
their publishers for permission to reproduce Figures 1.2, 1.3 and 5.2
respectively from their works.
The author and publishers acknowledge with gratitude the skilful
assistance of the Medical Illustration and Photography Departments of Guy's
Hospital and especially Miss S. F'isk for the formulae and Schemes and Mr. P.
Elliott for Figure 1.
I especially thank Mrs. Lynn C. Lambden for her cheerful patience and skill
in preparing the manuscript.
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CHAPTER I

Nature and function of bile

1.1. General anatomy and physiology
Bile is produced by the liver: all vertebrates so far investigated have both a
liver and bile. At the lowest level of organisation amongst true vertebrates, the
hagfishes (Myxinoidea) have a large gall-bladder and ample bile. In
vertebrate animals below birds and mammals, I have never encountered a
species lacking a gall-bladder but this organ has been lost in a number of birds
and mammals, some or all of which have a sphincter at the junction of the bile
duct with the small intestine which enables the flow of bile to be controlled to
some extent. Fig. 1.1 shows diagrammatically the anatomical arrangement in
man.
Fig. 1.1 shows that the bile is stored in the gall-bladder (from which it is
released by contraction under stimulus from the peptide hormone
cholecystokinin) and reaches the duodenum. In man, th e sphincter of Oddi is
present at the entrance of the bile duct into the duodenum, an entrance usually
shared with that of the pancreatic duct. In other vertebrates, for example
snakes, the gall-bladder and liver may be quite widely separated. Anatomical
relationships different from those shown in Fig. 1.1, between liver,
gall-bladder and bile ducts exist in various animal forms (e.g. Sobotka, 1937).
The presence of an entero- hepatic circulation means that the bile may
normally contain substances modified by microorganisms living in the
intestine. Dowling (1972), in reviewing this situation, pointed out that bile
salts are probably the only compounds undergoing "bulk" enterohepatic
circulation. An active transport mechanism for absorbing bile salts exists,
mainly in the terminal ileum, but some passive non-ionic diffusion (especially
of bile acids made by intestinal bacteria from
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Fig. 1.1. The enierohepatic circulation as in man, diagrammatically sketched.

their conjugates) may occur throughout the small intestine and also from the
caecum and large bowel. Dietschy (1968) has reviewed this aspect of bile
physiology. Few have studied the enierohepatic circula tion in animals other
than birds and mammals.
The gall-bladder concentrates some constituents, for example bile pigments
and bile salts, Na' and K + , whilst causing the loss of others, e.g. CI" and
HCOs. The pH of its contents is usually less than that of hepatic bile. The
properties of gall-bladder bile (isotonic to blood plasma, high concentrations
of Na* and K + and low CI") are much the same in all classes of vertebrates
(Diamond, 1968). According to Rose et al. (1973): "The presence of a
significant transmural potential
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difference in human gall-bladder suggests but does not prove that an
electrogenic Na* transport mechanism is operative".
Much of the bile is formed, in the species examined, by hepatocytes and
excreted by these cells into bile canaliculi. In man, these are channels of
diameter about lptm, closed at one end from the inter cellular space by tight
junctions and connected at the open ends with one another to form a
continuous network. At their open ends, bile canaliculi drain into bile
ductules which join to form bile ducts. The way in which a bile canaliculus is
formed between adjacent hepatocytes, in man, is shown in Fig. 1.2, which is
taken from the

Fig. 1.2. Bile canaliculus in relation to hepatocytes and Kupfer cells in human liver (x 14.000). H,
hepatocyte; N, nucleus; KC, Kupfer cell; RBC, red blood cell; EC, endothelial cell; S, liver sinusoid;
is, intercellular space; Ds, space of Disse (perisinu - soidal space); be, bile calaniculus; tj, light
junction; m, microvilli. (Taken, with permission, from Ehrlinger and Dhumeaux, 1974).
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review of F.hrlinger and Dhumeaux (1974) and is a drawing from an electron
micrograph. The bile canaliculus contains microvilli (m, Fig. 1.2) and these
perhaps play an important part in bile production The ductules and ducts are
lined with an epithelium which could alter the composition of bile, for
example by adding mucin, adding or subtracting water or ions such as
bicarbonate. An excellent short description of the microscopic structures
concerned with canalicular bile secretion is given by Schaffner (1975) and
Rappaport ( 1975) has a clear picture of the circulatory system involved.
Membrane receptors on the sinusoidal surfaces may control canalicular bile
secretion "where one cell whispers to another something about bile formation"
(Desmet, 1976). The canalicular membrane excretes bile salts by a ca rrier
mechanism (Simon et al., 1977) and a similar system may be involved in
uptake by liver cells from the portal circulation (Reichen et al., 1977).
It is generally believed that there is canalicular bile and also bile produced
in the ducts themselves: man may normally produce about 450 ml of
canalicular and about 150 ml of ductular bile every 24 h. Both canalicular and
ductular bile secretion are divisible into a "bile- salt dependent" and a
"bile-salt independent" phase. The latter type of secretion, quantitatively less
important than the former, may be governed by the Na*—K' ATP-ase
transport system within the canalicular membranes which is much affected by
the thyroid hormone (Ehrlinger and Dhumeaux, 1974).

1.2. General function
The bile can be regarded both as a digestive secretion, particularly concerned
with the digestion and absorption from the intestine of fats, and also as a
channel for the excretion of substances for one reason or another not suitable
for elimination via the kidneys. Smith (1973) has reviewed this latter aspect of
physiology as it concerns not only substances normally excreted but also
drugs and other compounds foreign to the body.

1.3. Nature of bile: general
Bile itself contains water, mucin, protein, bile pigments, bile salts,
phospholipids such as lecithin, neutral fats (e.g. cholesterol,
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glyccrides), urea, Na\ K', Ca-*, Fe z< , CI", HCO^iand other inorganic ions and,
in some mammals at least, the enzymealkaline phosphatase. For the
composition of human bile, see Chapter 5.

1.4. Nature of bile: mucin and protein
The mixture of mucopolysaccharide "molecules" constituting this substance is
always present and the concentration seems also always to be greater in
gall-bladder than in hepatic bile. Schrager (1970) gives a general review of the
properties of gastrointestinal mucus; however, little is known about the
particular nature of this material in bile. The matter ought to be more carefully
studied, especially since some of the bile pigment is closely associated with
the mucin fraction and not separable by ethanol precipitation or gel filtration
(Bouchier and Cooperband, 1967; Gent et al„ 1971).
Clausen et al. (1965) made a careful examination of the proteins of chicken
bile and that from human patients with and without gallstones. Normal h uman
bile contained about 20—50fig/ml of both albumin and 7-G-globulin.
Albumin was also found in half the human gallstones examined and was
generally at a higher concentration in bile from patients with gallstones than in
"normal" bile. The proteins found appeared in general to be the same as those
present in blood serum. Later work is quoted by Espinosa (1976), who
identified antigens in human gall-bladder bile.

1.5. Nature of bile: bile pigments
These compounds are generally held to be the excreted resul t of endogenous
haemoglobin degradation in the reticuloendothelial system, especially liver
and spleen. I have long believed that a substantial exo genous component
derived from dietary blood pigments is present also and discuss this view in
Chapter 5.
Chemically, the chief bile pigments are supposed to be bilirubin and
biliverdin; there is good evidence that biliverdin from haem degradation is
reduced in vivo to bilirubin, which the liver conjugates covalently chiefly
with carbohydrate and to a small extent with sulphate before excretion into the
bile. Although many biles are green in colour, little is known about the
excretion of biliverdin itself,
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although it has been identified in fowl and amphibian bile (see Fevery
etal.,1977).
There has been, and still is, controversy about the chemical nature of biliary
bilirubin. Gordon et al. (1976) give a brief summary of the history of this
argument and interpret their own work as showing that the principal pigment
in human and dog bile is bilirubin diglucuroni de. Fevery et al. (1977) found
both glucuronide and glucoside conjugates in the bile and corresponding
conjugating enzymes in the liver and kidney tissue of 11 animal species,
including man. Mono- and diglucuronides were chief pigments in 10
mammals; in the domestic fowl "glucosides and glucuronide conjugates were
of equal importance", but "probably represent only a small fraction of the total
bile pigment". Renal conjugation seemed unimportant for most species,
including man. Gordon et al. (1976) do not mention the mucin fraction and it
is not possible to gather from their paper how they disposed of it. As
mentioned above, other authors have not been able to separate some of the
pigment from a macromolecular complex and the intriguing possibility
remains that some bilirubin might be covalently linked to polysaccharide.
Etter-Kjesaas and Kuenzle (1975) have isolated a polypeptide-bilirubin
conjugate of molecular weight about 7,000 from human bile: the bilirubin is
covalently linked to the polypeptide.
Kuenzle (1970) demonstrated that in human cholestatic bile, conjugates
with numerous carbohydrates other than glucuronate are present; these are
apparently pathological and occur in minor amounts in bile from healthy
people. In spite of the work of Gordon et al. and others (e.g. Jansen and
Billing, 1971; Heirwegh et al., 1975; Blumenthal et al., 1977), our knowledge
of biliary bilirubin is very incomplete: it is agreed however, that in health no
more than very small amounts of unconjugated bile pigment can be dete cted.
Kuenzle (1970) suggested that some of his carbohydrate-bilirubin conjugates
might have amphiphilic (detergent) properties; they are not thought, however,
to be important in fat digestion or in solubilising lipid in the bile. So we can
say with fair conviction that the bile is a channel for the excretion of bile
pigments, which have no physiological function.

1.6. Nature of bile: phospholipids
The phospholipids identified in bile so far are chiefly lecithins. An example is
the palmityl-oleyl-phosphatidyl choline (Formula 1.1)
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of human bile: bile salts probably regulate hepatic biosynthesis of such
compounds (Marks et al., 1976).

Such zwitterionic substances have been described as swelling amphiphiies
to indicate that, as well as having hydrophilic an d lipophilic parts in one
molecule, they are essentially insoluble in water but readily take it up and so
swell. These properties no doubt account for the role of phospholipids in
solubilising cholesterol and other fats in the bile, a subject discussed in
Chapter 5. It seems probable, therefore, that biliary phospholipids are
physiologically functional. In the small intestine, lecithins can be hydrolysed
by pancreatic phospholipase A, for example, which would remove the 2 oleoyl group from 1.1, forming a l ysolecithin with amphiphilic detergent
properties. In some animal species, for example sheep, lecithins and
lysolecithins are thought to be most important in fatty acid absorption
(Harrison and Leat, 1975; Leat and Harrison, 1977; Lough and Smith, 1976).

1.7. Nature of bile: fats other than phospholipid
At one time it was supposed that bile contains a considerable amount of fatty
acids, an idea perpetuated in Sobotka's (1937) classical book. More modern
methods suggest that in human bile at least the concentration of these
substances is small and is exceeded by that of monoglycerides (Table 5.1, p.
122). Nakayama and van der Linden (1970) found small amounts of
diglyceride but no triglyceride in human gall-bladder bile.
It is probably true to say that the gl ycerides and fatty acids are
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cxcreted substances only and this may also be the case with cholesterol. This
compound is of great medical interest and its solubility in bile is discussed in
detail in Chapter 5. As far as is known at present, all biliar y cholesterol is
present as such; for this reason its concentration could easily be determined
by precipitation as the very insoluble digitonide. Digitonin is unlikely to
precipitate
any
other
substance,
except
perhaps
cholestanol
(5a-cholestan-3/3-ol) from bile. Few workers have used this method,
however, and some major mistakes in estimating biliary cholesterol have been
made because of a failure to recognise that the bile salts, usually present in
much greater concentration than cholesterol, also respond in most of the
colour reactions used for its estimation. Indeed, these colour reactions (the
Liebermann-Burchard reaction and the like) are not particularly specific,
being given by many terpenoid compounds and even (in my experience) by
the purest samples of the saturated 5/3-cholestan-3/3-ol (coprosterol,
coprostanol). Cholesterol can be concentrated by partition of diluted bile
between light petroleum and aqueous ethanol or methanol: lipids including
cholesterol will be almost entirely in the petroleum layer and bilesalts in
theaqueous.
Animal species differ greatly in the concentration of their biliary
cholesterol, man normally having much greater amounts than most, if not all,
other animals. How much biliary cholesterol is exogenous and how much
derived from biosynthesis is an important question not yet satisfactorily
settled.
Cholesterol is of course the biogenetic source of the bile salts (Chapter 3) and
there is some evidence that the newly-biosynthesised fraction is used for this
purpose. Indeed, some authors go further and say that newly-synthesized
hepatic cholesterol is the precursor for both bile salts and the biliary
cholesterol itself (e.g. Normann and Norum, 1976). Percy-Robb (1975),
however, believes that "from a dynamic point of view, liver and plasma
cholesterol can be considered as a single pool". Normann and Norum (1976)
agree with an earlier view in saying "It is therefore probable that the liver
production of bile constituents is so organised that secreted products derive
from an anabolic pool and not from a catabolic pool". If by this slightly
cryptic comment the authors are referring to all substances cleared from the
blood by the liver into the bile, their opinion is clearly untrue, for example, of
conjugated bile pigments, which can be removed by the liver from the general
circulation on recovery from obstructive jaundice. On the other hand, if
Normann and Norum are
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using "secreted" to mean physiologically functional, then I should not put
biliary cholesterol into that category; on the contrary, it is often deleterious to
man (Chapter 5). Furthermore feeding cholesterol, to many primates at least,
results in a considerably increased output of this substance in the bile (e.g.
Tanaka et al., 1976); it is hard to believe that this is t he result of a stimulation
of hepatic biosynthesis.

1.8. Function of bile salts: fat digestion and absorption
The bile is also to be regarded as an important digestive fluid and in this
respect the bile salts are its principal physiologically active consti tuent (see,
however, section 1.6). Present day views on non- ruminant mammalian
digestion and absorption of long-chain triglyceride fat (the chief component
of dietary "fat" in most species) are neatly summarised by Porter (1969) in
Fig. 1.3.
Long chain triglycerides, emulsified by the detergent action of bile salts,
are digested by pancreatic lipase mainly to 2-monoglycerides and fatty acids
(Scheme 1.1).

As might be expected, bile salts stimulate the action of intestinal lipases
especially in the presence of their co-factors, co-lipases (e.g. Borgstrom,
1977). They also activate and protect cholesterol esterase derived from the
pancreas (see Nair, 1976). As digestion proceeds, sub division of particles
increases until micelles incorporating fatty acid ions and monoglyceride and
stabilised by bile salts are formed. It is not clear how these micelles now
behave; the opinion expressed by Fig. 1.3 is that they shed their fatty acid ions
and monoglycerides into the microvilli of intestinal cells of the duodenum and
proximal jejunum, releasing the bile salts to continue to aid digestion of
further fat. The micelles discussed here are negatively charged, as is the
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original bile sali-fal emulsion because, as shown in Chapter 2, the polar OH,
COO" and SO* groups will lie in the aqueous medium whilst the molecules
comprising the micelle adhere by "dissolving" in one another at their
hydrophobic fatty parts, which likewise also dissolve in the fat during
digestion. Cholesterol and other fats, including phospholipi ds, may be
incorporated in the interior of such particles, finally forming "mixed
micelles". This miceliar theory of fat absorption is not at present contradicted;
it is thought to express events with fatty acids having straight chains of 14 or
more carbon atoms. As the chains are shortened more and more below CH, fatty

Fig. 1.3. The intraluminal digestion of triglyceride and the selective absorbtion of 2 - monoglycerides
and long-chain fatly acids from mixed micelles into the microvilli of a single epithe lial intestinal cell,
followed by re-synthesis of triglyceride within the smooth endoplasmic reticulum of the cell. (Taken,
with permission, from Porter (1969)).

13

acids are increasingly absorbed directly into the portal circulation, passing
without re-synthesis of triglycerides to the liver. Senior (1964) provides a
summary of the evidence for these ideas and a discussion of the subsequent
fate of re-synthesized fat.

1.9. Functions of bile salts other than in fat absorption
In addition to their function in the digestion and adequate absorption of
triglyceride fat, cholesterol, fat-soluble vitamins and other lipids, it has been
suggested that bile salts may also be important for the intestinal transport and
intracellular metabolism of water-soluble nutrients such as glucose and amino
acids. After investigating these suggestions, Pope et al. (1966) concluded that
purified glycine or taurine conjugates of cholic acid did not affect a number of
transport activities across isolated perfused rat jejunum. However
deoxycholate (a common contaminent of commercial bile salt preparations)
did act as an inhibitor of jejunal transport. It is unlikely that unconjugated
deoxycholate would reach the bile, except perhaps in disease, so that the work
of Pope et al. does not support the notion of a physiological role for bile salts
in the metabolism of water-soluble constituents of the diet.
Nair (1976) reviews the action of bile salts on enzymes generally and
attributes some effects to bile salt-protein binding, which may be covalent.
Javitt et al. (1973) reported that two normal intermediates in bile salt
biosynthesis, namely 5(3-cholestane-3a,7a-dioI and 5/3-cholestane3a,7a,12a-triol (Scheme 3.1), enhanced the rate of porphyrin synthesis by
cultured chick liver cells. The 50-cholesiane alcohols apparently did this by
inducing 6-aminolaevulinate synthetase, the rate-limiting enzyme for haem
biosynthesis. This finding, if confirmed, shows a link between two important
liver functions and may help to explain over-production of porphyrins in liver
disease, for example cirrhosis.

1.10. Effect of bile salts on parasites
Echinococcus granulosus, the cestode parasite responsible for hydatid disease
in man, has a definitive host in which the organism can come to maturity and
produce eggs which are then excreted and can

14

undergo partial development as far as the protoscolex stage in an inter mediate
host, forming hydatid cysts often in the liver. The commonest definitive host
is a can id such as a dog or fox and the intermediate host a herbivor e or
omnivore, for example sheep, deer, pig or man. Smyth and Haslewood (1963)
found that dihydroxy types of bile salts in the intermediate host (Chapter 4)
could prevent development of the parasite by lysis of its protoscolex stage.
Thus, the parasites' complete development is possible only in animals such as
carnivores with little dihydroxy bile salt. Perhaps, also, the taurocholate that
is the chief bile salt in dogs has a positive effect on development of E.
granulosus. In an analogous way, other intestinal parasites may be inhibited or
stimulated by the particular bile salts occurring in their hosts. Tkachuck and
Maclnnis (1971) and Surgan and Roberts (1976) have shown that some
purified bile salts directly influence the metabolic activities of the tape worms
Hymenolepis diminuta and H. microstoma', they may do this by affecting the
surface of the parasites.
In unpublished work with me, R. J. J0rgensen found that purified bile salts
from ox bile would affect the mobility of the infective stage of the catt le
lungworm Dictyocaulus viviparus. Since Dictyocaulus larvae do not respond
when exposed to other digestive juices or to changes in pH and temperature, it
is most likely that bile salts are essential in the activation of ingested larvae
and their subsequent penetration through the gut wall of the host animal; see
also J0rgensen (1973).
Bile salts may affect the growth and behaviour of intestinal micro organisms (e.g. Fernandes and Smith, 1977). In recent years, M. J. Hill and his
colleagues have re-investigated the long-held idea that certain intestinal
organisms might be capable of aromatizing some of the six- membered rings
in bile acids and steroid hormones, so producing compounds that could induce
or facilitate the production of bowel and breast cancer, as the highly
carcinogenic methylcholanthrene chemically derived from deoxycholic acid
would undoubtedly do (Hill, 1976).
Nigro and Campbell (1976) have reviewed their studies and those of others
on effect of diet on production of intestinal tumours by ca rcinogens and
conclude that dietary effects might involve bile salt secretion and degradation
by gut microorganisms.
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1.11. Bile salts in tissues other than liver
There is evidence that lithocholic acid (p. 56) and possibly other bile acids
can occur in the brains of patients with multiple sclerosis and of animals with
induced demyelinating disease (Nicholas, 1976). Dupont et al. (1976) found
mass spectral peaks corresponding to those of bile acids in extracts from
skeletal muscle, adipose tissue, kidney, pancreas and brain, all obtained from
rats. These workers concluded that the above-mentioned tissues together
might contain a total of about 3 mg of bile acids. Bile acids were also
identified by enzyme- fluorimetry (p. 126). It is not suggested that any tissue
other than liver can biosynthesise bile salts and they might all have a hepatic
origin.
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CHAPTER 2

Chemistry and methods of
separation and analysis

Chemistry 2.1. Definitions
Bile salts are here defined as substances secreted by the liver into the bile and
presumably aiding in the digestion of fats and their a bsorption from the
intestine more or less as described in Chapter 1. This definition is taken to
include numerous minor biliary constituents present in such small amounts as
to make their function appear doubtful, but chemically so obviously closely
related to the chief bile salts as to leave no doubt that they arise by the same or
very similar biochemical processes. In animals having a liver and bile (all
vertebrates) the bile salts are steroids. Physiologically, they may be primary,
i.e. made in the liver (presumably from cholesterol or some other sterol in all
cases) or secondary, a term used to mean primary bile salts modified in some
way by microorganisms during the entero- hepatic circulation (Fig. 1.1) and
perhaps further altered on their return to the liver (Chapter 3).

2.2. Ceneral nature of bile salts
Steroid bile salts have the characteristic nucleus and all or part of the
side-chain shown in cholestane (Formula 2.1).
In this structure, the methyl group at C-10 is conventionally shown as
j(3-orientated (projecting above the plane of the paper); the methyl
21
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2.1 Choleslane.

group at C-13 and the side-chain at C-17 have the same orientation. The
hydrogen at C-5 may be /3 or a (shown by a broken line), meaning that the A/B
ring junction is respectively as or trans; theB/CandC/D ring junctions are trans
so that the hydrogens at C-9 and C-14 area, as shown. In the numbering shown
in Formula 2. l.C-26 is defined as the CH 3 group present as such throughout
the biosynthesis of cholesterol from mevalonic acid. The configuration at
C-20 is R. The hydrocarbon corresponding to structure 2.1, up to and
including C-24, is called cholane.
In all animals examined, the pH of the bile is such that the bile salts in it
will be present entirely or almost entirely as anions; the counter- ions are Na',
K' or, in minor amounts, Ca 2 *and perhaps Mg-\Thus, isolation will give
usually sodium or potassium salts. The steroid anions are those of the
following chemical types:
A. Sulphate esters of bile alchohols
B. Taurine conjugates of C 2 7 bile acids
C. Taurine conjugates of C2* bile acids
D. Glycine conjugates of C21 bile acids
E. The anions of unconjugated C28 (in one case), C27 and C 2 4 bile acids.
The distribution of these types in various animal forms is considered in
detail later.
2.3. A. Bile alcohol sulphates
The trivial names of the alcohols include as a prefix part of the Latin name of
the genus of the animal from which they were first isolated.
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This practice follows the example of Olof Hammarsten who, in 1898, isolated
an alcohol which he called "scymnol" after alkaline hydrolysis of the bile of a
shark, Scymnus borealis. The chemistry of Hammarsten's "a-scymnol"
remained obscure until 1962, when the parent hexol was made from a sample
of Hammarsten's original sulphate and also partially synthesised from
cholicacid (Formula 2.4). The earlier history of scymnol has already been
given (Matschiner, 1971). Scymnol sulphate (Formula 2.2) is the 26 (or 27)
sulphate of 50- cholestane-3a,7a,12a,24£,26,27-hexol.

2.2 Scymnol sulphaie|(5p-Cholcstanc-3a.7a,12a.24?,26,27-hcxol-26(or27)-sulphale)*.

In many cases both 5a and 5/3 epimers of the alcohols occur as sulphates in
the bile; the prefix 5a or 50 is then used with the original name.
A list of natural bile alcohols known at the present time, together with the
location in the molecule of the sulphate ester groups, where determined, is
given in Table 2.1. Hoshita and Kazuno's (1968) and Matschiner's (1971)
reviews give further details of the history and properties of substances
isolated up to these dates. All bile alcohols detected seem to be of primary
origin, as judged by their structure and by the known reactions brought about
by intestinal microorganisms.
It will be seen that some of the substances listed in Table 2.1 have not
actually been isolated as such; their presence was deduced from the

*The sign £ means thai configuration is unknown or uncertain and isshown bya wavy line, as at C -24 in the
formula.
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mass spectra (MS) of fractions eluted during gas -liquid chromatography
(GLC). Unacceptable as this sort of evidence might have been to organic
chemists of the old school, who insisted on adequate elemental analyses and
characterisation by physical properties of compounds claimed as new,
GLC—MS results alone are now taken as proof for the existence and structure
of organic compounds. The GLC—MS technique is capable of discovering
and identifying even quite small traces of compounds in mixtures and its
application to bile alcohol and bile acid mixtures has greatly increased our
understanding of what the enzymes catalysing the production of these
substances can do in various biological circumstances (Anderson et al., 1974;
Danielsson and Sjovall, 1975). At the time of writing GLC —MS is not,
unfortunately, applicable to bile salts themselves since these are involatile at
temperatures not causing complete decomposition. However, high -pressure
liquid chromatography (e.g. Shaw and Elliott, 1976) combined with mass
spectroscopy can be expected eventually to extend the advantages of
GLC—MS to bile salts and this will be a substantial advance, especially for
taurine- conjugated C 2 7 bile acids which require conditions for chemical
hydrolysis so drastic as to cause considerable changes in the molecule.
Solvolysis of bile alcohol sulphates, on the other hand, can be effected by
very mild chemical methods not believed to alter the bile alcohol.
Three bile alcohols, 5f3-cholestane-3a,7a,12a,25-tetrol, 5f3-cholestane-3a,7a, 12a,23S,25-pentol and 5|3-cholestane-3a,7a, 12a,24R,25- pentol
found in considerable amounts in human bile and faeces in the disease
cerebrotendinous xanthomatosis (Shefer et al., 1975), are more fully
discussed in Chapters 3 and 5.

2.4. B. Taurine conjugates of C 2 7 acids
This type of bile salt is common in some groups of rep tiles and amphibians; it
is also found in a few fishes. The acids themselves possess the carbon skeleton
of cholesterol and can be regarded as derived from that substance by (a)
conversion of the ring nucleus to that of chenodeoxycholic acid, cholic acid o r
its 5a epimer, (b) oxidation of C-26 to COOH and (c) further hydroxylation, in
some cases, of the ring nucleus or side-chain (see Chapter 3).
Conjugates with taurine only have been found. The only published
evidence for secondary C 2 7 acids is the presence in Green turtle bile of a
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taurodeoxycholate analogue of the principal (presumably) primary C27 acid
(Haslewood et al., 1978). A list of C 2 7 bile acids found as taurine conjugates
is given in Table 2.2.

2.5. C and D. Taurine and glycine conjugat es of C 2 < bile acids
The C 2 4 bile acids are the longest known as well as the commonest in
the animal kingdom. Some scientists and others still appear to regard
these acids as the only "bile acids" and do not seem to recognise the
existence (and predominance in certain animal forms) of other bile
salt types. This is particularly true in a few medical quarters where, of
course, the chief interest is in the bile of man and the common laboratory animals which have no more than traces of any but C24
acids. As discussed later, the C21 acids can be regarded as the end-points
(so far) of bile acid evolution and are common to most advanced
animal forms, with the conspicuous exception of elasmobranch fishes
and amphibians. Thus they are characteristic of most teleost ean
fishes, most advanced lizards, snakes, birds and mammals.
To Lindstedt and Sjovall (1957) belongs the credit of demonstrating
the existence of secondary C24 bile acids; they found that when a biliary
fistula was maintained in a rabbit, the glycine-conjugated
deoxycholic acid which is normally the chief bile salt of gall -bladder
bile in this species was gradually entirely replaced by glycine conjugated cholic acid (Formula 2.3).

2.3 Cholic acid (3a,7al2a-uihydroxy-50-cholan-24-oicacid).
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Lindstedt and SjOvall considered the possibility that the deoxycholic acid
normally present had been replaced by cholic acid because of the changes in
physiology caused by drainage of bile through the fistula, but concluded that
it was more likely that intestinal microorganisms usually removed the 7a-OII
group from cholic acid to give deoxycholic acid in the intact animal. All later
work has confirmed this conclusion and there is no evidence that deoxy cholic
acid (Formula 2.4) can ever be a primary bile acid. The ef fect of the
enterohepatic circulation is further discussed in Chapter 3.

