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Preface 10 Volume 2 

The first volume in this series was primarily concerned with the physio­
chemical aspects of bile acids and their salts. In keeping with the original 
organizational format of this work, Volume 2 focuses our attention on the 
physiological and metabolic aspects of these substances. 

The mechanisms of bile acid biogenesis and the transport of bile salts 
through the enterohepatic circulation have been clarified by elegant studies 
in recent years. The metabolism of bile salts in health and disease and its 
response to hormonal and pharmacological stimulation are also areas of 
increasing interest. This volume contains an extensive discussion of these 
aspects of bile acid and bile salt metabolism. 

We wish to thank Mrs. Lillian Haas, Miss Jane T. Kolimaga, and Mrs. 
Rose Powdermaker for their assistance with the editing of this volume. This 
work was supported in part by grants AM-02l31, General Research 
Support 5S0-IRR-05479 (PPN), HE-03299, HE-05209, and a National Heart 
Institute Research Career Award (OK), K6-HE-734 from the National 
Institutes of Health, United States Public Health Service. 
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Chapter 1 

MECHANISMS OF BILE ACID BIOSYNTHESIS* 

Henry Danielsson 

Department 0/ Chemistry 
Karolinska lnstitutet 
Stockholm. Sweden 

In this chapter, an attempt is made to summarize present knowledge con­
cerning the mechanisms of the conversion of cholesterol into the primary bile 
acids. In addition, a section on the formation of bile salts in "primitive" 
animals is included. Emphasis in discussion and documentation of references 
will be placed on more recent developments. The early work will be briefly 
reviewed in the introductory section. 

I. INTRODUCTION 

The primary bile acids are defined as those formed from cholesterol in 
the liver. Secondary bile acids are those formed from the primary bile acids 
through the action of intestinal microorganisms during the enterohepatic 
circulation of bile acids. The secondary bile acids may be sUbjected to further 
structural modifications by liver enzymes. The main primary bile acids in 
most mammalian species are ch()U~acid and chenodeoxycholic acid. t Other 

*See Notes Added in Proof, page 305. 
tThe following systematic names are given to steroids and bile acids referred to by trivial 
names: cholestanol, 5a-cholestan-3p-ol; cholic acid, 3a,7a,12a-trihydroxy-5p-cholanoic 
acid; hyocholic acid, 3a,6a,7a-trihydroxy-5p-cholanoic acid; a-muricholic acid, 3a,6p,7a­
trihydroxy-5p-cholanoic acid; p-muricholic acid, 3a,6P,7p-trihydroxy-5p-cholanoic acid; 
allocholic acid, 3a,7a,12a-trihydroxy-5a-cholanoic acid; chenodeoxycholic acid, 3a,7a­
dihydroxy-5p-cholanoic acid; deoxycholic acid, 3a,12a-dihydroxy-5p-cholanoic acid; 
allochenodeoxycholic acid, 3a,7a-dihydroxy-5a-cholanoic acid; allodeoxycholic acid, 
3a,12a-dihydroxy-5a-cholanoic acid; lithocholic acid, 3a-hydroxy-5p-cholanoic acid. 

1 



2 Henry Danielsson 

primary bile acids are a- and {:i-muricholic acids, present in the mouse and 
rat and perhaps also in other species, and hyocholic acid, present in the pig. 
Evidence has been presented that 3a-hydroxy-7-oxo-5{:i-cholanoic acid, 
present in the guinea pig and several other species, and lithocholic acid, 
present in the rat and several other species, can be primary bile acids. Small 
amounts of other bile acids including 5a-cholanoic acids occur in bile of 
various species, and many of these bile acids have been shown to be primary 
bile acids. The origin of bile acids from cholesterol was established in 1943 
by Bloch et al. (1), who showed that deuterium-labeled cholesterol was 
transformed into cholic acid in the dog. The conversion of cholesterol into 
bile acids has since been shown in a number of species, and, in lack of con­
clusive evidence to the contrary, cholesterol may be considered an obligatory 
intermediate in the formation of bile acids under normal conditions. 

The changes of the cholesterol molecule that occur in its conversion into 
bile acids include epimerization of the 3{:i-hydroxyl group, reduction of the 
Ll5 double bond, introduction of hydroxyl groups in positions C-7 (cheno­
deoxycholic acid), C-7 and C- I 2 (cholic acid), or C-6 and C-7 (a- and (:i­
muricholic acids, hyocholic acid), and transformation of the C27 side chain 
into a C24-carboxylic acid. 

Investigations on the quantitative aspects of the conversion of choles­
terol into bile acids were conducted in the early 1950s by Bergstrom and 
collaborators (2,3) and by Chaikoff and collaborators (4,5), who showed that 
bile acid formation is a major pathway for the metabolism of cholesterol. 
The early work on the sequence of reactions in the conversion of cholesterol 
into cholic acid was carried out mainly by Bergstrom, Lindstedt, and col­
laborators (3,6-8). The experimental approach was to synthesize isotop­
ically labeled, hypothetical intermediates, administer these compounds to 
rats with a biliary fistula, and analyze the labeled products excreted in bile. 
The results of these studies and those of Chaikoff and collaborators (9,10) 
indicated that in cholic acid formation the changes in the steroid nucleus 
preceded the oxidation of the side chain and that introduction of the 7a­
hydroxyl group probably was the first step. With respect to intermediates in 
the formation of cholic acid other than 5-cholestene-3{:i,7a-diol, the work of 
Bergstrom, Lindstedt, and collaborators suggested that 5{:i-cholestane-
3a, 7a, 12a-triol and 3a, 7a, 12a-trihydroxy-5{:i-cholestanoic acid might be 
normal intermediates. 

The conversion of cholesterol into chenodeoxycholic acid was not 
studied in the same detail as the conversion of cholesterol into choIic acid. 
It was found that many different C27-steroids were converted into chenode­
oxycholic acid in rats with a biliary fistula. It was not possible to deduce a 
pathway for chenodeoxycholic acid formation that could include all these 
C27-steroids as intermediates. 
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The development of present knowledge of the mechanisms of bile acid 
formation has been possible through a combination of the use of cell-free 
preparations of liver with the general experimental approach of Bergstrom, 
Lindstedt, and collaborators. Metabolites formed in the presence of different 
subcellular fractions of liver homogenates have been isolated and identified. 
The compounds have been tested as precursors of bile acids in rats with a 
biliary fistula. The chemical synthesis of a number of unlabeled as well as 
isotopically labeled steroids has played an important role in these studies. 

ll. FORMATION OF CHOLIC ACID 

A. Changes in Steroid Nucleus 

Early work in vitro on the sequence of reactions in the conversion of 
cholesterol into bile acids was carried out with mitochondrial preparations 
from rat and mouse liver (11). These preparations were found to catalyze 
predominantly reactions involving the oxidation of the side chain of C27-

steroids. No evidence for the formation of 12a-hydroxylated metabolites 
was obtained. In 1963, Mendelsohn and Staple (12) reported the conversion 
of cholesterol into 5j1-cholestane-3a,7a-12a-triol in the presence of a 20,000g 
supernatant fluid of rat liver homogenate. This finding provided the first 
experimental evidence for the long surmised role of 5j1-cholestane-3a,7a,12a­
triol as an intermediate in the conversion of cholesterol into cholic acid. 
Subsequent work with this enzyme preparation and subfractions of it has led 
to the elucidation of the sequences of reactions in the conversion of choles­
terol into 5j1-cholestane-3a,7a, 12a-triol (Fig. I). 

I. Conversion of Cholesterol into 5-Cholestene-3j1,7a-diol 

The first step in the sequence of reactions leading to the formation of 
5j1-cholestane-3a, 7a, 12a-triol (Fig. I) is a 7a-hydroxylation of cholesterol 
yielding 5-cholestene-3/1,7a-diol (13-15). The reaction is catalyzed by the 
microsomal fraction of rat liver homogenate fortified with NADPH (16-18) 
and involves direct displacement of the 7a-hydrogen by the entering hy­
droxyl group (19). Boyd et al. (20) have reported in preliminary form the 
solubilization of the 7a-hydroxylase. The 7a-hydroxylation of cholesterol 
is inhibited by carbon monoxide (20,21) and by antibody against NADPH­
cytochrome c reductase (21), indicating the participation of NADPH­
cytochrome c reductase and cytochrome P-450 in the reaction. In contrast 
to many microsomal hydroxylations, which are stimulated manyfold, pheno­
barbital administration has been reported to result in no increase or only a 
small increase of 7a-hydroxylase activity (18,20-22). A fourfold increase has, 
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Fig. I. Conversion of cholesterol into 5/1-cholestane-3a,7a,12a-triol. I, Cholesterol; II, 
5-cholestene-3/1,7a-diol; III, 7a-hydroxy-4-cholesten-3-one; IV, 5-cholestene-3/1,7a,12a­
triol; V, 7a,12a-dihydroxy-4-cholesten-3-one; VI, 7a-hydroxy-5/1-cholestan-3-one; VII, 
7a,12a-dihydroxy-5/1-cholestan-3-one; VIII, 5/1-cholestane-3a,7a-diol; IX, 5/1-choles­
tane-3a7a,12a-triol. 
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however, been observed by Shefer et al. (17). Biliary drainage and cholesty­
ramine feeding lead to a severalfold increase in 7a-hydroxylase activity with 
no change or reduction in total cytochrome P-450 concentration (17,20,21, 
23-25). These observations indicate that either cytochrome P-450 is not 
rate limiting or a cytochrome P-450 different from that (those) involved in 
most microsomal hydroxylations participates in the reaction. 

The presence of esters of 5-cholestene-3,B,7a-diol in rat liver has been 
shown by Boyd (26), who suggested that 7a-hydroxylation might occur with 
cholesterol esters rather than cholesterol. It appears, however, that esters of 
5-cholestene-3,B,7a-diol are formed predominantly by esterification of 5-
cholestene-3,B,7a-diol. Hutton and Boyd (27) have found that the 100,000g 
supernatant fluid of rat liver homogenate catalyzes the esterification of 5-
cholestene-3,B,7a-diol, and Katayama and Yamasaki (28) have reported that 
in vitro there is no significant 7a-hydroxylation of cholesterol esters under 
conditions of efficient 7a-hydroxylation of cholesterol. 

The role of the 7a-hydroxylation of cholesterol as a rate-limiting step 
in the biosynthesis of bile acids will be discussed in Section VI. 

2. Conversion of 5-Cholestene-3,B,7a-diol into 7a-Hydroxy-4-cholesten-3-one 

In its conversion into 5,B-cholestane-3a, 7a, 12a-triol, 5-cholestene-3,B,7a­
diol is transformed either into 7a-hydroxy-4-cholesten-3-one (15, 29) or 5-
cholestene-3,B, 7a, 12a-triol (30). The conversion of 5-cholestene-3,B,7a-diol 
into 7a-hydroxy-4-cholesten-3-one is catalyzed by the microsomal fraction 
fortified with NAD or NADP (27,31), NAD being several times more active 
than NADP (31). The enzymatic formation of a LJ4-3-oxosteroid from a 
LJ5-3,B-hydroxysteroid is generally assumed to require the participation of 
two enzymes, a LJ5-3,B-hydroxysteroid dehydrogenase and a LJ5-3-oxosteroid 
isomerase. The possibility that the reaction is catalyzed by a single enzyme 
has not been ruled out (32). The mechanism of the enzymatic conversion of 
5-cholestene-3,B,7a-diol into 7a-hydroxy-4-cholesten-3-one has been studied 
by Bj6rkhem (32) with the aid of 5-cholestene-3,B,7a-diol labeled with 
deuterium or tritium in specific positions. The results obtained by Bj6rkhem 
confirm and extend previous observations by Samuelsson (33) and Green and 
Samuelsson (34) on the conversion of 6-3H- and 4,B-3H-cholesterol into bile 
acids in vivo. The rate-limiting step in the conversion of 5-cholestene-3,B,7a­
diol into 7a-hydroxy-4-cholesten-3-one was found to be oxidation of the 
3,B-hydroxyl group. This step was coupled with or followed by loss of the 
4/f-hydrogen, of which a small amount was transferred to the 6,B-position. 
The loss of the 4/f-hydrogen did not involve isotope discrimination, whereas 
significant isotope effects were found for the intramolecular transfer. About 
3 % of a 4,B-tritium and about 12 % of a 4,B-deuterium were transferred to the 
6,B-position. The incorporation of isotope from the medium was small 
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whether the reaction was carried out in deuterated or tritiated water. Since 
the figures for the intramolecular transfer of a 4{1-deuterium and a 4{1-
tritium make it unlikely that the reaction involves complete intramolecular 
transfer, it is probable that the low extent of incorporation of isotope from 
labeled medium can be ascribed to insufficient equilibration between a 
,hydrogen donor on the enzyme and hydrogen in the medium. It may, how­
ever, be concluded that the mechanism of isomerization of the ,;15 double 
bond in the conversion of 5-cholestene-3{1,7a-diol into 7a-hydroxy-4-cho­
lesten-3-one differs from those found for the isomerization of a ,;15 double 
bound in steroid hormones catalyzed by adrenal and liver enzymes [no 
transfer of 4{1-hydrogen to the 6{1-position (35)] or by an enzyme from 
Pseudomonas testosteroni [complete transfer of the 4{1-hydrogen to the 
6{1-position (36)]. 

3. 12a-Hydroxylation 

In the apparently major pathway for the conversion of cholesterol into 
5{1-cholestane-3a,7a,12a-triol, the step following the formation of 7a­
hydroxy-4-cholesten-3-one is a 12a-hydroxylation yielding 7a, 12a-dihydroxy-
4-cholesten-3-one (Fig. 1). The reaction is catalyzed by the microsomal 
fraction fortified with NADPH (15,37). The conversion of 5-cholestene-
3{1,7a-diol into 5-cholestene-3{1, 7a, l2a-triol, which is a reaction in another 
pathway for the formation of 5{1-cholestane-3a,7a,12a-triol, is also catalyzed 
by the microsomal fraction fortified with NADPH (30,37), as is the 12a­
hydroxylation of 5{1-cholestane-3a,7a-diol and 7a-hydroxy-5{1-cholestan-
3-one (37). The rates of 12a-hydroxylation of these C27-steroids differ con­
siderably: the rate with 5-cholestene-3{1,7a-diol is about one-tenth and with 
5{1-cholestane-3a,7a-diol about half of that with 7a-hydroxy-4-cholesten-3-
one (37). Einarsson (37) and Suzuki et al. (38) have studied some properties 
of the 12a-hydroxylase system with special reference to the possible participa­
tion of electron carriers such as NADPH---<:ytochrome c reductase and 
cytochrome P-450. The 12a-hydroxylation of 7a-hydroxy-4-cholesten-3-one 
was inhibited by cytochrome c, indicating that NADPH---<:ytochrome c 
reductase might be involved. However, no direct evidence for the participa­
tion offlavins was obtained. IfNADPH---<:ytochrome c reductase participates, 
it is not rate-limiting, since the activity of this enzyme increases upon treat­
ment with thyroxine whereas the activity of the 12a-hydroxylase decreases 
(39). Suzuki et al. (38) found no inhibition of l2a-hydroxylation by carbon 
monoxide, whereas Einarsson (37) obtained some inhibition. The 12a­
hydroxylase activity was unaffected by methylcholanthrene treatment (40) 
and lowered by phenobarbital treatment (37,38). These observations in­
dicate that the cytochrome(s) P-450 induced by methylcholanthrene and 
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phenobarbital does not participate in the 12a-hydroxylation of 7a-hydroxy-
4-cholesten-3-one, at least not as a rate-limiting component. 