2.4 Deoxycholic acid|(3cU2adihydroxy-5/3-cholan-24-oicacid).

Table 2.3 gives a list of C24 acids conjugated in bile with taurine or glycine
to give bile salts. Glycine conjugation has been found only in eutherian
(placental) mammals. In Table 2.3, the stem (unsubstituted) acid is given as
cholan-24-oic acid, which is the name recommended by the International
Union of Pure and Applied Chemistry (IUPAC) and International Union of
Biochemistry (IUB). The IUB—IUPAC Rules* also state that the
configuration (a or/8) at C-5 must be given in systematic names. Heinrich
Wieland first made the stem-acid of the common bile acids and called it
"cholanic acid"; this name with the 5a or 5j3 prefix i s a suitable basis for
trivial names of bile acids not christened by their discoverers. The term
"cholanoic acid" for this purpose has no sanction in history or in the
IUB—IUPAC rules and it will not be used in this book. Following the original
German
♦Biochcm. J.. 113.5-28(1969).
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precedent, "cholic" acids contain three hydroxyl groups in the molecule and
thus, "deoxycholic" acids two such groups.
As well as the substances listed in Table 2.3, several other cholanic acids
have been isolated from bile, urine and faeces. These are all believed to be the
result of disease or of microbial action. The mixture in faeces is, not
surprisingly, extremely complex and variable; it is doubtful whether the
police investigator who once asked me if it would be pos sible to identify a
criminal by the pattern of his faecal bile acids had hit upon a useful notion.
Some of the C 2 jacids found in human bile and excreta are mentioned in
Chapter 5: others found in various species are listed by Van Belle (1965),
Haslewood (1967) and Tammar (1974a,b,c). Reviews of the changes caused
by microorganisms have been given by Hayakawa (1973) and Kellogg (1973).
Van Belle (1965) also compiled very useful tables of the properties and
derivatives of cholanic acids made in the laborator y as well as those
discovered in nature.

2.6. E. Unconjugated bile acids acting as bile salts
The presence of unconjugated bile acids in bile at once arouses the suspicion
that they may be the result of disease or of post -mortem bacterial changes.
This is particularly likely for the 5f3-cholanic acids, for many
microorganisms are known that will remove the taurine or glycine from their
conjugates (for example, see Aries and Hill, 1970a; Kellogg, 1973) and an
enzyme from Clostridium perfringens that will hydrolyse glycine and taurine
conjugates of cholic, chenodeoxy- cholic, deoxycholic and other 5/J-cholanic
acids is commercially available (Nair, 1973).
Nevertheless, there are unconjugated bile acid ions in some biles, collected
in such a way as to prevent post-mortem changes and from apparently healthy
animals. For example, trihydroxycoprostanate (p. 50) is a feature of some
frog biles (Kuramoto et al., 1973; Anderson et al., 1974). The taurine
conjugate of this acid and of its C-24 hydroxyl derivative, varanic acid or its
isomers (also found in a frog in the unconjugated condition by Kuramoto et
al., 1973), cannot be hydrolysed by the bacterial enzymes that split
conjugates of 5(3 cholanic acids. Indeed, B. S. Drasar and I, after a long
search, found only a few microorganisms that would hydrolyse ta
urine-conjugated C 2 7 acids, so that it seems rather unlikely that these
unconjugated acids
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could arise in the bile by microbial action, especially since no other evidence
of an enterohepatic circulation of amphibian bile salts is detectable in their
chemistry. It seems more probable that the trihydroxycoprostanate ion is used
as a bile salt prior to the develop ment of an effective conjugating system:
clearly this idea could be experimentally tested.
Of five species of toads of the genus Bufo examined, only Bufo b. formosus
was found to have unconjugated trihydroxybufostero - cholenic acid
(3a,7a,12a-trihydroxy-5/3-cholest-22-ene-24-carboxylic acid, Formula 2.5)
in the bile (Anderson et al., 1974). The structure of this acid was, after
prolonged investigation, finally elucidated by Hoshita et al. (1967) and
confirmed by Anderson et al. (1974). Toads injected with H C-4-cholesterol or
14
C-2-mevalonate did not form radioactive trihydroxybufosterocholenic acid
(Kuramoto et al., 1974) and its biochemical origin remains a mystery. It may
of course arise from some C 2 s sterol peculiar to the diet of this Japanese toad
and might be unacceptable to a biochemical system for making conventional
taurine conjugates.

This
toad also contains
unconjugated 3a,7a,12a-trihydroxy-5(3cholest-23-en-26 (or 27)-oic acid (Kuramoto et al., 1974).
I found a sample of South American piranha (probably Serrasalmus
ternetzi) bile to contain only cholate as its bile salt, but this observation nee ds
confirmation on a sample freshly collected in
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conditions excluding post-mortem changes. Confirmation would show
that C24 bile acid ions themselves can function effectively as bile salts.
Peric-Golia and Socic (1968) found some free cholic acid in bile of healthy
sheep and similar findings have been made in healthy men. My colleagues
and I have also found high proportions of C 21 bile acid ions in fishes of the
genus Synodontis.
In summary, several cases are known amongst amphibians in which the
ions of C27 acids listed in Table 2.2 are present in bile in proportions such that
they must be acting physiologically as bile salts. In one case, the anions of a
C 28 acid of unknown biochemical origin are present. An unconfirmed finding
suggests that cholate itself may be capable of acting in vivo as a bile salt.
2.7. Other conjugates
Peric-Golia and Jones (1962) showed that conjugates of 5f3 -choIanic acids
with ornithine could be formed by guinea pigs and rats, especially after
injection with a polysaccharide from Klebsiella pneumoniae-, such conjugates
had been found in the bile of patients infected with this organism. Gordon et
al. (1963) found similar conjugates in ox and human bile. Yousef and Fisher
(1975) and Myher et al. (1975) have synthesized arginine , histidine and
ornithine conjugates of cholic acid and shown that the arginine conjugate is
the one secreted in bile by isolated perfused rat livers.
Palmer (1967) was the first to show that formation of sulphate esters, in this
case of lithocholic acid and its conjugates, was a metabolic pathway for C 21
bile acids. It has since become clear that variable amounts of sulphate esters
of the common cholic, chenodeoxycholic and deoxycholic acids and their
conjugates are to be found in bile, intestine and urine, especially in diseases of
the liver and biliary tree.
Parmentier and Eyssen (1975) made the 3-, 7-and 12-monosulphates of
cholic acid and Eyssen et al. (1976) found that in both germ-free and
conventional mice, cholic acid and chenodeoxycholic acids wer e present in
the bile and faeces partially as their 7-sulphates; other bile acids were also
sulphated. Surnmerfield et al. (1976) prepared the 7 - mono- and
3,7-disulphates of chenodeoxycholic acid and showed that an isolated
perfused rat kidney could make the former substance, as well as traces of
chenodeoxycholic acid 3-sulphate. Haslewood and Haslewood (1976a) made
the 3-sulphates of cholic, chenodeoxycholic and deoxycholic acids as
crystalline disodium salts (e.g. Formula 2.6).
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Tamari et al. (1976) found "ciliatocholate", a phosphonic acid analogue
(R.C0.NH.CH 2 .CH 2 .P02- : R.CO = cholyl) of taurocholate as a minor
constituent of ox bile salts.

The purity of some of the preparations described is questionable and much
more chemical work is required in t his field.
Summerfield et al. (1976) are amongst those who have described methods
for isolating bile salts from urine and applying techniques for fractionation of
bile acid conjugates and sulphates on Sephadex LH-20. An excellent solvent
system for separating sulphates on thin- layer chromatograms is that of Cass et
al. (1975).
Back and Bowen (1976) have made 3-(3 - D -monoglucuronides of cholic,
chenodeoxycholic, deoxycholic and liLhocholicacid. Back and his colleagues
(e.g. Back, 1976) describe the isolation of fractions containing bile acid
glucuronides from urine and blood plasma.
The occurrence of sulphates and glucuronides in human bile and urine is
further discussed in Chapter 5.
2.8. Methods of separation and analysis
Bile salts may be preserved by the addition of the bile (or gall-bladders
containing it) to at least 4 volumes of ethanol or ethanol -methanol (methylated
spirits) as soon as possible after death or removal from the body. In this way,
I have found bile salts apparently to keep indefinitely, although aqueous
solutions soon grow microorganisms which affect them. The excess of alcohol
precipitates mucin and when
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the bile salts are required addition of further ethanol and filtration will
remove, on the filter, the mucin and some of the bile p igment. The filtrate is
evaporated to dryness and lipid may now be almost completely extracted
without loss of bile salts by two or three washings with light petroleum (b.p.
40—60°C). The petroleum- insoluble material is extracted with methanol, in
which bile salts of every type readily dissolve, and the filtered methanol
extract is evaporated to dryness. The residue of crude bile salts may be a more
or less crystalline solid, a foam (after drying in vacuo) or a gum. In many
cases this mixture is hygroscopic, sometimes extremely so, and the reason for
this behaviour is still quite unknown. The sodium or potassium salts of
purified conjugates, of whatever chemical type, do not readily take up
atmospheric water and I have not found enough organically bound pho sphate
in some bile salt preparations to account, as lecithin, for their extremely
hygroscopic nature.
Further purification of the bile salts depends on their separation on columns
or thin layers of silica gel, celite, Sephadex LH-20 or other materials. At
present, Sephadex LH-20 columns and thin-layer plates of silicagel are known
to have the greatest discriminatory power for separating conjugates.
Cronholm et al. (1972) developed a method for separation of various
conjugates in chloroform-methanol on Sephadex LH-20 and Alme'et al.
(1977) have improved this analysis by using ion exchange chromatography on
a substituted Sephadex LH- 20 column. Some bile, though obtained free from
liver or other tissue, does contain polar impurities difficult to separate from
bile salts; a sample of such material from fish bile was shown by F. H. Brain
and R. W. Baker to be a complex mixture largely composed of hydroxy - lated
fatly acids. Extraction of Sephadex LH-20 itself with chloroform-methanol
yields small amounts of substances that may interfere with the identification
of conjugates by subsequent infra-red or other spectroscopy. Separation on
thin-layer plates of silicagel is effective for some conjugates (Anderson et al.,
1974). Commercial silicagel, especially on pre-coated plates, contains
considerable amounts of impurities that are also extracted from the gel when
separated conjugates are eluted from the plates with methanol. These
impurities interfere with subsequent spectroscopy. They can be partially
removed from pre-coated plates by successive washings by descending (wick)
chromatography with chloroform-methanol- aqueous ammonia, ethyl
acetate-acetic acid-water and methanol. Before the methanol washing the
plates may be exposed to iodine

37

vapour and they are finally briefly dried at 100°C. Such plates retain their
discriminatory power for conjugates and yield less impurity when these are
eluted with methanol after separation and visualization with iodine vapour.
Other methods for concentrating bile salts from bile, intestinal contents,
faeces, urine and blood plasma are given by Eneroth and SjBvall (1971) and
Danielsson and SjQvall (1975).
Solvolysis of sulphate esters can be done as follows: the sulphate (up to
about 8 mg) is dissolved in 0.1 M aqueous hydrochlori c acid (1 ml), sodium
chloride (200 mg) is now dissolved in the mixture and butanone (4 ml) is
added. The whole is stoppered and kept, with occasional mixing, at 37°C for
about 90 hours. If it is desired to estimate sulphate, 0.5 M barium chloride (0.2
ml) may be added and, after about an hour, barium sulphate can be collected
on a small sintered glass filter, washed with water and methanol, dried at
100°C and weighed. The bile alcohols can be obtained from the filtrate by
extraction (twice) with ethyl acetate. Washing the combined extract with
water does not remove unconjugated acids originally present in the bile salts,
but the solvolysis does not cleave conjugates of these acids, which are
consequently lost. Sulphate esters of bile acids are solvolysed by this
procedure, but (possibly) internal esters may also be formed and an alkaline
hydrolysis (0.1 M sodium hydroxide, 90—100°C, 1 h) must follow if the free
acids are desired. Bile alcohols arc formed directly from their sulphate esters
by this butanone solvolysis. The solvolysed mixture can then be analysed by
GLC—mass spectroscopy and almost all substances present identified
(Anderson etal., 1974; Danielsson and Sjovall, 1975).
A careful study of mild methods for solvolysing sulphate esters was made
by Goren and Kochansky (1973) and other methods for solvolysis are
described, for example by Summerfield et al. (1976) and Eyssen et al. (1976).
N.B. Javitt and his colleagues (e.g. Javitt et al., 1976) have developed an
analytical process for biological samples that uses 2,2-dimethoxypropane as a
reagent for protein precipitation (from blood serum), solvolysis of sulphates
and methylation. With mineral acid, 6.8 ml of dimethoxypropane with 1.0 ml
of water gives an anhydrous mixture that causes both solvolysis and
methylation. If less reagent is used, water remains and neither solvolysis nor
methylation occur. An alkaline hydrolysis is included in the method, which
ends with quantitative GLC and can be used to determine unconjugated,
conjugated, unconjugated sulphated and conjugated
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sulphated bile acids in the original sample. Van Berge-Henegouwen et al.
(1977) describe a combined method for hydrolysis of conjugates followed by
solvolysis of sulphate esters in acidified ether, leading without isolation to
GLC analysis of bile acid methyl ester acetates: good recoveries are claimed.
As mentioned above, a commercially available enzyme may be used to
hydrolyse taurine and glycine conjugates of many C24 acids but cannot be
applied to taurine-conjugated C 2 7 acids, a mild method for solvolysis of which
is badly needed.
Total bile salts or bile acids can be estimated with a 3a -hydroxy- steroid
dehydrogenase available from Pseudomonas testosteroni (Iwata and
Yamasaki, 1964; Murphy etal., 1970; Schwartz et al., 1974), b ut this enzyme
has rather limited and not very well defined specificity. Under suitable
conditions, it quantitatively forms NADH from NAD + by removing the
hydrogen atoms at C-3 from a 3a- hydroxysteroid. Other bacterial enzymes,
specific for hydroxy 1 groups elsewhere in the steroid ring-system, have been
described by Aries and Hill (1970b) and two 7a -hydroxysteroid
dehydrogenases from strains of Escherichia coli have been applied to the
estimation of bile acids and their conjugates having 7a -hydroxyl gfoups
(Haslewood et al., 1973; Macdonald et al., 1974). One of these
7a-hydroxysteroid dehydrogenase preparations has been found to have wide
specificity for steroids having a 7a-OH group, but not to act in some cases
where sulphate ester groups are also present in the molecule (Haslewood and
Haslewood, 1976b). Infra-red spectroscopy in potassium bromide remains an
informative and simple method for characterizing separated conjugates, bile
alcohols and bile acids and the same is true of nuclear magnetic resonan ce
spectroscopy.
Solvent systems for TLC and reagents for visualizing the separated
substances tend to be the particular choice of various laboratories using them.
I have found that a freshly made mixture of acetic acid, 3 - methyl butyl
acetate (arnyl acetate) and water, 5:5:2, by volume, is very effective,
especially for the separation of conjugates. On a 5x20cm plate coated with
silicagel, all bile alcohol sulphates, taurine and glycine conjugates and
unconjugated bile acids run well behind the front in t his solvent system.
Although its discriminatory power is good it, in common with other systems,
does not separate taurine conjugates of chenodeoxycholic and deoxycholic
acids; this mixture can be analysed, after elution of the combined spot from
the plate, by using first the 3a-hydroxysteroid dehydrogenase and then the 7a-
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hydroxysteroid dehydrogenase enzyme preparations mentioned above (e.g.
Macdonald et al., 1974). A good system for separating unconjugated bile acids
and alcohols is 2,2,4-trimethylpentane-ethyl acetate-acetic acid, 7:12:3, by
volume (cf. Eneroth 1963). For visualizing separated steroids on silicagel
plates, the much-used ethanolic solution of phosphomolybdic acid can be,
with advantage, replaced by a modification of Usui's (1963) reage nt, made by
dissolving phosphomolybdic acid (5g) in acetic acid (100 ml) and carefully
adding, with cooling, sulphuric acid (7.5 ml). After stirring at room
temperature, this reagent is filtered and kept in the dark. Plates sprayed with it
and heated at 100°C show steroids as blue spots on a white or nearly white
background, with greater sensitivity than obtained with alcoholic
phosphomolybdic acid. Differences in colour shade make it possible to
distinguish between some substances (e.g. deoxycholic acid an d
chenodeoxycholic acid, free or conjugated) on a chromatogram. If the
developed plate is first sprayed with a solution of sodium borohydride (5 g/dl
in 80% v/v methanol—water) and then, after about 15min, dried and
re-sprayed with Usui's reagent, keto (oxo) derivatives appear on heating, since
carbonyl groups have been reduced to hydroxyl in situ (Usui, 1963). In this
way it is possible to detect 3a-hydroxy-7-oxo-5(3-cholanic acid and its
conjugates, as well as other ketones not revealed by phosphomolybdic acid
spray reagents alone.
For determination of the concentration of bile salts in blood plasma or
serum, GLC or enzymic methods can just about reach to the upper limit of
values in healthy persons (e.g. Ali and Javitt, 1970; Murphy et al., 1970;
Schwartz et al., 1974). The much more sensitive radioimmunoassay
methodology is at present in an early and tentative stage of development but
has already proved capable of detecting diurnal and post -prandial variations
in blood bile salt concentrations (see Chapter 5).

2.9. Physical Chemistry
Stuart-type molecular models of bile salts show that, whether the
configuration at C-5 is a or 0, all the —Oi l, —SO^or —COCTgroups (polar
groups) can be made to lie in a plane on one side of the molecule with the
hydrophobic groups on the other side. With the 50 configuration, the fist -like
shape resulting from the L -shaped junction
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between rings A and B emphasises the hydrocarbon mass on the non - polar
side. Fig. 2.1 shows this effect for taurocholate (Formula 2.7).

The 5a-configuration results in a flatter molecule, but also clearly divided
into polar and hydrophobic sides, except in the case of myxinol disulphate
(Formula 2.8; Fig. 2.2), a primitive bile salt probably not functioning very
effectively as a detergent.

2.8 Myxinol disulphaic (5a,25£-cholestane-3/3,7a,16a.26-tetrol
3,26-disulphate).

Thus, in almost all cases, the bile salt molecule is an effective arnphiphile and
can lie at a fat-water interface with its polargroups in the aqueous and its
hydrophobic side in the lipid phase. The distances
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Fig. 2.1. Stuart-type molecular model of taurocholate (Formula 2.7). The polar OH and S07 H groups
can lie in a plane on one side of the molecule, constituting the hydrophilic part. A water molecule can
bridge the OH groups at C-3, C-7 and C-12.

between OH groups at 3a, 7a and 12a are such that a water molecule can easily
bridge them: hence hydration in aqueous solution seems very probable.
McBain et al. (1941) were among the first to point out that the bile salts
must, like other amphiphilic molecules, exist as micelles in any but very dilute
solution. This idea has been extensively examined and given an experimental
basis particularly in relation to fat absorption, mainly by A. F. Hofmann, I).
M. Small and their co-workers. Comprehensive and well-illustrated reviews
are available (e .g. Hofmann, 1968; Small, 1971).
One consequence of micelle formation is, of course, that the nominal
dissociation-constants of the bile salts do not truly represent the state of
affairs in solution. Removal of a proton creates a negative charge on the
micelle and so inhibits subsequent ionization, as in the case of polycarboxylic
acids. Thus the actual pH at which a bile salt or bile acid micelle will be
ionized to any given extent will be higher than predicted from the
Henderson-Hasselbalch equation applied to
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Fig. 2.2. Sluart-type molecular model of myxinol disulphaic (Formula 2.8). The SO^ and OH groups
cannot be spatially separated from the hydrocarbon part of the molecule.

simple solutions and using dissociation constants determined on such
solutions. Since the size of micelles varies not only with concentration and pH
but also in the presence of ions and of substances capable of forming "mixed
micelles", the degree of dissociation actually occurring in vivo is almost
unpredictable, except in extreme cases such as that of —SOjjH* groups,
whose dissociation-constant is so high that it is hardly conceivable that they
could be protonated at any biological pH; i.e. they must always exi st as
—SO3.
Aspects of the physical chemistry of bile salts were well reviewed by Elliott
(1971) and Small (1971).
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CHAPTER 3

Biosynthesis and artifacts of the
enterohepatic circulation

3.1. Biosynthesis: (a) C 24 5/3 bile acids
The subject of this Chapter has been thoroughly reviewed by the most
experienced experts and the reader may regard their articles (Danielsson,
1973a; Danielsson and SjOvall, 1975) as the principal sources of origin al
references and opinions at the present time.
All the evidence suggests that in every vertebrate species, cholesterol (or
perhaps cholestanol (5a-cholestan-3|3-ol) in some cases) is the source of the
bile alcohols and C 27 and C 24 bile acids.
For the biosynthesis of cholic acid, at least in the common laboratory
mammals, man, some other primates and probably in most vertebrates, the
stages originally proposed mainly by Sune Bergstrom and the late Ezra Staple
and their colleagues, can still be regarded as indicating the principal route.
These are set out in Scheme 3.1.
Some details of the pathways in Scheme 3.1 remain unclear. For example,
the enzymes converting 7«-hydroxycholesterol (3.2) into compound 3.3 may
have two separable components (a 3/3-hydroxy- steroid dehydrogenase and a
A^isomerase); it is not certain whether the usual substrate for the important
12a-hydroxylation step is 3.3 or 3.5 and the stages in side-chain degradation
(3.7—* 3.11) are still not well understood. Some of these points are disc ussed
in detail, with references, by Danielsson (1973a).
Part of the evidence leading to Scheme 3.1 has been obtained by feeding
isotopically labelled precursors to animals having a biliary fistula and
identifying the labelled products in the bile; other e vidence has come from the
use of perfused isolated whole livers or as a result of incubating presumed
intermediates with subcellular fractions from
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liver tissue. The whole sequence cholesterol ---------- acholic acid has been
carried out with minute yields by liver homogenates. Some of the enzymes
concerned seem to be soluble and no doubt it will eventually be possible to
characterise them all chemically. The co-factors NAD + or NADP + , NADPH
and cytochromes of the P 450 type are involved and enzymic activities have
been found in mitochondrial, microsomal and supernatant subcellular
fractions.
In two cases at least, namely in the biosynthesis of myxinol in hagfish and
of latimerol in the coelacanth Latimeria (pages 40 and 84), the
.^-configuration of cholesterol is retained or restored. (There is no evidence to
suggest that myxinol or latimerol are secondary bile alcohols.) By studying
these animals, particularly the readily available hagfish, it might be possible
to throw further light on the earlier steps in Scheme 3.1.
Similarly in some amphibians and reptiles, for example the frog
Discoglossus pictus and all crocodilians investigated, the side chain although
oxidised terminally to COOH can hardly, if at all, be shortened. These reptiles
apparently lack the three or four enzymes
necessary to complete degradations 3.9 ---------- -3.11 and their liver tissue
fractions might be of interest in comparison with those of more advanced
forms carrying out the whole process. Likewise, the alcohol 3.7 and
hydroxylated derivatives of it as sulphate esters act as bile salts in certain
anurans, which may lack the dehydrogenase responsible for 3.7 -3.8
in
Scheme 3.1.
These notions are particularly interesting because of recent discoveries that
intermediates in or by-products of Scheme 3.1 may accumulate in human
disease (see Chapter 5).
The biosynthesis of the second principal C24 acid, chenodeoxy - cholic acid
(3.16, Scheme 3.3) is generally believed to be physio logically separated from
that of cholic acid at the point at which the 12a hydroxyl group is introduced.
Some control, for example directing substance 3.3 of Scheme 3.1 into the
endoplasmic reticulum (where it can be hydroxylated at C-12a to give 3.4) or
into the cytoplasm, operates here to determine the biosynthesis of one or the
other bile acid. If 12a-hydroxylation does not lake place, the later stages in
Scheme 3.1 could operate in ihe same way togivechenodeoxycholic acid.
Hanson et al. (1976) injected tritium-labelled 7a-hydroxy-4- cholesten-3-one
(3.3) intravenously into 8 healthy men. After 1—6 days, a 50% magnesium
sulphate solution was put into the duodenum of each subject and a sample of
duodenal fluid rich in bile was
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collected. Comparison of the relative proportions of radioactivity in the
derived cholic and chenodeoxycholic acids suggested that some cholic acid
might have arisen by a pathway not involving 3.3 (e.g. by earlier
12a-hydroxyIation). A careful study on 3 patients with total diversion of bile
from the enterohepatic circulation suggested that 5j3 - cholestane-3a,7a-diol
(3.5, Scheme 3.1) may be the "natural substate" for the microsomal
26-hydroxylase, leading to 5/3-cholestane-3a,7oi,26- triol, a compound that
could be a common precursor of cholic and chenodeoxycholic acids. 12a -I
lydroxylation would give 3.7 (Scheme 3.1) and so lead to cholic acid, whereas
further side-chain oxidation without 12a-hydroxylation would provide
chenodeoxycholic acid: the 3oi,7a,26-iriol was an efficient precursor of both
acids in the patients studied (Schwartz et al., 1976). Since the proportion of
the two primary bile acids is variable in human bile in health and disease
(Chapter 5), it is of practical importance to elucidate the details of the systems
governing their formation.
Cholesterol 7a-hydroxylase has been intensively studied. The system
requires oxygen, NADPH, cytochrome P^o, an NADPH- cytochrome P150
reductase and phospholipid. The microsomal activity can be solubilised to
some extent. The reaction mechanism is apparently direct replacement of the
7a-H by an OH group (Danielsson and SjOvall, 1975).
The important l2a-hydroxylation step is also microsomal and is stimulated
by starvation, which affects the cytochrome P« 0 fraction of a re-constituted
system from rat liver. In whole animals, thyroid hormones, bile acids and
phenobarbital inhibit l2a-hydroxylation Danielsson and Sjovall, 1975).
Side chain degradation begins with (probably) stereospecific
hydroxylation at C-26. Activity is found both in the microsomal and
mitochondrial fractions from rat liver and is stimulated by boiled supernatant
or NADPH. The microsomal 26-hydroxylase seems to be P 450 -dependent and
shows a preference for 5(3-cholestane-3od,7a, I2a- triol (3.6) and
5/?-cholestane-3a,7a-diol
(3.5),
the
precursors
of
cholic
and
chenodeoxycholic acids respectively. The role of the mitochondrial
26-hydroxylase may be important. H. Danielsson and his colleagues are at
present making a thorough study of the various hydroxylations in bile acid
biosynthesis.
A second mechanism for side-chain oxidation has been postulated by
Shefer et al. (1976). These authors noted that Cronholm and Johansson in
1970 had shown that rat liver microsomes could convert
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5/3-cholestane-3a,'to,12oi-tnol (3.6) into the 3a,7a,12a,25-tetrol and
BjCrkhem et al. (1975) had demonstrated the same reaction with human
material. Shefer et al. (1976) then prepared 5/3 -cholestane3a,7a,12a,25-tetrol (3.6a, Scheme 3.2) and showed that it could be converted
by liver microsomal fractions, in the presence of oxygen and NADPH, from
human patients and also from rats into 5/3- cholestane-3a,7a, 12a,24R(and S),
25-pentols (3.6b, Scheme 3.2), 5/3- cholestane-3a,7a,12a,23£,25-pentol and
5j3-cholestane-3a,7a, 12a,25,26- pentol. In the presence of NAD + , only the
24R epimer of 3.6b was converted in good yields into cholic acid by the
soluble supernatant liver fractions. This work can be interpreted as set out in
Scheme 3.2; the C-24 ketone may be involved.
It shows overall that liver cell fractions not containing mito chondria can
convert cholesterol into cholic acid, without hydroxylation at C-26. It receives
some general support from the discovery in the bile and urine of patients with
cerebrotendinous xanthomatosis (CTX) of bile alcohols hydroxylated at C -25
(Table 2.1). Patients with this rare inherited disease have abnormalities in
both cholesterol and bile acid biosynthesis. They have in most tissues greatly
increased amounts of cholesterol and of cholestanol (5a -cholestan-3/3-ol)
derived from it. There is a deficiency of bile acids and especially of
chenodeoxycholic acid. Salen and Mosbach (1976) describe CTX in detail and
attribute the reduced bile acid biosynthesis primarily to defective side -chain
oxidation. They and their colleagues have studied five such patients and
compared them with others without obvious lipid disease. As a result of more
recent experiments with perfused whole laboratory rabbit livers, Cohen etal.
(1976) conclude: "Apparently the rabbit forms cholic acid by the classical
26-hydroxylation pathway previously described followed by further
degradation of the cholesterol side-chain": it "can adapt and form cholic acid
from compounds having a C-25 hydroxyl function but does so to a lesser
extent and at a slower rate than the normal pathway". Rabbits make very little
chenodeoxycholic acid and Cohen et al. (1976) found that 12a-hydroxylation
is very active in this animal, which can hydroxylate 5/3 -cholestane-3a,7a-diol
(3.5) at C-12a after side chain hydroxylation at C-25 or C-26.
There is other evidence for bile acid biosynthesis by routes differ ent from
those shown in Scheme 3.1. This Scheme involves the complete formation of
a bile acid nucleus before any changes in the side chain, an idea originally
proposed by Sune Bergstrom and his Swedish
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colleagues more than 20 years ago. All the evidence accumulated supports the
view that this is normally the chief pathway and it is a striking fact that only a
very few undoubtedly primary bile acids and no bile alcohols not having a
7a-OH group have been discovered in nature. A biosynthesis not norma lly
involving early 7a-hydroxylation might perhaps be expected to lead to
frequent occurrence of bile salts not so hydroxylated.
However, in 1967 Mitropoulos and Myant reported that rat liver
mitochondria together with a supernatant fraction converted H C-4- cholesterol
(3.1) into more polar steroids that included 3/? -hydroxy-5- cholesten-26-oic
acid (3.13), 30-hydroxy-5-cholen-24-oic acid (3.14), lithocholic acid (3.15),
chenodeoxycholic acid (3.16) and thea-and/?- muricholic acids (p. 108)
characteristic of rat bile, all apparently as taurine conjugates. To account for
these compounds, Mitropoulos and Myant (1967) proposed Scheme 3.3.
Although this Scheme leads to chenodeoxycholic acid, 12a -hydroxylation of
some (unknown) intermediate would produce cholic a cid.
This revolutionary Scheme was at first received with disbelief but in the 10
years since its conception, further evidence has accumulated in its support,
normally as a minor route, but perhaps important in certain human diseases
and in foetal life. For example, Javitt and Emerman (1970) showed that in rats
with a bile fistula both cholesterol and 26-hydroxycholesterol (3.12) were
converted into cholic, chenodeoxycholic and muricholic acids and Anderson
et al. (1972) found that tritiated 26-hydroxycholesterol (3.12) was quite
effective as a precursor of both chenodeoxycholic and cholic acids in six
patients with biliary fistulae. From this experiment, it is clear that
12a-hydroxylation can occur after oxidation of the cholesterol side chain.
Anderson et al. (1972) did find that 3.12 was not so effective as 7a hydroxycholesterol (3.2) as a precursor of cholic acid in their patients but
preferentially gave chenodeoxycholic acid.
It seems likely that something like Scheme 3.3 operates in foetal bile acid
synthesis, for quite large amounts of 3j3-hydroxy-5-cholen-24-oic acid (3.14)
are found in human meconium (the first intestinal contents of infants) and
even in amniotic fluid (Back and Ross, 1973, D£l£zeet al., 1977).
Scheme 3.3 would certainly account for the hyodeoxycholic acid in
germ-free pig bile and for some of the substances found in bile and urine in
disease (Chapter 5); it also implies that lithocholic acid could be a primary
bile acid.
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Ayaki and Yamasaki (1970) have shown that 7a -hydroxycholesteroi (3.2)
could be converted by fortified rat liver mitochondria to 3/3,7a dihydroxy-5-cholen-24-oic acid (3.17, Scheme 3.4) and Yamasaki and
Yamasaki (1972) found that the same acid was formed from 7«-hydroxycholesterol in a domestic hen having a bile fistula. Ayaki and Yamasaki
(1972) detected 3.17 in the fistula bile of a rat injected with H C-4- cholesterol
and H C-2-mevalonate and all these experiments were taken as supporting the
route to chenodeoxycholic acid shown in Scheme 3.4.
As Danielsson and SjOvall (1975) remark: "the quantitative importance of
these different pathways leading to chenodeoxycholic acid has not been
established" but there is a good experimental basis for the view that its
biogenesis can be separated from that of cholic acid. In some animals at least,
chenodeoxycholic acid can be converted directly by 12a -hydroxylation to
cholic acid: examples are snakes of the family Boidae (BergstrOm et al.,
1960), a Japanese eel (Masui et al., 1967), cod Gadus callarias (Kallner, 1968)
and Rainbow trout (Denton et al., 1974).
In reviewing the present position it should be said that it is inherently more
likely that experiments with whole animals, even those under restraint and
with a biliary fistula, will give results that represent what occ urs during
normal life. Tissue preparations of any kind carry out reactions that may
indeed be possible in vivo, but the disorganisation involved makes it difficult
to assess their overall importance. This is true of course of all anabolic
pathways, for example those leading from mevalonate to cholesterol or from
cholesterol to steroid hormones: nevertheless, so complex and heterogenous
are the processes leading to secretion of the membrane- affecting amphiphilic
bile salts into the bile canaliculi (Chapter 1) that they may be expected to be
easily disrupted in any tissue preparation less complete than healthy whole
liver. With bile salt biosynthesis there is the additional complication of the
intestinal microflora in the complete animal; for this reason, mo re
experiments might be done on germ-free mammals and birds, whose
physiology can be said to be intact (Kellogg, 1973).
The foregoing discussion is about the biosynthesis of what may be called
the principal C 24 primary bile acids in many, if not most, adva nced animal
forms. There are also a few "unique" primary Q 4 acids whose biogenesis has
been studied.
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The pig contains a 6a-hydroxylase system that converts chenodeoxy- cholic
acid into hyocholic acid (p. 114).
Laboratory rats and mice are known to carry out 6/3-hydroxylation of
chenodeoxycholic acid to makea-muricholic acid: this in turn is converted
into its 7/J-epimer, P-muricholic acid, which can also be made from
ursodeoxycholic acid (4.17, p. I l l , Danielsson, 1973a): these acids
characterise some rodents at least of subfamily Murinae (p. 108).
It is not known how the C-23 hydroxyl group arises in the phocaecholic acid
(4.18) apparently unique to Pinnipedia, but liver preparations from adders,
Vipera berus, can introduce this group into cholate and deoxycholate and thus
make the characteristic C-23 hydroxylated bile acids of certain snakes (p.
100).
Other "unique" C24 bile acids, for example haemulcholicacid (with an OH
group at C-22) of certain fish, remain to be studied.
The position of some C2i acids remains somewhat obscure. Ursodeoxycholic acid (4.17) can possibly be a primary bile acid in rats
(Samuelsson, 1959) and 3a-hydroxy-7-oxo-5/3-cholanic acid, prominent as
its conjugates in the bile of some mammals and birds, may be made without
microbial intervention in guinea-pigs.
In summary then: 3a,7a,12a,23f-tetrahydroxy-5/J-cholanic, cholic,
hyocholic, ot- and jj-muricholic, chenodeoxycholic, hyodeoxycholic,
ursodeoxycholic, 3a-hydroxy-7-oxo-5/?-cholanic and lithocholic acids can all
be primary bile acids although some of them, as described later, are usually
secondary.

3.2. Biosynthesis: (b) C 24 5a acids
The first of these to be discovered was 5acholic acid (allocholic acid, Table
2.3). Its presence in the bile of germ-free chicks, rabbits and mice is an
absolute proof that it can be primary. Yamasaki and his colleagues were able
to demonstrate that a domestic hen having a biliary fistula could make
radioactive
allocholic
acid
after
intra peritoneal
injection
of
H
C-4-7«-hydroxycholesterol: similar results were obtained with laboratory
rabbits and rats (Yamasaki et al., 1972). In a convincing experiment, Hoshita
et al. (1968) showed that a microsomal preparation from Iguana iguana, which
(in common with other lizards of the family Iguanidae) has tauroallocholate as
its chief bile salt, would reduce 7a,12a-dihydroxy-4-cholesten-3-one (3.4,
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Scheme 3.1) to 5a-cholestane-3c*,7a:,12a-triol rather than the 50 epimer (3.6,
Scheme 3.1) involved in cholic acid biosynthesis. W. H. Elliott (1971) and
Danielsson and Sjovall (1975) have reviewed knowledge about 5a -choIanic
acids and cite work demonstrating the 7a-hydroxylation of
5oi-cholestan-3/?-ol (cholestanol) and also its conversion to allocholic acid in
rats and the gerbil Meriones imguiculatus (Noll etal., 1972). Ali and Elliott
(1976) have shown that rats with a bile fistula can make allocholic acid by
12c*-hydroxylation of allochenodeoxycholic acid and that the same reaction
can be done with rabbit liver microsomes.
A major difference between the biosynthesis of cholicandallocholic acids
may have been uncovered by the discovery that rat liver tissue in vivo and in
vitro effectively converts 5a-cholestane-3/3,7a,26-triol (Formula 3.18) into
allocholic
acid
and
allo(5a)chenodeoxycholicacid,
whereas
th e
corresponding 5/3-compound cannot be 12a-hydroxylated and thus lead to the
formation of cholic acid (reference in Daniels- son and Sjovall, 1975).

3.18 5a-Cholestane-3/3,7a,26-triol (an effective precursor of allocholic acid in rats).

Cholestanol is made by reduction of cholesterol (Salen and Mosbach, 1976)
so that animals can make allocholic acid as a primary bile acid in different
ways by no means yet fully understood.
A curious fact about allochenodeoxycholic acid is that, unlike allocholic acid,
it is uncommon in nature. In germ-free chicks whose chief bile salt is
taurine-conjugated chenodeoxycholic acid and which do make allocholic and
cholic acids in small amounts, allochenodeoxycholic acid could not be
identified with certainty. Ali etal. (1976) found 0.45% by weight of methyl
allochenodeoxycholate in the bile
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acid methyl esters from a lizard Uromastix hardwickii (family Agamidae): the
methyl esters contained 87% of methyl allocholate. There is no animal known
to me in which allochenodeoxycholic acid occurs in more than small amounts.
Rats can make it from cholestanol (Elliot, 1971)andsocanagerbil(Nolletal.,
1972)and female (but not male) rats have about 8% of their total bile salts as
taurine and glycine conjugates of allochenodeoxycholic aci d, also partially
sulphated (Eriksson et al., 1977). Eyssen et al. (1977) found allocholic and
allochenodeoxycholic acid conjugates in both male and female germ- free
rats, in which of course these substances must be primary.

3.3. Biosynthesis: (c) C 27 and C 28 acids
The best known of these, trihydroxycoprostanic acid (3.9, Scheme 3.1) is a
known intermediate in cholic acid biosynthesis in all animals tested,
including man (Carey, 1973) and there is no reason to think that it can arise by
any
other
route.
The
chenodeoxycholic
acid
analogue,
i.e.
3a,7a-dihydroxy-5/J-cholestan-26-oic acid, can be made from cholesterol in
man and is efficiently converted to chenodeoxycholic acid, with less than 2%
percentage conversion to cholic acid (Hanson, 1971). This experiment again
shows that hydroxylation at C-12acan take place even in mammals to some
extent when the cholesterol side- chain has been oxidised.
The 5a-epimer of trihydroxycoprostanic acid, 3a,7a, 12a -trihydroxy5a-cholestane-26(or27)-oic acid (Table 2.2), is rare in nature but was detected
after intraperitoneal injection of tritiated 5a -cholestane- 3a,7a,12a,27-tetrol
into a salamander, Megalobatrachus japonicus (Amimoto, 1966).
Nothing is known about the biosynthesis of the 3a,7a,12a,22£ -tetrahydroxy-5/3-cholestan-26(or 27)-oicacid ofchelonian bile, but isomers of
3a,7a,12a-24£-tetrahydroxy-50-cholestan-26(or 27)-oic acid (3.10, Scheme
3.1), are as taurine conjugates, chief bile salts in platynotan lizards (p. 98) and
one of them has been isolated together with 3.9, both unconjugated, from a
frog Bombina orientális (Kuramoto et al., 1973). This last observation is
particularly interesting, for it should be possible to determine the
stereochemistry of the Bombina acids, in this case substances unaffected in the
alkaline hydrolysis necessary to remove taurine. Such a hydrolysis is likely to
alter stereochemistry at C-25 and possibly C-24 also. The acids in Bombina
bile may therefore
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tell us which isomers of 3.9 and 3.10 are generally used in the biosynthesi s of
cholic acid.
In an interesting metabolic experiment, Kuramoto et al. (1974) injected
H
C-2-mevalonate intraperitoneally into 5 toads, Bufo vulgaris jormosus
(=Bufo b. formosus), and after two weeks collected gall-bladder bile. The acid
fraction was isolated without alkaline hydrolysis and found to contain
radioactive cholic acid and tri- hydroxycoprostanic acid. The two unsaturated
substances,
trihydroxy
bufosterocholenic
acid
(3a,7a,
12a-trihydroxy-50-cholest-22-ene-24- carboxylic acid; 2.6, p. 33) and
3a,7a,12a-trihydroxy-5/3-cholest-23-en- 26(or 27)-oic acid were not labelled.
These two unsaturated acids are described by Kuramoto et al. (1974) as "the
main bile acids of the toad": their biochemical origin remains a mystery but
the latter acid might be metabolically derived from the former (2.6). The
cholic acid biosynthesized in this experiment was the first to be found in toad
bile and showed that these anurans could complete side chain degradation to
give C24 bile acids.
3.4. Biosynthesis: (d) bile alcohols
In the work of Kuramoto et al. (1974) mentioned above, the principal toad bile
alcohol 5|3-bufol (3.19, Scheme 3.5) became labelled. The authors oxidised
the isolated bufol with lead tetraacetate to give cholyl methyl ketone (3.20)
and formaldehyde (Scheme 3.5). The isolated formaldehyde was not labelled.
3.20 was further oxidised to 25- homocholic acid, with loss of the terminal
methyl group and loss of radioactivity corresponding to 0.8 atom of H C. These
results were taken to mean that of the terminal groups of 5/3-bufol, —CH 2 OH
was derived from C-3 1 of mevalonate

and —CH 3 from C-2. This implies that in the biosynthesis of 5j3 -bufol from
cholesterol, oxidation is stereospecific at C-26, as it is in bile acid
biosynthesis in all the mammals tested.
In the dogfish experiment described on p. 83, scymnol (the sulphate of
which is the chief bile salt in this animal) did not become labelled. This result
was attributed to failure of active bile salt bio-
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synthesis in captive starving fish; presumably cholic acid biosynthesis here
was not under the same physiological control. This study emphasises the
necessity of finding out more about thecontrol systems of cold -blooded
vertebrates. It cannot be assumed that such animals will constantly carry out
biosynthesis as warm-blooded vertebrates normally do, albeit more or less
rhythmically.
Takako Masui (1962), in T. Kazuno's laboratory at Hiroshima, injected
H
C-4-cholesterol into the peritoneum of three bullfrogs, Rana catesbeiana.
After two weeks she isolated the bile and hydrolysed it at 160°C for 8 h in 2.5
M sodium hydroxide. These drastic conditions produced radioactive alcohols
that were undoubtedly artifacts, but were clearly derived from 5/3 -ranol (p.
65). Betsuki (1966) similarly injected tritiated 50-cholestane-3a,7a,12a!-triol
(3.6, Scheme 3.1) into five specimens of R. catesbeiana and, after solvolysis,
isolated radioactive 50-ranol (3.22, Scheme 3.6) and 26-deoxy-50-ranol
(3.21) from the bile. There is no reason to doubt the authenticity of the se
compounds as natural alcohols (Anderson et al., 1974) and Betsuki suggested
that they might arise as shown in Scheme 3.6. If this is correct, C -26 of 3.10
should appear as H C0 2 from a carboxyl labelled precursor.
Hoshita (1964) injected H C-4-cholesterol intraperitoneally into carp,
probably Cyprinus carpio, and after 12 days isolated radioactive 5a-cyprinol
sulphate (4.3, p. 84). This experiment confirms one of mine in which I kept
carp for a year on a diet of butchers' meat, supple mented with ox-liver; at the
end of this time the bile salts consisted almost entirely of 5a -cyprinol
sulphate, as in carp on their usual diet. Since there could have been no more
than traces of steroids other than cholesterol in the meat diet, my carp must
have been converting endogenous or exogenous cholesterol to their chief bile
salt. Neither Hoshita's nor my experiment excluded the enterohepatic
circulation. Kouchi (1965) found that goldfish, Carassius carassius, could
likewise convert H C-4-cholesterol into radioactive 5a-cyprinol and also cholic
acid.
Zoologically and biochemically, the very primitive bile alcohols myxinol,
petromyzonol and latimerol are most interesting but nothing is known about
their biosynthesis.
In summary, then, we know much about the biosynthesis of the common
C 2 4and C 27 bile acids, but the main metabolic pathways usually used in adult
healthy animals are still matters for discussion and further experiment. The
idea that two or more routes to a physio-
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logically functional molecule (in the present case a C 24 bile acid) are normally
used is one not generally supported elsewhere by studies of anabolic
vertebrate biochemistry and I find it difficult to accept. However in foetal life,
disease or physiological insult the case may be altered. So l ittle is known
about the biosynthesis of other bile acids or alcohols that general remarks
would be premature.
3.5. Conjugation
Bile alcohols are conjugated with sulphate and I know of no example of their
occurrence in free form in bile, except in rare human disease (p. 53). The
preliminary work of Bridgwater and Ryan (1957) showed that frog ( Rana
temporaria) liver homogenates incubated with 35 S sulphate and 5a-ranol
would make a radioactive substance with the mobility on paper
chromatograms of natural 5a-ranol sulphate, but these experiments do not
seem to have been followed up.
Conjugation of bile acids with sulphate, recently discovered (Chapter 2),
occurs by a mechanism not yet investigated, but may, partially at least, be
done in the kidney (Summerfield et al., 1976, 1977). Chen et al. (1977) have
found and partially characterized an enzyme from rat liver and kidney cytosol
fractions
that
transfers
a
sulphate
groups
from
3-phosphoadenosine-5'-phosphosulphate to various bile acids and bile salts;
other tissues were inactive.
It has been known for two decades that the conjugation of C 24 bile acids
with taurine or glycine requires the steps set out below.
1. R.COOH + CoA.SH + ATP ——► R.CO.S.CoA + AMP + pyrophosphate
Bite acid CoA

Acyl CoA

2. R.CO.S.CoA + glycine or taurine ----------- <-R.CO.NH.CH2.COO" or
glycine conjugate
R.C0.NH(CHj)2.S03- + CoA.SH
taurine conjugate

The enzymes concerned have been found in microsomal and soluble fractions
from liver cells; the whole matter has been well reviewed by Nair (1973) in
whose article the reader will find an account of the mechanism, nature of the
enzymes, methods of assay and application to medicine. Danielsson and
Sjftvall (1975) give further details and Vessey et al. (1977) showed that, with
cholyl CoA, step 2 (above) is catalysed by enzymes in the cytosol fraction
from ox liver cells and
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probably involves separate enzymes for glycine and taurine conjugation.
Variations in the proportion of glycine and taurine conjugates occur in
response to dietary and hormonal factors and in human disease (Chapter 5).
The human infant takes some time (months at least after birth) to attain the
adult proportion of conjugates.

3.6. Control of bile salt biosynthesis
In man and the common laboratory mammals at least, the biosynthesis of fresh
5/3 C24 bile acids is thought to be regulated by the concentration of bile salt
and bile acid anions in the enterohepatic circulation. This control could be
exerted in the liver and be affected by whatever returns to it in the portal
circulation from the intestine; i.e. in the intact animal a mixture of bile salts
and unconjugated bile acid anions produced by intestinal microorganisms. Of
course the liver might re-conjugate such free bile acids before they reach the
site of control, which would then be responsive to bile salts alone. If bile is
drained away through a fistula or if a bile salt anion -binding resin such as
cholestyramine is eaten, there is an increase in the rate of bile salt
biosynthesis. The same is true if re-absorption from the intestine is decreased,
as for example after removal of the terminal ileum: conversely, feeding bile
acids causes a decrease in biosynthesis.
The points of control may be at (1) the 7a-hydroxylation of cholesterol by a
7or-hydroxylase, the first reaction in Scheme 3.1, a nd (2) the reduction of
3-hydroxy-3-methyl glutaryl CoA (HMG-CoA) to mevalonate, catalysed by
HMG-CoA reductase (Scheme 3.7). The enzymic process (2) is believed to
govern the rate of cholesterol biosynthesis (e.g. Gregory and Booth, 1975) and
its regulation would thus affect the rate of supply of endogenous substrate for
process (1).
That the processes of cholesterol and of bile acid biosynthesis might be
metabolically linked is suggested, for example, by the studies of Danielsson
(1972), who measured six times daily the rate of incorporation of acetate into
cholesterol by rat liver slices and the rate of 7a -hydroxylation of cholesterol
by the liver microsomal fractions. The two processes showed a closely similar
diurnal rhythm, both having minimum rates at noon and maxima between
20.00 h and midnight. Others, quoted by Danielsson (1972), have detected
rhythmic variations in both biosyntheses and Mitropoulos and Bala -
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subramaniam (1976) found that these were not abolished in rats by
adrenalectomy. Fears and Morgan (1976), however, who regard acetate as "a
substrate of doubtful physiological relevance", after studies with 3 H 2 0 as a
substrate to demonstrate cholesterol biosynthesis in rats in various
conditions, concluded that "hepatic cholesterogenesis in rats is not subjected
to the same degree of diurnal rhythm as has previously been believed". They
also agree with earlier expressions of doubt as to the point at which
physiological control of cholesterol biosynthesis is most effectively exerted.
Danielsson (1973b) fed to rats a diet containing 1% by weight of the taurine
conjugates of cholic, chenodeoxycholic, deoxycholic, hyodeoxycholic or
lithocholic acids. The first three, but not the last two, of these conjugates
caused, after 3—7 days, a marked inhibition of the liver microsomal
cholesterol 7a-hydroxylase activity.
Shefer et al. (1973) fed taurocholate, taurochenodeoxycholate or
taurodeoxycholate to whole rats on a stock diet. After 7 days the animals were
anaesthetised and bile collected through a cannula for 30—60 min. Then the
rats were killed and cholesterol 7o(-hydroxylase and HMG-CoA reductase
activities measured in the liver microsomal fractions. In all cases the bile
salt-fed rats secreted more bile than controls and the bile salt given
predominated in the bile. Taurocholate suppressed the activity of both liver
microsomal HMG- CoA reductase and cholesterol 7«-hydroxylase but
taurochenodeoxycholate affected only the former enzyme, implying "that
taurocholate suppresses the synthesis of both cholesterol and bile acids, while
taurochenodeoxycholate controls cholesterol bio synthesis but permits a
normal rate of bile acid production". The effect of giving taurodeoxycholate
was more difficult to interpret, not surprisingly since this substance is
efficiently re-oxidised to taurocholate by rat liver (p. 108). Schoenfield et al.
(1973) found that after
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feeding golden Syrian hamsters with cholicorchenodeoxycholicacid
(unconjugated) for two weeks, the activities of cholesterol 7a - hydroxylase in
the liver microsomal and supernatant fraction and HMG-CoA reductase in the
liver microsomal fractions were both significantly less than those from
control animals. Chenodeoxycholic acid, however, inhibited cholesterol
biosynthesis more than bile acid biosynthesis and the reverse was true of
cholic acid, in general agreement with the results of Shefer et al. (1973),
mentioned above, with rats. Two studies on the effects of giving bile acids to
humans have shown that chenodeoxycholic acid, in contrast to choli c acid,
diminishes the output of cholesterol in bile (Adler et al., 1975; LaRusso et al.,
1975).
In summary, the evidence is strong that chenodeoxycholic acid, or more
probably its conjugates, does have a greater controlling effect on cholesterol
biosynthesis than other bile acids tested in rats, hamsters and man. If, as
suggested by the work of Mitropoulos et al. (1974), Bj8rkhem and Danielsson
(1975),Schwartzetal. (1975)and Normann and Norum (1976) the substrate for
bile acid biosynthesis is newly- synthesised cholesterol, we are nearer to an
explanation of the apparently close metabolic connection between cholesterol
and bile salts.
Giving bile acids or their conjugates to animals affects the secretion of
other bile salts; details of experiments of this k ind are given by Danielsson
and Sjovall (1975), who also review the rest of the literature concerning
control of bile salt biosynthesis.
The intestine is very important quantitatively as a source of endogenous
cholesterol; indeed it may contribute more by biosynthesis than does the liver.
Lutton et al. (1973) studied the turnover of cholesterol in rats fed with bile
salts or cholestyramine and concluded that their findings could not be
explained if the liver is the principal source of biosynthetic cholester ol. They
could reconcile their results with a hypothesis that the intestine is the major
source of endogenous cholesterol and that the rate of cholesterol biosynthesis
is regulated by the intestinal concentration of bile salts.

3.7. Artifacts of the enterohepatic circulation
These have been mainly investigated (a) by draining off the bile through a
fistula and thus excluding the intestine from the
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circulation, (b) by perfusion of an isolated liver and collection of the bile or
(c) by using germ-free animals. The advantage of (a) is that the entire
enterohepatic circulation can be restored as required, of (b) that substances
can be added which will not be affected by tissues peripheral to the liver and
of (c) that an entire physiologically functional animal is employed. Germ-free
animals whose bile salts have been studied include laboratory rabbits, rats and
mice, domestic fowl and pigs and a baboon. In all cases, oxo (keto) acid and
deoxy- cholic acid conjugates are absent.
None of the methods mentioned above has ever shown that deoxy- cholic
acid can be made by biosynthesis from cholesterol or any of the intermediates
in Scheme 3.1. As mentioned on p. 28, conjugated deoxycholic acid
disappears from bile drained through a fistula even when, as in rabbits, it
normally occurs as a high proportion of the bile salts. Hofmann et al. (1969)
found that bile from germ-free rabbits contained only glycine-conjugated
cholic (94%), allocholic (1%) and chenodeoxycholic acid (5%). We can
therefore take it that deoxycholic acid (2.4) is always made by removal of the
7a-OH group by intestinal bacteria. The mechanism of this reaction in rats
having a biliary fistula is a C-6/C-7 dehydration followed by trans addition of
hydrogen to the double bond formed. Samuelsson (1960) a nd Aries and Hill
(1970) have investigated bacterial enzymes that cause this deoxygenation and
found them to be somewhat unstable.
Although hyodeoxycholic acid is usually similarly made from hyocholic
acid (BergstrSm et al., 1959) it also occurs in germ-free pigs (p. 114) and thus
can be primary.
Lithocholic acid (3.15, Scheme 3.3) has not been found in germ-free
animals but Mitropoulos and Myant (1967) demonstrated that itcould be made
by bile-fistula rats from 3/?-hydroxy-5-cholen-24-oic acid (3.14).
Nevertheless, the fairly considerable amounts of lithocholic acid that
sometimes occur in bile, faeces or gallstones (in pigs, together with
3/3,6a-dihydroxy-50-cholanic acid) are undoubtedly made by bacterial
7a-deoxygenation of chenodeoxycholic acid (3.16). This situation has
important medical implications (Chapter 5).
Ursodeoxycholic acid (4.17) is probably usually secondary and made by
reduction at C-7 of 3a-hydroxy-7-oxo-5/3-cholanic acid (taurine conjugate,
4.15), which is readily formed from chenodeoxycholic acid by intestinal
bacterial 7a-hydroxysteroid dehydrogenase. Rat liver reduces the 7 -oxo acid
mainly to ursodeoxycholic acid and the guinea-pig makes this also but chiefly
cheno-

71

deoxycholic acid. As it is now agreed that 3ff-hydroxy-7-oxo-50- cholanic
acid can be primary in guinea-pigs, so also can ursodeoxycholic acid
(references in Haslewood, 1967).
Escherichia coli and other intestinal bacteria can also readily oxidise (at
C-7) cholic acid and its conjugates. The taurine conjugate so formed , namely
tauro-3a,12tt-dihydroxy-7-oxo-5j3-cholanate (or, as A. F. Flofmann might
more correctly put it, 3a,12a-dihydroxy-7-oxo- 5/3-cholan-24-oyl taurate) is
converted by germ-free rats to taurocholate and its 7/? epimer (Kellogg,
1973). It is thus clear that intestinal microorganisms can cause oxidation or
reduction at C-7 and that the liver may modify the product in a way
characteristicof the animal species.
As another example, taurodeoxycholate formed from taurocholate in the
laboratory rat or mouse intestine is almost completely re- hydroxylated by the
liver at C-7a, re-forming taurocholate: thus deoxycholic acid conjugates are
almost absent from rat and mouse bile. In an analogous way, the livers of
many boid snakes (boas and pythons) insert a 16a -OH group into
deoxycholate, thus forming the pythocholate characteristic of the bile of these
animals (p. 99). Bitocholicacid may similarly arise in viper bile (p. 100).
Theability to hydroxylate deoxycholic acid conjugates to re -form trihydroxycholanic acid derivatives might be an adaptation to a change in dietary habits,
as suggested on pages 112 and 114.
Probably most of the bile acids found in faeces are not sufficiently absorbed
from the lower intestine to reach the liver. Carey (1973) lists 25 human fae cal
bile acids, most of which are secondary and not normally found in bile.
Bacteria in all parts of the intestine can hydrolyse bile acid conjugates;
however, the absorbed bile acids are, in most animals, normally re -conjugated
in the liver.
Hayakawa (1973) provides a comprehensive review of work on the changes
brought about by microbial action on bile acids.
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CHAPTER 4

Distribution of bile salts in the animal
kingdom

4.1. Invertebrates*
Invertebrates do not possess a true liver and do not secrete a separate digestive
fluid that could be described as bile. They do, however, have surface -tension
lowering substances in their alimentary tracts and these substances
presumably serve to some extent as do bile salts in vertebrates (e.g. Vonk,
1962; 1969). Two crustaceans have been examined as to the chemical nature
of these aids to fat digestion and absorption. The crayfish Procanbarus clarkii
does not contain known bile acid conjugates (Yamasaki et al., 1965) and the
edible crab Cancer pagurus has, in its gastric secretion, compounds of fatty
acids, sarcosine and taurine that have "detergent" properties (Van den O ord et
al., 1965). An example of such a substance is:
CH3(CH2)8.C0.N(CH3).CH2.C0.NH(CH2)2.S03
decanoyl sarcosyl taurine

Arthropods have little or no ability to synthesize sterols (Clayton, 1964;
Zandee, 1966; O'Connell, 1970) and perhaps might not be expec ted to make
steroid bile salts. The digestive juices of other inverte brate forms ought to be
examined. It is known that some echinoderms can biosynthesize sterols from
acetate and mevalonate (see, for example, Smith and Goad, 1975) and this
ability is widespread

•References to this chapter, when not ment ioned, will be found in Haslewood (1967)or in the Appendix.
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amongst various groups of invertebrates. P. A. Voogt and his colleagues have
examined this question extensively in recent years (Voogt, 197 3; 1974) and
some work has also come from other sources (e.g. Teshima and Kanazawa,
1974). With the help of Dr. Q. Bone, I examined a collection of digestive
caeca from the protochordate lancelet Branchiostoma (Amphioxus)
lanceolatum. Extracts of these caeca contained substances that ran on
thin-layer plates at rates somewhat resembling those of steroid bile salts.
However, further study failed to provide evidence that the compounds
responsible are steroids.
It seems unlikely that the presence of 5/3-cholanicacid in the seeds of a
bean, Abrus precatorius (Mandava et al., 1974) could have any bearing on
digestive function.