4. Conversion of 7a,12a-Dihydroxy-4-cholesten-3-one into 5fJ-Cholestane-
3a,7a,12a-triol 

7a,12a-Dihydroxy-4-cholesten-3-one, formed by 12a-hydroxylation of 
7a-hydroxy-4-cholesten-3-one or from 5-cholestene-3fJ,7a, 12a-triol in a 
reaction catalyzed by the microsomal fraction fortified with NAD (30), is 
converted into 5fJ-cholestane-3a,7a,12a-triol by means of the intermediary 
formation of 7a,12a-dihydroxy-5fJ-cholestan-3-one (41). The reactions are 
catalyzed by two soluble enzymes, a L14-3-oxosteroid 5fJ-reductase and a 
3a-hydroxysteroid dehydrogenase. These enzymes have been partially 
purified from the 100,000g supernatant fluid of rat liver homogenate by 
Berseus (42), After tenfold purification, the L14-3-oxosteroid 5fJ-reductase 
preparation catalyzed the reduction of the ,14 double bond in a number of 
L14-3-oxosteroids of the C19-, C21-, C24-, as well as C27-series. NADPH was 
the required cofactor. Evidence was obtained to indicate the presence of 
different L14-3-oxosteroid 5fJ-reductases in the enzyme preparation. A previous 
study by Tomkins (43) of the enzymatic reduction of the ,14 double bond in 
L14-3-oxosteroids of the C19- and C21-series also indicates that in rat liver 
there are a number of different L14-3-oxosteroid 5fJ-reductases with a high 
degree of substrate specificity. The mechanism of the double bond reduction 
and the stereochemistry of the hydrogen transfer from NADPH have been 
studied by Berseus and Bjorkhem (44) and Bjorkhem (45) and have been 
shown to involve transfer of a hydride ion from the A-side of NADPH to 
the 5fJ-position of the steroid and the addition of a proton from the medium 
to the 4a-position. The double bond is thus reduced by means of a trans 
addition of hydrogens. 

The 3a-hydroxysteroid dehydrogenase has been purified about 200-fold 
(42,46). This preparation catalyzes the reduction of the 3-oxo group in 3-
oxo-5a- and 3-oxo-5fJ-steroids of the C19-, C21-, C24-, and C27-series. The rate 
of reaction is faster with NADPH than with NADH, and 3-oxo-5fJ-steroids 
are reduced at a faster rate than the corresponding 3-oxo-5a-steroids. Tom­
kins (47), Koide (48,49), and Doman and Koide (50) have studied 3a-hy­
droxysteroid dehydrogenase activity of rat liver with C19- and C21-steroids 
as substrates and have obtained evidence that at the most only a few 3a-hy­
droxysteroid dehydrogenases with broad substrate specificity are present. The 
results of Berseus are in agreement with the work of these authors and 
indicate that the same 3a-hydroxysteroid dehydrogenase(s) is involved in the 
biosynthesis of bile acids and in the metabolism of steroid hormones in the 
liver. It seems probable that the specificity in the conversion of a ,14-3-
oxosteroid into a 3a-hydroxy-5fJ-steroid is in the reduction of the double 
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bond. This reaction is probably the rate-limiting step (41,43,51) and is cat­
alyzed by enzymes that appear to have a high degree of substrate specificity. 

The 3a-hydroxysteroid dehydrogenase preparation described by Berseus 
(42) has been found to catalyze the oxidation of 4-cholestene-3a,7a-diol into 
7a-hydroxy-4-cholesten-3-one (52). It is interesting that the reverse reaction 
proceeds at a rate which is at least ten times slower. Similarly, the rate of 
oxidation of 5p-cholestane-3a, 7a, 12a-triol into 7a,12a-dihydroxy-5p-choles­
tan-3-one, catalyzed by 3a-hydroxysteroid dehydrogenase, is about ten times 
slower than the rate of reduction (42). 

The reduction of a 3-oxosteroid, catalyzed by 3a-hydroxysteroid dehy­
drogenase from rat liver, has been shown to involve transfer of a hydride ion 
from the A-side of NADPH to the 3p-position of the steroid (44,52). The 
oxidation of 4-cholestene-3a,7a-diol into 7a-hydroxy-4-cholesten-3-one, 
catalyzed by the same enzyme preparation, has also been shown to involve 
the A-side of NADPH (52). It remains to be established whether or not 
Lf4-3a-hydroxysteroid dehydrogenase activity is due to enzyme(s) different 
from 3a-hydroxysteroid dehydrogenase(s). 

5. Other Pathways for the Formation of 5p-Cholestane-3a,7a,l 2a-triol 

In the previous sections, the conversion of cholesterol into 5p-cholestane-
3a,7a,12a-triol by means of the intermediary formation of 5-cholestene-
3p,7a-diol, 7a-hydroxy-4-cholesten-3-one, 7a,12a-dihydroxy-4-cholesten-3-
one, and 7a,12a-dihydroxy-5p-cholestan-3-one has been discussed. Mention 
was made also of another pathway for the formation of 5p-cholestane-3a,7a,-
12a-triol in which 5-cholestene-3p,7a-diol is 12a-hydroxylated prior to oxida­
tion of the 3p-hydroxyl group. The importance of a pathway involving 
5-cholestene-3p,7a,12a-triol as an intermediate has not been conclusively 
established. It appears, however, that this pathway is less important, quan­
titatively, than the one involving 7a-hydroxy-4-cholesten-3-one as an inter­
mediate. The main finding to support this contention is the difference in the 
rate of 12a-hydroxylation by the microsomal fraction fortified with NADPH 
between 7a-hydroxy-4-cholesten-3-one and 5-cholestene-3p,7a-diol. As 
mentioned in section II A3, the rate of 12a-hydroxylation of 7a-hydroxy-4-
cholesten-3-one is about ten times faster than that of 5-cholestene-3p,7a-diol 
(37). On the other hand, upon incubation of cholesterol with the 20,000g 
supernatant fluid, about equal amounts of 5-cholestene-3p,7a,12a-triol and 
7a,12a-dihydroxy-4-cholesten-3-one are formed (30). Since 5-cholestene-
3P,7a,12a-triol is converted efficiently into 7a,12a-dihydroxy-4-cholesten-3-
one (30), part or all of the 7a,12a-dihydroxy-4-cholesten-3-one may have been 
formed by means of the intermediary formation of 5-cholestene-3p,7a,12a­
triol. An interpretation of these contrasting findings could be that the 12a­
hydroxylation of 5-cholestene-3p,7a-diol requires not only the microsomal 



Mechanisms of Bile Acid Biosynthesis 9 

fraction fortified with NADPH but also a factor(s) present in the 100,000g 
supernatant fluid. If this were the case, the differences in rate of 12a-hydrox­
ylation between 7a-hydroxy-4-cholesten-3-one and 5-cholestene-3{3,7a-diol 
in the presence of microsomal fraction fortified with NADPH do not permit 
conclusions concerning the role of a pathway to 5{3-cholestane-3a,7a,12a­
triol involving 5-cholestene-3{3, 7a, 12a-triol as an intermediate. Another 
explanation of the data would be that 5-cholestene-3{3,7a,12a-triol is formed 
from cholesterol through an initial 12a-hydroxylation followed by a 7a­
hydroxylation. However, this possibility appears excluded. From early work 
on the metabolism of 5-cholestene-3{3,12a-diol in rats and rabbits with a 
biliary fistula (53,54) as well as from a recent study in vitro by Einarsson (55), 
it can be concluded that 5-cholestene-3{3,12a-diol is not an important inter­
mediate in the conversion of cholesterol into cholic acid. 

Mendelsohn et al. (29) have proposed a pathway for the conversion of 
7a-hydroxy-4-cholesten-3-one into 5{3-cholestane-3a,7a, 12a-triol that includes 
4-cholestene-3a,7a-diol and 5{3-cholestane-3a,7a-diol as intermediates. These 
authors (56) have shown the formation of 5{3-cholestane-3a,7a-diol from 
cholesterol in the presence of the 20,000g supernatant fluid of rat liver 
homogenate, and the conversion of 5{3-cholestane-3a,7a-diol into 5{3-choles­
tane-3a, 7a, 12a-triol by the microsomal fraction fortified with NADPH has 
been reported by Einarsson (37). It is, however, unlikely that 4-cholestene-
3a,7a-diol is an intermediate in the conversion of 7a-hydroxy-4-cholesten-3-
one into 5fJ-cholestane-3a,7a-diol and 5{3-cholestane-3a, 7a, 12a-triol. 7a­
Hydroxy-4-cholesten-3-one can be reduced to 4-cholestene-3a,7a-diol by the 
100,000g supernatant fluid of rat liver homogenate (57,58), but the equi­
librium of the reaction is heavily in favor of formation of 7a-hydroxy-4-
cholesten-3-one (58). Experiments in vivo with 3{3-3H,4-14C-4-cholestene-
3a,7a-diol and 3{3_3H,4-14C-4-cholestene-3a, 7a, 12a-triol have shown that 
these compounds are converted into cholic acid by means of the intermediary 
formation of J4-3-oxosteroids (59,60). The conversion of 7a-hydroxy-4-
cholesten-3-one into 5{3-cholestane-3a,7a-diol appears to proceed predom­
inantly by means of the intermediary formation of 7a-hydroxy-5{3-choles­
tan-3-one (61) in reactions catalyzed by the soluble J4-3-oxosteroid 5{3-
reductase and 3a-hydroxysteroid dehydrogenase discussed in Section IIA4. 
The importance of a pathway from cholesterol to 5{3-cholestane-3a,7a,12a­
triol with 5{3-cholestane-3a,7a-diol as an intermediate is not entirely clear. 
The rate of 12a-hydroxylation of 5{3-cholestane-3a,7a-diol by the microsomal 
fraction fortified with NADPH is as much as half of that of 7a-hydroxy-4-
cholesten-3-one. On the other hand, 5-cholestene-3{3, 7a, 12a-triol and 7a,12a­
dihydroxy-4-cholesten-3-one are major metabolites of cholesterol and 5{3-
cholestane-3a,7a, 12a-triol is a minor metabolite of cholesterol in incubations 
with the 20,000g supernatant fluid (15,30), indicating that in a system con-
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taining 12a-hydroxylase as well as the soluble enzymes involved in the reduc­
tion of the .14 double bond, 12a-hydroxylation occurs more readily with the 
unsaturated steroids. However, it should be borne in mind that there is 
evidence that the microsomal fraction inhibits the soluble L14-3-oxosteroid 
5(j-reductase. The reason for this inhibition is not known, but the same in­
hibition has been observed in homogenates of guinea pig liver (61) and human 
liver (62). 

6. Pathways Not Leading to Formation of S(j-Cholestane-3a, 7a,l 2a-triol 

Two recent investigations on the formation of cholic acid in rats with a 
biliary fistula indicate the presence of additional pathways for the formation 
of cholic acid involving other sequences of changes in the steroid nucleus 
than those discussed above. Nair et at. (63) have found that in rats with a 
biliary fistula labeled 5,7-cholestadien-3(j-ol (7-dehydrocholesterol) is con­
verted into cholic acid apparently without the intermediary formation of 
cholesterol, since hepatic as well as biliary cholesterol was unlabeled. No 
information is available concerning intermediates in this pathway for cholic 
acid formation, and 5(j-cholestane-3a, 7a, 12a-triol mayor may not be an 
intermediate. It can, however, be concluded that 12a-hydroxylation must be 
an early step, since 5,7-cholestadien-3(j-ol did not give rise to chenodeoxy­
cholic acid. The contribution to cholic acid formation of a pathway from 
5,7-cholestadien-3(j-ol is unknown. It should be pointed out that Nair et al. 
(63) obtained evidence to indicate that in intact rats the formation of cholic 
acid from 5,7-cholestadien-3(j-ol occurs with the intermediary formation of 
cholesterol. Wachtel et al. (64) have shown that 5-cholestene-3(j,26-diol is 
converted to a small extent into cholic acid in rats with a biliary fistula. The 
predominant products are chenodeoxycholic acid and a- and (j-muricholic 
acid (64,65). The conversion of cholesterol into cholic acid by means of a 
pathway which includes 5-cholestene-3(j,26-diol is apparently not of impor­
tance, quantitatively, in the rat but may be so in other species, e.g., hamster 
(64). With respect to intermediates in this pathway, it may be mentioned 
that mitochondrial preparations from mouse liver have been shown to 
catalyze the conversion of cholesterol into 5-cholestene-3(j,26-diol and the 
7a-hydroxylation of 5-cholestene-3(j,26-diol (65,66). The stage at which 
12a-hydroxylation occurs is not known. 

As is apparent from the discussion in the foregoing sections, available 
data indicate strongly that 5(j-cholestane-3a, 7a, 12a-triol is an obligatory 
intermediate in the main pathways for the conversion of cholesterol into 
cholic acid in the rat and is thus the substrate for the 26-hydroxylase, the 
enzyme system catalyzing the initial reaction in the oxidation of the side 
chain (Section lIB). It may be mentioned in this connection that the validity 
of these data is strengthened by the finding that endogenous, prelabeled 
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cholesterol is metabolized in vitro in the same way as is labeled cholesterol 
added to incubation mixtures as an emulsion or dissolved in acetone (67). 
However, it is conceivable that the oxidation of the side chain may be initiat­
ed at a stage prior to the formation of 5fJ-cholestane-3a,7a,12a-triol. If this 
be the case, 7a, 12a-dihydroxy-4-cholesten-3-one appears to be one of the few 
or perhaps the only alternative to 5fJ-cholestane-3a,7a,12a-triol as substrate 
for the 26-hydroxylase in cholic acid formation (11,68). It appears desirable 
to conduct additional experiments on sequences of reactions with an in vitro 
system that catalyzes the complete conversion of cholesterol into cholic acid. 
Such a system is available, as shown by the work of Mendelsohn et al. (69) 
and Mendelsohn and Mendelsohn (70). These authors have found that under 
suitable conditions the 20,000g supernatant fluid catalyzes the conversion of 
cholesterol into cholic acid and chenodeoxycholic acid. 

7. Sequence of Reactions in Species Other Than Rat 

At present, the sequence of changes in the steroid nucleus in cholic acid 
formation has been examined only in one species other than the rat, viz., man 
(62). The metabolism of cholesterol and several other C27-steroids in the 
presence of different subcellular fractions of homogenates of human liver 
was found to be the same as found previously for the rat, indicating the 
presence of the same pathways in man as in the rat. 

B. Oxidation of Side Chain 

The oxidation of the side chain of 5fJ-cholestane-3a,7a, 12a-triol to yield 
cholic acid or rather cholyl coenzyme A entails an w-oxidation followed by a 
fJ-oxidation (Fig. 2). Early investigations (71,72) showed that the mitochon­
drial fraction of rat and mouse liver homogenate catalyzed the conversion of 
5fJ-cholestane-3a, 7a, 12a-triol into 5fJ-cholestane-3a, 7a, 12a,26-tetrol and, 
when supplemented with the lOO,OOOg supernatant fluid, the further trans­
formation of 5fJ-cholestane-3a, 7a, 12a,26-tetrol into 3a, 7a, 12a-trihydroxy-
5fJ-cholestanoic acid (Fig. 2). Suld et at. (72) showed that the conversion of 
3a,7a,12a-trihydroxy-5p-cholestanoic acid into cholic acid (cholyl coenzyme 
A), catalyzed by the mitochondria] fraction fortified with the 100,OOOg 
supernatant fluid, occurs with the release of propionic acid (propionyl 
coenzyme A). 

1. 26-Hydroxylation 

The 26-hydroxylation of 5p-cholestane-3a, 7a, 12a-triol may be assumed 
to be stereospecific. Berseus (73) and Mitropoulos and Myant (74) have 
shown that the 26-hydroxylation of cholesterol, catalyzed by mitochondrial 
preparations from rat liver, is stereospecific. Mendelsohn and Mendelsohn 
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Fig. 2. Conversion of SfJ-cholestane-3a,7a,1 2a-triol into 
cholyl coenzyme A. IX, SfJ-Cholestane-3a,7a,12a-triol; X, 
S/l-cholestane-3a,7a, 12a,26-tetrol; XI, 3a,7a,12a-trihydroxy­
S/l-cholestanoic acid; XII, 3a,7a,12a-trihydroxy-S/l-choles­
tanoyl coenzyme A; XIII, 3a,7a,12a,24a-tetrahydroxy-S/l­
cholestanoyl coenzyme A; XIV, propionyl coenzyme A; XV, 
cholyl coenzyme A. 