4.2. Vertebrates
4.2.1. Cyclostomes
These are the most primitive of the true vertebrates and are the relict highly
specialised descendents of jawless fish, the Agnatha. The generally accepted
view is that the two extant cyclostome groups, hagfishes and lampreys, are
derived from quite different stocks of agnathan fishes and are not closely
related.
Morphologically and biochemically, the hagfishes are the more primitive
having, for example, a non-myelinated nervous system, innervate hearts, little
or no capacity to make antibodies, a primitive type of haemoglobin and an
internal inorganic ion composition close to that of the sea -water to which they
are confined (Brodal and FSnge, 1963). Representatives of two hagfish
genera, Eptatretus and Myxine, have been shown to have closely similar bile
salts, consisting principally of myxinol disulphate (Table 2.1, Formula 2.8,
Fig. 2.2). For their size hagfish have large gall-bladders and contain
considerable quantities of myxinol disulphate. Molecular models (Fig. 2.2)
show that this substance is likely to be a poor amphiphile and perhaps it is for
this reason that such large quantities are required by the animals. The
digestive problems of hagfish are similar to those of other carnivorous
scavangers and predators (Shelton, 1978) and it certainly seems that in their
bile salts, too, these animals are making
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do with molecules less well adapted to their function than is the case in more
advanced vertebrates.
Biochemically myxinol disulphate is most primitive, having the complete
5a-cholestane carbon skeleton, with the 3/3-OH group of cholesterol itself
and no hydroxyl group at C-12. It is also unique; no other disulphate (apart
from 16-deoxymyxinol) is known and there is no other (presumably) primary
bile salt with a hydroxyl group at C-16.
A second, minor constituent of hagfish bile, 16-deoxymyxinol (Table 2.1)
is present (probably also as a disulphate) in such small amounts as to suggest
that it may possibly represent myxinol that has escaped 16w -hydroxylation in
the course of biosynthesis.
Thus, hagfish bile salts fit well into the picture of a very primitive and
specialised vertebrate.
The lamprey Petromyzon marinus has a gall-bladder only in the larval
(ammocoete) stage. The bile salts seem to comprise just one substance, the
sulphate (Formula 4.1) of 5a-petromyzonol (Table 2.1). The same bile salt is
probably characteristic of Petromyzon fluviatalis and, as Professor T. Kazuno
told me, of a Japanese lamprey species also.

H

This compound seems likely to be as good an amphiphile as bile salts
generally. Free-living ammocoetes feed on microorganisms and organic
detritus and may not have formidable digestive tasks.
Biochemically, petromyzonol is primitive in that it is an alcohol but it does
have the 3oi,7a,12a-trihydroxy androstane pattern very widely
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distributed in the animal kingdom. It is also unique in being (with its 50 -epimer,
detected in small amounts in lungfish bile) the only known C24alcohol
functioning as the basis of a bile salt. Nothing is known about its biosynthesis but
it is hardly conceivable that pertromyzonol could arise by reduction of the
carboxyl group of the corresponding Cu acid (allocholic acid). Lamprey bile salts
are thus primitive, unique and not biochemically similar to those of hagfish.
In summary, the nature of their bile salts agrees very well with the systematic
position assigned to the two groups of cyclostomes: that they are primitive,
specialised and not closely related; also that hagfishes are more primitive than
lampreys.

4.2.2. Chondrichthyans
The living cartilagenous fishes can be divided into two groups: the holocephalans
(rabbit-fishes, chimaeras) a small group of "fishes which appear to be the
specialised survivors of a large and varied group, marine throughout its history"
(Patterson, 1965) and the selachians (elasmobranchs) which comprise the sharks
and rays. Patterson (1965) reviewed the evidence of relation ship between the
holocephalans and selachians, remarking that "it has never been doubted that the
holocephalans are close to the selachians" but adding "I do not believe that any
direct relationship between the two groups is at present demonstrable."
The chemistry of chondrichthyan bile salts, as far as it is known, does clearly
point to such a close relationship between the animals and

4.2 50-Chimaerol (5^Cholestane -3a,7a ,I2a,24(+),26-pentol).
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also differentiates them from any other vertebrate group. The holo- cephalan
Chimaera monstrosa has, as its chief bile salt, the sulphate of 5^-chimaerol
(Formula 4.2, Table 2.1) which differs from scymnol (sulphate, Formula 2.2)
solely by not having an extra OH group at C-27.
A single biochemical step (27-hydroxylation) is all that is needed to convert
50-chimaerol into scymnol. Moreover, there is (chro matographic) evidence
that scymnol occurs in Chimaera bile and 5jS-chimaerol has been found in two
sharks (Tammar, 1974a). About twelve shark and ray species hav e scymnol as
the chief bile alcohol (Tammar, 1974a).
Scymnol and 5/3-chimaerol have not yet been found in any other vertebrate
group, so that the evidence from bile salt chemistry emphasises the gap
between chondrichthyans and other vertebrates and also th e close relationship
between the chondrichthyan groups.
Tritiated cholesterol injected into the circulation of captive dogfish
(Scyliorhinus canicula) led, after some days, to incorporation of tritium into
cholic acid (Formula 3.11) but not into scymnol. C holic acid, earlier found in
very small amounts in shark bile, was thus shown to be biosynthesized from
cholesterol although in amounts too small for it or its taurine conjugate to be
physiologically important as a bile salt. The absence of labelling of th e
principal bile salt (scymnol sulphate) might be reasonably explained by lack
of bile production during starvation entailed by the conditions of captivity
(Haslewood, 1969).
4.2.3. Osteichthyans
Osteichthyans: Crossopterygii. The most primitive of the living bony fishes is
the coelacanth L.atimcria chalumnae. Its resemblance to a group of fishes
believed until 1938 to have long been extinct led toils description as a "living
fossil" and the bile chemistry can be said to be in accordance with this idea.
The principal bile salt (see Formula 4.3) in the C-26 (or 27) sulphate of
latimerol, which has not been detected in any other animal.
Latimerol is remarkable in having the 3/3-OH group of cholesterol, found
elsewhere amongst primary bile salts only in hagfish. Latimeria bile also
contains small and variable amounts of 5a- cyprinol sulphate (Formula 4.3),
the 3aepimer of latimerol sulphate, occurring quite widely amongst other bony
fishes and amphibians
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and characteristic of certain bony fishes regarded a s essentially freshwater
forms. We can regard Iatimerol as an evolutionary precursor of 5a -cyprinol,
made by an animal in which functional enzymic mechanisms for inverting the
3j3-OH group of cholesterol have not been fully elaborated. On this view,
Latimeria is capable of making this enzymic machinery but only to a very
limited extent. Since 5a- cyprinol is characteristic of freshwater forms of
fishes, its possession by Latimeria (now marine) agrees well with the view
that the coelacanths had a long history in fresh water.
Seven samples of Latimeria bile have recently been examined by modern
techniques. These confirmed the presence of Iatimerol and 5a - cyprinol and
showed in addition minor amounts of 5a-bufol(Formula 4.9), a bile alcohol
also found in amphibians and some other primitive osteichthyans (lungfish).
The "bile acid" fraction was very small, but might have contained a
hydroxylated cholan-24-oic acid. Without more experiments, it cannot be said
that such a substance was not derived from the diet of this carnivorous fish; on
the other hand its presence might indicate the beginnings of an evolution to
C 24 bile acids (Amos et al., 1977).
Osteichthyans: Dipnoi. Extant lungfishes are assigned to three genera:
Lepidosren (one species, L. paradoxa) from South America, Neoceratodus
(one species, N. jorsteri) from Australia and Protopterus (four quite closely
related species) from Africa. These animals are perhaps the living forms
closest to the extinct fish stock from which the amphibians arose. They are
also, after Latimeria, the most
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primitive surviving osteichthyans. Lepidosiren, Neoceratodus and one
species of Protopterus (P. aethiopicus) have now been compared in a thorough
bile salt examination by present-day techniques (Amos et al., 1977). None of
these fishes contains latimerol, a finding which, alone, seems to put them all
on a biochemical level above that of Latimeria, especially since 5a-cyprinol
(which, as remarked above, could be regarded as "modernised" latimerol) is,
as its sulphate, a chief bile salt in Lepidosiren and Protopterus.
27-Deoxy-5a-cyprinol (Formula 4.5) is present as its sulphate in all the
lungfishes and is a chief bile salt in Lepidosiren and Neoceratodus-, this bile
salt also has the 3a,7a,12a-trihydroxy-5a-androstane ring system, and can be
looked upon as the biochemical precursor not only of 5a -cyprinol but also of
5a-chimaerol, whose sulphate (Formula 4.6) replaces 5a - cyprinol as a
principal bile salt in Neoceratodus. 5a-Bufol (Formula 4.9) sulphate is a chief
bile salt in Lepidosiren anda minor constituent of Neoceratodus bile: it too,
can arise by a single hydroxylation (at C- 25) step from 4.5. C27 alcohol
sulphates acting as biles salts in lungfish are listed in Table 4.1.

Neoceratodus is distinguished from the other lungfish by its ability to
hydroxylate at C-24; Protopterus apparently cannot insert OH at C- 25.
Neoceratodus has minor amounts of 5a-petromyzonoI (sulphate, Formula 4.1)
and Protopterus aethiopicus also has a little of this substance and of its
5/3-epimer. The "bile acid" fractions in the three
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lungfish are minor constituents of the bile and, allowing for artefacts formed
during alkaline hydrolysis, may contain a number of substances with C24, C 2j,
C, 8 and C 29 steroid skeletons. Some of these might be derived from dietary
sterols, but some perhaps represent incipient or abortive bile salt biosynthesis.
None is present in quantities suggesting that, alone or as its taurine conjugate,
it could make a physiologically important contribution to bile salt d igestive
function.
In summary, lungfish bile salts are what might be expected of primitive
vertebrates not very closely related either to each other or to any other animal
types. Lepidosiren and Protopterus are closer in their bile salt chemistry than
either is to Neoceratodus. Two of the lungfish (Neoceratodus and Protopterus)
show bile salt affinities with agnathan survivors (lampreys) and the bile of all
three genera shows clear resemblances to that of amphibians.
Osteichthyans: Chondrostei. The living fishes of this order
(Acipenseriformes) are the sturgeons (Acipenseridae) and paddlefishes
(Polyodontidae). The bile salts of three sturgeons and one paddlefish species
were found to be very similar (Haslewood and Tammar, 1968).
Taurine-conjugated cholic acid was the principal substance but there was also
a readily detectable proportion of taurine-conjugated allocholic acid (Table
2.3). These findings suggest an advanced bile salt chemistry with primitive
relicts and this notion is supported by the presence in the bile salts of a small
proportion (less than 10% by weight) of bile alcohols as monosulphates. The
bile alcohol .mixture contained both 5a and 5,8 C 27 substances: a principal
constituent was 5/3-cyprinol (Formula 4.4).
50-Cyprinol sulphate has never been found as a chief bile salt in any fish,
although it does play this part in some amphibians. Relict amounts of
5/3-cyprinol are, however, quite widespread in bile of groups of bony fishes
and this tempts one to suggest that some osteichthyan ancestral stocks (but not
those of the crossopterygans, dipnoans or ostariophysans — all of which have
5a-cyprinol) had 5/3- cyprinol sulphate as a principal bile salt. This
speculation assumes that 5/3-cyprinol is biochemically unlikely to be
replaced during evolution by 5a-cyprinol and also that the biosynthesis of
relict molecules continues to have the physiologically determined selective
pressures that, presumably, govern the production of the more abundant,
functional, bile salts. Both these assumptions are ques tionable and it would be
unwise to attach too much taxonomic
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significance to the detailed chemical nature of small amounts of bio chemically primitive bile salts occurring in otherwise advanced types of bile.
Such considerations do not, nevertheless, invalidate the view that
chondrostean bile salts are of an advanced type, with primitive relicts, and this
agrees very well with taxonomists' views of the general morphology of these
curious fishes.
Osteichthyans: "Holostei". Until recently, the North American bowfin Amia
calva and garpikes, family Lepisosteidae, were considered to be examples of
the holostean level of organisation, differing from teleosts in several
anatomical characters. Now, however, Amia is regarded as closer to the
teleosts than to Lepisosteus and fossil holostean fishes (Greenwood, 1975).
Amia calva bile salts consist, apparently, of taurocholate and Dr. T. Briggs
informed me that this is true also of Lepisosteus osseus. Thus, the bowfin and
garpike do not show the primitive features noticed in chondrostean fish bile.
Osteichthyans: Polypterus and Calamoichthys (Erpetoichthys). These
closely related fish genera represent a taxonomic riddle that is far from
resolved, little or no help being available from known fossils (Greenwood,
1975). My colleagues and I have examined the bile salts of Calamoichthys
calabricus and also of Polypterus congricus, P. ornatipinnis and P. senegalus.
These animals have principally taurocholate, but also definite proportions of
bile alcohol sulphates. Thus, the general picture resembles that shown by the
chondrosteans, discussed above, that of advanced fishes with relict primitive
characters. I have argued above that it would be unwise at present to
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attach taxonornic significance to the detailed chemistry of relict bile alcohol
mixtures.
Osteichthyans: Teleostei. These, the commonest and most advanced of
living fishes are certainly polyphyletic, that is, derived from diverse groups of
more primitive stock. P. H. Greenwood and his collaborators have made a
number of attempts to classify the teleosts in recent years (e.g. Greenwood et
al., 1966; Greenwood, 1975). Their groupings have apparently been made
without the help of biochemistry, a handicapped approach since biochemical
characters, expressions of DNA sequences, are inevitably indicators of
inheritance. This apart, Greenwood is amongst the greatest living authorities
on teleostean relationships so that it is encouraging to find that in most
respects the bile salt picture does not conflict with his class ification.
The superorder Ostariophysi is of outstanding interest in its bile salt
chemistry. This enormous group of primarily freshwater fishes is discussed in
detail by Greenwood et al. (1966) and divided by Greenwood (1975) as
follows:
Superorder Ostariophysi
Series Anotophysi
Order Gonorynchiformes
Series Otophysi
Order Cypriniformes
Order Siluriformes
Each order is of course further divided into suborders and families and it is
amongst the families Cyprinidae and Catostomidae (carps and suckers) of the
Cypriniformes that the most primitive teleostean bile salts are to be found.
About 13 species of the family Cyprinidae all have 5u-cyprinol sulphate as a
principal bile salt and contain only minor amounts of taurine conjugated C 2 4
bile acids (Tammar, 1974a). In some species, for example a new Barbus and
Varichorhinus caught in the Upemba uplands of Zaire in 1974 during the Zaire
River Expedition, the sulphate of 27-deoxy-5a-cyprinol (Formula 4.5) is also
a major bile salt.
C 7-Deoxy-5a-cyprinol is a key intermediate in bile alcohol and bile acid
biosynthesis, for enzymes are known that can convert it to 5a -cyprinol,
5a-chimaerol
and
5a-bufol,
as
well
as
to
3a,7a,12a-trihydroxy-5a-cholestanoic acid and allocholic acid itself. This last C 2 i
2
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4.5 27-Deoxy-5a-cyprinol (50i-Cholesiane -3a7a:,12a,26-telrol). (Hydroxylaiion al C- 24 gives
5a-chimaerol; at C -25, 5a-bufol; at C-27,5a-cyprinol. Oxidation to COOH at C-26 gives 3a,7a,
12a-trihydroxy -5a-cholestanoic acid: removal of C -25, C-26and C -27 and oxidation at C-24 to
CH z OH gives 5a-petromyzonol; oxidation at C-24 to COOH gives allocholic acid.)

acid (the 5a-epimer of cholic acid) is, as its taurine conjugate, one of the minor
constituents of cyprinid bile. Cholic acid and chenodeoxy- cholic acid (3.16)
have also been detected, indicating that (in contrast to the primitive
osteichthyans containing 5a-cyprinol described earlier) the Cyprinidae have
begun bile salt "modernization". It appears therefore that the Cyprinidae have
5a-bile alcohol sulphates as their functioning bile salts, with minor amounts of
C 2 4 5aand 5/? bile acids probably as taurine conjugates.
The picture amongst the Catostomidae, the suckers of North America, is
somewhat different: the bile salts of these fishes seem to be both more varied
and also rather more advanced than those of Cyprinidae. In the white sucker,
Catostomus commersoni, we found what at first seemed to be 5a-cyprinol
sulphate, but which further examination proved was 5a -chimaerol sulphate
(Formula 4.6: Anderson and Haslewood, 1970).
This substance, replacing in white sucker bile the isomeric and very similar
5a-cyprinol sulphate of carp bile, seems to indicate parallel evolution in
cyprinids and catostomids: other suckers, however, suggest vhat the situation
is more complex. Two other Catostomus species also have 5a-chimaerol
sulphate but two buffalofish, Ictiobus, have 5a-cyprinol sulphate and the
carpsucker Carpiodes carpio taurine-conjugated allocholic acid as principal
bile salts (see Appendix). Those suckers which have mainly alcohol sulphate
bile
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•1.6 5a-Chimaerol sulphate (5a,25S-cholestanc-3at,7a,12a,24(+), 26-pcntol 26- sulphate).

salts also contain small amounts of conjugated C 24 acids, as do the carps.
The loaches, family Cobitidae, which are placed in the same s uborder
(Cyprinoidei) as the carps and suckers, probably also have 5a- cyprinol
sulphate and C 24 bile acids; however, since one species only has been
examined, this is a tentative conclusion.
Fishes of the order Cypriniformes, but not Cyprinoidei, seem to have
biochemically more advanced bile salts. The electric eel Electrophorus
electricus (family Gymnotidae) has little but taurine- conjugated cholic acid
and other C 24 bile acids and the same is true of a tiger-fish of family
Cynodontidae and 3 species of Distichodus (family Distichodontidae). Three
Alestes species (family Charachidae) have high proportions of
taurine-conjugated acids, chiefly cheno- deoxycholic acid, with relict traces
of bile alcohols.
Examination of the bile of a South American pirhana, probably Serrasalmus
ternetzi, brought back by an expedition from the Amazon showed only cholate
without conjugation: such a remarkable finding requires checking on a fresh
specimen collected in conditions certain to exclude post -mortem changes.
Fishes assigned to Greenwood's (1975) order Siluriformes have, in general,
bile salts biochemically more advanced than those of Cypriniformes, but some
species at least do retain primitive molecules. The Japanese Gigi -fish
Pelteobagrus nudiceps (a small catfish of the family Bagridae) played a
historic part in the elucidation of bile salt chemistry. In 1939 Ohta isolated a
new
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bile acid from ii, 10 which he assigned the structure 3oi,6c02a -irihydroxy-50-cholan-24-oic acid. Partial synthesis of this acid, twenty years
later, proved the incorrectness of this structure and at about the same time
Ohta's acid was found in King penguin bile and later shown to be an almost
inseparable mixture of cholic and allocholic acids (Anderson and Haslewood,
1962). Thus allocholic acid was recognised in nature and its chemistry
elucidated; this discovery then made it possible to find, by infrared
spectroscopy, the allocholic acid nucleus in some bile alcohols and so to open
up the formerly baffling chemistry of these substances. A nother catfish,
Parasilurus asotus (family Siluridae), has some 5ot-cyprinol as well as
(mainly) taurine- conjugated cholic and chenodeoxycholic acids.
I found high proportions of unconjugated C24 acids in the bile of at least
two Synodontis species collected on the Zaire River Expedition. I believe that
this bile was collected in conditions excluding post mortem alteration and the
observation has now been confirmed with a newly-killed Synodontis
specimen.
In summary, the Ostariophysi have bile salts varying from the most
primitive to the most advanced known in teleosts. Correlation with diet is
imperfect: carps and suckers, with most primitive bile salts, are omnivorous
but so are some of the catfishes whose bile salts are biochemically advanced.
The A testes species referred to above as having mainly taurine-conjugated
chenodeoxycholic acid with no more than traces of more primitive substances
have the bile salts of vegetarian animals, with some primitive characters.
Finally, the investigator cannot fail to be impressed with the occurrence of
the 5a-cyprinol/chimaerol sulphate type of principal bile salt in the following
groups of bony fishes: Crossopterygi, Dipnoi, Ostariophysi.
The ostariophysans (Otophysi of Greenwood) all have the Weberian
apparatus and must be regarded as monophyletic. The idea that the very
obvious bile salt chemical similarities point to an hereditary connection
between the three groups of bony fish mentioned is, no doubt, one that would
horrify systematists: it should be investigated, nevertheless, particularly to
discover how closely the protein molecules acting as enzymes in the
biosynthesis from cholesterol of 5a-cyprinol etc. resemble one another in the
different fish groups. Comparison of these proteins should make it possible to
establish the extent of gene homology in these fishes and hence to throw
further light on their relationships.
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Another group of teleosts, the family Osteoglossidae, have bile salt
molecules of a type not so far found in any other fishes. A principal bi le salt of
Arapaima gigas, an enormous South American freshwater fish of this family,
is a sulphate ester of arapaimol-A (Formula 4.7).

The bile also contains the sulphate of the hexol arapaimol -B (with an extra OH
group at C-27) and small amounts of the C 27 acid corresponding to
arapaimol-A (COOH instead of CH 2 OH at C-26).Tauro- cholate, too, is a
principal bile salt so that the chcmistry as a whole is both unique and quite
primitive (Haslewood and Tőkés, 1972). Greenwood et al. (1968) believe that
the Osteoglossiformes could not "possibly have been involved in the ancestry
of other teleosteans" and, as far as it goes, the bile salt chemistry is in
agreement with this view.
Greenwood's (1975) primitive teleostean cohort Taeniopaedia includes
many fishes whose bile salts should be examined, especially since two eels
(order Anguilliformes) have some 5/3-cyprinol and one has two C 2 7 bile acids
(Tammar, 1974a). However, two herring species assigned to Greenwood's
next most primitive cohort Clupeocephala have, apparently, only C 24 acids
and this is true also of about 45 non- ostariophysan species belonging to his
most advanced cohort Euteleostei. An interesting specialization is the
occurrence in Parapristipoma trilineatum (family Haemulidae, order Perciformes) of the taurine conjugate of haemulcholic acid (3a,7a,22af
trihydroxy-5/3-cholan-24-oic acid, Table 2.3), a substance found in some
other fish (see Appendix). Such "unique" C 24 acids occur
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elsewhere in vertebrates and may be indicative of changes in dietary habits
during their evolution (see also p. 112).
The deoxycholic acid and keto acids listed by Tammar (1974a) as present in
the bile of some teleosts are probably secondarily formed in the intestine
during the enterohepatic circulation: these subst ances are minor biliary
constituents, indicating probably that an enterohepatic circulation is not a
prominent feature in these fishes: the situation may be different in some
examples collected by the Zaire River Expedition.
4.2.4. Amphibians
There are four orders of living amphibians, namely: Apoda (caecilians);
Trachystomata (sirens); Urodela (Caudata: newts and salamanders); Anura
(Salientia: frogs and toads). It seems likely that the common ancestors of
amphibians were fishes of crossopterygian stock and to quote Romer (1966):
"frogs and salamanders — and to a less degree the apodans — share a number
of seemingly significant common characteristics, strongly suggesting a
common ancestry".
Kihara et al. (1977) have found that the sole or principal bile sal t in the
caecilian Derbiophis mexicanus is the sulphate of 5j8-dermophol (Formula
4.8).

H

Urodeles and anurans have been, and are, objects of great interest
especially because of the relative ease by which their development may
be followed from the egg through the tadpole or larval stage to the
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adult form. My colleagues T. Briggs, R. S. Oldham, L. Tőkés and I have found
definite changes in bile salts as frog tadpole metamorphosis advances.
Deuchar (1966) has reviewed the biochemistry of amphibian development
and, more recently, D. G. Wallace and his colleagues have compared the
serum albumins, fibrinopeptides, haemoglobins and DNA of frogs (Wallace
etal., 1971,
1973).
The urodeles examined are the congo "eel" Amphiuma means, giant
salamander Megalobatrachus japonicus, Fire salamander Salamandra
salamandra, newt Diemyctylus pyrrohogaster (Tammar, 1974b; Kihara et al.,
1977) and mud-puppy Necturus (Ali, 1975). 5a- Dermophol (the 5a-epimer of
4.8) is a minor bile alcohol from Amphiuma, Diemyctylus and
Megalobatrachus; the first two urodeles have the sulphate of 5a -bufol
(Formula 4.9) and Megalobatrachus that of 5a-cyprinol (Formula 4.2) as chief
bile salts, which also occur in lungfish.

In Salamandra there is also present what appears to be a specifically
amphibian bile salt, 5a-ranol sulphate (Formula 4.10).
This C 26 substance and its 5/3-epimer occurs in many frogs and toads also,
but have not so far been found in any other animal forms. Urodelan bile has
C 27 and C 24 acids and these are apparently mainly of the 5a-configuration, like
the bile alcohols. These preliminary and very limited findings suggest that t he
bile of urodeles is very similar biochemically to that of anurans, many more of
which have been investigated.
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Ii was Japanese work, published in the decade 1930 —1940, which first
drew attention to the remarkable alcohols and acids in the bi le of the bullfrog
Rana catesbeiana and toad Bufo b. formosus. The existence of alio (5a) bile
salts had not been suspected and it was not then understood that alkaline
hydrolysis was a most unsuitable method for cleavage of sulphate esters. As a
result, much of the chemistry proposed by Tayei Shimizu and his colleagues in
those early days required revision and, also, some of the substances isolated
after alkaline treatment of the bile were artefacts. We owe to those Japanese
pioneers our appreciation that amphibian bile salts are in their remarkable
diversity probably the most informative of any and the schools at Hiroshima
and Yonago continue to make outstanding discoveries, as may be seen from
the present text.
A recent survey, employing the most advanced techniques, showed that at
least 14 different bile alcohols could be found as their mono - sulphates in 29
species of anurans: 3a,7a,12oi-trihydroxy-5/J-cholestan- 26-(or 27)-oic acid,
taurine-conjugated and as the free ion, was also present in some specie s
together with minor amounts of C 24 acids, probably mostly as taurine
conjugates (Anderson et al., 1974). The general conclusion was that little
taxonomic value could be attached to interspecific differences, especially in
genera such as Rana and Ptychadena in which every single species examined
had quite different bile salts. These differences did not extend to various
populations of the same species, however, separate samples of which varied
only in the proportions of some of the substances making up
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their bile salts. In the toad genus Bufo, whose chief bile alcohol is the sulphate
of 5(3-bufol (the 5f3-epimer of 4.9), only small differences were found in 5
species, the most remakable being the occurrence in the Japanese Bufo b.
formosus alone of trihydroxybufo- sterocholenic acid (Formula 2.5). Bufo b.
formosus also has a little 50- dermophol (Formula 4.8; Kihara el al., 1977).
Unconjugated bileacids are quite common in anuran bile.
In summary, amphibian bile salts are the most varied of any; they i nclude
the sulphates of many bile alcohols, some probably unique to amphibians and
others emphasising the relationship between these animals and fishes close to
crossopterygian stock. The occurrence of unconjugated bile acid ions as chief
bile salts is a remarkable feature of amphibian bile. In a few examples, for
example Salamandra salamandra, a major bile salt is a taurine-conjugated C 2 i
acid but generally the bile salts are biochemically more primitive, consisting
mostly of alcohol sulphates and bile acids with the entire cholesterol carbon
skeleton. There is so far no indication in bile salts that anurans and urodeles
arose from different fish stock.
4.2.5. Reptiles
At this level of organisation, bile alcohols vanish from the picture, at least in
healthy animals (they have been found in human bile in certain diseases: see p.
53). Reptilian bile salts are taurine conjugates of C 27 and C 24 acids whose
distribution accords to someextent with the principal extant reptilian orders as
follows: Testudinata (chelonians: tortoises and turtles); Squamata (lizards);
Serpentes (snakes); Crocodilia (alligators and crocodiles).
Testudinata (Testudines)
The tortoises and turtles (chelonians) arose from reptilian stock that can be
distinguished from the remainder from the oldest appearance of fossil reptiles
and this difference is reflected in the bile salts. Until very recently no bile
acid had been recognised as being common to chelonians and any other
animal group: however, Haslewood et al. (1978) found in the Green tur tle
Chelonia mydas small amounts of cholic and deoxycholic acids. These bile
acids can hardly arise from the diet, for the Green turtle feeds almost entirely
on seaweed. Tetra- hydroxysterocholanic acid (Formula 4.11), conjugated
with taurine, is
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a chief bile salt in at least 6 turtles and tortoises of different families (Tammar,
1974c) and may be considered to be a specifically chelonian bile acid, the
ability to make a cholestanoic acid hydroxylated at C-22 having apparently
arisen only in this animal group.
The presence of the 7-deoxy derivative of tetrahydroxy- stereocholanic
acid as its taurine conjugate in Chelonia tnydas is evidence that one C27 bile
acid at least has an enterohepatic circulation (Haslewood et al„ 1978).

Squamata (lizards)
One group of lizards, the monitors (Infraorder Platynota, family
Varanidae) seem to have as their chief bile salt the taurine conjugate of
varanic acid (Formula 4.12) which is, as one of its isomers, an inter mediate in the conversion of trihydroxycoprostanic acid to cholic acid
(see Chapter 3).
What is probably an isomer of varanic acid was isolated after
alkaline hydrolysis of the bile of the beaded poisonous lizard
Heloderma horridum which, with the closely related H. suspectum
(Gila monster), constitutes the family Helodermatidae also assigned
to the Platynota. This lizard family has features in common with the
monitors (Bogert and del Campo, 1956) so that a close relationship
between the bile salts is not surprising and it would be interesting to
examine other platynotans, for example Lanthanotus.
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The chemical difficulty about the isomers of varanic acid and other C27
acids occurring naturally as taurine conjugates is that because the COOH
group is secondary (attached to carbon carrying only one H atom; thus
—CH(CH 3 )COOH), it is somewhat hindered chemically and taurine
conjugates require quite drastic conditions for effective alkaline hydrolysis
(see also p. 32) which may cause isomerisation, particularly at C-25, so that
one is never quite certain that a C 27 bile acid so obtained occurs as that isomer
in the bile. An unconjugated 3a,7a,12a,24£ -teirahydroxy-5;8-cholesianoic
acid is a chief bile acid in the frog Bombina orientális (Kuramoto et al., 1973)
and the stereochemistry of this should be elucidated completely in case (as
seems probable) it is the isomer made in vivo generally and present in the bile
of some other animals. It would also be interesting to examine the bile

of the deadly hybrid Sampoderma so well described and illustrated by Bogert
and del Campo (1956).
Lizards of all the other families examined so far have taurine conjugates of
cholic or allocholic acid as their chief bile salts. The family Iguanidae has, in
8 species, tauroallocholate, with no more than traces of any other bile salt: the
same is true of Agamidae (at least 4 species). The glass snake Ophisaurus
(family Anguidae) has taurocholate and so does at least one lizard (Lacerta
viridis) of the family Lacertidae.
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Serpentes
More than 80 species of snakes, of several families, have been found to have
taurine conjugates of 5(3, C 24 acids as their chief bile salts, with no more than
minor amounts, in some cases, of 5a, C 24 acids (Tammar, 1974c). The bile of
certain primitive snakes (boas and pythons) and also Cylindrophis, all
assigned to the Infraorder Henophidia by Underwood (1967), contains an
acid, pythocholic acid (Formula 4.13), that throws light on a liver function of
these reptiles.

H

Bergstrom et al. (1960) injected 3 H-6a-cholesterol into a python and a boa
(species not given) in which a biliary fistula had been established. After
saponification the bile yielded labelled cholic and chenodeoxy- cholic acids.
H
C-24-chenodeoxycholic acid similarly yielded labelled cholic acid and
l4
C-24-deoxycholic acid gave radioactive pythocholic acid. These results
mean that, like mammals, boas and pythons can convert cholesterol to cholic
and chenodeoxycholic acids, that cholic acid is converted by intestinal
microorganisms to deoxycholic acid and, finally, this can be hydroxylated
(presumably in the liver) at C- 16ato give pythocholic acid.
Thus, the unique character in snakes having pythocholic acid is the ability
of the liver to hydroxylate deoxycholate at C-16a: this character has not been
detected elsewhere in nature. It is also clear that snakes may have an effective
enterohepatic circulation. At least one boa (Corralus enhydris) has cholic but
not pythocholic acid, therefore
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lacking either the microorganisms converting cholic acid to deoxy - cholic
acid or the liver enzymes for 16a-hydroxylation of the latter substance.
All the snakes mentioned so far are primitive, having remnants of the limbs
of lizards from which they descended. No living lizard has so far been found
to have 16a-hydroxyIating ability: a lizard with this genetic expression would
have to be carefully considered as possibly having a common ancestry with
snake precursors.
A second curious character in snakes is hydroxylation at C -23. Both
3a,7a,12a,23£-tetrahydroxy-5/3-cholanic acid (Formula 4.14) and its 7deoxy relative, 3a, 12a,23£-trihydroxy-5f3-thoIanic acid (bitocholic acid) as
their taurine conjugates have been found in snake bile.

4.14 3a,7a, 12a,23£-teirahydroxy-5(5-cholanicacid( the 7-deoxy compound is bitocholic acid).

The tetrahydroxy acid (Formula 4.14) and bitocholic acid were first
discovered in the Gaboon viper Bitis gabonica and Puff adder B. arietans,
together with allocholic and cholic acids in small amounts; 4.14 was later
found in a number of vipers (subfamily Viperinae) and also in a few snak es of
the family Colubridae.
Ikawa and Tammar (1976) have shown that the liver of the European adder
Vipera berus can, in vitro, bring about hydroxylation at C-23 of both cholic
and deoxycholic acids to form 4.14 and bitocholic acid respectively. Thus,
C-23 hydroxylation is a primary (i.e. genetically determined) character and its
distribution should have some taxonomic significance.
In his review of snake classification, Underwood (1967) takes account of bile
salts as a species character: he is the only zoologist known to me to do so.
Whilst there is no systematic difficulty in
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accommodating C-16 a hydroxylation simply as a character of many primitive
snakes (but not the "most archaic" Typhlops: Underwood, 1967). C-23
hydroxylation is more difficult to understand. Underwood puts both the
Viperinae and the Colubridae in the infraorder Caenophidia but this does not
necessarily imply any very close relationship. Here again, an examination of
the enzymic proteins responsible for C-23 hydroxylation in snakes might yield
evidence of gene homology.
Some taurine-conjugated cholic acid is probably present in the bile of all
snakes; the other common primary bile acid, chenodeoxycholic acid, was
found by Ikawa and Tammar (1976) in 4 vipers. Bergstrftm et al. (1960)
showed that boas and pythons, unlike many mammals investigated, could
convert chenodeoxycholic to cholic acid (12a- hydroxylation).
The preponderance of 50, C 24 bile acids in snakes seems to exclude from
their ancestry any lizards having today 5a,C24 acids (e.g. Iguania). If it is
accepted that 5a is the primitive condition and that 5a —5/3 may occur in
evolution but not the reverse, we should look amongst the ancestors of the 5/?
lizards (e.g. Scincomorpha, Anguimorpha, Platynota) for the limbed animals
more likely to be snake precursors. If the snakes had evolved from 5a lizards
we might expect to find more 5a acids in primitive than in advanced snakes,
but this does not seem to be the case. Relict amounts of 5a acids occur widely
in advanced vertebrates, including man.
The general significance of "unique" 5|3, C24 bile acids is discussed more
fully on pages 112 and 114, but since all snakes are carnivorous it seems
unlikely that the occurrence of such bile acids amongst these animals is related
to dietary history.
Crocodilia
The Archosauria (crocodiles and alligators) are reptiles whose living forms
seems to have diverged but little from their fossil ancestors. To quote Romer
(1966): "The crocodiles and alligators and their relatives, the order
Crocodilia, have been amongst the least progressive of ruling reptiles. . . .
Derived from the theodonts during the course of the Triassic, they have
undergone comparatively little modification in later times. In many structural
features they are not far from the primitive archosaurian type".
To a remarkable extent crocodilian bile salts accord with this
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opinion, appearing as they do to represent progression to a certain distance
along the path of biosynthesis from cholesterol tocholicacid, and no further.
As described in Chapter 3, the main biosynthetic
pathway in mammals is cholesterol --------- 5/J-cholestane-3a,7oi,12a-trioI
------ ► 3a, la, 12a-tri hydroxycopros tanic acid —- 3a,7a,12a,24tetrahydroxy-5i3-cholestan-26-oic acid —» cholic acid. It was shown in 1952
that Alligator mississipiensis bile salts are chiefly taurine conjugates of
trihydroxycoprostanic acid (Formula 3.9, Table 2.2)and later that this acid is
formed from cholesterol and is a precursor of cholic acid in rats and man
(Chapter 3). In 1960, T. Briggs injected M C- 4-cholesterol into an alligator
having a biliary fistula and isolated radioactive trihydroxycoprostani c acid
but no cholic acid from its bile. The bile of 7 other crocodilians seems to
resemble that of the alligator, the only other bile acid identified with certainty
being 3a,7a- dihydroxycoprostanic acid (Table 2.2) in small amounts. Thus,
crocodilian bile is quite primitive and generalised: a halt on the main route of
bile salt evolution.
4.2.6. Birds
So little is known about bird bile salts that A. R. Tammar, when requested to
review this subject as he has done for fishes, amphibians and reptiles replied
that there was insufficient information to justify a new review.
It was for a long time supposed that chenodeoxycholic acid (Formula 3.16)
was characteristic of birds, as its name from the Greek XVvds, a goose,
suggests. This notion was based on examination of the domestic omnivorous
or granivorous fowl and goose and it is not true of birds generally. King
penguin (Aplenodites patagonica) bile is rather similar to that of some
mammals, except that the proportion of allocholic acid is much higher.
Tammar (1970) examined 27 bird species by thin-layer chromatography (for
conjugates), alkaline hydrolysis and separation of bile acid esters on alumina
columns. He found only taurine conjugates and was able to identify some C24
acids in almost every case. Cholic and allocholic acids together constituted
more than half the bile acids, by weight, in 5 penguin species, 2 eagles and a
kite, but chenodeoxycholic acid was the chief bile acid in a vulture and an owl
as well as three flamingo, a swan and 2 peafowl species. There does seem to be
some correlation with diet: carnivorous birds, like mammals, tending to have
more trihydroxy bile acids;
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however the correlation is imperfect as the vulture and owl examined by
Tammar demonstrate. A remarkable feature of Tammar's work has been the
large proportion in some bird species of unidentified bile acids: for example,
378 milligrams of bile acid esters from the hornbill Bycanistes cylindricus
yielded no substance that could be identified and a crystalline acid from the
curassow Mitu mitu has so far defied full mass spectral examination. A more
determined and sustained chemical attack is required in these and several
other cases and might yield results of considerable biological interest. One
difficulty in interpretation will be that birds evidently have a good
enterohepatic circulation and some bile acids are probably secondary. This
problem could in some cases be solved experimentally for germ-free birds (for
example, domestic fowl and turkeys) are not difficult to rear to a stage at
which bile can be obtained. In germ-free domestic fowl, only chenodeoxycholic, cholic and allocholic acids were found and not the keto acids
present in conventional birds (Haslewood, 1971). Not all birds have
gall-bladders and the bile of these (e.g. the domestic pigeon Columba Uvea)
would have to be obtained by fistula.
Kuramoto and Hoshita (1972) found, in contradiction to earlier work, that
the chief bile acids of the kite Milvus I. lineatus are trihydroxycoprostanic acid
(Formula 3.9) and 3oi,7a-dihydroxy-5/3- cholestan-26(or 27)-oic acid. No
mammal has more than traces of C27 bile acids such as these and this result,
together with the common occurrence of quite considerable proportions of
allocholic acid in some species, indicates that bird bile is biochemically more
primitive than that of mammals. The birds, of course, descended from
reptilian stocks quite different from those which gave rise to mammals and
this alone is a good reason for wishing to know much more about their bile
salts.

4.2.7. Mammals
Simpson (1945) divides the living mammals as follows:
Class Mammalia
Subclass
Protheria
Order
Monotremata
Infraclass
Metatheria
Order
Marsupalia
Infraclass
Eutheria
16 extant orders
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In the following discussion I will generally follow this classification, but a
few preliminary remarks about the nature of mammalian bile salts should first
be made. At this level of organisation, we find no more than traces of any
chemical types other than C 24 50 bile acids conjugated with taurine or
sometimes, in eutherians only, with glycine. In human disease, however, C 27
acids have been found in substantial amounts as well as bile alcohols: these
are described in their context in Chapter 5. There is a general tendency for
carnivorous mammals to have trihydr oxy bile acids conjugated with taurine
and for vegetarians (except ruminants) to have dihydroxy acids conjugated (in
eutherians) with glycine. This association with diet is obvious but incomplete
and one is reminded of analogous observations in relation to the mammalian
gut pattern made by P. C. Mitchell in 1905 and 1916 and quoted, with further
observations, by Le Gros Clark (1962). Mitchell's conclusion that "however
great may be adaptive resemblances, the inherited element dominates the
structure" may be applied to the bile salts in the sense that there may be a
considerable lag between a change in dietary habits and its result, through
selection, in altered bile salts. Certainly, short-term feeding has very limited
effects as is now well known for human bile. Four dogs fed entirely on a
balanced vegetable diet for six weeks showed no differences in the paper
chromatographic appearance of their bile salts as compared with four
litter-mates fed for the same period entirely on meat (Smyth and Haslewood,
1963). I also fed carp (Cyprinus carpio) on butcher's meat for a year without
effecting any apparent change, except that increased amounts of red bile
pigment (probably bilirubin conjugates) appeared in the bile. However,
Sjovall (1959) found that feeding taurine in amounts up to 1.5gper day
increased taurine conjugation in healthy persons, whereas a daily intake of 21
g of glycine had no detectable effect.
The commonest primary bile acid in mammals is cholicacid, as its taurine
(or glycine) conjugate (taurocholate: Formula 2.7, Fig. 2.1). In most species,
the other primary bile acid is chenodeoxycholic acid (Formula 3.16) also
conjugated with taurine (or glycine), but there also occur a few "unique"
trihydroxy acids, whose existence might be interpreted as a result of selective
pressures brought about by a change in dietary pattern: this idea is more fully
discussed on p. 114.
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Monotremes
The egg-laying mammals are represented today by the platypus
Ornithorhyncus anatinus and spiny anteaters (Echidnas), for example
Tachyglossus aculeatus. Both the species named have been examined
and the bile salts found to consist of taurine-conjugatedcholic, chenodeoxycholic and deoxycholic acids: no unusual compounds and no
glycine conjugates could be detected. These results throw no light
on the history of monotremes and give no support to the idea that
they have reptilian ancestors different from those of other living
mammals (Romer, 1966).
Marsupials
At least 3 kangaroos and an opossum have been found to have cholic,
chenodeoxycholic and deoxycholic acids in various proportions, all
conjugated with taurine; we have not been able to confirm an earlier
report of glycine conjugates in a kangaroo. The strictly vegetarian
koala Phascolarctos cinereus has no detectable cholic acid and no
more than traces of chenodeoxycholic acid. Almost the sole bile salt is
3a-hydroxy-7-oxo-5jS-cholanyl taurate (Formula 4.15).

The oxo acid might be formed from chenodeoxycholic acid by intestinal
microorganisms having a 7a-hydroxysteroid dehydrogenase (a common
enzyme in Escherichia coli, for example) or it might be primary, as reported by
Peric-Golia and Jones (1961) for guinea-pigs. In any case, we have here a
typical vegetarian bile salt type. I have found that the conjugate Formula 4.15
has a mobility on thin-layer
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chromatograms close to that of taurochenodeoxycholate, which may suggest
that its water-fat partition coefficient (one measure of its emulsifying power)
is similar also.
Eutherians Order
Insectivora
In the hedgehog Erinaceus europaeus, cholic acid was found by methods now
superseded: re-examination would no doubt reveal other acids and the nature
of conjugation. Solenodon paradoxus, by present-day techniques, was found to
have taurocholate as the chief bile salt, with traces of conjugated
chenodeoxycholic and 3a, 12a- dihydroxy-7-oxo-5/3-cholanic acids. Small
amounts of glycine conjugates and of unidentified bile acids were also
detected (see Appendix).
Order Chiroptera
No bats have been examined.
Order Primates
About 10 monkeys and baboon species and the chimpanzee and orang utan
have been compared with man. The three common bile acids, cholic,
chenodeoxycholic and deoxycholic acid have been found in almost every case
and may be presumed to occur in all. Conjugation is with b oth glycine and
taurine. Superficially, therefore, all these animals are similar.
H. S. Wiggins (1955) made a careful comparison of the bile salts of 4
monkey (Cercopithecus) species, the chimpanzee and man. The bile acids were
very similar. In the monkey and chimpanzee bile, taurine conjugates
constituted 8—54% of bile salts, compared with a range of 10 —43% for 13
individual samples of human bile.
O. W. Portman (1962) lists the composition of the bile salts of four monkey
species (not fully identified) and the chimpanzee. Except in two Cebus
monkeys which were pyridoxine-deficient, taurine conjugates predominated
but a higher proportion of glycine was found in the Old World Rhesus and Pan
than in the New World Cebus, Lagothrix and Saimiri. The effect of pyridoxine
lack in Cebus was to increase glycine conjugation but, apart from this,
Portman could not detect "any consistent nutritional influence on the
distribution of different bile acids" (which were cholic, chenodeoxy cholic,
deoxycholic and lithocholic acids in this study).
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In captive baboons (Papio anubis and P. cynocephalus) total biliary acids
(after hydrolysis) and other bile constituents have been measured, but not
individual bile acids or their conjugates (McSherry et al., 1971). These
animals "spontaneously" form gallstones and are discussed more fully in
Chapter 5. Total bile salt output in Rhesus monkeys after surgery and under
restraint has also been measured in various circumstances and this work, too,
is considered in Chapter 5, together with the composition of human bile in
health and disease.
Order Edentata
Gall-bladder bile of the great anteater Myrmecophaga tridactyla was found by
Tammar(1970) to contain taurine conjugates only of cholic,
chenodeoxycholic and deoxycholic acids; cholic a nd deoxycholic acids
combined made up more than 60% by weight of the isolated bile acids. A trace
of allocholic acid was detected. However a sloth, Choloepus hoffmani, had
glycine as well as taurine conjugates: cholic acid was identified (Tammar,
1970).
Order Pholidota
The scaly anteaters or pangolins, as represented by Manis tricuspis, also have
only taurine-conjugated bile acids; more than 80% of which consist of cholic
acid. M. pentadactyla is very similar (Tammar, 1970).
Order Lagomorpha
A great deal of work has been done on the laboratory rabbit, all strains of which
are derived from the European Oryctolagus cuniculus. This animal is
remarkable in that its bile salts normally consist almost entirely of
glycine-conjugated deoxycholic acid. Glycine conjugation was shown by
Bremer in 1956 to be brought about by the microsomal fraction of rabbit liver
cells, which used taurine to a minor extent. As mentioned on p. 28, Linstedt and
Sj&vall (1957) showed that the rabbit makes glycine-conjugated cholic acid as
almost its sole primary bile salt, glycodeoxycholate gradually being formed
from this by intestinal microorganisms. In bile acids from two germ -free
rabbits, Hofmann et al. (1969) found 93.4 and 94.2% of cholic acid, 2.2 and
0.7% of chenodeoxycholic acid and 4.4 and 5.4% of allocholic acid.
Deoxycholic and allodeoxycholic acids were not detected. These results show
that in rabbits, as in the domestic fowl (p. 59), allocholic acid may be a primary
bile acid. Hofmann et al. (1969) suggested that
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in conventional rabbits deoxycholic acid inhibits the biosynthesis of both
cholic and chenodeoxycholic acid (which is found also only in minor amounts
in this animal). We have here a remarkable example of the dihydroxy bile salts
that seem to be characteristic of a vegetarian mammal maintained by the
action of its intestinal (orcaecal) microorganisms: such a benevolent
symbiosis deserves attention. The preponderance of deoxycholic acid may be
characteristic also of the European hare Lepus timidus and in the California
jack-rabbit L. calijornicus both glycine and taurine conjugates are present.
The bile acids were found to include 86% of deoxycholic and 12% of cholic
acid: chenodeoxycholic and allocholic acids were not detected (Tammar
1970).
Order Rodentia
This huge order contains mammals both omnivorous and vegetarian and
includes the laboratory rats, all derived from Rattus norvegicus, mice from
Mus muscularis and the guinea-pig, which now seems to have no wild type.
The laboratory rat has no gall-bladder whereas the mouse possesses this
organ. Both species are assigned to the subfamily Murinae, so it is perhaps not
surprising that they share "unique" bile acids. These are the a - and
/3-muricholic
acids,
which
are
respectively
3a,6(3,7a and
3a,6|3,7/3-trihydroxy-5(3-cholanic acids (Hsia, 1971: Formula 4.16).

The major bile acid in both species is normally cholic acid and, in rats at least,
chenodeoxycholic and ursodeoxycholic (3a,7/? -dihydroxy-5(3-
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cholanic) acids also occur. Rat liver contains enzyme syste ms that can
introduce the 7a-OH group into deoxycholic acid so that this substance, if
formed from cholicacid by intestinal microorganisms, is prevented from
accumulating in the bile. Germ-free rats excreted about 61% of their faecal
bile acids as/3-muricholicacid with traces ofa- muricholic and about 30% of
cholic acid (Kellogg, 1973). Gallbladder bile acids from germ-free mice
included 62% of /3-muricholic and 24% of cholic acids with small percentages
of allocholic, cheno- deoxycholic, a-muricholic and other bile acids, mainly
conjugated with taurine, but also to some extent as sulphate esters. In the
caecum and large intestine of such mice, allocholic, cholic and cheno deoxycholic acids were sulphated to a very large extent. Conventional mice
gall-bladder
bile
contained
w-muricholic
acid
(3a,6a,7/3trihydroxy-5/3-cholanic acid) which is a secondary bile acid of unknown
biogenesis in laboratory rats and mice. A little deoxycholic and lithocholic
acids were also present in conventional mouse bile and, in the large intestine
and caecum, sulphate esters of bile acids occurred as in germ -free animals
(Eyssen et al., 1976, 1977). Glycine conjugation, normally a minor event, can
be increased in rats by various feeding regimes and by adrenalectomy
(references in Haslewood, 1964).
Simpson (1945) says that the genus Rattus "is the most varied genus of
mammals, with more than 550 named forms currently recognised". It is a
measure of our ignorance that only in R. norvegicus amongst these forms is it
known that the muricholic acids occur. A survey of the distribution of
6/3-hydroxylation followed by an understanding of the proteins concerned
should clarify gene homology in Rattus and other murine genera. Rats and
mice are classified in the rodent suborder Myomorpha, t o which are also
assigned voles, lemmings and hamsters. The now domesticated Syrian hamster
Cricetus auratus is of interest because on certain diets it can form gallstones:
this work is mentioned in Chapter 5. Hamster bile salts are taurine and glycine
conjugates of the three common cholic, chenodeoxycholic and deoxy cholic
acids.
The rodent suborder Sciuromorpha includes squirrels, ground squirrels and
the beaver Castor canadensis, in the bile acids of which Tammar (1970) has
found 94% by weight of chenodeoxycholic and deoxycholic acids, occurring
principally as glycine conjugates but with a little taurine. This is a typical
vegetarian type of bile salt mixture.
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Guinea-pig bile salts have been the subject of controversy. Most
investigators have found them to consist chiefly of glycine-conjugated
chenodeoxycholic acid but Peric-Golia and Jones (1961) claimed that adult
guinea pigs converted H C-4-cholesterol intocholic, chenodeoxycholic and
3a-hydroxy-7-oxo-5/?-cholanic acid and conjugated these principally with
taurine. Danielsson and Einarsson (1964) agree only that the keto acid
(taurine conjugate, Formula 4.15) may in this animal be a primary bile acid.
Peric-Golia and Danielsson and their colleagues may have been working with
different strains of guinea pigs, but I think Danielsson's results to be more
credible, especially as they agree so well with the expected picture for
vegetarian bile salts.
The bile salts of guinea pigs (rodent suborder Hystricomorpha) may be
representative of those of the South American group of rodents, characterised
by a high proportion of glycine conjugates. Another example is the coypu
Myocastor coypus and, through the kindness of Professor M. L. Johnson, my
colleagues and I have been able to examine four other members of th is group.
They are Capromys pilorid.es, Geocapromys browni, G. ingrahami and
Plagiodontia aedium. All have mainly glycine conjugates and a mixture of bile
acids, some of which must be secondarily derived from cholic or cheno deoxycholic acids (see Appendix). One wonders why there is such an obvious
preponderance of glycine conjugation in this group of mammals and whether
this biochemical feature arose more than once during eutherian evolution.
The West African cutting-grass Thryonomys swindereanus resembles the
coypu morphologically: indeed G. G. Simpson at one time (1945) placed these
rodents together in the superfamily Octodontoidea. Their true relationship is
interesting as an example of the biological consequences of the one -time
continuity between South America and West Africa, now well explained by
the plate tectonic theory of continental drift. Haslewood and Ogan (1959)
found that coypu and cutting-grass bile acids were quite similar, but there was
no detectable glycine conjugation in the West African rodent. Does this mean
that glycine conjugation arose after the separation of the continents?
Order Cetacea
Although whales, porpoises and dolphins do not have gall -badders, it has not
proved difficult to obtain whale bile from the stomachs of two whalebo ne
species, the Fin whale, Balaenoptera physalis and Sei

Ill

whale, B. sibbaldi. These contain taurine conjugates of cholic and
deoxycholic acids; Tammar (1970) could not find glycine conjugates
in the former species. A fresh search might reveal chenodeox ycholic
acid and the picture we have at present is one of a strictly carnivorous
type of bile. There is nothing remarkable here that might give a clue to
terrestial cetacean ancestors.
Order Camivora
About 7 dogs etc. (Canidae), 8 bears (Ursidae), 6 weasel s, otters etc.,
(Mustelidae), the mongoose and kusimanse (Viverridae) and 6 cats
(Felidae) have been examined. Except for some of the bears, all have
chiefly or solely taurine conjugates of cholic, chenodeoxycholic and
deoxycholic acids and some other substances that are probably
secondary to these. A long known example of these is ursodeoxycholic
acid (Formula 4.17) which was at one time thought to be characteristic
of bear bile.