(75) have found that cholesterol is converted preferentially into 25D-3a,7a,-
12a-trihydroxy-5,B-cholestanoic acid by the 20,OOOg supernatant fluid. When 
3a,7a, 12a-trihydroxy-5,B-cholestanoic acid occurs in bile, it is usually present 
as only one of the two 25-isomers (75-77). Okuda and Hoshita (78) have 
studied the oxidation of 5,B-cholestane-3a, 7a, 12a-triol by different subcellular 
fractions of rat liver homogenate. These authors found that the 26-hydroxyI­
ase activity was present only in mitochondria and that the activity was 
stimulated by the addition of boiled liver extract or NADPH. In contrast, 
Cronholm and Johansson (79) have reported recently that the microsomal 
fraction of rat liver homogenate fortified with NADPH exhibits considerably 
greater 26-hydroxylase activity than the mitochondrial fraction. The micro­
somal 26-hydroxylation was inhibited by carbon monoxide, indicating the 
participation of a cytochrome P-450. Further studies are required to assess 
the significance of microsomal versus mitochondrial 26-hydroxylation in bile 
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acid formation. It should be mentioned that in addition to 26-hydroxylation 
the microsomal fraction fortified with NADPH catalyzed 23~-, 24a-, 24fJ-, 
and 25-hydroxylation of 5fJ-cholestane-3a, 7a, 12a-triol. These hydroxylations 
are not likely to playa role in the conversion of 5fJ-cholestane-3a, 7a, 12a-triol 
into cholic acid (79), and their biological significance, if any, remains to be 
established. 

2. Conversion of 5fJ-Cholestane-3a,7a,l 2a,26-tetrol into 3a, 7a,l 2a-Trihydroxy-
5fJ-cholestanoic Acid 

The conversion of 5fJ-cholestane-3a,7a, 12a,26-tetrol into 3a, 7a, 12a­
trihydroxy-5fJ-cholestanoic acid occurs by means of the intermediary forma­
tion of the aldehyde, 3a,7a,12a-trihydroxy-5fJ-cholestan-26-al (Fig. 2), and is 
catalyzed by the microsomal or soluble fraction of rat liver homogenate 
fortified with NAD, the soluble fraction showing the highest activity (80-82). 
Staple (83), Okuda and Takigawa (84), and Okuda et al. (85) have described 
the partial purification of the soluble alcohol and aldehyde dehydrogenases, 
and Okuda and Takigawa (84) have suggested that the enzymes are identical 
with ethanol dehydrogenase and acetaldehyde dehydrogenase, respectively. 
Waller et al. (86) have shown that 5fJ-cholestane-3a,7a,12a,26-tetrol is a 
substrate for horse liver alcohol dehydrogenase. The product was not iden­
tified but was probably the 26-aldehyde. In this connection, it may be men­
tioned that Dean and Whitehouse (87) have found that there is a mitochon­
drial dehydrogenase system catalyzing the conversion of 5-cholestene-3fJ,26-
diol into 3fJ-hydroxy-5-cholestenoic acid. Ethanol dehydrogenase is inactive 
in this reaction (86,87). 

3. Conversion of 3a,7a,12a-Trihydroxy-5fJ-cholestanoic Acid into Cholic Acid 

The conversion of 3a,7a, 12a-trihydroxy-5fJ-cholestanoic acid into 
cholic acid (cholyl coenzyme A) occurs by means of a fJ-oxidation with re­
lease of propionic acid (propionyl coenzyme A) (Fig. 2). Although no definite 
experimental evidence is available, it may be assumed that the reactions 
involve the coenzyme-A esters of the steroid acids. Only one of the interme­
diates in the fJ-oxidation of 3a,7a,12a-trihydroxy-5fJ-cholestanoic acid has 
been isolated. Masui and Staple (88,89) have shown that the mitochondrial 
fraction of rat liver homogenate supplemented with the 100,000g supernatant 
fluid catalyzes the conversion of 3a, 7a, 12a-trihydroxy-5fJ-cholestanoic acid 
into one of the two C-24 epimers of 3a,7a,12a,24-tetrahydroxy-5fJ-choles­
tanoic acid. It is probable that the C-24 isomer formed is the 24a-hydroxy 
compound (89,90). The transformation of 3a, 7a, 12a,24a-tetrahydroxy-5fJ­
cholestanoic acid into cholic acid is catalyzed by the 100,000g supernatant 
fluid of rat liver homogenate (89). No studies have yet been carried out to 
compare the enzymes catalyzing fJ-oxidation of 3a,7a,12a-trihydroxy-5fJ-
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cholestanoic acid with those catalyzing fJ-oxidation of long-chain fatty acids. 
An investigation by Dean and Whitehouse (91) suggests that the oxidation of 
3fJ-hydroxy-5-cholestenoic acid into propionic acid is catalyzed by enzymes 
different from those catalyzing fJ-oxidation of fatty acids and present only in 
liver tissue. 

4. Formation of Acetone 

Several years ago, Whitehouse et at. (92,93) reported that under certain 
conditions mitochondrial preparations from rat liver catalyzed the formation 
of labeled acetone from 26-14C-cholesterol. It was shown that the acetone 
resulted from cleavage of the C-24-C-25 bond. In analogy with the formation 
of isocaproic aldehyde and pregnenolone from cholesterol in endocrine 
tissues, it appears probable that the immediate precursor of acetone is a 
24,25-dihydroxy compound. The natural occurrence or formation of a 24,25-
dihydroxy-C27-steroid has not been reported. The conversion of cholesterol 
into 5-cholestene-3fJ,25-diol has been observed with mitochondrial prepara­
tions from mouse liver (66) as well as with the 20,000g supernatant fluid of 
rat liver homogenate (70). It should be mentioned that part of the 5-cholest­
ene-3fJ,25-diol may have been formed by autoxidation of cholesterol (70). 
The microsomal fraction of rat liver homogenate has been found to catalyze 
hydroxylation of 5fJ-cholestane-3a,7a,12a-triol at C-24 as well as C-25 (79). 
These cholestanetetrols, i.e., 5fJ-cholestane-3a, 7a, 12a,24a-tetrol, 5fJ-cholest­
ane-3a,7a,12a,24fJ-tetrol, and 5fJ-cholestane-3a, 7a, 12a,25-tetrol, are convert­
ed into cholic acid in rats with a biliary fistula much less efficiently than 
either 5fJ-cholestane-3a, 7a, 12a-triol or 5fJ-cholestane-3a, 7a, 12a,26-tetrol 
(79,94,95). These findings as well as those discussed in the previous sections 
indicate that oxidation of the side chain by means of acetone formation is of 
little importance, quantitatively. The same opinion has been recently express­
ed by Staple (96). 

ill. FORMA nON OF CHENODEOXYCHOLIC ACID 

The structural changes involved in the conversion of cholesterol into 
chenodeoxycholic acid are the same as those in the formation of cholic acid 
with the exception that no 12a-hydroxyl group is introduced. It has been 
shown that the mechanisms of conversion of the Ll5-3fJ-hydroxy configuration 
of cholesterol into the 3a,7a-dihydroxy-5fJ configuration of chenodeoxycholic 
acid are the same as those in the formation of cholic acid. Similarly, the 
mechanisms of oxidation of the side chain are the same for chenodeoxycholic 
acid and cholic acid. Whereas it is now possible to formulate a few probable 
sequences for these events in cholic acid formation, available information 
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concerning the biosynthesis of chenodeoxycholic acid is compatible with a 
number of different pathways, differing only with respect to the stage of 
nuclear transformations at which oxidation of the side chain is initiated. 

In the early studies of the metabolism of cholesterol and other C27-

steroids in the presence of mitochondrial preparations from rat and mouse 
liver, several metabolites were isolated that could be intermediates in the 
biosynthesis of chenodeoxycholic acid (11). Cholesterol, 5-cholestene-3i'/,7a­
diol, 7a-hydroxy-4-cholesten-3-one, and 5i'/-cholestane-3a,7a-diol were found 
to be converted into the corresponding 26-hydroxy derivatives by mitochon­
drial preparations. In addition, these preparations were shown to catalyze 
the 7a-hydroxylation of 5-cholestene-3i'/,26-diol and the oxidation of 5-
cholestene-3i'/,7a-diol into 7a-hydroxy-4-cholesten-3-one. All the 26-hydroxy 
compounds were found to be transformed predominantly into chenodeoxy-
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Fig. 3. Formation of chenodeoxycholic acid: some reactions catalyzed by mito­
chondrial preparations. I, Cholesterol; II, 5-cholestene-3/i,7a-diol; III,7a-hydroxy-
4-cholesten-3-one; VIII, 5/i-cholestane-3a,7a-diol; XVI, 5-cholestene-3/i,26-diol; 
XVII, 5-cholestene-3/i,7a,26-triol; XVIII, 7a,26-dihydroxy-4-cholesten-3-one; 
XIX, 5/i-cholestane-3a, 7a,26-triol; XX, chenodeoxycholic acid. 
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cholic acid and its metabolites, a- and .8-muricholic acid, in rats with a biliary 
fistula (11,64). The results of the studies with mitochondrial preparations 
allow formulation of several pathways for the conversion of cholesterol into 
chenodeoxycholic acid (Fig. 3). However, the multitude of pathways, differ­
ing only with respect to the stage of 26-hydroxylation, could reflect a low 
degree of specificity of the mitochondrial 26-hydroxylase system. In fact, 
it has been shown that mitochondrial preparations catalyze w-oxidation of a 
number of different mono-oxygenated C27-steroids that are not intermediates 
in the biosynthesis of chenodeoxycholic acid and cholic acid (11). 

As discussed in Section IIA, more recent investigations have shown that 
the early reactions in the biosynthesis of cholic acid are catalyzed by micro­
somal and soluble enzymes. It appears that there is a pathway for chenode­
oxycholic acid formation which involves the same intermediates as those 
formed in the early steps in cholic acid formation. The experimental evidence 
comes from a study of the metabolism of cholesterol and other C27-steroids 
in homogenates of liver from a strain of guinea pigs that have chenodeoxy­
cholic acid as their main primary bile acid (61). Microsomal and soluble 
enzymes were shown to catalyze the conversion of cholesterol into 5.8-choles­
tane-3a,7a-diol by means of the intermediary formation of 5-cholestene-
3.8,7a-diol, 7a-hydroxy-4-cholesten-3-one, and 7a-hydroxy-5.8-cholestan-3-
one (Fig. 4). The subcellular localization and cofactor requirements of the 
enzymes concerned were found to be the same as those in rat liver (cf Section 
IIAI,2,4,5). Although no definite experimental evidence is yet available, it is 
tempting to suggest that in these guinea pigs 5.8-cholestane-3a,7a-diol is the 
main substrate for the 26-hydroxylase system. 

With respect to the oxidation of the side chain in chenodeoxycholic acid 
formation, it may be inferred from the early studies with mitochondrial 
preparations that it involves an w-oxidation followed by a .8-oxidation (cf 
Section lIB). More direct evidence has been presented by Dean and White­
house (87,91), who showed that mitochondrial preparations from rat liver 
catalyze the oxidation of 5-cholestene-3.8,26-diol into 3.8-hydroxy-5-choles­
tenoic acid and the formation of propionic acid from 3.8-hydroxy-5-choles­
tenoic acid. Mitropoulos and Myant (97) have shown that mitochondrial 
preparations from rat liver catalyze the conversion of cholesterol into 5-
cholestene-3{1,26-diol, 3{1-hydroxy-5-cholestenoic acid, 3{1-hydroxy-5-chole­
noic acid, lithocholic acid, and chenodeoxycholic acid (Fig. 5). Additional 
evidence for a pathway to chenodeoxycholic acid involving the successive, 
intermediary formation of above-mentioned compounds is provided by the 
finding that 3{1-hydroxy-5-cholenoic acid is converted into lithocholic acid 
and chenodeoxycholic acid by mitochondrial preparations (98). 

The importance, quantitatively, of the different pathways for chenode­
oxycholic acid formation has not been fully established. Several lines of evi-
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Fig. 4. Formation of chenodeoxycholic acid: some re­
actions catalyzed by homogenates of liver from guinea 
pigs having chenodeoxycholic acid as the main primary bile 
acid. I, Cholesterol; II, 5-cholestene-3{i,7a-diol; III, 7a­
hydroxy-4-cholesten-3-one; VI, 7 a-hydroxy-5{i-cholestan-3-
one; VIII, 5{i-cholestane-3a,7a-diol; XIX, 5{i-cholestane-
3a,7a,26-triol; XX, chenodeoxycholic acid. 
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dence indicate that the pathway involving 5-cholestene-3p,26-diol, 31'1-
hydroxy-5-cholenoic acid, and lithocholic acid as intermediates is a minor 
one. Mendelsohn and Mendelsohn (70) have found that 5-cholestene-3p,26-
diol is not an intermediate in the conversion of cholesterol into chenode­
oxycholic acid catalyzed by the 20,000g supernatant fluid of rat liver ho­
mogenate. In several species including man and rabbit that have chenodeoxy­
cholic acid as a major bile acid, lithocholic acid has been found to be metab­
olized by the liver to a very small extent or not at all (99-101). These findings 
lead to the conclusion that in major pathway(s) for chenodeoxycholic acid 
formation at least the 7a-hydroxyl group is introduced prior to initiation of 
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Fig. 5. Conversion of cholesterol into chenodeoxycholic 
acid by means of the intermediary formation of lithocholic 
acid. I, Cholesterol; XVI, 5-cholestene-3p,26-diol; XX, 
chenodeoxycholic acid; XXI, 3P-hydroxy-5-cholestenoic 
acid; XXII, 3p-hydroxy-5-cholenoic acid; XXIII, lithocho­
lic acid. 

side-chain oxidation. Whether or not the nuclear changes are completed 
before introduction of the 26-hydroxyl group remains to be established. 

IV. FORMATION OF OTHER PRIMARY BILE ACIDS 

Chenodeoxycholic acid is converted into a-muricholic acid (3a,6{l,7a­
trihydroxy-5{l-cholanoic acid) and {l-muricholic acid (3a,6{l,7{l-trihydroxy-
5{l-cholanoic acid) in the mouse and the rat and probably also in man (68, 
102, Chapter II in this volume). a-MurichoIic acid is a precursor of {l-muri­
cholic acid in a reaction involving the intermediary formation of the 7-oxo 
compound (Chapter 11 in this volume). In the rat, {l-muricholic acid has 
been shown to be formed also from 3a, 7 {l-dihydroxy-5{l-cholanoic acid, 
which is a minor metabolite of chenodeoxycholic acid, and from 3a,6{l­
dihydroxy-5{l-cholanoic acid, which is a metabolite of lithocholic acid 
(Chapter II in this volume). The microsomal 6{l-hydroxylase system in rat 
liver catalyzing the conversion of (tauro)chenodeoxycholic acid into (tauro)a­
muricholic acid has been studied by Hsia and collaborators (103-105), who 
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have shown that cytochrome P-450 participates in the reaction but probably 
not as a rate-limiting component. Chenodeoxycholic acid is the precursor 
of hyocholic acid in the pig (Chapter II in this volume). Whereas cheno­
deoxycholic acid is not converted into cholic acid in mammals, the reaction 
has been shown to occur in some lower animals, viz., the python (106), the 
eel (107), and the cod (108). 

Deoxycholic acid is predominantly if not exclusively a secondary bile 
acid formed from cholic acid (Chapter II in this volume). Deoxycholic acid 
has been shown to be formed from cholest-5-ene-3,B,12a-diol in ra~s and 
rabbits with a biliary fistula (53,54). However, only minute amounts of 
cholest-5-ene-3,B,12a-diol are formed from cholesterol in the presence of the 
20,OOOg supernatant fluid of rat liver homogenate (55). Rosenfeld and Hell­
man (109) have shown that 5,B-cholestan-3a-ol is converted efficiently into 
deoxycholic acid in man, but there is at present no evidence that 5,B-cholestan-
3a-ol is formed in the liver. 

In the guinea pig, 3a-hydroxy-7-oxo-5,B-cholanoic acid is partly a 
primary bile acid and partly a secondary bile acid formed from cheno­
deoxycholic acid (Chapter II in this volume) The pathway for the formation 
of 3a-hydroxy-7-oxo-5,B-cholanoic acid in the liver has not been established. 
It might be mentioned that 3,B-hydroxy-5-cholesten-7-one is not a precursor 
of this acid (110). 

Lithocholic acid, formed through the reactions described by Mitro­
poulos and Myant (cf Fig. 5 and Section III), is by definition a primary bile 
acid. Lithocholic acid is predominantly a secondary bile acid formed from 
chenodeoxycholic acid (Chapter 11 in this volume). Lithocholic acid is 
transformed by rat liver into 3a,6,B-dihydroxy-5,B-cholanoic acid, cheno­
deoxycholic acid, and a- and ,B-muricholic acids (Chapter II in this volume). 

Allocholanoic acids (5a-cholanoic acids) are found mainly in lower 
animals (68,76), but small amounts of allocholic acid (3a,7a,12a-trihydroxy-
5a-cholanoic acid), allodeoxycholic acid (3a,12a-dihydroxy-5a-cholanoic 
acid), and probably also allochenodeoxycholic acid (3a,7a-dihydroxy-5a­
cholanoic acid) may be present in bile and feces of mammals (68,76,102). 
Karavolas et al. (111) and Ziller et al. (112) have shown that cholestanol is 
converted into allocholic acid and allochenodeoxycholic acid in rats with a 
biliary fistula. The conversion of cholestanol into allocholic acid has also 
been shown in the rabbit (113). Allodeoxycholic acid is a secondary bile 
acid, formed from allocholic acid (113,114) and deoxycholic acid (115,116). 
The early steps in the sequence of reactions from cholestanol to allocholic 
acid (Fig. 6) have been the subject of two recent investigations. Shefer et al. 
(17) have shown that the microsomal fraction of rat liver homogenate fortified 
with NADPH catalyzes 7a-hydroxylation of cholestanol. Bjorkhem and 
Gustafsson (117) have compared the rates of 7a-hydroxylation of cholestanoI, 
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5a-cholestan-3a-ol, and 5a-cholestan-3-one by the 20,OOOg supernatant 
fluid of rat liver homogenate and found that 7a-hydroxylation occurs at an 
appreciable rate only with cholestanol. 5a-Cholestane-3/1,7a-diol has been 
shown to be oxidized to 7a-hydroxy-5a-cholestan-3-one by the microsomal 
fraction fortified with NAD (117). Reduction of 7a-hydroxy-5a-cholestan-
3-one to 5a-cholestane-3a,7a-diol is catalyzed by the IOO,OOOg supernatant 
fluid (117). 5a-Cholestane-3a,7a-diol was found to be hydroxyJated in the 
I2a-position at a much faster rate than either 5a-cholestane-3/1,7a-diol or 

~OOH 
Ho-~ ~ 

XXIX 

&9 
COOH 

HO' ,-OH ~ 
xxx 

"'~ XXIV 

1 ,£ 
xxv 

1 
£ 

XXVI 

1 
,~~ 

XXVII 

Fig. 6. Conversion of cholesterol into allocholanoic acids. 
I, Cholesterol; II, 5-cholestene-3p,7a-diol; III, 7a-hydroxy-
4-cholesten-3-one; XXIV, cholestanol; XXV, 5a-choles­
tane-3p,7a-diol; XXVI, 7a-hydroxy-5a-cholestan-3-one; 
XXVII, 5a-cholestane-3a,7a-diol; XXVIII, 5a-cholestane-
3a,7a,12a-triol; XXIX, allochenodeoxycholic acid; XXX, 
allocholic acid. 
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7a-hydroxy-5a-cholestan-3-one (117). Bj6rkhem and Einarsson (118) have 
presented evidence that in the rat allocholanoic acids may be formed from 
cholesterol without the intermediary formation of cholestanol. The microso­
mal fraction of rat liver homogenate fortified with NADPH was found to 
catalyze the conversion of 7a-hydroxy-4-cholesten-3-one into 7a-hydroxy-
5a-cholestan-3-one and of 7a,12a-dihydroxy-4-cholesten-3-one into 7a,12a­
dihydroxy-5a-cholestan-3-one (cf Fig. 6). The presence of similar pathways 
in animals that have allocholanoic acids or 5a-sterols as major bile salts has 
been shown by Hoshita (119-121) and Hoshita et al. (122). These investiga­
tions will be discussed in Section VII. Bjorkhem (123) has studied the 
mechanism of the conversion of 7a-hydroxy-4-cholesten-3-one into 7a­
hydroxy-5a-cholestan-3-one. The reaction was found to involve transfer of 
a hydride ion from the B-side of NADPH to the 5a-position of the steroid 
and addition of a proton to the 4-position. Although the stereochemistry of 
the addition of the proton could not be unequivocally established, the results 
indicate a nonstereospecific addition or an addition to the 4a-position. The 
reduction of the double bond may thus be either nonstereospecific or a cis 
addition of hydrogens (4a and 5a). As discussed in Section IIA4, the reduc­
tion of the LJ4 double bond in the formation of a 5,B-steroid is a trans addition. 

V. CONJUGATION OF BILE ACIDS 

Bile acids occur in bile as conjugates with glycine or taurine. Conjuga­
tion with glycine has been observed only in mammals (76). The ratio between 
glycine- and taurine-conjugated bile acids in bile differs with species of 
mammal (76) and is influenced by diet, vitamins, and hormones (11,102). 
Early work by Bremer and Gloor (124-126), Murray and Siperstein (127, 
128), and Elliott (129,130) showed that conjugation of bile acids was catalyz­
ed by the microsomal fraction of rat liver homogenate. Evidence was obtained 
to indicate that the reaction involved the intermediary formation of the coen­
zyme-A ester of the bile acids. Schersten (131) and Schersten et al. (132) 
have studied the conjugation of bile acids in homogenates of human liver 
and have obtained evidence to indicate that the coupling of the coenzyme-A 
ester of the bile acid with the amino acid is catalyzed predominantly by 
enzymes localized in the lysosomal fraction. As discussed in Sections lIB 
and III, ,B-oxidation of the side chain in the biosynthesis of cholic acid and 
chenodeoxycholic acid leads to the formation of the coenzyme-A esters. 
The microsomal system catalyzing conversion of bile acids into coenzyme-A 
esters is required for conjugation of the free bile acids that are formed in the 
intestinal tract, absorbed from the intestine, and transported to the liver 
with the portal blood. 
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Palmer (133) has isolated labeled glycolithocholic acid 3-sulfate and 
taurolithocholic acid 3-sulfate from human bile after oral administration of 
labeled lithocholic acid. No further information concerning sulfate esters of 
bile acids is available at present. 

The formation of ornithine-conjugated bile acids has been shown in 
guinea pigs treated with a capsular polysaccharide from Klebsiella pneu­
moniae or subjected to hepatic injury of unspecific nature (134). Ornithocho­
lanoic acids have also been detected in bile from patients infected with K. 
pneumoniae (135). Gordon et al. (136) have presented evidence for the pres­
ence of ornithocholanoic acids in a human subject free of liver and gallblad­
der disease. 

VI. REGULATION OF BILE ACID FORMATION 

Continuous drainage of bile through a biliary fistula leads to large 
increases in the rate of biosynthesis of bile acids (102). In the rat, the increase 
may be ten- to fifteenfold (102). Feeding cholestyramine, an anion exchange 
resin that binds bile acids, also leads to increases in the rate of biosynthesis 
of bile acids (137-140). Evidence that the formation of bile acids is regulated 
by the amount of bile acids returned to the liver with the portal blood was 
first presented in a study of the effect of infusion of taurochenodeoxycholic 
acid on the biosynthesis of cholic acid in rats with a biliary fistula (141). 
Intraduodenal infusion of 5-15 mg ofJaurochenodeoxycholic acid per hour 
resulted in a very marked reduction in the rate of cholic acid synthesis. Beher 
et al. (142-144) concluded from a series of investigations concerning the 
effect of feeding bile acids on biosynthesis and catabolism of cholesterol that 
the formation of bile acids is regulated by a double feedback mechanism 
involving an inhibitory effect of bile acids on the conversion of cholesterol 
into bile acids followed by an inhibition of the biosynthesis of cholesterol by 
accumulated cholesterol. Inhibition of biosynthesis of bile acids by feeding 
bile acids has also been observed in man (145). The concept that bile acid 
formation is regulated homeostatically by bile acids was challenged by Lee 
et al. (146), who found that the biosynthesis of bile acids in rats with a 
biliary fistula was not inhibited by infusion of taurocholic acid under con­
ditions when infusion of taurochenodeoxycholic acid caused inhibition. It 
was suggested (146,147) that the effect observed with taurochenodeoxycholic 
acid might not be related to the physiological mechanism of regulation of 
bile acid formation but reflect the fact that taurochenodeoxycholic acid is 
a much more potent inhibitor of electron transport and coupled phosphoryl­
ation than taurocholic acid (148). Tauro- and glycochenodeoxycholic acids 
constitute about 15-20 % of the bile acids in rat bile and tauro- and glyco-



Mechanisms of Bile Acid Biosynthesis 23 

cholic acids 50-60 % (149). Chenodeoxycholic acid and its conjugates account 
for even less of the bile acids in portal blood (150). A detailed study by Wilson 
et al. (151) on the effect of infusion of taurocholic acid on the biosynthesis of 
bile acids in rats with a biliary fistula showed, in agreement with the results of 
Lee et al. (146), that no repression of bile acid synthesis was obtained even 
with infusion of about 35 mg of taurocholic acid per hour. Recently, Shefer 
et a/. (152) have found that infusion of taurocholic acid into rats with a 
biliary fistula does inhibit biosynthesis of cholic acid and chenodeoxycholic 
acid and have concluded that the formation of bile acids is controlled 
homeostatically by the amount of bile acids returned to the liver. To obtain 
inhibition, a quantity of 10 mg or more of taurocholic acid per 100 g rat had 
to be infused hourly. Shefer et al. (152) ascribe the negative results obtained 
by Lee et al. (146) and Wilson et al. (151) to the use of too low concentrations 
of taurocholic acid. The concentrations used by these authors reflect previ­
ous underestimates of the size of the bile acid pool and of the number of 
times per day the pool circulates. Shefer et al. (152) have estimated the pool 
of taurocholic acid to be about 15 mg per 100 g rat and the number of 
circulations per day to be 10-13. 

The results of Shefer et al. (152) support the conclusion by Lee et al. 
(146) that taurochenodeoxycholic acid has an effect on bile acid formation 
in rats with a biliary fistula not entirely related to the physiological regulation 
~rbile acid formation, since the concentration of taurochenodeoxycholic 
acid needed to repress bile acid biosynthesis is less than half of that of 
taurocholic acid. 

The major rate-determining step in the biosynthesis of bile acids appears 
to be the 7a-hydroxylation of cholesterol. The rate of this reaction is increased 
manyfold bybiliaryOrainageandch()lestyramine feeding (17,18,20,21,23,24). 
Several other reactions in the biosynthesis and metabolism of bile acids are 
unaffected or only moderately stimulated by biliary drainage and cholesty­
ramine feeding (23,24). The half-life time of the 7a-hydroxylase in rats with a 
biliary fistula has been estimated to be about 2-3 hr (153), and a preliminary 
report (154) indicates the same short half-life time for the 7a-hydroxylase 
in intact rats. Further evidence for the role of the 7a-hydroxylase as a rate­
determining step has been presented by Shefer et al. (155), who have found 
that infusion of taurocholic acid does not affect the rate of conversion of 
cholest-5-ene-3p,7a-diol into bile acids in rats with a biliary fistula. 

The rate of biosynthesis of cholesterol in the liver is increased several­
fold by biliary drainage and cholestyramine feeding (23,138,139,156,157). 
The major rate-determining step in the biosynthesis of cholesterol is the 
reduction of hydroxymethylglutaryl coenzyme A (158-160)., 

The homeostatlcregufationof bile acid formation could involve action 
of bile acids on one or both of the rate-determining reactions in the conver-
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sion of acetate into bile acids. Experiments with addition of bile acids in 
vitro to liver slices and subcellular preparations of liver homogenate have 
yielded differing results. Siperstein (161) and Dietschy (unpublished work 
cited in 162) found no inhibition of cholesterol synthesis by addition of bile 
acids to liver slices, whereas Seitz and von Brand (163) and Fimognari and 
Rodwell (164) obtained inhibition in liver slices and liver homogenates. 
The possibility that bile acids may exert nonspecific effects on systems in 
vitro has been pointed out by several authors (165,166). Shefer et al. (17) 
found inhibition of the 7a-hydroxylation of cholesterol in vitro by the addi­
tion of bile acids but did not consider these results conclusive in view of the 
possibility of a nonspecific effect of bile acids. Experiments in vivo have led to 
differing conclusions. Weis and Dietschy (162) have concluded from a 
detailed study of the effect of biliary drainage on the biosynthesis of choles­
terol in the liver that bile acids do not control hepatic cholesterogenesis 
directly but affect it indirectly by virtue of their role in the absorption of 
cholesterol. The increase in hepatic cholesterogenesis observed upon biliary 
drainage would be due to defective absorption of cholesterol from the in­
testine. On the other hand, Back et al. (167) have presented evidence that bile 
acids have a direct influence on hepatic cholesterogenesis. These authors 
studied the effect of addition of cholic acid or cholesterol to the diet on the 
biosynthesis of cholesterol in rat liver and found that feeding cholic acid 
resulted in a more rapid inhibition of cholesterol biosynthesis than feeding 
cholesterol. Cholic acid was suggested to affect cholesterogenesis by influenc­
ing the biosynthesis of hydroxymethylglutaryl-coenzyme A reductase. A 
similar mechanism has been proposed by Dietschy (168) for the effect of bile 
acids on the biosynthesis of cholesterol in the intestine. In view of the results 
of Shefer et al. (152), it is conceivable that the concentrations of taurocholic 
acid used by Weis and Dietschy (162) for infusion into the rats with a biliary 
fistula were too low to cause repression of cholesterol and bile acid biosyn­
thesis. If it is accepted that bile acids have a direct influence on hepatic 
cholesterogenesis, the mechanism of the stimulatory effect on hepatic choles­
terogenesis by ligation of the bile duct (162,169) remains to be explained. 

Myant and Eder (156) found that the increase in biosynthesis of choles­
terol elicited by biliary drainage preceded the increase in biosynthesis of 
bile acids. This finding and those of Back et al. (167) appear to disprove the 
double feedback mechanism suggested by Beher et al. (142-144). However, 
it is not thereby excluded that bile acids may influence both the biosynthesis 
of cholesterol and the conversion of cholesterol into bile acids in the liver. 
Shefer et at. (155) have found that infusion of taurocholic acid into rats 
with a biliary fistula leads to inhibition not only of the conversion of labeled 
acetate into bile acids but also of the conversion of labeled mevalonate and 
cholesterol. These results indicate that the homeostatic regulation of bile 
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acid formation involves effects of bile acids on hydroxymethylglutaryl­
coenzyme A reductase as well as on 7a-hydroxylase. 