There was formerly a view that largely vegetarian bears contained mostly
glycine conjugates and dihydroxy acids such as urso deoxycholic and
chenodeoxycholic, whereas carnivores like the polar bear had taurine
conjugates chiefly of cholic acid. Yamasaki and his colleagues (Kurozumi et
al., 1973) have reopened this question and examined by gas-liquid
chromatography five different samples of bear bile acids. They did indeed find
two types of bile salt, A and B, corresponding to the second and first groups,
respectively, mentioned above. The animals are described as Japanese bears,
possibly
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Selenarctos tibetanus japonicus and Himalyan bears S. tibetanus or Ursus
arctos subspecies. Thus although the new work is zoologically not quite
precise, it does confirm that in a single family bile salt variations
corresponding to what might be expected from the diet can occur. In all the
bear bile examined a fresh ursodeoxycholic acid was a minor constituent, an
observation confirmed by I. G. Anderson in my laboratory.
In 2 otters (Enhydra lutris and Lutra sumatrans) and the Fisher Martes
pennanti, collected for us by M. L. Johnson, we found tauro- cholate as the
chief bile salt (see Appendix).
Order Pinnipedia (seals, sealions, walruses)
These animals are placed by Simpson (1945) in a suborder, but other authors,
for example Sheffer (1958), regard them as an order: "an ancient group —
isolated aberrant, unique". Uniqueness is certainly a feature of their bile
acids, for in all the species examined (7 seals, 2 sealions and a walrus)
phocaecholic acid (Formula 4.18) not discovered elsewhere in n ature, has
been found.

4.18 Phocaecholicacid(3tt,7a,23|-irihydroxy-5pcholan-24-oicacid).

The 12a-hydroxy derivative of phocaecholic acid (Formula 4.14,
3od,7a,12a,23i-tetrahydroxy-5/3-cholanic acid) was found in the grey Baltic
seal and cholic and chenodeoxycholic acids are probably present generally in
pinniped bile salts, all principally as taurine conjugates. It may be speculated
that the pinnipeds derive from more herbivorous ancestors whose principal
bile acid was chenodeoxycholic acid. When later pinniped precursors took to
a more
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carnivorous diet, it proved biochemically more expedient to develop
23-hydroxylation of chenodeoxycholic acid rather than to increase the
proportion of cholic acid, in order to provide the extra trihydroxy bile acids
presumably required. The discovery of 23-hydroxylation in any other
mammalian group would therefore be of the greatest interest.
Order Tubulidentata
This order is represented by a single species, the Aardvark Orycteropus afer,
whose bile acids are (percent by weight): allocholic (7), chenodeoxycholic-deoxycholic (combined, 40) and cholic (52): taurine conjugates
only could be detected (Tammar, 1970).
Order Proboscidea
Elephants have no gall-bladders; nevertheless it has been reported that
Elephas maximus contains cholic and deoxycholic acids.
Orders Hyracoidea and Sirenia
No hyraxes or sirenians have been examined, as far as I know. The latter
animals (sea-cows, manatees, dugongs) are of special interest because their
affinities with terrestrial mammals are obscure. It is possible that their bile
salts might be helpful in attemps to elucidate sirenian ancestry.
Order Perrisodactyla
Horses have no gall-bladders; however a little bile expressed from the biliary
ducts immediately after the slaughter of a cart-horse was found to contain
conjugates of cholic acid. The examination has been repeated on fistula bile
with present-day methods (see Appendix).
Order Artodactyla
This large order includes animals without gall-bladders (most of the deer) and
also the common domestic farm stock. Amongst this, pigs (infraorder Suina,
family Suidae) have been known from the earliest, chemically enlightened
times to have bile salts different from those of other easily available
mammals. The principal bile acid is hyo- deoxycholic acid (Formula 4.20,
Scheme 4.1), largely but not entirely conjugated with glycine. The
corresponding hyocholic acid (Formula 4.19) having an additional OH group
at C-6ais a minor constituent; cholic acid is present in traces and the second
major bile acid is chenodeoxycholic acid (Formula 3.16). It has been shown
that
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this can be converted into hyocholic acid by 6a -hydroxylation and it was
supposed that hyodeoxycholic acid was a secondary product, formed by
bacterial removal of the 7a-OH group (Scheme 4.1).
It was therefore a considerable biochemical surprise when I found quite
appreciable amounts of hyodeoxycholic acid in germ-free pigs from two
different sources (Haslewood, 1971). Chemical identification was complete:
evidently hyodeoxycholic acid can be primary, although most of that present
in conventional pigs is no doubt derived as in Scheme 4.1.

£20 llyodcoxydtolic arid

4J9 HjrocMk ««!

Schcme 4.1. Formation of pig bile acids (Bergstrôm et al., 1959; Samuelsson, 1960).
(1) Biosynthesis as in other mammals (Chapter 3); (2) 6a-Hydroxylation in pig liver;
(3) Bacterial de-oxygenation in intestine.

It is possible to "explain" the presence of hyocholic acid in the same
way as for phocaecholic acid (p. 113), i.e. that when during the course
of their evolution the ancestral pigs "required" a trihydroxy bile
acid, it was then biochemically more expedient to develop 6a hydroxylation than to re-activate cholic acid biosynthesis. If that had
been the case, there must have been a period when hyocholic acid was a
major bile acid and it seems likely that the present -day situation where
it is a minor constituent has a more complicated evolutionary origin.
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Pigs from the wild (the Abyssinian wild pig) and the semi -feral Nigerian
pig (all no more than sub-species or varieties of Sus scrofa) have closely
similar bile salts (Ogan, 1960). Another member of the subfamily Suinae, the
wart hog Phocochoerus aethiopicus, also has a little hyodeoxycholic acid but
chiefly cholic and chenodeoxycholic acids, all conjuga ted with both taurine
and glycine (Tammar, 1970). We should be justified in saying that, on the
basis of findings in two species, 6a-hydroxylation is characteristic of the
Suinae; others of this small subfamily await examination. The well -known
3a-hydroxy-6- oxo-cholanic acid of pig bile is secondary; it is not present in
germ-free animals. New World pigs, the peccaries (subfamily Tayassuinae)
are thus of great interest. They have no gall-bladder and bile probably would
have to be obtained from a fistula.
The hippopotamus, infraorder Ancodonta, also has mainly glycine
conjugates and the bile acids (percent by weight) included cholic acid (30)
and a chenodeoxycholic-deoxycholic acid mixture (47). 23% of the bile acid
mixture was not identified but did not, apparently, include 6oi-hydroxylated
acids (Tammar, 1970).
The remainder of the artiodactyls examined have been shown to have
cholic, chenodeoxycholic and deoxycholic acids with small amounts, in most
cases, of allocholic acid and traces of keto acids. A cur ious fact is that in the
entirely vegetarian ruminant sheep, goats and cows, the bile salts contain a
considerable percentage of tauro- cholate, in contrast to those of most
herbivorous eutherians. A possible partial explanation, for sheep at least, is
that they can apparently absorb fats at an intestinal pH lower than that found
in non-ruminants; for this purpose taurine conjugates with the low pK would
have an obvious advantage (Scott and Lough, 1971).
Assessing the general bile salt picture in mammals, we may conclude that
although in healthy animals only a limited number of C 24 50-cholanic acids
are, as their conjugates, acting as bile salts, never theless the differences found
may indeed have some taxonomic value especially in shedding light on
ancestral forms.
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CHAPTER 5

The importance to medicine of bile salts

i

\

Fortunately for those interested in the subject of this Chapter, an excellent and
highly readable monograph by K. W. Heaton (1972) gives the background to
our present understanding, the principal factual information and a
comprehensive list of references. Clinics in Gastroenterology, Vol. 6 (January
1977), gives thorough accounts, by experts, of bile salts in liver
andgastro-intestinal disease and in infants and children as well as dealing in
more detail with some of the topics briefly covered in this Chapter.
Nevertheless, the rate of progress in studies more or less relevant to clinical
medicine is so great that any account will be out of date by the lime it is
published, so that the reader must take this Chapter even more as a bulletin of
change than is usual in scientific literature.

5.1. Composition of human bile
Table 5.1 shows the concentration of the chief constituents of gall bladder bile
from some hospital patients without hepatobiliary disease. From theauthors'
paper, bilirubin is expressed assuch (uncon jugated) and bile acid as cholic
acid; hence the actual concentrations of conjugated bilirubin and bile salt
anions will be somewhat greater. Phospholipid was calculated by multiplying
the figure for organic phosphorus by 25.
For 27 similar surgical patients, Dam et al. (1971) give, f or gallbladder bile,
pH in the range 6.6—8.1 and a mean ± SD total bile acid content of 158.8i 8.82
mmol/1. (The molecular weight of cholic acid is 408; hence if this was used as
a standard in the analyses,
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158.8 mmol/1 corresponds to 6.48 g/dl f or comparison with Table 5.1).
Antsaklis et al. (1973) estimated total gall-bladder bile salts by the 3ahydroxysteroid dehydrogenase method (Chapter 2) in 5 patients without
biliary disease and found these to be 83.6 ± 2.7 (mean ± SEM) % of the total
lipid in molar terms; they quote similar figures obtained by other workers.
Hepatic bile as obtained at operation or by duodenal aspiration is more
dilute than bladder bile. For example, van der Linden and Norman (1967) give
averages of 4.50, 0.09, 0.31 and 0.82 g/dl for total solids, bilirubin,
cholesterol and phospholipid respectively in hepatic bile collected at
operation from 101 patients with gallstone disease: these figures may be
compared with those in Table 5.1. A representative composition in health o f
duodenal bile is shown in Table 5.2. In citing units (wt/vol, or in molar terms),
I have no prejudice for or against SI (molar) units, but think it dictatorial,
indeed monstrous, that these should have been imposed on those mainly
concerned with clinical interpretation without adequate prior consultations
and agreement. I also find it difficult to visualize molar amounts without
translation into weights. In this book, an attempt is made to be bilingual.
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5.2. Human bile salts (a) in bile
In healthy persons after infancy the principal bile acids are cholic,
chenodeoxycholic and deoxycholic, formed as described in Chapter 3;
the first two from cholesterol and the third as a secondary product
made from cholic acid, by microorganisms in the intestine during the
enterohepatic circulation (Fig. 1.1). The other likely secondary bile
acid, lithocholic acid from chenodeoxycholic acid, is too insoluble
even when conjugated to act as a bile salt; it does occur in small
amounts and is discussed later. Conjugation is with glycine and
taurine; thus there are normally six functioning human bile salts,
namely:
Glycocholate (GC)
Taurocholate (TC)
Glycochenodeoxycholate (GCD)
Taurochenodeoxycholate (TCD)
Glycodeoxycholate (GD)
\
Taurodeoxycholate (TD)
J Secondary bile salts
Formulae are given in the text: for cholic acid, p. 50; for taurocholate,
p. 40; for chenodeoxycholic acid, p. 132; for deoxycholic acid, p. 29
and for conjugates, p. 66.
Human bile also contains a little conjugated trihydroxycoprostanic
acid (p. 50), allo(5a)cholic acid (p. 59), lithocholic acid (p. 132) and
traces of various other acids including keto acids and ursodeoxycholic
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acid (UDC, p. 111). Igimi (1976) has reported percentages of UDC of 1.1 to
8.3 (average ± SE, 5.7 ± 0.6) in gall-bladder bile obtained at laparotomy from
10 Japanese patients without hepatobiliary disease; thus UDC may be present
in more than traces and this may be relevant to the gallstone problem,
discussed below.
The human foetus and infant have a greater capacity for taurine than for
glycine conjugation and the adult G/T ratio (Table 5.2) is not usually reached
before the age of a few months. This interesting situation should be explored
in other vertebrates and, indeed, Subbiah et al. (1977) found that foetal and
new-born rabbits had also more taurine conjugates than adults; the bile acid
pattern, too, was somewhat different. Little et al. (1975) after a study of bile
salt metabolism in near-term foetal Rhesus monkeys suggested that "bile salt
metabolic and excretory mechanisms are undergoing developmental
maturation at birth". These authors state also that in dogs, foetal mechanisms
for bile salt synthesis, conjugation, excretion and turnover "are remarkably
mature". Perhaps, therefore, gene expression for these chara cters is later in
some species and especially man. Back and Ross (1973) identified cholic,
chenodeoxycholic, deoxy- cholic, ursodeoxycholic, lithocholic and
3/3-hydroxy-5-cholen-24- oic(30-hydroxycholenic, p. 56) acids in mixed
meconium from 11 premature infants born after 32—35 weeks gestation and
13 born at term. Meconium is usually sterile and aerobic enterobacteria were
not found in 5 samples in this investigation. Some of the cholic and cheno deoxycholic acid in the mixed meconium was neither conjugate d nor
sulphated (p. 34) and some of the lithocholic and 3(3 -hydroxy- cholenic acid
were as sulphate esters only, but all the bile acids also occurred as taurine and
glycine conjugates. Back and Ross point out that of course some bile acids and
salts (especially deoxycholic acid and its conjugates) almost certainly
originated in the mothers but if 3(3- hydroxycholenic acid is made in the
foetal liver, perhaps the Mitro- poulos—Myant pathway for bile acid
biosynthesis (Scheme 3.3) may be more favoured in the immature liver, an
idea further supported by the finding of 26-hydroxycholesterol (Scheme 3.3)
in relatively large amounts in meconium. Belize et al. (1977) have found that
18 specimens of amniotic fluid obtained by amniocentesis from women
without disease all contained 3/3-hydroxycholenic acid as well as cholic and
chenodeoxycholic acids. DCleze et al. suggest that the bile acid pattern in
amniotic fluid might provide an index of foetal liver maturity.
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Dam et al. (1971) found a G/T ratio (mean±SD of mean) of 2.44 ±0.28
(range 0.99—5.19) for gall-bladder bile in the 27 surgical patients mentioned
above and 1.81 ±0.15 (range 0.40—4.94) for duodenal bile (Table 5.2). For the
T/D ratio (Table 5.2), investigators have given values in the range 0.66 —1.20
for bladder bile in health (Nakayama and van der Linden, 1970); Dam et al.
(1971) give 0.57 ± 0.06 (mean ± SD of mean) for their 27 surgical cases and
0.65 ± 0.04 (range 0.29— 1.31) for duodenal bile (Table 5.2).
5.3. Human bile salts (b) in normal blood
In health, the concentration of circulating bile salts is very low. Analyses are
usually made on serum, or occasionally plasma; there does not seem to be
reliable information as to distribution between plasma and red cells. Some
values taken from recent publications by workers using what appear to be
well-tested methods are given in Table 5.3.
Enzyme methods use the 3a-hydroxysteroid dehydrogenase mentioned on p.
38; 7a-hydroxysteroid dehydrogenase could be used for differential analysis.
Gas-liquid chromatography of course does permit differential measurement
and if hydrolysis is done with mild (enzymic) methods (p. 38) the sometimes
substantial losses incurred in alkaline hydrolysis of very small quantities of
conjugates can be avoided.
Some clinicians regard the T/D ratio as having diagnostic significance, as
mentioned later, and so differential analysis may be important. By their
radioimmunoassay (RI) method, Demers and Hepner (1976) claim to be able to
estimate separately the glycine conjugates of the three c hief bile acids and also
of glycolithocholic acid sulphate. It is fair to say, however, that RI is still in its
infancy and improvements are to be expected.
Hofmann et al. (1974) showed that their RI method could demonstrate a rise
in serum cholic acid conjugates after a liquid test meal in normal subjects.
Fasting values were less than l.Ojumol/1 and rose to about 1.5 —2.7jumol/l
after the meal thrice in a 24-h period. The same group (La Russo et al., 1975)
using RI, have developed an intravenous cholylglyc ine (glycocholate)
tolerance test which they claim is of more sensitive diagnostic value in liver
disease than either transaminase measurements or the bromsulphthalein
retention test as usually carried out.
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5.4. Human bile salts (c) in normal urine
Until recently, it was supposed that little or no bile salts occurred in urine in
health, and even in obstructive jaundice detection proved difficult. However it
is now realised that sulphate and glucuronate esters may be present as well as
taurine and glycine conjugates and when methods for cleaving these are
applied, bile acids can readily be detected. J. Sjôvall and his colleagues have
devised methods for (1) concentration of the urinary bile salts by absorption
on to an Amberlite resin, followed by elution from the resin, (2) separation of
the eluted bile salts on a lipophilic anion-exchanger into (a) unconjugated bile
acid ions, (b) conjugates with glycine and taurine, (c) sulphate ester ions and
(d) conjugated sulphate ester ions, and (3) solvolysis an d estimation of the
various fractions (a)—(d) by computerized GLC—mass spectrometry. This
methodology is capable of the most detailed analysis yet described and in an
important paper Aimé et al. (1977) estimate that 6.4—11/ LI moles of total bile
acids were excreted daily in urine from 5 healthy persons. About 30 bile acids
were wholly or partially identified and the authors conclude "The
physiological or clinical significance of the complexity of bile acids in urine is
not clear. The bile acid metabolite profile in urine is the net result of metabolic
reactions and transport processes in the liver, intestinal tract and kidney".

5.5. Human bile salts (d) in faeces
Most, if not all, faecal bile acids are unconjugated and a very complex mixture
of substances can be extracted. The method of Grundy et al. (1965) is still in
use for total and differential analysis of faecal bile acids. In this procedure,
homogenized faeces are given a mild alkaline saponification in aqueous
ethanol, after which neutral lipid (sterols etc.) is extracted with light
petroleum and can be estimated separately. The alkaline ethanolic portion is
then saponified more strongly and, after acidification, acids are extracted with
chloroform—methanol. Purification on a fluorosil column may or may not be
required at this stage, which is followed by methylation, separation by
thin-layer chromatography and quantitation by GLC. GLC—mass spectral
computerized analysis is an obvious possible refinement here. It is certainly
unsafe to use 3a- or 7a-hydroxysteroid enzymes for assay, for
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OH groups at C-3 or C-7 could be inverted, converted to keto groups or
removed: however, an approximate analysis (perhaps accounting for 90% of
faecal bile acids) is possible by such a method and a recent example (Sheltawy
and Losowsky, 1975) gives a total output by 11 subjects without
gastrointestinal or liver disease of 0.10—0.36 g (mean, 0.20 g) in 24 h, in fair
agreement with GLC methods. Eneroth and Sj6vall (1971) describe other
methods for faecal bile acids, including one of their own. Carey (1973) listed
25 bile acids detected in human faeces: deoxycholic and lithocholic acids
accounted for about half the weight. Campbell and Mclvor (1975), who use a
simplified Grundy analysis, report a total 24-h excretion of 0.37 ± 0.13 g
(range 0.115—0.685 g) of bile acids by 26 "normal" subjects.

5.6. The solubility of cholesterol in bile
The means by which cholesterol is held in solution in bile is of great medical
interest for two reasons (1) because excretion via the bile either as cholesterol
itself or after conversion to bile salts is the only way in which cholesterol can
leave the body to any quantitatively significant extent and (2) because
cholesterol-containing gallstones are a common cause of disease.
Loss of cholesterol from the body may lower the plasma cholesterol and
thus may affect formation of atheromatous deposits in the arteries. Except in
persons with greatly raised concentrations of plasma cholesterol (e.g. in
"idiopathic" familial hypercholesterolaemia), who have a much increased
chance of atherosclerotic crises (coronary occlusion or cerebral thrombosis),
there is some controversy about the relation between blood cholesterol
concentrations and atheromatous disease. However, it is generally conceded
that lowering blood cholesterol is beneficial so that there is good reason to pay
attention to its loss via the bile.
There is at present much practical interest in the possible dissolution in situ
of gallstones by giving bile acids and this treatment, too, is rationall y based on
understanding biliary cholesterol solubilization.
I have argued previously that man is often eating like a carnivore with the
physiology of an omnivore and that there has not yet been time for selective
adaptation to cope with the bilirubin and cholesterol that must be excreted via
the bile on such a diet (Haslewood, 1967).
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Human medical skill is likely to prevent such adaptation and people generally
wish to solve without serious inconvenience what may be essentially a social
problem. Such a view of course implies that a large part of the biliary bilirubin
and cholesterol is exogenous. As to the bilirubin, human bile is very much
darker than that of other primates I have seen: I know of no reports on the
bilirubin excretion of true vegetarians. It is conceded that a part of the
cholesterol in bile is exogenous, although the proportion is uncertain and
variable.
The above considerations do not, and should not, hinder the progress of
studies on the formation of gallstones and it has been clear f or some time that
supersaturation with cholesterol is a common condition of human bile, in
contrast to that, for example, of pigs, sheep, oxen and dogs (Holzbach et al.,
1973).
I). M. Small and his colleagues gave quantitative significance to the idea
that the principal substances affecting cholesterol solubility in bile are
lecithin and bile salts and after a series of careful studies with cholesterol,
mixtures of bile salts such as normally occur in human bile and lecithin from
egg-yolk, they could express their results by a phase diagram such as Fig. 5.1.

Fig. 5.1. Phase diagram showing the area of miccllar solubility of cholesterol in mixtures of lecithin
and bile salts, both from human bile.
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Within the "micellar phase" area shown on this diagram, that is within the
molar percentages bounded by this area, cholesterol is held in solution as
micelles with lecithin and bile salts: outside this zone cholesterol is not
soluble. Thus, if the three molar percent concentrations are determined for
any bile, the point resulting will show whether or not the bile is supersaturated
with cholesterol. Bile so supersaturated is sometimes described as
"lithogenic".
The micellar-phase area originally proposed by Small and his colleagues
(e.g. Admirand and Small, 1968) was somewhat larger than that shown in Fig.
5.1, mainly because of experimental difficulties discussed in detail by Carey
and Small (1974). Other workers, for example Hegardt and Dam (1971) and
Holzbach et al. (1973) have proposed smaller zones: Fig. 5.1 shows
approximately an agreed area.
J. A. Lucy and his colleagues, using negative-staining electron microscopy,
have observed cigar-shaped macromolecular assemblies both in natural bile
and in cholesterol—lecithin—bile salt mixtures: these particles may b e
composed of disc-shaped mixed micelles intercalated with layers of water
(Howell et al., 1970). It is generally supposed that lecithin and bile salts are
virtually the only substances that determine cholesterol solubility in bile; this
assumption is supported by the common experience that biles whose
cholesterol/ bile salt lecithin proportions fall outside the micellar zone in Fig.
5.1 are often found in patients with gallstones. Nevertheless the correlation is
far from complete (Holzbach et al., 1973) and one wonders whether the mucin
or some other unexplored constituent of bile might play a more important role
than so far recognised acting, for example, as protective colloids and
hindering crystallization of cholesterol. Cholesterol "supersaturation" is
common in man and baboons, but frequently does not result in gallstones.
5.7. The gallstone problem
Except in man and perhaps baboons (McSherry et al., 1971) gallstones are
very uncommon in wild animals and those kept in the usual conditions of
domesticity. Cattle stones seem to be mainly composed of bilirubin, I have
seen one such concretion from a sheep and Woodet al. (1974) found many in
foetal sheep gallbladders. The rare pig gallstones consist of calcium salts of
lithocholic acid and 30,6a-dihydroxy- 50-cholanic acid (Haslewood, 1967).
Gallstones of various compositions have been induced, for example, in dogs,
cats, rats, mice,
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rabbits, guinea pigs, ground squirrels, prairie dogs and hamsters (Schoenfield
and Sj6vall, 1966; Freston and Bouchier, 1968; Sutor et al., 1969; Englert et
al., 1969; Holzbach et al,, 1976).
Some human populations are particularly prone to gallstones, for example
American Indians (Adler et al., 1974), whereas others (e.g. Africans; Heaton
et al., 1977) are almost without them. There is a relationship between the
prevalence of cholesterol stones and the composition of bile in human races
(Oviedo et al., 1977). Stones consist usually mainly of cholesterol and/or
calcium bilirubinate, carbonate, palmitate or phosphate with an organic
matrix; the older classification into cholesterol, pigment or mixed stones is
outdated (Sutor and Wooley, 1971, 1973, 1974). Studies by physical methods
of the actual crystalline and macromolecular assemblies that exist in gall stones may throw light on the physiology of their formation (e.g. Bills and
Lewis, 1975).
Stones not consisting mainly of cholesterol cannot be removed except by
surgery, but in recent years there has been considerable progress towards a
successful "drug" treatment of radiolucent cholesterol stones (i.e. those
containing little or no calcium salts), particularly if these are small and the
patient has a functioning gallbladder. Thistle and Schoenfield (1969) reported
that the "lithogenic potential" of patients' bile was decre ased by giving
chenodeoxycholic acid (3.16) and Danzinger et al. (1972) and later Bell et al.
(1972) that cholesterol gallstones could be dissolved in situ by this treatment.
This discovery caused a considerable sensation, for oral therapy had not
previously succeeded and there are many patients for whom surgery is
inadvisable or unacceptable.
An immediate biochemical worry was that the same intestinal
microorganisms that convert cholic to deoxycholic acid also make lithocholic
acid (3.15) from chenodeoxycholic acid, as shown in Scheme 5.1.
Now, it is known from earlier work that lithocholic acid is toxic to the liver
in many species and pyrogenic in man, so that the prospect of greatly increased
lithocholate production as well as the possibility of chenodeo xycholic acid
toxicity itself required careful study. The position was reviewed in detail by
Palmer (1972) and later work showed that chenodeoxycholic acid was indeed
hepatotoxic to Rhesus monkeys (Macaca mulatto.: Heywood et al., 1973;
Webster etal., 1975; Dyrszka et al., 1976) baboons (Papio anubis and P.
cyanocephalus: Morrissey et al., 1975) and rabbits (Fischer et al., 1974).
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Palmer originally showed thai man could sulphate lithocholate quite
efficiently and Schwenk et al. (1978) have demonstrated that our nearest
relative, the chimpanzee, has a quantitatively similar ability. This is not true
of some more remote primates, for example Rhesus monkeys. After a thorough
study, Cowen et al. (1975a) suggest that sulphation may enhance the faecal
excretion of lithocholic acid and its conjugates and may "be a
biotransformation of considerable protective advantage", especially in man.
Such a mechanism might account for the relative lack of toxicity of
chenodeoxycholic acid to our species.
Iser et al. (1975) were able "to confirm that in suitable patients,
chenodeoxycholic acid given by mouth effectively dissolves gallstones and
that in doses up to 1.5g per day it appears safe". A transient rise in serum
transaminase may occur and also diarrhoea in some patients, but no serious
complications have been reported. Dowling (1976) recommended a dosage of
15 mg of chenodeoxycholic acid per kg of body weight per day and stated that
those most likely to respond are non-obese patients with small radiolucent
stones in functioning gallbladders, in whom the overall efficacy (dissolution
of stones) is 80—90%. On the same occasion, Schoenfield et al. (1976) said
that "the medical dissolution of cholesterol gallstones by administration of
chenodeoxycholic acid is still experimental therapy" and that "other agents,
adjuvents or dietary manipulations should be sought for safe and more rapid
and effective dissolution of gallstones".
At the time of writing, a clinical trial to involve about 1000 patients is in
progress in the U.S.A. and a number of centres elsewhere (for example,
Pedersen and Bremmelgaard, 1976) are doing similar investigations, which
usually involve also a study of the effects of the treatment on constituents of
bile obtained by duodenal intubation.
Chenodeoxycholic acid therapy appears to exert its in vivo solubilising effect
chiefly by converting the circulating bile salt pool almost completely to
chenodeoxycholic acid conjugates and also by decreasing the concentration of
cholesterol in the bile (Northfield et al., 1975), possibly by inhibition of the
HMG-CoA reductase enzyme that may be rate-controlling for cholesterol
biosynthesis (p. 68). Decreasing biliary cholesterol leads to a less saturated
bile, a situation expressed quantitatively by a smaller "l ithogenic" or
"saturation index". This index is defined as the ratio of the molar concentration
of cholesterol actually present to the maximal amount that would dissolve at
the phospholipid (lecithin)-bile salt concentrations of the
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sample. Thomas and Hofmann (1973) suggested a simple method of
calculating this, using either the original curve of Admirand and Small (1968)
or that of Hegardt and Dam (1971) and Holzbach el al. (1973), as depicted in
Fig. 5.1. For this latter line marking the limit of max imum cholesterol
solubility, the equation for the plot molar % cholesterol versus molar ratio
phospholipid/phospholipid + bile salts is:
(1) y = 3.082 — 0.804x + 117.05x2 — 204.94x3
(up to x = 0.370)
where y = molar % cholesterol at saturation and x = the mola r ratio
phospholipid/phospholipid + bile salts. For higher values of x, where the
maximum solubility boundary approaches that of Admirand and Small, the
equation:
(2)