Another aspect of regulation of bile acid formation is the mechanisms 
by which the composition of bile acids in bile is regulated. Of particular 
interest is the regulation of the ratio of cholic acid to chenodeoxycholic acid, 
since chenodeoxycholic acid is not a precursor of cholic acid in mammals. 
There are large variations in the ratio of cholic acid to chenodeoxycholic 
acid among species but considerably fewer yariations among animals of the 
same species. It is not possible at present to state definitely at which stage 
the pathways for biosynthesis of cholic acid and chenodeoxycholic acid 
separate, but it is tempting to suggest that, at least in the rat, this occurs 
when 7a-hydroxy-4-cholesten-3-one has been formed. This suggestion is 
based on some observations concerning the effects of thyroid hormones on 
the formation of bile acids in the rat. In rats with a biliary fistula as well as 
in intact rats, administration of thyroid hormones or D-tri-iodothyronine 
leads to a reversal of the normal ratio of about 3: 1 between cholic acid and 
chenodeoxycholic acid (170-173). The rate of 12a-hydroxylation of 7a­
hydroxy-4-cholesten-3-one is slower in hyperthyroid rats than in euthyroid 
rats (39). The rate of oxidation of the C27 side chain, measured by the forma­
tion of propionic acid from cholesterol (174) or by the hydroxylation of the 
side chain of 5p-cholestane-3a, 7a, 12a-triol (175), is faster in hyperthyroid 
rats than in euthyroid rats. The reversal of the ratio of cholic acid to cheno­
deoxycholic acid induced by thyroid hormones could be due to the com­
bination of an inhibition of 12a-hydroxylation and a stimulation of side­
chain oxidation. As discussed in section IIA3,5, 7a-hydroxy-4-cholesten-3-
one is the substrate for the 12a-hydroxylase in the apparently major pathway 
for the conversion of cholesterol into cholic acid, and an inhibition of the 
12a-hydroxylation might therefore be expected to affect primarily the metabo­
lism of 7a-hydroxy-4-cholesten-3-one. 

vn. FORMATION OF BILE SALTS IN "PRIMITIVE" ANIMALS 

Bile salts with a steroid structure appear to be confined to vertebrates 
(76). In some evolutionarily more primitive vertebrates, the major bile salts 
are sulfate esters of polyhydroxy C27- and C26-steroids and/or taurine­
conjugated C27-steroid acids. In other "primitive" vertebrates, C24 bile acids, 
usually cholic acid and/or allocholic acid, or mixtures of "primitive" bile 
salts (bile alcohols and C27 bile acids) and "modern" bile salts (C24 bile 
acids) occur. Most of the work concerning the structure and occurrence of 
"primitive" bile salts has been carried out in the laboratories of G. A. D. 
Haslewood and T. Kazuno, and Haslewood and collaborators have accumu-
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lated a wealth of information concerning the composition of bile salts in 
different species. Haslewood (76,176) and Hoshita and Kazuno (177) have 
summarized recently the work on structure and occurrence of bile salts and 
have discussed bile salt structure from the aspect of evolution. In this chapter, 
discussion will be limited to investigations that have dealt with sequences of 
reactions in the formation of bile salts in "primitive" animals. In a number 
of instances, it has been shown that cholesterol is the precursor of these bile 
salts. Reference to these investigations will be found in the review of Hoshita 
and Kazuno (177). 

A. Changes in Steroid Nucleus 

The "primitive" bile salts so far isolated have, with a few exceptions, a 
steroid nucleus carrying hydroxyl groups in the 3a-, 7a-, and 12a-positions. 
The conversion of the ,15-3p-hydroxy configuration of cholesterol into the 
3a, 7a, 12a-trihydroxy-5a or 3a, 7a, 12a-trihydroxy-5p configuration of "primi­
tive" bile salts has as yet been studied only in the carp. The major bile salt 
in the carp is 5rx-cholestane-3rx, 7a, 12a,26,27-pentol (5a-cyprinol). Carp 
bile also contains 5a-cholestane-3a, 7a, 12rx,26-tetrol (27-deoxy-5rx-cyprinol) 
and cholic acid. Hoshita (119) has shown that in vivo cholestanol as well as 
5-cholestene-3p,7a-diol is converted into 27 -deoxy-5a-cyprinol and 5rx­
cyprinol. 5-Cholestene-3p,7rx-diol was found to be a more efficient precursor 
than cholestanol, indicating that 5-cholestene-3p,7a-diol is an intermediate 
in the major pathway for the formation of the 5a bile alcohols. Hoshita (120) 
has also shown that in the conversion of cholesterol into 27-deoxy-5a­
cyprinol and 5a-cyprinol the ,15 double bond of cholesterol is isomerized to 
a,14 double bond before being reduced. However, this finding does not permit 
conclusions concerning the importance, quantitatively, of the different 
pathways for the formation of the 5a bile alcohols, since the conversion of 
cholesterol into cholestanol probably involves the intermediary formation of 
4-cholesten-3-one. Studies with homogenates of carp liver have provided 
additional evidence that the major pathway for the conversion of cholesterol 
into 5a bile alcohols does not involve cholestanol as an intermediate (121, 
178). 7a,12a-Dihydroxy-4-cholesten-3-one was found to be converted into 
5a-cholestane-3a,7a,12a-triol by the microsomal fraction fortified with 
NADPH, and, as discussed below, 5a-cholestane-3a,7a,12a-triol was shown 
to be the precursor of 27-deoxy-5a-cyprinol and 5a-cyprinol. It may be ex­
pected that the conversion of cholesterol into 7a,12a,-dihydroxy-4-cholesten-
3-one occurs by the same pathways as found in the rat (Section IIA). The 
conversion of 7a,12a-dihydroxy-4-cholesten-3-one into 5a-cholestane-3a,7a, 
12a-triol by means of the intermediary formation of 7a,12a-dihydroxy-5a­
cholestan-3-one has also been shown in the lizard Iguana iguana, a species 
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that has allocholic acid as the main bile acid (122). The reactions were cata­
lyzed by the microsomal fraction of liver homogenate fortified with NADPH. 

B. Oxidation of Side Chain 

The formation of 27-deoxy-5a-cyprinol and 5a-cyprinol in the carp has 
been shown by Hoshita (121) and Masui et al. (178) to involve 26(27)­
hydroxylation of 5a-cholestane-3a, 7a, 12a-triol, catalyzed by the microsomal 
fraction fortified with NADPH, followed by 26(27)-hydroxylation of 27-
deoxy-5a-cyprinol, catalyzed by the mitochondrial fraction fortified with 
NADPH. 

The main bile alcohol in toads is 5f3-cholestane-3a, 7a, 1 2a,25,26-pentol 
(5f3-bufoI). Enomoto (179) has shown that in vivo 5f3-cholestane-3a, 7a, 1 2a­
triol is converted into 5f3-bufol. In vitro, 5f3-cholestane-3a, 7a, 1 2a-triol was 
converted into 5f3-cholestane-3a, 7a, 12a,26-tetrol but not 5f3-bufol (180). It 
appears probable, however, that 5f3-cholestane-3a, 7a, 1 2a,26-tetrol is the 
immediate precursor of 5f3-bufol, as suggested by Enomoto (180) and 
Hoshita and Kazuno (177). 

Major bile salts in the bullfrog, Rana catesbiana, are 27-nor-5f3-cho­
lestane-3a, 7a, 1 2a,24,26-pentol (5f3-ranol) and 3a, 7a, 12a-trihydroxy-5f3-cho­
lestanoic acid. Betsuki (181,182) has shown that 5f3-cholestane-3a, 7a, 12a­
triol and 3a, 7a, 1 2a,24-tetrahydroxy-5f3-cholestanoic acid are converted into 
5f3-ranol and 26-deoxy-5f3-ranol. The following sequence of reactions in the 
formation of 5f3-ranol was proposed: 5f3-cholestane-3a,7a,12a-triol ~ 3a, 
7a,12a-trihydroxy-5f3-cholestanoic acid ~ 3a, 7a, 12a,24-tetrahydroxy-5f3-
cholestanoic acid ~ 27-nor-5f3-cholestane-3a,7a, 12a,24-tetrol (26-deoxy-
5f3-ranol) ~ 27-nor-5f3-cholestane-3a, 7a, 12a,24,26-pentol (5f3-ranol). 

The information so far available concerning biosynthesis of bile salts in 
"primitive" animals indicates that the sequences of reactions involved in the 
transformations of the steroid nucleus as well as of the side chain are the 
same as or very similar to those found in mammals. 
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I. INTRODUCTION 

There are three sites where the active transport of bile salts has been 
described. Two of these, the liver and the ileum, are integral parts of the 
enterohepatic circulation. The third site is the proximal renal tubule, which 
can reabsorb bile salts from the glomerular filtrate in those situations where 
appreciable concentrations of bile salts exist in the peripheral (i.e., non­
portal) plasma. In addition to these presumed active transport sites, passive 
transepithelial movement of bile salts has been described in various regions of 
the gastrointestinal tract. These passive processes play a recognizable role 
in the enterohepatic circulation of the total bile salt pool, but the quantita­
tive contribution of these passive processes is not precisely known. A number 

*Some of the reported work was supported by NIH grants HE 10595 and AM 09582. 
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of fairly extensive reviews on the transport of bile salts and related substances 
have appeared (1-3). 

The enterohepatic circulation of bile salts involves the cycling of fairly 
large quantities of material. It has been estimated that the human liver 
secretes some 30 g of bile salts per day. Of these 30 g, approximately 0.8 g 
per day is newly synthesized material (4). This emphasizes the efficiency of 
the intestinal reabsorptive processes. The liver also is remarkably efficient 
in extracting bile salts from portal blood, as evidenced by the fact that the 
concentration of bile salts in peripheral plasma is a small fraction of that of 
portal plasma (5-7). Direct determination of taurocholate and glycocholate 
extraction by the liver in the dog has been measured by O'Maille et al. (8) 

and found to be 92 i~. 
As used in this chapter, the term "active transport" will of necessity be 

loosely defined. A rigorous definition would include the requirement that 
transport occur against an electrochemical gradient. Some authors (9) would 
also require that this movement be directly coupled to metabolism. Although 
it would be desirable to be completely rigorous, there is insufficient infor­
mation concerning the intimate mechanism of transport of bile salts to allow 
this. For example, it is generally agreed that the hepatic secretion of bile 
salts represents an active transport process. However, it has not yet been 
feasible to measure directly the chemical activity of bile salts within the bile 
canaliculi, nor have appropriate electrical potential measurements been 
made. In this treatment, we will emphasize those lines of evidence which are 
consistent with active transport. 

II. ACTIVE TRANSPORT IN THE INTESTINE 

The existence of a specialized transport system for bile salts might have 
been predicted from Tappeiner's results at the end of the last century. At 
that time, it was already known that enteral administration of bile was 
necessary for the maintenance of normal rates of bile flow in bile fistula 
animals. Tappeiner identified bile salts as the components of bile responsible 
for this phenomenon. Furthermore, he found that absorption of bile salts 
from the intestine occurred only in the ileum (10). The latter finding has in 
general been amply confirmed (see later). Although subsequent work with 
more sensitive techniques has demonstrated that bile salts are absorbed from 
other regions of the gastrointestinal tract, the predominant role of the ileum 
in absorption is widely accepted. This predominance is attributable to the 
fact that active transport of bile salts is not found elsewhere in the intestine. 
This was first recognized in 1961 (11) as the result of experiments utilizing 
the everted gut sac technique of Wilson and Wiseman (12). The technique 
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consists of incubating sacs of intestine, previously turned inside out, in a 
physiological salt solution containing the compound of interest, in this case 
a bile salt. The sac is filled with an identical solution. In the case of an actively 
absorbed substance, one observes the depletion of that substance from the 
mucosal bathing solution and an increase in its concentration in the serosal 
solution (inside the sac) This results in raising the ratio of concentrations, 
serosal/mucosal, to values exceeding the initial value of I. The results of such 
experiments utilizing rat small bowel are given in Fig. I. Taurocholate was 
the bile salt used. Final serosal/mucosal concentration ratios exceeding unity 
were not found in the first two segments representing the proximal half of 
the small intestine. 

There is some small transport activity in the third quarter of the gut, but 
the major activity resides in distal fourth. Using smaller segments of rat 
tissue, Dietschy (3) showed a progressive increase in transport activity within 
the distal 40 % of the intestine. Similar localization of activity has been 
demonstrated with tissue from pigeons, chickens, mice, hamsters, guinea 
pigs, and monkeys (13) (see Fig. 2). The absence of this activity in the large 
intestine was demonstrated by Holt (14). 

The high serosal/mucosal concentration ratios demonstrated by the 
transporting segments do not by themselves constitute sufficient evidence for 
an active process. However, two alternative interpretations have been ex­
cluded. First, the results cannot be attributed to the ion-trapping mechanism 
whereby a nonpenetrating anion of a diffusible acid will be concentrated in 
the compartment of higher pH (15). In fact, the final pH differences between 
the serosal and mucosal fluids operate against such a mechanism (see Table 
I). 

A second possibility would have the ion distribute itself between the 
two compartments in accordance with the transmucosal electrical potential. 

6 

4 

SevmtnfS 
Pro:l.lmol--Olstal 

(20) 

:Ii 
, 
2 
>< 

'" Q. 

z 
0 

(8) 

'" ft 

2 
., 
<Ii .. .., ." 
"" 

(8) 

0 
" .. 
" 
-£ .. 
" '" 

Fig. 1. Transport of taurocholate by 
everted sacs of rat intestine. Each 
segment was one-quarter the length of 
the small intestine. Numbers in paren­
theses represent the number of animals 
in each group. I bars give ± SE. DNP, 
2,4-dinitrophenol. From Lack and 
Weiner (11). 
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SPECIES 

Hamster 

Mouse 

Mouse 

Rat 

GUinea pig 

Monkey 

Chicken 

(7) (S) (8) (17) 

6 (4 7) 16(4~7) I'SI5 43) 17S(34 165)1 

(4) (4) (4) 110) 

7(5~S) I 7(4-12) 124110-35)114110~IS) I 

(3) (3) (4) 

5(4~5) I S(59) 0(7-15) 

(5) (5) (5) (20) 

7(6 8) I 7(7~8) 1,2111-15) I 72(3~18) I 

(4) (4) (4) (II) 

615~ 7) I 6(5~ 71 I 4 3( 8 13) 116(34~29 I 

(2) (2) (2) (2) (2) (2) 

15(4~5) i 5 15(5~ 6)! 6 1""4-'8J155(5~6)1 
(5) (5) (5) (4) 

6(4~7) I 6(4~8) I S(6~1.0) 143110-7.5)1 

(4) (4) (4) (8) 

[7]5-10) [~J<6~9) CI!:]i8-42) 5SD1I4~8.1) 
(8) (8) (S) (16) 

6(5~8) 1 7(6~7) 131(6~10) 17I(S~29) I 

Leon Lack and I. M. Weiner 

Fig. 2. Final serosal/mucosal concen­
tration ratios of taurocholate establish­
ed by everted sacs of small intestine 
from seven species. Segments are drawn 
to indicate positions and relative sizes 
of the intestinal segments. With either 
of the two species mouse and chicken, 
two different methods of dividing the 
intestine were employed. These are 
indicated on separate lines. Values 
given are means, with ranges indicated 
in parentheses within or; alongside 
segments. Numbers above segments 
indicate number of animals. From 
Glasser et at. (13). 

TABLE I. Final pH Gradients of Serosal and Mucosal Media after 90 min 
Incubation of Everted Gut Sacs with Taurocholatea 

Mucosal 

7.50 
7.48 
7.55 

7.45 
7.50 
7.55 

pH 

From Lack and Weiner (11). 

Serosal 

Rat 

6.70 
6.72 
6.65 

Guinea pig 

6.68 
6.75 
6.85 

a Initially. the pH was 7.3 in both compartments. 

Taurocholate concentration 
ratio, serosal/mucosal 

7.7 
11.3 
19.0 

33.0 
34.0 
25.0 

However, these potentials are too small to account for the observed concen­
tration ratios (I 6). Moreover, gut preparations in which the transmucosal 
potential was put at zero by a short-circuiting technique could still develop 
such concentration differences (I7). 

Consistent with the notion that this is an active process was the obser­
vation that metabolic inhibitors compromised transport (Fig. 1). The mecha­
nism of coupling taurocholate translocation to metabolic energy is poorly 
understood. Some evidence is consistent with recent hypotheses developed 
for the transport of other organic compounds. An example of these hypothe­
ses was presented by Curran et al. (I 8) and involves the interaction of sodium 
ions and amino acid transport. It is postulated that the uphill transport of 
amino acids into the mucosal cell depends on the maintenance of high 
extracellular and low intracellular sodium ion concentrations. The high 
extracellular sodium concentration, by enhancing sodium binding to a 
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postulated membrane carrier, simultaneously increases the affinity of the 
same carrier for the amino acid. This complex dissociates more readily on 
the intracellular face of the membrane, where Na ions are more dilute. This 
produces a higher concentration of the amino acid within the cell and pro­
vides a favorable concentration gradient for its egress from the basal side of 
the cell. This process is totally dependent on the maintenance of a concentra­
tion difference of sodium across the cell membrane; thus only the outflow of 
sodium need be coupled to metabolic energy. In light of this and other related 
hypotheses, it is of interest that the ileal transport of taurocholate is depen­
dent on the presence of extracellular sodium ions (14,19). 

Ouabain inhibits sodium extrusion from the cell and thereby obliterates 
its critical concentration differences. Ouabain acts on the energy utilization 
step for the active extrusion of sodium ions, as evidenced by its inhibition of 
"transport adenosine triphosphatase" (20). The inhibition of bile salt trans­
port by ouabain (21,22) resembles similar actions against other transport 
systems (e.g., those for amino acids and sugars). The omission of cations other 
than sodium from the incubation media does not greatly impair taurocholate 
transport (22). 

A characteristic of all thoroughly studied active transport systems is 
structural specificity. In general, however, the structural requirements for 
transport are considerably less restrictive than those for many enzymes. 
A large variety of cholanic acid derivatives are susceptible to active ileal 
transport. Thus all naturally occurring bile salts and a number of synthetic 
analogues have been shown to be transported. In all cases, active movement 
was restricted to the distal small bowel (Fig. 3). This discussion of structural 
requirements will include the following: (I) hydroxylation of the steroid 
nucleus, (2) steric configuration of the cholanic acid moiety, (3) the nature of 
the amino acid grouping in the conjugated bile acid, and (4) the ionic state of 
the bile salt. 

No single hydroxyl group appears to be essential for transport. Thus 
compounds 9, 11, and I S of Fig. 3, which are derivatives of taurocholate each 
lacking one of the three hydroxyl groups, are transported. Compound 17, 
glycodehydrocholic acid, a triketo compound possessing no hydroxyl groups, 
is also transported. This again suggests that ring hydroxylation is not re­
quired. 

Bile salts in general belong to the coprostane group of cholesterol 
derivatives, which entails the /i'-configuration for hydrogen at position S. 
Alteration of the molecule to the Sa-configuration does not preclude trans­
port (Alan Hofmann, personal communication). 

Bile acids conjugated with either taurine or glycine may be transported: 
indeed, the ileal system can transport cholic acid itself. When an analogue of 
taurocholate containing a positively charged group (compound 8, Fig. 3) 
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COMPOUND FORMULA 

TRIHYDROXYCHOLANIC ACID DERIVATIVES 

1 CIt, 
H9 CH-CH,CH,COOH 

Cholic Acid HO-'~ 
2 CH, g 

H9 CH-CH,CH,C-NHCH,CH,SO,H 
Tourotholic Acid 

HO--0:22 

3 CH3 0 
"? CH-CH,CH,e-NHCH,COOH 

Glycocholic Acid 

HO'-o2; 

4 CH, g 
H9 CH-CH,CH,C-NH,CH,CH,CH,CH,COOH 

N-Cholyl n 8omino,oleric Acid 
HO--o2; 

5 HO ~H 9 
et5#-CH,CH,c-NH-~-COOH 

N-Cholylosporlic Acid CH, 

HO-- -OIl eOOH 

6 ~H3 g 
H9 CH-CH,CH,C-NHCH,CH,-OPO,H, 

N-Cholyl-O-phosphorylethon%mine HO--~ 
7 CH, g "? CH-CH,-CH, -NHCH,CH,PO,H, 

N-Cholylominoethylphosphonic Acid HO--~ 
8 CH, 0 

H9 CH-CH,CH,~NHCH,CH,N1CH,I, CI 
N-Cholyl-N~ Trim,lhyl,fhyl",diomine 

HO'-oY: 

Leon Lack and I. M. Weiner 

FINAL SEROSAL/MUCOSAL CONCENTRATION RATIOS 
1st Quorter 2nd QLlort" 3rd Quarter 4th Quort', 

63 .59 2.9 37 

1.52-.721 (56-.641 (2.8-3.1) (2.5-51) 

.59 .62 4.3 13.0 

1.53- .651 1.48-681 (,80-13.01 (3-261 

.85 .87 2.6 11.2 

(.82-.871 (,82-.901 (1.2-3.31 110.0-13.31 

.52 .52 1.4 5.2 

(.50-.561 ( 50-.561 111-1.81 (2.7-7.61 

.68 .62 .79 1.2 

1.64-.77) 1.55-.701 (.70-.981 (1.1-1.31 

.63 .56 .51 .85 

1.52-.801 1.51-.601 1.40-.551 179-881 

.63 .78 1.3 20 

1.60-.801 170-.801 1.86-1.7) (2.0-21) 

.69 .72 .77 71 

1.68-.701 1.68-.751 1.70-.781 (.67- 751 

Fig_ 3_ Transport of various bile acids by everted gut sacs of guinea pig small boweL Values 
are means of three to six sacs_ The range of values is given in parentheses_ From Lack and 
Weiner (22)_ 

was tested, no transport was observed_ This material at the concentrations 
tested did not interfere with the transport of its naturally occurring analogue_ 
The apparent requirement for a negative charge on the side chain prompted 
studies of bile salts containing two negative charges_ In these instances, 
transport was minimaL This suggests that a single negative charge on the 
side chain is essential for activity_ This hypothesis was supported by transport 
studies in media of different pH. As illustrated in Figs. 4a and 4b, the 
transport of dibasic bile acids is enhanced relative to the transport of mono­
basic bile acids at lower pH. Since lower pH increases the concentration of 
singly charged species of the dibasic acids, this result is consistent with the 
idea that a single negative charge on the side chain is a requirement for 
transport (23). Further support for this notion is provided by the demon-
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COMPOUND FORMULA 

DIHYIlROXYCHOLIC ACID DERIVATIVES 
9 .,~~CH,CH,~"'NHCH,CH,SO,H 

Taurodeoxycholic Acid 
HO' 

10 CH, ~ 
,~-CH,CH, -NHCH,C"ooH 

Glyeodeoxycllolic Acid 
HO' _ 

}{ ~~CHzC~NHCH,CH,SO,H 
Tauror.henodeoxycllolic Acid 

HO" OH 

12 r.:~CH,CH,~-NHCH,c"ooH 
GlyclIochenodeoxycholic Acid HO"~ 
13 r.:~CH,CH,~H~tHi'So,H 
Taurohyadeoxycholic Acid HO'~ 
14 cJ' , H-CH,CH,C-NHCH,C''ooH 

Glycohyodeoxychoiic Acid 

ItO' OH 

15 ~ CH,CH,lN~~so,H 
7,12 Dihydroxycllolanylfourine 

16 ~H, J 
~-CH,CH, -NH,CH,c"ooH 

N-3-chloro-7, 12 dihydtOxycllolanylqlycine 
CI 'OH 

oWlr orm- ""g'VATIV< 

17 A-CH,CH,~-NCH'c"ooH 
Glyeodehydrocholic Acid 

39 

FINAL SEROSAL/MUCOSAL CONCENTRATION RATIOS 
1st Quarter 2nd Quarter 3rd Quarter 4th Quarter 

.63 .10 4.0 5.5 

1.54c68} 1.63-.831 12.1-5.3} 15.3-6.5} 

.55 .58 1.5 1.8 

1.52-.60} 1.44-.65} 1I.0-2.0} 11.3-2.2} 

.61 .66 3.1 6.5 

1.63-.1O} 1.62-.69} 12.1-5.3} 5.3-6.5 

.63 .65 1.2 2.1 

1.55-.10} 1.60-.13} 1.80-2.0} 11.6-2.3} 

.69 .65 4.2 5.1 

1.61-.15} 1.66-.18} 13.0-5.5} 15.0-6.81 

.18 .10 2.4 6.9 

1.10-.801 1.65-.161 11.5-3.11 14.6-8.31 

.66 .62 2.9 4.5 

1.61-.111 1.60-.631 1.2-3.9 14.1-5.51 

.61 .65 1.5 2.0 

1.56-.n1 1.57-.691 1.99,2.01 11.3-2.71 

.81 .83 1.1 3.4 

1.18-.85} 1.19-.891 1.95-1.3} 13.2-3.61 

strati on that dibasic acids are more effective competitors for ileal bile salt 
transport when pH of the incubation medium is decreased (Table II). 

Apparently, the requirement for a single negative charge applies primari­
ly to the region of the side chain. The introduction of an additional negative 
charge at the 3-position of ring A does not preclude transport. This was 
demonstrated with the 3a-sulfate ester of taurolithocholic acid (24). This is 
one of a series of recently described natural bile salts (25). 

A characteristic feature of active transport mechanisms is the existence 
of a maximal rate, which is ascribed to saturation kinetics analogous to the 
kinetics for enzymic reactions (Michaelis-Menton). A maximal rate for the 
transport of taurocholate can be demonstrated in vitro and in vivo (11,14,17, 
19). Unfortunately, the interpretation that the observed maximal transport 



40 

" 

o 
• Glycocholate . fl - C- NHCH1COO· 

o 
~ CholylosPOtlot, . R- l - NHC.HtCOO· 

CHa-COIT' 

Leon Lack and J. M. Weiner 

a 

b 

Fig. 4. (a) Effects of pH of incubation medium on the rel­
ative transport of glycocholate and N-cholylaspartate by 
everted sacs. (b) Effect of pH of incubation medium on the 
relative transport of taurocholate and N-cholylamino­
ethylphosphonic acid. The dibasic compound is a relatively 
better substrate for transport at the lower pH, presumably 
because a greater proportion of the molecules exist as the 
singly charged species. The pKa of taurocholate (1.54) is 
such that the quantity of anion present is not significantly 
different at the two pH values. From Lack and Weiner (23). 

rates are characteristic of the transport system exclusively may not be entirely 
valid. This uncertainty stems from the observation that bile salts can be 
rather nonspecific inhibitors of a variety of intestinal functions . In addition 
to some metabolic alterations (26), bile salt preparations had been shown to 
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inhibit the transmucosal transport of sugars, amino acids, and electrolytes 
in vitro (27-29). Originally, these effects were even observed in the jejunum, 
a region where the bile salts themselves are not transported. Many of these 
pharmacological actions in the jejunum were clearly shown by Pope et al. 
(30) to be attributable to unconjugated bile salts present as contaminants. 
Indeed, Lack and Weiner (22), working with highly purified conjugated bile 
salts, had previously observed that inhibition of jejunal transport of glucose 
or tyrosine did not occur. However, they found that ileal transport of these 
substances was seriously compromised by the presence of these purified bile 
salts. This difference in sensitivity of the two regions of the intestine is prob­
ably attributable to the fact that bile salts are concentrated within the cells 
that transport them. Thus the maximal transport rate for bile salts seen at 
elevated concentrations may be a reflection of general depression of cell 
function in addition to the saturation of the transport system. These results 
were obtained from experiments involving guinea pig tissue. Whether or not 
they apply to kinetic data with tissue from other species (see below) is not 
known. 

The fact that the active transport of all bile salts occurs in the same 
anatomical site allows the consideration that they are transported by a single 
system. This conjecture is supported by demonstrations that the mutual 
inhibition of transport between pairs of bile salts in hamster and rat ileum 
appears to follow the kinetic patterns consistent with competition (19,31). 
Lack and Weiner (22), who made a fairly extensive study of mutual inhibi­
tion between pairs of bile salts with guinea pig ileum in vitro, did not attempt 
a similar kinetic treatment because of the above-mentioned observations 
concerning the general transport depression caused by the bile salts. In this 
tissue, the fractional depression of the transport of one bile salt by another 
was the same as the fractional depression of glucose or tyrosine transport. 
In in l'il'O experiments involving the perfusion of ileal segments, Heaton and 
Lack (32) were able to demonstrate mutual inhibition of transport with 
different pairs of bile salts without this complication (see Fig. 5a and 5b). 
This is consistent with competitive interaction. As might be expected, inhibi­
tion of one bile salt by another was found to be less marked in the in vivo 
studies. 

In all the aforementioned findings, dihydroxy bile salts were more potent 
inhibitors than the trihydroxy compounds. This is demonstrated for the in 
vivo studies in Table III. This would imply that the affinity of Krn for bile 
salts containing two hydroxyl groups was greater than that for the trihydrox­
ylated substances. However, Schiff and Dietschy (33) in a preliminary report 
state that the affinity constant of the conjugated bile salts was independent 
of the number of hydroxyl groups. At the time of writing, it is impossible to 
resolve this apparent contradiction. 
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O.15mg Sodium Taurocholale/ml 

O.'mq TourodtOl)'d'lola't/m l 

• • 

T im. In M ln"l .. 

ILEAL 
PERFI/SION 

"m//min. 

a 

b 

Fig. 5. (a) Effect in vivo of taurodeoxycholate on the 
ileal transport of sodium taurocholate. Guinea pigs 
maintained under light ether anesthesia were used. In 
each experiment, the cystic bile duct was tied off and 
the common bile duct cannulated for bile collections. 
Ileal segments, 20 cm, were perfused in the following 
order: (1) a saline solution containing 0.15 mg sodium 
taurocholate, (2) a solution containing 0.15 mg sodium 
taurocholate plus 0.5 mg sodium deoxycholate, and 
(3) the original solution with only sodium taurocholate. 
The arrows indicate the order of addition. Transmu­
cosal movement, i.e., intestinal transport, was quanti­
tated by measuring the rate of appearance of the per­
fused taurocholate in the bile. Each bar represents the 
total recovery for a 10-min period. (b) Effect of sodium 
taurocholate on the in vivo ileal transport of taurode­
oxycholate. From Heaton and Lack (32). 
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ill. PASSIVE PROXIMAL INTESTINAL ABSORPTION OF BILE 
SALTS 

45 

Dietschy et al. (17) have defined in terms of current concepts the factors 
involved in the passive absorption of bile salts across the mucosa of the 
jejunum. Three processes have been considered. One is movement of bile 
salts with the osmotic flow of water. The important parameter in this regard 
is the reflection coefficient, which can be visualized as the sieving effect of the 
membrane to retard the movement of bile salts when water moves across 
the membrane. The values of this coefficient may vary between 0 (no sieving) 
and I (complete retardation). The values for taurocholate and cholate aver­
age 0.96, indicating that this path for absorption is virtually inoperative. 

A second mode of movement is passive ionic diffusion. In this process, 
the bile salt anion moves through the membrane barrier driven by electro­
chemical difference. Anions of both conjugated and unconjugated bile salts 
are involved in this process. 

The final passive mechanism is nonionic diffusion. In this case, the 
solute diffuses as the undissociated acid through the cell membranes, which 
act as lipid barriers. Concentration difference of the undissociated acid is the 
driving force. The extent of this process is determined by three factors. The 
first two, pH of the medium and pKa of the bile acid, define the proportion of 
molecules in the undissociated state. The third factor, solubility in the lipid 
membrane, determines the ease of penetration. Taurocholic acid, by virtue of 
its pocr solubility in lipid-like phases and its very low pKa, does not partici­
pate significantly in this process. On the other hand, unconjugated cholic 
acid and other unconjugated acids which have appropriate physiochemical 
properties can be extensively absorbed by this mechanism. Under normal 

TABLE IV. Absorption of Taurocholate from Proximal and Distal Small 
Intestine in Anesthetized- Animalsa 

Absorption in 90 minb (%) 

Species Load (mg) Proximal Distal Ratio 

Rabbit 183 0.9 51.4 57.0 
Rat 15 13.2 83.4 6.3 
Guinea pig 30 1.6 40.3 25.0 
Dog 183 13.2 84.8 6.4 
Spider monkey 86 0.2 19.9 100.0 

172 2.3 32.0 13.9 
344 4.0 8.4 2.1 

From Glasser et al. (13). 
a Separate animals were used for proximal and distal studies. Figures for monkeys represent 

values from individual animals; for all other, the mean of three or four animals. 
b Cumulative radioactivity collected in common bile duct expressed as percent of amount 

injected into the intestinal segment. 
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physiological conditions, this is not a significant process in the jejunum 
since the bile salts in this region are of the conjugated variety. 