y= 117.4 — 755.0x+ 1.756x2— 1.377x 3

may be used.
Equations (1) or (2) enable one to calculate the concentration of cholesterol
at saturation (y) for any values of phospholipid and bile salts and then the
lithogenic index is the ratio: mole % of cholesterol in the sample / y .
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Ii is obvious thaL at saturation the index = 1.0 and values greater than this
indicate a bile supersaturated with cholesterol. Mok et al. (1974) prefer the
term "saturation index", since "normal individuals often have supersaturated
bile but do not form gallstones". The effect of chenodeoxycholic acid therapy
in lowering the index is frequently expressed as in Fig. 5.2, taken from Iser et
al. (1975).
When chenodeoxycholic acid therapy is stopped the saturation index of bile
rises and stones often reform (Dowling, 1976).
Toouli et al. (1975) reported that the treatment of 9 patients with
radiolucent stones in the gall-bladder or biliary tree with a mixture of cholic
acid (750 mg) and soya-bean lecithin (250 mg) thrice daily for 6 months
resulted in the disappearance of stones in 2 cases. Clearly this regimen is less
effective than chenodeoxycholic acid therapy, but it did result in a marked
lowering of the biliary lithogenic index. Pomare et al. (1976) found a similar
effect after feeding wheat bran (at least 20 g daily for 4 —6 weeks) to 10
patients with functioning gallbladders containing radiolucent stones; this
regimen also increased the synthesis of chenodeoxycholic acid and the size of
its circulating pool in 6symptomless subjects.
Quite recently it has been suggested that ursodeoxycholic acid, the
7/J-epimer of chenodeoxycholic acid (Formula 4.17), might be even more
effective and less potentially toxic than chenodeoxycholic acid itself (Makino
and Nakagawa, 1976). Ursodeoxycholic acid may comprise more than 8% of
the total bile acids in gall-bladder bile (Igimi, 1976): it is biochemically
linked with chenodeoxycholic acid via 3a-hydroxy-7-oxo-5/3-cholanic acid
(p. 70) and by this route could also give rise to some lithocholic acid in an
intact animal. Its metabolism and therapeutic value are certain to be
thoroughly tested (e.g. Igimi et al., 1977; Fedorowski et al., 1977; Maton et
al., 1977; Nakagawaetal., 1977).
Summarising, we can say that an oral therapy for dissolving radio lucent
cholesterol gallstones is available and likely to be improved. Several
well-equipped centres are engaged in elucidating the rational basis of this
treatment. Marks et al. (1976) give a thoughtful and detailed review of the
problem.
5.8. The bile salt "pool"
Vlahcevic et al. (1970) found by the isotope dilution method that 8 patients
with gallstones had an average of 1.29 g of total bile acids
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circulating as their conjugates in the enterohepatic "pool"; the corre sponding
figure for 9 patients without gallstones was 2.38 g. It seemed that the
gallstone patients produced less cholic acid (206mg/day) than those without
stones, who made 358 mg of cholic acid per day. However, Mok and Dowling
(1974) question the validity of both the isotope dilution and isotope washout
methods of measuring bile salt pools. The latter method gave results closel y
corresponding with daily secretion rates in Rhesus monkeys with permanent
biliary fistulae. In patients without gallstones, the pool size was 2.0 —2.5 g as
measured by the isotope dilution method, which is the only one applicable to
man. The average fractional turnover was about 0.3, i.e. about 600—800
mg/day, which is greater than measured faecal excretion of bile acids (Section
5.5). The discrepancy is unexplained but perhaps the isotope dilution method
measures more bile salts than those actually in the enterohepatic circulation.
5.9. Bile salts in liver disease
It has become clear that in liver disease where cholestasis occurs there are
quite profound alterations both in bile pigments and bile salts. The position
for bilirubin conjugation was mentioned on p. 8 and there have been several
reports of the production of unusual bile acids. For example, Summerfield et
al. (1976a) mention, with references, that cholic, chenodeoxycholic,
deoxycholic,
ursodeoxycholic,
lithocholic,
3a -hydroxy-5a-cholanic,
3/3-hydroxy-5-cholen-24-oic acids and an unsaturated monohydroxy acid
have been found in blood plasma and urine in this type of disease: they
themselves also identified 3/3,7a- dihydroxy-5/3-cholanic, hyodeoxycholic,
hyocholic and 3a,7/3,12a- trihydroxy-5/3-cholanic acids as well as
26-hydroxycholesterol and (probably) 5/3-cholestane-3a,7a,26-triol. In
addition, a high percentage of the urinary bile acids may be excreted as
sulphate esters, possibly to some extent made in the kidney (Summerfield et
al., 1976b, 1977; Alme et al., 1977). In some patients with hepatobiliary
disease, 3a,7a-dihydroxy-12-oxo-5/3-cholanic acid has been found in fistula
bile; its metabolic origin is unclear (Kikuchi, 1972). This variety of
substances recalls the remarkable bile acids produced by surgically jaundiced
rats and mice in the experiments of E. A. Doisy and his colleagues in the
1960's (references in Haslewood, 1964).
In jaundice, blood bile salt concentrations are of course greatly
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increased. Murphy (1972) by enzyme-fluorimetry, found total serum bile
acids between 51 and 185/imol/l in patients with raised serum bilirubin and
alkaline phosphatase. Javitt et al. (1976), by GLC, found up to 14mg/100ml
(343/xmol/l as cholic acid) in serum from children with familial cholestasis
and Demers and Hepner (1976), by radioimmunoassay, detected, elevated
levels of glycine-conjugated cholic and chenodeoxycholic acid respectively in
serum from 22 cholestatic patients; however, they found higher value in
cirrhosis, hepatitis and liver cancer. Bron et al. (1977) measured bile acid
concentrations in serum, cerebrospinal fluid and brains of patients with
fulminant hepatic failure. Bile salt concentration in serum may be raised when
bilirubin is not (e.g. Fausa and Gjone, 1976). It is generally agreed that some
of the bile salts circulating in the blood in cholestatic disease are sulphated
(e.g. Stiehl etal., 1975; Makinoet al., 1975) and bile salt glucuronides have
been found in urine and plasma in those conditions (Back, 1976; Frohling and
Stiehl, 1976).
In spite of the traditional belief that the sinking of flowers of sulphur in
jaundiced urine (Hay's lest) is caused by the surface tension - lowering effect
of bile salts, il was not until 1968 that these compounds were actually proved
to be present in urine from a patient with obstructive jaundice. Even so, Gregg
(1967) found only about 10 mg each of cholic and chenodeoxycholic acids as
their conjugates in a 24-h urine collection. Taking sulphated bile acids into
account, Back (1973a) found up to 85mg/24h in patients with obstructive
jaundice. This quantity of human bile salts in a litre of urine is far below the
amount necessary to cause powdered sulphur to sink and it is likely that the
rarely-seen positive responses to Hay's test have some oth er cause. Stiehl
(1974) found a maximum total daily urinary excretion of about 88 mg of bile
salts in patients with obstructive jaundice; more than half the bile salts were
sulphated. Also in obstructive jaundice, Makino et al. (1975) found up to
about 24 mg of bile salts in a daily urine. larger amounts were excreted in
acute hepatitis and a high proportion of the bile salts were sulphates. In
cholestasis, as in other conditions involving increased concentrations of bile
salts in blood, pruritus (itching) is common. It can often, but not always, be
relieved by eating an anion-exchange resin, for example cholestyramine, that
by simple opposite charge attraction "sequesters" intestinal bile salt anions, so
breaking the enterohepatic circulation and causing a much increased loss of
bile salts in the faeces. Although this treatment
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stimulates biosynthesis of fresh bile salts; it does usually lower the plasma
concentration and may relieve itching.
W. N. Mann (1974), in a thoughtful review of biliary cirrhosi s, said that
"cholestasis means no more than a failureof the bile flow through the biliary
channels". Hans Popper and his colleagues believe that some of the effects of
cholestasis are caused by injury to the endoplasmic reticulum of the
hepatocytes, brought about by the detergent action of accumulated bile salts
(Schaffner et al., 1971).
The late James B. Carey, Jr., a much respected pioneer of bile salt studies in
human disease who devised perhaps the first reasonably accurate method for
measuring serum bile salt concentrations, attached prognostic significance to
the serum T/D ratio (Table 5.2). He said that "with severe liver injury a
disproportionate increase in the dihydroxy bile acid concentration reduced the
trihydroxy di- hydroxy ratio to less than 1.0. Persistence of this reversed ratio
is frequently followed by coma, death or both" (Carey, 1958). Later work with
present-day methods has confirmed that a low T/D does indeed often occur in
liver disease (e.g. Murphy, 1972) but its prognostic value is less clear (see
also Heaton, 1972). Murphy (1972) also agreed with others in finding a low
G/T ratio (Table 5.2) in cholestatic liver disease and this may occur without
cholestasis. The biochemical basis of such alterations in conjugating capacity
of diseased human liver has long been studied, for example by Schersten
(1967).
In cirrhosis, there may be little or no deoxycholic acid or its conjugates in
bile and plasma and this may be because conditions in the intestine then
become unfavourable for the action of 7«-deoxy- genating bacteria (Yoshida
et al., 1975).
As mentioned in Section 5.3, La Russo et al. (1975) have proposed an
intravenous glycocholate tolerance test that may be of particular diagnostic
value in chronic hepatitis; it always gave abnormal r esults in jaundiced
patients with hepatic or biliary disease. After giving 0.5 g of cholate by
mouth, Matern et al. (1977) were able to distinguish the "tolerance" (rate of
fall of serum cholate, measured by RI) of patients with liver cirrhosis from
that of those with additional portal hypertension. Both groups had abnormally
increased tolerance. Thjodleifsson et al. (1977) have assessed the value of the
rate of disappearance of cholyl- H C-l-glycine (glycocholate labelled in the
glycine) from blood plasma as a test of hepatocellular disease.
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5.10. Bile salts in biliary atresia
This infantile condition, which may prove fatal or be "outgrown" in
later life, is an absence or gross deficiency of hepatic ductular
function, possibly caused by developmental or acquired metabolic
defects. It may amount to a virtual absence of extrahepatic ducts
(Javitt, 1974).
In the duodenal fluid from two unrelated children with
intrahepatic bile duct anomalies Eyssen et al (1972) found large
quantities of the C27 trihydroxycoprostanic acid. This substance is a
biochemical precursor of cholic acid in man (p. 50) and Hanson et al.
(1975) suggested that in such patients the metabolic defect is the
inability to hydroxylate trihydroxycoprostanic acid at C -24 and so to
remove the terminal three carbon atoms to form cholic acid. The
inheritance seemed to be via an autosomal recessive gene.
Makino et al. (1971) found 3j3-hydroxy-5-cholen-24-oic acid and
allo(5o!)lithocholic acid as well as 24-hydroxycholesterol in urine from
4 children with extrahepatic biliary atresia; lithocholic acid was also
present in one case. Cholic and chenodeoxycholic acid conjugates,
too, are found in urine from these patients and the bile salts are
partially sulphated. In a similar case, Back (1973b) also det ected ursodeoxycholic acid. Makino et al. (1971) gave H C-4-cholesterol to one of
their patients and could detect less than 5% of the total bile acid radio activity in their combined monohydroxy bile acid —dihydroxysterol
fraction. They suggested that cholesterol may not be a direct precursor
of these substances. Back (1973b) on the other hand, thought it
possible "that the different atypical primary bile acids found in extra hepatic atresia result from the metabolism of a common precursor,
synthesized by the mitochondrial oxidation of cholesterol, possibly 3(3 hydroxy-5-cholenoic acid or 3-oxo-4-choIenoic acid".

5.11. Other diseases involving bile salts
Weber et al. (1973) found that children with cystic fibrosis excreted about
seven times as much bile acid as normal children. Their output was
comparable to that of patients with ileal resection, in whom, of course, the
chief site for bile salt absorption has been removed (p. 3).
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It has been suggested that an ileal defect might account for the failur e to
absorb bile salts in cystic fibrosis and indeed that an intestinal fault other than
pancreatic insufficiency could contribute to malab sorption in these patients.
However, the condition remains largely unexplained.
In untreated coeliac disease, the gallbladder is somewhat inert and the
enterohepatic circulation of bile salts sluggish. The total bile salt pool may be
more than 9 g, as compared with a normal pool of about 3 g (Low -Beer el al.,
1973).
In Wilson's disease, Cowen et al. (1975b) found normal biliary bile acids
and a decreased glycocholate tolerance.
As mentioned on p. 53, patients with the rare disease cerebro - tendinous
xanthomatosis may have in their bile a number of 50 - cholestanes
hydroxylated at C-3a,C-7a,C-12a,C-25 and elsewhere in the side-chain (Table
2.1). The disease is characterised inter alia by defective cholesterol and bile
acid metabolism; sufferers are probably homozygous for an autosomal
recessive gene. The presence of considerable amounts of 5oi-cholestan-3/3-ol
in the nerve tissue as well as the strange bile alcohols makes this condition one
of great biochemical interest; it is described in detail by Salen and Mosbach
(1976).
Dowling and his colleagues have described a case of congenital bile acid
deficiency. The patient, a woman of 28, has had lifelong intractable and
severe constipation and steathorrhea, partially corrected by taking a
commercial bile salt preparation. The bile salt pool size and daily rate of
synthesis arc much less than normal. At the time of writing, an alysis of the
bile is incomplete (Iser et al., 1977).
In diverticulosis of the small bowel in elderly women, concretions
(enteroliths) may form especially in the jejunum. These consist almost
entirely of choleic acids, i.e. co-ordination compounds of deoxycholic acid
with fatty acids in molar ratio 8/1, formed round an insoluble (in my
experience, vegetable) residue. I have found no consistent pattern in the fatty
acids involved. Bradbrook and Bird (1977) describe a recent case.
There is one recorded example of a cholic-chenodeoxycholic acid stone in
the afferent duojejunal loop of a man of 52 who had had a gastrojejunostomy
since the age of 4 (Fisher et al., 1965).
In these cases, presumably, prolonged contact with intestinal bacteria
causes hydrolysis of conjugates, and in diverticulosis the formation of
deoxycholic acid from cholic acid, the former then
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precipitating gradually as a choleic acid in the presence of fatty acids at the
prevailing pll. In a recent case I found that the "fat" (light petrole um-soluble)
material from the enterolith consisted of a complex mixture mainly of
long-chain fatty acids in the acid (protonated) form, i.e. not as soaps, showing
that the ambient pH in life must have been quite low.
Patients with the stagnant loop syndrome suffer from malabsorption and
steathorrhea. Northfield et al. (1973) have found that bile acid analyses of
jejunal samples, obtained by intubation in these patients, had considerable
diagnostic value and were "sufficiently simple and rapid for use as a routine
diagnostic procedure in a laboratory not having any special experience in bile
acid chemisty". Northfield (1973) has suggested that steathorrea in this
condition might be caused by intraluminal precipitation of bile acids liberated
by bacteria from their conjugates in increased amounts.
Failure of bile salts to reach their intestine means that the micellar
mechanism for fat absorption (p. 12) cannot work or works imperfectly.
Nevertheless, absorption of triglycerides can apparently be quite effectiv e,
probably because processes other than those described on p. 12 can then play
a greater part. What these other mechanisms may be is not clear; they may
involve absorption of fatty acids directly into the portal circulation, as
normally occurs with short-chain acids. That implies that some hydrolysis of
triglycerides can take place in the absence of bile salts and this does indeed
seem to be the case. Neutral fat (i.e. fat that cannot be hydrolysed) is poorly
absorped in bile salt deficiency and it may be desirable to supply extra
fat-soluble vitamins, such as A and K.

5.12. The breath test
Fromm and Hofmann (1971) devised an ingenious test for bacterial
overgrowth in the intestine. A lOfiCi dose of glycocholate, labelled with M C
in the glycine portion (cholic acid conjugated with H C-1- glycine) is given
orally and CO2 from breath samples is trapped and counted for
H
C-radioactivity at 2-h intervals. Many types of intestinal bacteria remove the
glycine and catabolize it, giving H CC >2, the production of which is thus a
crude measure of total bacterial population. This breath test is very easy to do
and has proved of
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considerable clinical value. If combined with an assay of M C excreted in the
faeces it is capable of distinguishing between overgrowth of deco njugating
bacteria in the small intestine (contaminated small bowel syndrome) and in
the colon (bile acid malabsorption syndrome); it seems to be the most
sensitive test available for ileal disease (Thaysen and Pedersen, 1977). Its
value in Crohn's disease and other conditions has been examined by Scarpello
and Sladen (1977).
In healthy persons, the presence of unconjugated bile acids in the lower
jejunum is quite common and in the lower ileum there may bea 1.0 mmolar
concentration of these substances (Nort hfield and McColl, 1973).

5.IB. Effect of diet on cholesterol balance
As mentioned in Section 5.6, an important reason for studying cholesterol in
bile is that biliary excretion, either as cholesterol itself or as bile salts, is the
only important method by which this sterol can leave the human body. In his
book Heaton (1972) has a thoughtful and scholarly chapter on the effect of
diet on biliary output and blood plasma concentrations of cholesterol. It
seemed at one time that dietary fibre containing lignin, which is known to bind
to bile salts in vitro, might have a beneficial effect by acting like
cholestyramine and so removing cholesterol (after conversion into bile salts)
from the enterohepatic circulation.
After feeding raw wheat bran to healthy people (see Section 5.7) Pomare et
al. (1976) concluded that "binding of bile salts by bran ... either does not occur
in vivo or is limited to the colon". Kritchevsky and Story (1976) give a
discussion on the effects of dietary fibre on lipid and bile salt metab olism.
Other dietary regimens have given confusing and inconclusive effects on
biliary output of bile salts and cholesterol; however, Heaton (1972) concludes
that "there is much evidence that diets containing refined carbohydrate have
adverse effects on cholesterol-bile acid meiabolism". He speculates that a
rapid rise in blood sugar and thus in blood insulin "might lead to alteration in
hepatic cholesterol metabolism".
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CHAPTER 6

General conclusions and speculations

The purpose of the previous chapters was to put the reader into the biological
picture (physiological, biochemical, taxonomic an d medical) as far as it
concerns bile salts. I would like to conclude with some largely speculative
remarks about the significance of this picture, particularly in relation to
vertebrate evolution.
It seems possible that there is a sharp division between vertebrate and
invertebrate animals at the level of hagfishes, for no animal with less
organisation as a chordate than these has yet been shown to make use of
steroid detergent digestive molecules. However, some of those non -arthropod
invertebrate forms that can synthesize cholesterol (Chapter 4) might have
digestive fluids containing steroid bile salts or biochemical precursors of
these substances. A sea pen, Ptilosarcus gurneyi, of the order Pennatulacea,
contains methyl esters of steroid acids with the ch olesterol nucleus and C24
bile acid side-chains, but with S instead of R steric relationships at C-20 (e.g.
Vanderah and Djerassi, 1977). Such discoveries show that some invertebrates
can shorten the cholesterol side-chain, but do not of themselves point t o these
animals as likely remnants of stock that gave rise to chordates, for the
newly-found steroids are not detergent-type molecules. Hagfishes themselves
are the specialised remnants of vertebrates whose ancestors very long ago
departed from invertebrates. At present, therefore, the steroid bile salts cannot
tell us which existing invertebrates, if any, might be the present -day
descendents of the stock that gave rise to vertebrates. This question has been
raised before in comparative biochemistry particularly in relation to the
phosphagens of muscle tissue, and with the same inconclusive answer.
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Perhaps the most astonishing thing about vertebrate bile salts is their
variety. Each of the chemical types described in Chapter 2 seems to be able to
function perfectly well physiologically as a digestive aid in appropriate
animals and the difficulty is to understand why evolutionary development
took place at all. The only known bile salt molecules not obviously
well-structured to act as effective amphiphiles are the disulphates of myxinol
and 16-deoxymyxinol, yet hagfishes do very well with these substances
(albeit in large amounts), as they do with other molecules and morphological
features that are apparently less effective than those of more advanced f orms.
What selective pressures, then, led to an advance from such poor amphi philes
as hagfish bile salts to the clearly superior (as detergents) side -chain alcohol
monosulphates having the 3a,7a,12a-trihydroxy nucleus with additional OH
groups, from these to taurine-conjugated C27 acids, thence to the taurine
conjugates of C24 acids and finally to the glycine conjugates of eutherian
mammals?
Perhaps we can set aside hagfishes as remarkable examples of obsolete
models surviving in a modernised animal world and Lalimeria, too, with its
3/J-hydroxyl group in latimerol, might come into an analogous relict category.
This still leaves the great variety in the remaining vertebrates to be accounted
for, for we can by no means say that the polyhydroxy alcohol sulpha tes are
inferior as amphiphiles to taurine conjugates of C 27 or C 2I bile acids. Glycine
conjugation is even more difficult to explain, for if it confers selective
advantages why do we not see it in other highly advanced vertebrates: in
teleosts, lizards, snakes, birds or marsupials?
And what about evolutionary "drift"? It seems impossible to believe that
cholic acid has not been evolved separately a number of times: in bony fishes,
amphibians, reptiles, birds and mammals. Even in elasmobranchs, there are
signs of its appearance. The alternative that teleosts, most lizards and snakes,
birds and mammals arose from precursors already having cholic acid seems
quite untenable, from the bile salt distribution given in Chapter 4. Why should
evolution proceed separately to the same substance and its C 21 allies in every
vertebrate group?
Is it possible that an answer lies in the nature of evolution itself? That once a
process of biochemical evolution has started there is a tendency, unless it is
prevented from so doing by selective forces, for it to proceed to an end finally
determined by the functional molecule and its place in the entire phenotypic
biochemical scheme? To
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approach this question experimentally in our case, we need to know the
mechanisms by which expression of the genes coding for enzymes making bile
salts from cholesterol are controlled. Are the DNA sequences coding for all
the enzymes acting in advanced animals already present in the most primitive
vertebrates and does evolution merely entail that they should be expressed as
protein and this expression controlled? Perhaps the situation is analogous to
that in the specialised tissues of a single animal, which we know to have the
genetic potential to make any metabolite made anywhere in the organism but
which do not actually do so. When more is known about how DNA expression
is determined in different tissues and different animal forms, perhaps a fresh
look at bile salts will give a new insight into evolutionary progress.
There is another general question, perhaps no more than a rider to the one
discussed above and approachable experimentally in a similar way, and that is:
what is the biochemical meaning of evolutionary vigour and senescence? How
is it that some animal groups, for example crocodiles, have changed little over
very long periods whereas others, for instance ranid frogs, are apparently in a
state of active evolutionary radiation? Is there such a thing as an innate
capacity to evolve in response to changing circumstances, that can be lost
perhaps for ever? The bile salts of crocodiles and some frogs fit very well with
the evolutionary status, senescent or vigorous, of the animals as assessed
above and a more intimate study of the mechanisms producing them might
eventually throw light on this question of evolutionary potential.
A striking feature of steroid bile salts is the obviously close relationship
between their distribution amongst vertebrates and the complete biosynthetic
pathway leading to C 2 i acids, as set out in Scheme 3.1. If this relationship is
shown as in Scheme 6.1, it can account for almost all known major bile
alcohols or bile acids as arising by one or two simple biochemical steps from
substances on the complete chief biochemical pathways. Myxinol and
latimerol are exceptions, for we do not know how the 3/3 OH of cholesterol is
retained or restored.
Apart from these two primitive bile alcohols, 7a,12a -dihydroxy-4cholesten-3-one (3.3) is a common intermediate, lying at the junction between
the 5aand 5/3 series. We do not know how the cholesterol side- chain is
shortened to form petromyzonol, but otherwise the relationships between
biosynthetic intermediates and functioning
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bile salts is biochemically very close and seems to me to emphasize the point
made above, that what we are studying may be the gradual expression of DNA
sequences already present in primitive vertebrates.
Recent discoveries of large amounts of trihydroxycoprostanic acid (3.9) in
some human infants with biliary atresia and of C-25 hydroxylated alcohols
resembling 5/3-bufol in human cerebro- tendinous xanthomatosis (pp. 53 and
140) show again that man still retains the biochemical capacity to make more
primitive types of bile salts, a situation that has implications not only for
human genetics but also for evolutionary studies.
New methods that can discover and identify small traces of compounds in
the complex mixtures of bile alcohols or bile acids obtained after solvolysis or
hydrolysis of native bile salts have made it very clear that most animal spe cies
normally make a considerable variety of bile salt molecules, of which only a
few could be physiologically important. In addition to these chief bile salts,
the minor constituents, described as "biochemical noise", perhaps indicate
some of the possibilities of biological variation. The "noise" may seem
senseless, as in the mixtures of relict bile alcohols still to be found in
sturgeons or polypterid fishes that have mainly C24 taurine- conjugated acids,
or it may appear to herald incipient modernization like the minor amounts of
cholic and allocholic acids in amphibians and cyprinid fishes. In human
disease such normally minor bile salts may become prominent, as mentioned
above. Their study is, I think, important as telling us what genes in each case
can still be expressed: their interpretation as relict or potentially useful in the
future is based on a view of the complete evolutionary picture and of course
may be mistaken.
Apart from our work, the philosophy behind which has been set out in this
and earlier Chapters, there are other published attempts to make biological
sense of the differences between vertebrate bile salts. T. Hoshita and his
colleagues at Hiroshima have pursued both the detailed chemistry and species
distribution particularly in amphibians with a declared intention of
understanding "the biosynthesis and molecular evolution of bile acid" (Kihira
et ah, 1977).
Ripatti and Sidorov (1973) attempted a correlation between the diet and the
bile acids of 13 species of fish, 13 birds and 7 eutherian mammals; they
concluded that their findings supported "to a substantial degree the existence
of a relationship between the type of
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nutrition of the animal and the qualitative and quantitative composition of the
bile acids in the bile".
Yousef et al. (1973) compared the bile acid composition of 7 species of
desert rodents and also tried to relate this to diet. They thought "sterol
metabolism differs in various species and this difference does not appear to be
related to ecology, nutrition or ecological distribution". In later work the same
authors (Yousef et al., 1977) studied by quantitative GLC —MS the bile acid
composition in 9 lizard species. They describe a "similarity index" based on
this composition and used it to discuss taxonomic relationships. As Yousef et
al. clearly realise, the biological value of such comparisons must be assessed
with great caution, since so many very different animals share a few
molecules as bile salts, some of these molecules are secondary and there has
been a great deal of convergent and parallel evolution. Again, the Yousefs and
their colleagues could find no correlation between diet and bile salt
chemistry.
It seems to me to be unlikely, if not impossible, that a single biochemical
character could be used to construct a valid scheme of evolutionary
relationships between animal species: the assumption by biochemists that
such a thing could be done seems naive and likely to bring comparative
biochemistry into contempt. It is the business of systematists to propose suc h
schemes and in so doing they must be expected to take molecular characters
into account. Molecular differences are precise and can be directly related to
genes; for these reasons alone they should be highly rated by systematists.
Each biochemical character should be considered in its context as
contributing to the animals' physiology and with as much under standing as
possible of the selective pressures that have influenced its history.
I am aware that some of the ideas put forward here are not new; indee d they
constitute, with different degrees of credibility, part of the general thinking
concerning evolution. It is precisely because these thoughts, arising as they do
from a molecular study, coincide so well with opinions based mainly on
morphology and palaeontology that I have come to believe that bile salt
variation may be an excellent character for deeper investigation. For
molecules make up the machinery of living processes. A complete molecular
understanding of these processes is possible and might tell us how they came
to have the results we see in living forms today and might expect in the future.
Odd as it seems, one possible route to such a goal may be through a closer
study of bile salts.
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APPENDIX

Bile salts in different animal fo

Throughout our studies, my colleagues and I have tried to publish records of
all bile salts discovered. The Table below is intended to list those not given by
Haslewood (1967) or Tammar (1971a, b, c). Classification of fishes is mainly
that of Greenwood (1975).
Except for some recent work, only the chief bile acids or alcohols have
been identified for gas-chromatographic-mass spectral methods are quite new
and have not generally been used for bile salt analysis.
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While this book was in proof, Dr. Herbert Falk held his Fifth Bile Acid
Congress in Freiburg, West Germany; about 400 delegates attended and much
new work was presented. Readers might like to hear of some of this and also
of new discoveries recently reported. I refer to appropriate sections in the
foregoing text.
1.5. Nature of bile pigments
F. Compernolle, K. P. M. Heirwegh and their colleagues (Compernolle et al.,
1978)
have
shown
that
when
aqueous
solutions
of
1-0-bilirubin-IXa-glucuronide (in which the bilirubin-IXa is attached by ester
linkage to C-l in glucuronic acid) are kept above pH 7, molecular
rearrangements occur so that bilirubin becomes attached to C -2, C-3 or C-4 of
the glucuronic acid; similar changes occur in cholestasis. This work explains
some of the conflicting opinions about the smaller conjugated bilirubin
molecules. Compernolle et al. could not find the bilirubin conjugates with
other carbohydrates described by Kuenzle (1970).