Studies of proximal passive diffusion have demonstrated that consid­
eration of the species of animal as well as the experimental technique is 
critical. As shown in Table IV, the rate of taurocholate egress from the 
proximal small bowel is negligible in the rabbit and guinea pig but is signif­
icantly higher in other species. In the case of those species having gallblad­
ders, one would expect bile to be present in the intestine for the most part 
only during the digestion of a meal. The mixture of bile salts, other bile 
constituents, digesting foodstuffs, and other secretions represents a millieu 
much different from the experimental conditions of Table IV, where simple 
buffered solutions of bile salts were placed in tied-off segments of intestine 
in anesthetized animals. In these experiments, the dog returned a significant 
amount of taurocholate to the liver from tied-off segments, suggesting that 
in this species a degree of proximal (i.e., passive) absorption of taurocholate 
is possible. However, studies of the enterohepatic circulation in dogs with 
resections of various segments of the intestine strongly suggest that in the 
functioning state minimal absorption takes place proximally. Playoust et at. 
(34) studied the turnover of radioactive taurocholate in five normal animals 
and five with resection of the proximal small bowel. The results with both 
groups were identical. However, with ileal resection the digestion of one 
fatty meal resulted in almost complete loss of the radioactivity. Represen­
tative experiments comparing results from dogs with ileal and jejunal re-
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Fig. 6. Decline of radioactivity in the 
bile of dogs given sodium taurocholate-
14C. The upper curves are from two ex­
periments in the same dog with jejunal 
resection. The lower curve is from an ex­
periment using a dog with resection of 
the ileum. Sampling of bile was achieved 
through a plastic tube placed in the gall­
bladder and exteriorized through a stab 
wound. The gallbladders functioned 
normally. Experiments were initiated 
after a 24-hr fast by the intravenous in­
jection of sodium taurocholate-14C. Five 
hours later, the gallbladder was emptied, 
the volume determined, and a small 
aliquot used for analysis. The bulk of 

the bile was returned to the gallbladder. The dog was then allowed to eat its daily meal. 
This procedure was repeated at 24-hr intervals. The peak of radioactivity in bile is 
assigned a value of 100 and its occurrence is assigned at zero time. These are 
representative experiments of a study involving five dogs with ileal resection, five 
dogs with jejunal resection, and five sham-operated animals. The experiments were 
performed several weeks after surgery. From Playoust et at. (34). 
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sections are presented in Fig. 6. The apparent discrepancy between the 
experiments with tied-off segments of intestine in situ and these results can 
probably be resolved by the observation of Small (cited in reference 3). 
He found that taurocholate absorption by diffusion was considerably less 
in the presence than in the absence of phospholipid. Presumably, this 
phenomenon is attributable to the fact that taurocholate is incorporated 
into bulkier mixed micellar particles with phospholipid. 

In man, the enterohepatic circulation of taurocholate and glycocholate 
has been studied in subjects lacking varying lengths of the ileum. These 
investigations employed in principle essentially the same experimental 
design that was used with the resected dogs, and they are discussed in greater 
detail and extended context by Tyor in Chapter 4 of this volume. In the 
absence of the ileum, labeled bile salts virtually disappeared from the hepatic 
biliary space within 24 hr, suggesting that the duodenojejunum participates 
to a minimal extent in the enterohepatic circulation. However, during the 
initial 24 hr these patients consumed three meals. It has been estimated that 
under normal physiological conditions bile salts circulate at least twice per 
meal (35). It is possible that in these situations removal of the ileum resulted 
in only a fractional loss in intestinal bile salt absorption. Such a loss com­
pounded several times could cause a complete loss of labeled bile salts 
within 24 hr. Recently, Van Deest et al. (36) measured the disappearance 
of injected radioactive taurocholate in ileectomized patients over shorter time 
periods. They reported a half-life based on the decline of specific activity of 
taurocholate to be as low as l.3 hr, a value consistent with the idea that 
taurocholate absorption from the proximal regions is negligible and that the 
ileum is the major site for trans mucosal movement of this primary bile acid. 
Low-Beer et al. (37), employing a different approach involving double 
isotopes, studied the enterohepatic circulation of another bile salt, glyco­
cholate, following the digestion of one meal in ileectomized and normal 
subjects. A measured amount of 14C-labeled glycocholate of known specific 
activity was injected intravenously 2 hr prior to the evening meal. The next 
morning before breakfast, a known dose of tritium-labeled glycocholate was 
injected, the patient was intubated with a catheter to permit sampling of the 
duodenal contents, and the gallbladder was emptied by the administration of 
cholecystokinin. From the bile recovered via the duodenum, a sample of pure 
glycocholic acid was isolated and assayed simultaneously for its specific 
activity based on tritium and carbon-14. The tritium dilution allowed esti­
mation of total glycocholate present in the hepatic and biliary space prior to 
the administration of cholecystokinin. From this and the specific activity of 
the carbon-14 in glycocholic acid, one calculates the total glycocholic acid 
returning to the liver and gallbladder after the digestion of one meal. The 
results of these studies in four patients with ileectomy indicate that little 
glycocholate leaves the alimentary tract during the digestion of one meal. The 
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average retention in these patients was 3.6 %, compared with 68 % for 
normal controls. Thus it would seem that under physiological conditions 
passive diffusion of both glyco- and taurocholate is of minor quantitative 
significance. 

In contrast to the results with trihydroxy acids, Hislop et al. (38) report­
ed in a preliminary communication that glycochenodeoxycholic acid and 
glycodeoxycholic acid can be absorbed from the jejunum. The authors 
employed a triple lumen tube to perfuse 50-cm jejunal segments. Twenty-five 
percent of these glycine conjugates were taken up, compared with 3.3 % 
of the taurine conjugates. The authors considered the value for absorption of 
the conjugates of taurine negligible. Their results with the glycine conjugates, 
however, suggest that a considerable fraction of the total enterohepatic 
circulation of bile salts is via the jejunal region, since glycochenodeoxycholic 
acid and glycodeoxycholic acid comprise as much as 45 % of the bile salt 
pool of man. It is not known whether these findings are applicable in condi­
tions with normal intestinal contents. A consequence of proximal absorption 
would be conservation of the glycine-conjugated dihydroxy bile salts in 
subjects lacking an ileum. In a single patient, Hardison and Rosenberg (39) 
report that ileectomy resulted in the depletion of the deoxycholate pool, a 
condition which would be unexpected if circulating glycodeoxycholate could 
return in considerable amounts to the liver via absorption from the proximal 
segments. 

IV. PASSIVE ABSORPTION OF BILE SALTS IN THE LOWER 
GASTROINTESTINAL TRACT 

Direct measurement of passive transport in the ileum has not been 
made because of the presence of the active mechanism. It has been assumed 
that these processes are quantitatively similar to those in the jejunum. 
However, there are known differences in permeability characteristics of 
various parts of the small bowel (40). 

Unlike the normal proximal small intestine, there have been reports of 
appreciable quantities of unconjugated bile acids in the ileum (41). This is 
not a uniform finding (42) and may reflect differences in diet or other experi­
mental variables. Insofar as there are appreciable quantities of unconjugated 
acids, which undoubtedly arise from bacterial hydrolysis, nonionic diffusion 
plays an important role. 

It is known from the work of Norman and Sj6vall (42) that approximate­
ly 50 % of bile salts injected into the cecum of a rat is absorbed and re-enters 
the enterohepatic circulation. In all cases, hydrolysis of conjugated bile salts 
precedes this absorption. A large fraction of the bile salts are additionally 
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modified to less polar derivatives before absorption by bacterial action. Both 
of these phenomena would favor a nonionic diffusion mechanism in this 
region of the gastrointestinal tract, which lacks an active transport system (14). 
Dietschy has recently shown that nonionic diffusion from the large bowel 
can indeed occur (cited in reference 36). 

V. THE TRANSPORT OF BILE SALTS IN THE LIVER 

At the present time, the most widely accepted hypothesis concerning 
the formation of bile attaches primary importance to the secretion of 
organic anions, of which the bile salts are quantitatively most important. 
According to this hypothesis, it is the osmotic effect exerted by these sub­
stances which provides the driving force for the ingress of water, electrolytes, 
and other substances (9,43-45) into the canaliculi. Subsequently, the bile so 
formed is modified in the hepatic portions of the biliary tree. In animals 
equipped with gallbladders, considerable concentration occurs during stor­
age. This latter process is effected by the active transport of sodium chloride 
out of the gallbladder followed by the osmotic extraction of water (46). Bile 
salts and other organic compounds do not traverse the gallbladder epithelium 
to a large extent and are thereby concentrated (47,48). The organic anion 
secretion hypothesis regarding the formation of canalicular bile requires that 
secretion of these anions be an active transport process. There are three lines 
of evidence which have been used to support this: (1) the high hepatic bile/ 
plasma concentration ratios of bile salts, (2) the apparent saturation kinetics 
of the secretory process, and (3) the evidence for competitive interactions in 
the transport of different anions. As indicated in the Introduction, all of this 
evidence is strongly suggestive but does not constitute rigorous proof of 
active transport. 

Concentration ratios of taurocholate between hepatic bile and plasma 
have been reported to be as high as 1000. However, since bile salts tend to 
aggregate into micelles (see Small, Chapter 8 of Volume I), the actual activity 
ratios are not as high. 

The maximal capacity for secretion of taurocholate in chickens is 10 
,umolesjminjkg (45). The corresponding figures for rat and dog are 15 and 
6-8.6, respectively (8,45). The maximal rate for glycocholate in the dog is 
approximately the same as that for taurocholate (8). There is a vast literature 
on the extraction and excretion of anionic dyes by the liver. This has been 
amply reviewed by Sperber (43), who also marshalled the evidence supporting 
the notion that these substances are secreted by the same mechanism that 
applies to the bile salts. The major evidence is depression of dye excretion 
following the administration of taurocholate, glycocholate, dehydrocholate, 
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and cholate. The converse result, depression of taurocholate by bromcresol 
green, has also been demonstrated. Not all workers have observed inhibition 
of dye excretion by taurocholate administration. In fact, some have ob­
served enhancement (49). These results are not necessarily inconsistent with 
the foregoing hypothesis. A variety of other physiological factors such as 
changes in bile flow rate (45) or hepatic blood flow (50) might account for 
these apparently divergent results. There are, however, two recent observa­
tions which may require partial re-evaluation of the notion that bile salts and 
dyes are handled by identical mechanisms. Humans exhibiting the Dubin­
Johnson syndrome and a mutant strain of sheep have apparently normal 
excretory function for taurocholate but almost completely impaired excretion 
of bromsulfophthalein (BSP) and other organic anions (51,52). This might 
be interpreted as evidence for separate eXCI"etory pathways for bile salts and 
BSP. 

If it is of interest that biliary storage of BSP in patients with the Dubin­
Johnson syndrome fell within the normal range (52,53), allowing the pos­
sibility that the mechanism for the extraction of the dye from plasma by the 
liver is unimpaired. Thus one may speculate that the site of competition be­
tween bile salts and anionic dyes is at the hepatic uptake (or storage) stage 
and that subsequent secretion from the cell into the canaliculus of the two 
substances may proceed by separate mechanisms. 

VI. RENAL TRANSPORT OF BILE SALTS 

In the absence of disease, bile salt concentrations in peripheral plasma 
are quite low. Human serum values from normal subjects vary from 0.03 to 
0.23 mg/IOO ml (54). Higher levels are seen after feeding, apparently caused 
by a small fractional escape of bile salts from the enterohepatic circulation, 
over which traffic is greatly enhanced by feeding in species with gallbladders. 
Peripheral blood values averaging 0.08 mg/IOO ml have been reported for 
rats (6) and peripheral serum values of 0.3 mg/IOO ml for cebus monkeys (7). 
Of course, higher values are encountered in hepatic disease, with cor­
respondingly greater loads presented to the kidneys (55). 

Because of results (see below) suggesting an interaction of bile salts 
with the renal tubular mechanism for organic anion secretion, it is interesting 
to consider the consequences of efficient renal secretion of these substances, 
were it to occur. At a mean plasma level of I ftg/ml and renal plasma flow of 
700 ml/min, urinary excretion would be 1 g/day. This exceeds the daily turn­
over of bile salts in man and is many times greater than the highest excretory 
rates observed. 

Rudman and Kendall (55) were the first to appreciate that the observed 
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excretory rates of bile salts in urine required the participation of a reabsorp­
tive mechanism in man. First, they demonstrated that circulating bile salts 
were extensively bound to plasma proteins, mainly albumin (56). They 
calculated the renal clearances of bile salts based on estimations of unbound 
plasma concentrations and derived values much lower than reasonable 
values of filtration rate. 

This was confirmed in dogs (57) in a study which also demonstrated (for 
cholic, taurocholic, and glycocholic acids) that reabsorption occurs in the 
proximal tubule (Fig. 7) and that the reabsorptive process involves active 
transport. The latter conclusion was based on estimates of the tubular fluid/ 
ultrafiltrable plasma concentration ratio for taurocholate and an estimate of 
transtubular electrical potential taken from the literature. In addition, it was 
shown that the reabsorptive process for bile salts had a maximal rate (satura­
tion kinetics) (Fig. 8). 

Although entirely consistent with the earlier clinical evidence, this work 
did not provide an explanation for observations which suggested (but did not 
require) an interaction of bile salts with a secretory process. The latter was 
inferred from the observation of Woo and Hong (58) that bile salts inhibit 

0.6 Distal 

0.2 

5 10 15 20 25 
Sample Number 

Fig. 7. Stop-flow analysis of taurocholate reabsorption. This experiment was performed 
during the intravenous infusion of taurocholate and inulin into a dog undergoing 
massive osmotic diuresis. After an equilibration period, urinary outflow from the 
kidney was stopped by occluding the ureter, leaving the urine in contact with the various 
tubular segments for several minutes. This allowed additional time for the operation of 
transport processes, thus exaggerating their effect on the composition of the urine. 
After release of the occlusion, small serial samples of urine were collected for analyses. 
Samples of urine exposed to the more distal nephron segments emerged first. More 
precise anatomical localization was provided by appropriate marker substances (not 
shown). The results are expressed as the concentration of taurocholate in urine divided 
by the concentration in plasma ultrafiltrate (U IF) factored by the corresponding ratio 
for inulin (U/P). The latter corrects for concentration differences caused by the move­
ment of water, since inulin cannot cross the tubular epithelium. The lowest ratios 
occur in the samples exposed to the proximal tubular epithelium, indicating that this 
is the site of active transport. A thorough discussion of this technique is given by 
Malvin (61). From Weiner et af. (57). 



52 

~1iOO 
t 
~ 

~I~ 
"''100 

au 
>-
~300 
~. 

~ 200 
:::> 

;! 100 

Leon Lack and I. M. Weiner 

R.aIIoo,bed· 200"V/ml of GfR 

L 

400 ~ 600 700 800 

PLASMA ULTRAflLTRATE CONe.ef) "v/ml 

Fig. 8. Relationship of excretion to filtered load. 
Values for excretion (UV) have been divided by glomer­
ular filtration rate (GFR) to correct for differences 
among dogs. The dashed line depicts the idealized 
situation in which maximal rate of reabsorption is 20 
mg/min, GFR is 100 ml/min, and reabsorption is 
complete until the maximal rate is attained. Obviously, 
the actual approach to the maximal rate is more 
gradual. From Weiner et 01. (57). 

renal secretion of other organic anions as well as the structural similarity of 
conjugated bile salts and known substrates for tubular secretion. 