3.1—3.4 Biosynthesis of bile acids and bile alcohols
Two undecided biochemical questions concerning bile acid biosynthesis are:
(1) which of the two terminal methyl groups in the cholestane side -chain is
oxidised to give the substances 3.7—3.11 in Scheme 3.1 (p. 50) and (2)
whether oxidation is normally done by
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enzymes in the mitochondria or endoplasmic reticulum (microsomal fraction)
of the liver cells.
When cholesterol is biosynthesised from H C-2-mevalonate (p. 68), one of
the two terminal methyl groups in the side-chain becomes radioactive. This is
the pro-R methyl group and G. Popják and his colleagues (1977) have now
proposed that its carbon atom be numbered C-26. Popja'k el al. found it
magnetically distinguishable from C-27 in cholesterol biosynthesised from
l3
C-mevalonate.
J. Gustafsson and S. Sjöstedt (1978), using the microsomal fraction plus
supernatant from liver cells of male Sprague—Dawley rats, converted
M
cholesterol
biosynthesised
from
C-2-mevolonate
into
5(3cholestane-3a,7a,12a-triol (Scheme 3.1) and thence into 3a,7a. 12atrihydroxy-50-cholestan-26-oic acid. When this acid was decarboxy- lated,
the radioactivity in the derived CO2 was about 80% of that calculated to be on
C-26 in the 5/3cholestane-3a,7a,12atriol: thus the microsomal hydroxylase
system was specific for C-26, as defined above. The authors, taking into
account other published work, concluded that in normal bile acid biosynthesis
in rats this hydroxylase system might be more important than the
mitochondrial co-hydioxylase which has the opposite stereospecificity and,
unlike the microsomal system, hydroxylates cholesterol itself at C -27.
E.H. Mosbach and his co-workers, on the other hand (Dayal et al., 1978 and
Fifth Bile Acid Congress, Freiburg) prepared 25R and 25S 5/3cholestane-3öi7a,26-triols and used these as standards to investigate the
stereospecificity of terminal side-chain hydroxylation of 5/3-cholestane3a,7a-diol (Scheme 3.1) by subcellular fractions from livers of guinea pigs,
rats, rabbits and human subjects. In aH four species, Mosbach et al. found
thatcj-hydroxylation by the microsomal fractions was only 6—20% of the
total hydroxylation, whereas with mitochondria a>- hydroxylation accounted
for 65—85% of the total. Both C-25 isomers of 5/3-cholestane-3a,7cv,26-triol
were produced in similar proportions by the microsomal fraction, but hepatic
mitochondria made mainly the 25R triol suggesting that, at least in the
biosynthesis of cheno- deoxycholic acid, the initial side-chain hydroxylation
is carried out by the mitochondria.
These conflicting views will no doubt be reconciled by future experiments.
Biochemists and others will also be grateful for a clear final definition of
which of the two side-chain terminal methyl groups in the cholesterol
molecule is to be designated C-26, for the definition of C-26 now proposed by
Popják et al. is the opposite of the one on
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p. 22, which follows the suggestion made by K. A. Mitropoulos 8c N. B.
Myant (1965). The IUB—IUPAC Rules merely state that "if one of the two
methyl groups attached to C-25 is substituted it is assigned the lower number
(26)", which is no help to biochemists. The tri - hydroxycoprostanicacid
usually obtained from biles is the25R isomer and 5a - and 5/3-chimaerol have
the same configuration (Anderson and Haslewood, 1970).
P. G. Killenberg and his colleagues have continued to elucidate the
enzymic mechanism of bile acid conjugation. They have examined the
subcellular distribution of the two enzymes (cholyl -CoA-synthetase: step 1,
p. 66) and bile acid-CoA-amino acid N-acyltransferase: step 2, p. 66) that
catalyse the formation of glycine and taurine conjugates of C24 bile acids.
After partial purification of the second enzyme, the authors conclude that the
rat probably has a single acyltransferase that uses either taurine or glycine
(Killenberg, 1978; Killenberg and Jordan, 1978).
G. Parmentier and H. Eyssen (1977; 1978) have now described about 30 of
the 39 possible sulphate esters of the three common bile acids, cholic,
chenodeoxycholic and deoxycholic acids, and their glycine and taurine
conjugates, together with other similar compounds. These standards will be of
great value in studies of this interesting aspect of bile salt metabolism.

5.7. The gallstone problem
M. C. Carey and D. M. Small (1978) have carried out a systematic phase
equilibrium study which showed that the total bile "lipid" (bile salt + lecithin
+ cholesterol) concentration is more important in determining the solubility of
cholesterol than the bile salt-lecithin ratio. For example, at a fixed
lecithin—bile salt mole fraction of 0.25 (a common figure for bile) an increase
in total lipid concentration from 0.35 g/dl (very dilute hepatic bile) to 25 g/dl
(very concentrated gallbladder bile) resulted in a sixfold increase in the molar
concentration of cholesterol. The authors have worked out tables for the
calculation of "percent cholesterol saturation" at various physiologically
likely total lipid, bile salt and lecithin concentrations. At the Fifth Bile Acid
Congress, Carey pointed out that for usual gall-bladder bile with a total lipid
concentration of, say, 5—15 g/dl, calculation of the saturation index by the
equations of Thomas and Hofmann (p. 134)
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might not result in errors of clinical importance; however, for hepatic bile
these equations are quite inapplicable. The "micellar zone" proposed by Carey
and Small is smaller still than that shown on Figure 5.1 and the new
calculations show that "all cholesterol gallstone patients have supersaturated
gallbladder biles". The new work may supersede the calculations given on p.
134.
For gall-bladder bile containing much ursodeoxycholic acid, which will
become common in treated gallstone patients, a correction must be applied by
subtracting a figure from the mole percent cholesterol values, since
cholesterol is less soluble in mixtures of ursodeoxycholic acid taurine and
glycine conjugates than in corresponding solutions of conjugates of
chenodeoxycholic acid.
There appeared to be complete agreement at the Freiburg Congress that
ursodeoxycholic acid is superior to chenodeoxycholic acid for the treatment
of radiolucent cholesterol gallstones. It is effective in smaller doses, gives
rise to less lithocholic acid and is free from the side effects (diarrhoea, raised
serum transaminase) often noticed during treatment with chenodeoxycholic
acid. Japanese medicine had an initial advantage in testing this therapy, for
ursodeoxycholic acid has been available to its doctors for many years.
Clinical trials of ursodeoxycholic acid and also of chenodeoxyc holic acid are
likely to continue and the metabolism and mode of action of the former
compound will receive concentrated attention. The precise mechanisms by
which these dihydroxy bile acids achieve a lowering of the saturation index of
bile in vivo are by no means understood.
T. Low-Beer made the potentially useful observation that cholesterol
solubility in bile in vivo could be increased by decreasing the concentration of
deoxycholic acid conjugates, which can be done by the administration of
substances preventing the growth of anaerobic intestinal bacteria responsible
for the 7-deoxygenation of cholic acid conjugates. In 11 men given the drug
"metronidazole" (selectively bactericidal to anaerobes) the proportion of
deoxycholic acid conjugates in the gall-bladder bile fell considerably and in
almost all subjects the saturation index also fell, rising when treatment
ceased.
It was pointed out on p. 135 that chenodeoxycholic and ursodeoxy cholic
acids are biochemically connected by the 7-deoxy compound, 3ahydroxy-7-oxo-5f3-cholanic acid (7-ketolithocholic acid). The last substance
can readily be made from chenodeoxycholic acid by the several types of
intestinal bacteria having 7a-hydroxysteroid
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dehydrogenase activity. H. Fromm, A. R. Hofmann and their colleagues
reported at Freiburg that 7-ketolithocholic acid during one passage through
the human liver is reduced mainly to chenodeoxy- cholic and to a lesser extent
to ursodeoxycholic acid. Thus it is clear how chenodeoxycholic acid can be
converted in vivo to ursodeoxycholic acid; what is not so obvious is how the
opposite change, i.e. ursodeoxycholic -» chenodeoxycholic acid, can occur.
There are no known common intestinal bacteria that have 7j3 -hydroxysteroid
dehydrogenase activity, although of course such might yet be discoverd.
Unless ursodeoxycholic acid is dehydrogenated at C-7, it is hard to see how
chenodeoxycholic acid can arise from it except perhaps by some hitherto
unknown epimerisation process, possibly in the liver.
Much other interesting work was described at Freiburg, for example I. A.
Macdonald and co-workers described the discovery of a potentially very
useful 12a-hydroxysteroid dehydrogenase preparation and A. Schwaier and H.
Weis demonstrated the advantages of the tree "shrew" Tupaia belangeri as a
laboratory animal for bile salt studies in relation to human disease; this
primate has bile much more like that of man than other small laboratory
species (see Appendix) and can easily be induced to form cholesterol
gallstones. The proceedings of the Congress will be published in full by MTP
Press, Lancaster, U.K. under the title "Biological Effects of Bile Acids: Falk
Symposium No. 26".
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5 (3-Cholestane -2 (3,3a.7a, 12a.26,27hexol: see arapaimol-B
50-Cholcstane-3a.7a.12a.24,26,27-

hexol: see scymnol
5 (3-Cholestane -3a,7a, 12a,25,26,27hexol: see 5(Jdermophol
5a-Cholestane-3a,7a,12a,24,26-pentol:
see 5a-chimaerol
5a-Cholestane-3a,7a,12a,25,26-pentol: see
5a-bufol
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5a-Cholestane-3a,7a, 12a,26,27-pentol:
see 5a-cyprinol
5a-Cholestane-30,7a, 12a, 26,27-pentol:
see latimerol
50-Cholestane-20,3a.7a,l2a,26-pentol: see
arapaimol-A
50-Cholestane-3a.7a, 12a.23,25peniol 24, 53
5/?-Cholestane-3a.7a,12a.24,25pentol 24, 53, 54
50-Cholestane-3a,7a, 12a,24,26-pentol:
see 50-chimaerol
5/3-Cholestane-3a,7a 12a,25,26pentol 53, see also 5/3-bufol
50-Cholestane-3a, 7a, 12a,26,27-pentol:
see 50-cyprinol
5a-Cholestane-30,7a,16a.26-tetrol: see
myxinol
5a-Cholestane-3a.7a,12a,26-tetrol: see
27-deoxy-50-cyprinol
50-Cholestane-3a,7a, 12a,25-tetrol 53
5(3-Cholestane-3a,7a, 12a,26-ietrol:
see 27-deoxy-50-cyprinol
5a-Cholestane-3a,7a,12a-triol 60
5a-Cholestane-30,7a,26-triol 60, see also
16-deoxymyxinol
5(J-Cholestanc-3a.7a,12a-triol 50
50-Cholestane-3a,7a,26-triol 52, 136
5a-Cholestan-30-ol 10, 60, 140
50-Cholestan-30-ol: see coprosterol
Cholestasis 8, 138 Cholesterol, biosynthesis
67
conversion to bile acids 49—63,
185-187 estimation 10 formula 50
7a-hydroxylase 52 in gallstones 130—135
solubility in bile 128—130 Cholestyramine
137 Cholic acid, biosynthesis 49, 53
conjugation 34, 66, 187 conversion to
deoxycholic acid 28, 70
formula 28 free, in bile 33, 90 in blood
126

monoglucuronide 137
properties 30 sulphates 34,
187 Choloepus hoffmatii 107
Chondrostei 86
Ciliatocholate 34 Cirrhosis
138
Clostridium perfringens 32 Cod,
12a-hydroxylation 57 Coelacanth 83
Coeliac disease 140 Colubridae 101
Conjugation 34, 66, 187 Control of bile
salt biosynthesis 67 Coprosterol
(coprostanol) 10 Corralus enhydris 99
Coypu 110 Crab 79 Crayfish 79 Crocodilia
101 Crossopterygi 83 Curassow 103
Cutting-grass 110 Cyclostomes 80
Cylindrophis 99 Cypriniformes 88—91
Sa-Cyprinol, formula 84 properties 24
50-Cyprinol, formula 87 properties 24
Cyprinus carpio 64 Cystic fibrosis 139
Decanoylsarcosyltaurine 79
25-Deoxy-5a-bufol 24, 89
24-Deoxy-5a-chimaerol 24, 89
Deoxycholic acid, formation from cholic
acid 28, 70, 188 formula 29 in blood 126
enteroliths 140 faeces 128 properties 30
27-Deoxy-50t-cyprinol, formula 89
properties 24
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I
27-Deoxy-50-cyprinol 25 16-Deoxymyxinol
25 26-Deoxy-26-nor-5aranol 25
26-l)eoxy-5a-ranol 25 26-Deoxy-50-ranoi
25, 65 Dermophis mexicanus 93 5oi- and
50-Dermophols 25, 93, 94 Dictyocaulus 14
Diemyctylus 94 Digestion of fat 11 Digitonin
10
3a-7a-Dihydroxy-5a-cholanic acid: see
allochenodeoxycholic acid 3a,
12a-Dihydroxy-5or-cholanic acid:
see lagodeoxycholic acid
3a,6a-Dihydroxy-5/3-cholanic acid: see
hyodeoxycholic acid 3a.6p
-Dihydroxy-5(3-cholanic acid 31
3(3,6o-Dihydroxy-5(3-cholanic acid 31
3a,7tt-Dihydroxy-5(3-cholanic acid: see
chenodeoxycholic acid
3a,7^-Dihydroxy-5(3-cholanic acid: see
ursodeoxycholic acid
3/3,7a-Dihydroxy-5(3-cholanic acid 136
3a.l2a-Dihydroxy-50-cholanic acid:
see deoxycholic acid
3/3,7a-Dihydroxy-4-cholen-24-oic
acid 75, 177
3a,7tt-Dihydroxy-5-cholen-24-oic
acid 57, 177
3a,7c<-Dihydroxy-5/J-cholestanoic
acid 27, 61 7a,
12a-Dihydroxy-4-cholcsten-3
one 50, 156
3c«.7a-Dihydroxy-12-oxo-5/J-cholanic acid
136
3a, 12a-Dihydroxy-7-oxo-5j3-cholanic
acid 71 Diverticulosis 140 Dogs 104,
130 Domestic fowl 103 Duodenal bile,
composition 123
Echidna 105
Echinococcus granulosus, effect of bile
salts on 13
Edentata 107
Eel, 12a-hydroxylation in 57

Electrophorus eleclricus 90 Elephas
maximus 113 Endothelial cells 5
Enhydra lutris 112 Enterohepatic
circulation 3, 4 Enteroliths 140
F.nzymic analysis of bile salts 38, 125
Eptalrelus 80 Erinaceus europaeus 106
Erpetoichthys 87
Escherichia coli, 7a-hydroxysteroid
dehydrogenase in 38, 71, 105 Eutherians 106
Evolution and bile salts 79—115,
153—158
Faeces, bile salts in 32, 127 Fats,
absorption 12 digestion 11 in bile
8—11, 122 Foetus, bile salts in
124
Gaboon viper 100 Gadus callarias 57
Gall-bladder 3 anatomy 3, 4 functions 4
occurrence 3 Gallstones 130 cholesterol in
131 — 135 composition 131 dissolution by
chenodeoxycholic acid and ursodeoxycholic
acid etc. 131—135, 187—189 in Africans
131 American Indians 131 baboons 130 cats
130
ground squirrels 131
guinea pigs 131 hamsters
131 mice 131 pigs 130
prairie dogs 131 rats 130
rabbits 131 sheep 130
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Geocapromys
110
Gerbil 60
Germ-free,
animals 70
mice 178
pigs 114
rabbits 70
rats 178
Gigi fish 90
Glycine conjugates 29, 66, 104, 110
Glycochenodeoxycholate 123
Glycocholate 123
Glycodeoxycholate 123
Goats 115
Ground squirrel 131
G/T ratio 125, 138
Guinea pig 110
Haemulcholic acid 92, 166—168 Hagfishes
80
Hamster, gallstones in 109, 131
Hare 108
Hay's test 137
Heloderma 97
Henophidia 99
Hepatic bile 122
Hepatocyte 5
Herbivores 104, 115
Hippopotamus 115
Histidine conjugates of bile acids 34
HMG-CoA 67
"Holoslei" 87
Horn bill 103
Horse, bile salts 113, 180
Human foetus and infant 124
Human bile,
composition
122,
123 Human bile
salts,
composition
123 estimation 125
in bile 122, 123
faeces 127
liver disease 136—142 urine 127 pool
135, 140 Hydrolysis of bile salts 32, 37
3a-Hydroxy-5a-cholanic acid 136, 139

3«-Hydroxy-5 (3-cholanic acid: see
lithocholic acid
30-Hydroxy-5-cholen-24-oic acid,
biosynthesis 56 formula 56 in biliary atresia
139 in infants 55, 124
3(3-Hydroxy-5-cholesten-26-oic acid 56
7a-Hydroxy-4-cholesten-3-one 50
3-Hydroxy-3-methyl glutaryl CoA 67
30-Hydroxycholenic acid: see 30hydroxy-5-cholen-24-oic acid
7a-Hydroxycholcsterol. biosynthesis 52
formula 50 26-Hydroxycholesterol 55,56,
124, 136 6a-Hydroxylation 114
60-Hydroxylation 109 7a-Hydroxylation of
cholesterol 52 of deoxycholic acid 71, 108
12a Hydroxylation 57, 60. 61
23-Hydroxylation 59, 100
3<*-Hydroxy-6-oxo-5a-cholan ic
acid 31, 115
3oc-Hydroxy-7-oxo-5/5-cholanic acid 105
formula 105 origin 70, 110 properties 31
3a-Hydroxysteroid dehydrogenase 38, 125,
127
7a-Hydroxysteroid dehydrogenase 38,
70, 125, 127
Hymenolepis 14 Hyocholic
acid biosynthesis 114
formula 114 properties 30
Hyodeoxycholic acid,
biosynthesis 114 formation
in pig 114 formula 114 in
wart-hog 115 properties 31
lctiobus 89 Iguana iguana 59, 173
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Ileum 3, 4, 140, 142 Infant, bile salt
biosynthesis 55, 124 Insectivora 106
Intestinal microorganisms, affected by bile
salts 14 effect on bile salts 21, 70, 71, 132
Invertebrates 79
Jaundice 8, 136—138 Jejunum 4, 140
Kite 103
Klebsiella pneumoniae 34 Koala 105
Kusimanse 111
Lacerta viridis 98 Lagodeoxycholic acid 31
Lagomorpha 107 Lampreys 81 Lagothrix
106 Latimeria chalumnae 83 I^atimerol,
formula 84 properties 25 Lecithin, formula
9 in bile 8, 129, 130 Lepidosiren paradoxa
85 Lepisosleus osseus 87 Lepus californicus
108 Lepus limidus 108
Liebermann-Burchard reaction 10 Lipase
11 Lipids, absorption 4, 11 —13 in bile
8—10, 128—130 in micelles 12, 130
Lithocholic acid, biosynthesis 56
formation from chenodeoxycholic
acid 132
formula 132
metabolism in man and other
primates 15, 34, 55, 124, 128, 133
properties 31 sulphation 133 toxicity 131

Lithogenic index 133—135 Liver, canaliculi
5 cells 5
disease 136—139
sinusoids 5 Lizards
97—100 Lungfish
84—86 Lulra
sumalrans 112
Macaca mulatto 131
Mammals 103—115
Manis 107
Marsupials 105
Megalobalrachus japonicus 94
Meriones unguiculalus 60
Miscelles 11,12, 41, 129, 130
Microvilli 5, 12
Mitu mitu 103
Mongoose 111
Monitor lizards 97
Monkeys 106, 131
Monoglycerides 9, 11, 12, 122
Monosulphates of bile acids 34, 109,
124, 127, 133, 136, 187
Monotremes 105 Mucin 7, 130 aand 0- Muricholic acid, biosynthesis
56 formulae 108 properties 30
«-Muricholic acid, biogenesis 109
properties 30 Murinnae 108 Mus
muscularis 108 My ocas tor coy pus
110 Myrmecophaga tridactyla 107
Myxine 80 Myxinol,
disulphate, model 42
formula 40 properties 25
Neclurus 94 Neoceratodus Jorsteri 85
27-Nor-5a-cholestane-3a.7a.12a.24,26pentol: see 5a-ranol

204

27-Nor-50-cholestane-3a,7a,12a,24,26
peniol: see 50-ranoI
27-Nor-5a-cholestane-3a,7a, 12a,24teirol: see 26-deoxy-5a-ranol
27-Nor-50-cholestane-3a,7a,12a,24leirol: see 26-deoxy-5|3-ranoI
Obstructive jaundice 137 Ophisaurus 98
Opossum 105
Ornithorhyncus analinus 105 Orycteropus afer
113 Oryctolagus cuniculus 107 Ostariophysi
88—91 Osteichthyans 83—93
L-1 -Palmityl-2-oleyl-phosphatidyl
choline 9
Papio 131
Parapristipoma trilineatum 92 Parasilurus
asolus 91 Parasites, effect of bile salts on 13
Pelteobagrus nudiceps 90 Penguins 102
Perrisodactyla 113 Petromyzon 81
5a-Petromyzonol, formula 81 properties 25
5/?-Petromyzonol 85 pH of bile 4, 121
Phascolarctos cinereus 105 Phocaecholic acid,
formula 112 occurrence 112 properties 30
Phocochoerus aethiopicus 115 Phospholipids,
in bile 8
solubilising cholesterol 128—130, 187
Physical chemistry of bile salts 39—42
Pig.
bile salts 113—115
gallstones ISO
Pinnipedia 112 Piranha
90
Plagiodontia aedium 110

Platynota 97
Platypus 105
Polypeptide-bilirubin complex 8
Polypterus 87 Porphyrin synthesis,
effect of bile alchols on 13
Prairie dogs 131 Primary bile salts
21, 59 Primates, bile salts 106
sulphation 133 Proboscidea 113
Procanbarus clarkii 79 Protein in
bile 7 Prolopterus aethiopicus 85
Pseudomonas testosteroni 38
Pythocholic acid, biogenesis 99
formula 99 properties 30 Rabbit,
bile salt biosynthesis in 107
germ-free 70 Radioimmunoassay
125, 126 Rainbow trout 167 Rana
catesbeiana 64, 95, 171 SaRanol,
formula 95 properties 25
5(J-Ranol, biosynthesis 65 formula
65 properties 25 Rats,
bile salt biosynthesis in 70, 71, 108
gallstones 130 Rattus 109 Reptiles 96—102
Rhesus monkey 131, 136 Rodentia 108—110
Rules of nomenclature 22, 29 Ruminants 9,
115
Saimiri 106 Salamander 61, 94
Salamandra salamandra 94
Sampoderma 98 Saturation
index 133—135
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Scyliorhinus canicula 83
Scymnol, formula 23 history
23 properties 25 Scymnus
borealis 23 Sealions 112
Seals 112
Secondary bile salts 21, 69—71
Selenarctos 112 Serpentes 99
Serrasalmus ternetzi 90 Sheep 9, 34,
115 Siluriformes 90 Solubility of
cholesterol in
bile 128—135
Squama ta 97
Stagnant loop syndrome 141
Sturgeons 86 Synodontis 91 Suidae
113 Sulphates,
biosynthesis 66
of bile acids 34,35,124,127,133,136,
137, 187 ol lithocholic acid
34, 133 solvolysis 37, 38 Sus scrofa
115

Tachyglossus aculeatus 105 Taurine
conjugates, formation 66, 187 of C s,
acids 28 of C 27 acids 26
Taurochenodeoxycholate 123
Taurocholate, formula 40, model 41
Taurodeoxycholate 123 T/D ratio
123, 125, 138 Teleostei 88—93
Testudinata 96 3a,7a.
12a,23-Tetrahydroxy-5|3cholanic acid 30, 100, 101
20,3a, 7a, 12a-Tetrahydroxy-50cholestan-26 (or 27)-oic acid; see
arapaimic acid

3a,7a, 12a.22-Tetrahydroxy-50cholestan-26 (or 27)-oic acid: see
tetrahydroxysterocholanic acid 3a,7a,
I2a.24-Teirahydroxy-5/3cholestan-26(or 27)-oic acid: see
varanic acid Tetrahydroxyisosterocholanic
acid 27 Tetrahydroxysterocholanic acid 27, 97
Thyronomys swindereanus 110 Tight junction
5 Tortoises 96 Triglycerides, absorption 12,
digestion 11 in bile 122
Trihydroxybufosterocholenic acid, formula 33
origin 62 3a,7a,12a-Trihydroxy-5a-cholanic
acid: see allocholic acid
3a.6a.7a-Trihydroxy-5|3- cholanic acid:
see hyocholic acid
3a,6a.7/?-Trihydroxy-5(3-cholanic acid:
see CO -muricholic acid 3a
6j3,7a-Trihydroxy-5/3-cholanic acid:
see a-muricholic acid
3a,6(3,7|3-Trihydroxy-50-cholanic acid:
see (3-muricholic 3a,7a.
12a-Trihydroxy-50-cholanic
acid: see cholic acid
3a,7«,16a-Trihydroxy-5/3-cholanic
acid: see pythocholic acid
3a,7a,22a-Trihydroxy-5(3-cholanic acid: see
haemulcholic acid
3a.7a,23-Trihydroxy-5(3-cholanic acid:
see phocaecholic acid 3a, 1 2a
23-Trihydroxy -5/3-cholanic
acid: see bitocholic acid
3a,7a,'2a-Trihydroxy-50-cholestan-26
(or 27)-oic acid 61, 173
3a,7a,12a-Trihydroxy-50-cholesian-26- oic
acid: see
trihydroxycoprostanic acid 3a,7a,
12aTrihydroxy-50-cholest-22ene-24-carboxylic acid: see
trihydroxybufosterocholenic acid
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•to, 7a, 120t-Trihydroxy-5f!-cholest-23en-26(or 27)-oic acid 62
Triliydroxycoprostanic acid,
biosynthesis 50
formula 50
in human disease 139
occurrence 61, 102, 169—172
Turtles 96
Typhlops 101
Unconjugated bile acids 32—3'!. HO
Urine,
bile salts in 127, 136, 139
Urodela 93, 94
Uromastix hardwickii 6 1
Ursidae 111
Ursodeoxycholic acid,
biogenesis 59, 70, 71, 188, 189
formula 111
gallstone therapy 135, 188
properties 31
Ursus arctos 112

Varanic acid, formula 50 in
biosynthesis 50 occurrence
61, 97 Varanidae 97
Varichorhinus 88, 167
Viper berus 100 Vipers 100
Viverridae 111
Walrus 112 Wart hog
115 Weasels 111
Whales 110 Wilson's
disease HO
Xanthomatosis, ccrebrotendinous 53, 140
Zaire River Expedition 88, 91, 181 Zwi
itérions 9