At least partial clarification is provided by recent work fo Zins and 
Weiner (59) which demonstrated a secretory flux for taurocholate in the 
proximal tubule which can be inhibited by the administration of p-aminohip­
purate, a secreted substance. This flux, which presumably traverses the well­
known mechanism for organic anion secretion, is normally overshadowed by 
the larger active reabsorptive process which occurs in the same tubular 
segment. This is not a unique example of bidirectional transport in a single 
tubular segment; uric acid is similarly handled (60). 
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Chapter 3 

BILE SALT METABOLISM IN MAN 

James B. Carey, Jr. * 
Department 0/ Medicine 
University 0/ Minnesota 
Minneapolis, Minnesota 

I. INTRODUCTION 

This chapter deals with the metabolism of bile salts in man, especially 
as it relates to disease, particularly liver disease. The important role of bile 
salts in lipid absorption and gallstone formation is discussed in other chapters 
and will therefore not be considered here. The alterations in bile salt metabo­
lism will be discussed in relation to disease categories in an effort to present 
a clearer overview of the general subject. A more detailed presentation of 
alterations in specific diseases has recently been prepared (I). 

II. PRIMARY BILE SALTS IN MAN 

There are two 24-carbon primary bile acids in man, cholic and chenode­
oxycholic acids, shown as compounds I and II, respectively, in Fig. 1. There 
are two 27-carbon bile acids in human bile, trihydroxycoprostanic acid, III, 
and dihydroxycoprostanic acid, IV. These may also be regarded as primary 
bile acids, but they occur in very small quantities compared to the amounts 
of 24-carbon bile acids and consequently the term "primary bile acids" 
usually refers to the two 24-carbon bile acids in man, cholic and chenode­
oxycholic. 

*Deceased March 1970. 
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Fig, 1. The two 24-carbon primary bile acids in man are I, 
3a,7a,12a-trihydroxy-5,'1-cholanoic acid (cholic acid), and 
II, 3a,7a-dihydroxy-5,'1-cholanoic acid (chenodeoxycholic 
acid). Their immediate precursors are, respectively, III, 
3a,7a,12a-trihydroxy-5,'1-cholestanoic acid, and IV, 3a,7a­
dihydroxy-5,'1-cholestanoic acid. 

Cholate and chenodeoxycholate are the only two 24-carbon bile salts 
which can be isolated from the bile of patients with total external bile fistula 
(2), an observation which supports the validity of the primary and secondary 
bile salt concept. 

m. PATHWAYS FOR PRIMARY BILE SALT FORMATION IN MAN 

The pathways for primary bile salt synthesis shown in Fig. 2 are derived 
from studies in man (3-7) and are believed to represent the major synthetic 
routes. Several of the intermediates shown in Fig. 2 have been isolated from 
human bile. Trihydroxycoprostanic acid, XV, has been crystallized from 
human fistula bile (8) and shown to be derived from cholesterol (4,5). The 
major metabolite of trihydroxycoprostanic acid in man is cholic acid (5). 
5p-Cholestane-3a,7a-diol, X, has been identified as a product of cholesterol 
oxidation (6) and 3a,7a-dihydroxycoprostanic acid, XI, has been isolated 
from human fistula bile (7). 

In addition to these naturally occurring compounds in human bile, a 
number of other intermediates have been identified in fractions of human 
liver homogenates (3) and are shown in Fig. 2 as compounds VI, VII, VIII, 
IX, X, XIII, XIV. 

The observations upon which the pathways in Fig. 2 are based are 
consistent with the view (14) that oxidation of the cholesterol side chain 
inhibits 12a-hydroxylation. The 12a-hydroxylase enzyme (or enzymes) ap-
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Fig. 2. Possible pathways for primary bile salt synthesis in man 
compiled from various sources (see text). V, Cholesterol; VI, 
cholest-5-ene-3tl,7a-diol; VII, 7a-hydroxycholest-4-en-3-one; VIII, 
7a-hydroxy-5tl-cholestan-3-one; IX, 5tl-cholestane-3a,7a-diol; X, 
3a,7a-dihydroxy-5tl-cholestanoic acid; XI, 3a,7a-dihydroxy-5tl­
cholanoic acid (chenodeoxycholic acid); XII, 7a,12a-dihydroxy­
cholest-4-en-3-one; XlII, 7a,12a-dihydroxy-5tl-cholestan-3-one; 
XIV, 5tl-cholestane-3a, 7a, 12a-triol; XV, 3a,7a,12a-trihydroxy-5tl­
cholestanoic acid; XV, 3a,7a,12a-trihydroxy-5tl-cholanoic acid; 
XVI, 3a,7a,12a-trihydroxy-5tl-cholanoic acid (cholic acid). 
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pears to have a high substrate specificity for 7a-hydroxycholest-4-en-3-one 
(3, I 09), and thus the route for cholic acid synthesis may be restricted, per­
haps, to a single pathway. The implications of this with respect to liver 
injury will be discussed in a later section. 

Chenodeoxycholate synthesis may possibly proceed along several path­
ways. As shown in Fig. 2, one route is similar to that for cholate, in which 
ring alterations are completed before side-chain oxidation. A second suggest­
ed route begins with the oXIdation of a terminal methyl group of cholesterol, 
yielding 26-hydroxycholesterol (9,10), which is readily converted to cheno­
deoxycholate but not cholate in the rat. Such a route involving 26-hydroxy­
cholesterol remains speculative in man, however, as this compound has 
not yet been identified as a metabolite of cholesterol in human bile and there 
is some recent evidence that 26-hydroxycholesterol is not an important 
intermediate in bile salt formation (11). 

The reaction sequence in the conversion of cholesterol into 5tJ-choles­
tane-3a,7a,12a-triol and 5tJ-cholestane-3a,7a-diol has been shown to be the 
same in human and rat liver homogenates (3). All of these reactions occur 
with the 20,000g supernatant fluid of homogenates of human liver. The 12a­
hydroxylation of 7a-hydroxycholest-4-en-3-one proceeds efficiently in the 
presence of a microsomal fraction fortified with NADPH (3). 

IV. SYNTHESIS RATES 

The rate of cholate synthesis in man is about 200-300 mg/day, as mea­
sured by isotope dilution studies. The chenodeoxycholate synthesis rate is 
similar, so that the total primary bile salt synthesis is about 400-600 mg daily 
for a healthy adult, and when in the steady state this amount is also the daily 
fecal excretion rate (12). 

Values for turnover time, pool size, and half-life of cholate and cheno­
deoxycholate and the excretion rates for both are given in Table I. When 
turnover time or synthesis rates are calculated from isotope dilution studies, 
the values are usually in the same range as those derived from isotope balance 
studies provided that the latter are done by properly validated and repro­
ducible methods. 

V. MAXIMUM SYNTHESIS RATES 

Maximum synthesis rates in man can be induced by complete interrup­
tion of the enterohepatic circulation so that no bile salts are returned to the 
liver to suppress synthesis. Surgical construction of a total external bile 
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fistula for biliary decompression as a palliative procedure in a group of nine 
patients with abdominal malignancy provided an opportunity to study 
maximum bile salt synthesis rates in man (13). Observed values for maximum 
synthesis rates are shown in Table II. 

This is approximately a four- to sixfold increase over normal synthesis 
rates. The rat can increase its synthesis rate for cholic acid ten- to twentyfold 
(14). The pool size under these circumstances (bile fistula) is probably small 
and confined largely to the liver and biliary tree. 

When the ileum is removed, bypassed, or severely diseased, the entero­
hepatic circulation is again interrupted, which results in a diminished pool 
size (15) and increased daily fractional excretion rates from 0.12 to values of 
0.5-1.5 (16). 

In four patients with ileectomy (17) when in the fasting state (overnight), 
total bile salt pool size was slightly decreased (from 2.9 to 2.2 g) and contain­
ed more deoxycholate (0.55 g). With each succeeding meal, however, exces­
sive loss occurs in the feces and the pool becomes greatly depleted. 

Cholestyramine resin forms a nonabsorbable complex with bile salts in 
the gut lumen and increases fecal excretion about three times and may thus be 
expected to have an effect on bile salt pool size and synthesis rates similar to 
ileectomy (18). 

Fasting in obese but otherwise normal subjects results in cessation of 
cholate turnover (and presumably synthesis) and disappearance of bile salts 
from the stools (19). 

Patients with hypercholesterolemia do not appear to have significant 
alterations in bile salt synthesis rates, but patients with combined hypercho­
lesterolemia and hypertriglyceridemia have increased synthesis rates for both 
cholate and chenodeoxycholate (20). Bile salt synthesis rates are not appre­
ciably changed when nicotinic acid feeding lowers plasma cholesterol con­
centrations (20). Synthesis rates may also be affected by thyroid hormones. 
Cholic acid synthesis is decreased and half-life prolonged in hypothyroid 
SUbjects. These alterations may be corrected with thyroid hormone (21). 
Bile acid synthesis is increased in thyrotoxicosis (21). 

Manipulation of dietary fats to alter serum cholesterol concentrations 
has relatively little effect on bile salt metabolism in man when measured by 

TABLE n. Maximum Synthesis Rates in Grams per Day in Man 

Cholate 
Chenodeoxycholate 
Total 
Cholate/chenodeoxycholate 

a Normal values in parentheses. 

Range 

0.5-3.2 
0.25-2.1 
0.83-5.1 
1.2-3.2 

Averagea 

2.1 (0.25) 
1.2 (0.25) 
3.3 (0.50) 
2.1 (1) 
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isotope dilution studies (22,23). When isotope balance studies are used, 
however, significant increase in fecal bile acid excretion occurs when feeding 
of unsaturated fats is accompanied by a lowering in plasma cholesterol 
concentrations (24). 

In cirrhosis of the liver, cholic acid pool size and turnover rates are 
increased but half-life (in plasma) remains about the same as in normal 
subjects (25). In viral hepatitis, the pool size is apparently decreased, as is 
the daily production (26). 

VI. RELATIVE SYNTHESIS RATES IN LIVER DISEASE 

As will be discussed in a later section, patients with certain types of 
liver injury have chenodeoxycholate as the predominant primary bile salt in 
their serum. Primary bile salt concentration ratios in serum are a fairly 
accurate reflection of the primary bile salt concentration ratio in bile. The 
evidence for this is given in Fig. 3, in which the primary bile salt concentra­
tion ratio in serum is plotted against that in bile in 14 patients. The correla­
tion coefficient for these two variables is 0.86 (p<O.OI). When chenodeoxy­
cholate predominates in bile its metabolites (lithocholate and others) pre­
dominate in feces, and when cholate predominates in bile its metabolites (de­
oxycholate and others) predominate in feces (27). This relationship is shown 
in Fig. 4. It thus appears that primary bile salt concentrations in blood and 
bile are related to their relative synthesis rates and that the predominant bile 
salt in blood and bile has the greater synthesis rate, since its metabolites 
predominate in feces. This assumes of course that there is a steady state and 

50 -

40-

x = 15 + /22 Y 
r = 86 
1).c:..01 

IN B!LE 

Fig. 3. The primary bile salt (cholate/ 
chenodeoxycholate) concentration ratio 
in serum is plotted against the same 
concentration ratio in bile. The cor­
relation coefficient is 0.86, showing 
that the primary bile salt concentration 
ratio in serum is a fairly accurate re­
flection of that in bile. 
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Fig. 4. The primary bile salt concentra­
tion ratio in serum or bile is plotted 
against the concentration ratio of their 
metabolites in feces. The correlation 
coefficient is 0.96, showing that the 
primary bile saIt with the highest con­
centration in serum or bile has the 
highest synthesis rate (see text). 

that synthesis equals excretion. These observations may be interpreted as 
showing that patients with portal cirrhosis synthesize mainly chenodeoxycho­
late when it predominates in their serum and those with cholestasis synthe­
size mainly cholate when it predominates in serum. 

vn. FORMATION OF SECONDARY BILE ACIDS IN MAN 

The predominant bile salts in feces are not the same as those in bile. 
When 14C-Iabeled cholesterol is given intravenously to an adult human, the 
two major metabolites excreted in approximately equal quantities in the 
feces are deoxycholate and lithocholate, with much smaller amounts of other 
secondary bile salts. Deoxycholate and lithocholate, which account for 
slightly more than half of the excreted activity (28), are derived from 7a­
dehydroxylation of cholate and chenodeoxycholate, respectively, by colon 
bacteria. The process has been shown to proceed by direct removal of the 
7a-OH group with the adjacent 6,B-hydrogen, yielding a ,,16-cholenoic acid; 
this unsaturated acid is then hydrogenated to give deoxycholate (29). 

With isotopically labeled primary bile salts, cholate and chenodeoxycho­
late, it is possible to show that in addition to deoxycholate a wide variety of 
secondary bile salts are derived from cholate, the chief ones being 12a­
hydroxy-3-keto-5,B-cholanoic acid, 3,B,12a-dihydroxy-5,B-cholanoic acid, 
3a-hydroxy-12 keto-5,B-cholanoic acid, and 3,B-hydroxy-12-keto-5,B-cholanoic 
acid (30). A smaller number are derived from chenodeoxycholate, mainly 
lithocholate, 3,B-hydroxy-5,B-cholanoic acid, and 3-keto-5,B-cholanoic acid 
(31). The secondary bile acids which have been identified in man are listed in 
Table III. 
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TABLE ID. Bile Acids Identified in Human Fecesa 

Systematic name 

3a, 7 a-Dihydroxy-12-keto-5{l-cholanoic acid 
3a, 12a-Dihydroxy-7 -keto-5{l-cholanoic acid 
3a,7 {l,12a-Trihydroxy-5{l-cholanoic acid 
3{l, 7 {l,12a-Trihydroxy-5{l-cholanoic acid 
3{l, 7a,12a-Trihydroxy-5{l-cholanoic acid 
3a,7a,12a-Trihydroxy-5{l-cholanoic acid 
3a,12a-Dihydroxy-5{l-cholanoic acid 
3,12-Diketo-5{l-cholanoic acid 
3a-Hydroxy-12-keto-5{l-cholanoic acid 
3{l-Hydroxy-12-keto-5{l-cholanoic acid 
12a-Hydroxy-3-keto-5{l-cholanoic acid 
3a,12{l-Dihydroxy-5{l-cholanoic acid 
3{l,12a-Dihydroxy-5{l-cholanoic acid 
3{l,12{l-Dihydroxy-5p-cholanoic acid 
3a,7a-Dihydroxy-5p-cholanoic acid 
7a-Hydroxy-3-keto-5{l-cholanoic acid 
3P,7a-Dihydroxy-5p-cholanoic acid 
3a-Hydroxy-7-keto-5p-cholanoic acid 
3a,7P-Dihydroxy-5{l-cholanoic acid 
7{l-Hydroxy-5p-cholanoic acid 
3a-Hydroxy-5t1-cholanoic acid 
3P-Hydroxy-5p-cholanoic acid 
3-Keto-5p-cholanoic acid 
5p-Cholanoic acid 
3a, 7 a, 12a-Trihydroxy-5a-cholanoic acid 

Common name 

Cholic 
Deoxycholic 
Dehydrodeoxycholic 

Chenodeoxycholic 

7-Ketolithocholic 
Ursodeoxycholic 

Lithocholic 
Isolithocholic 

Cholanic 
Allocholic 

63 

a Hill and Drasar (110) have isolated bacterial strains that possess l2a-dehydroxylase, and 
it is thus possible that some lithocholic acid in feces is derived from cholic acid via 12a­
dehydroxylation of deoxycholic acid. See text for references. 

Secondary bile acids produced in the colon are absorbed by the colon 
into the enterohepatic circulation to a limited extent. Deoxycholate is usually 
the chief secondary bile salt found in human bile, with smaller amounts of 
lithocholate (I). The predominance of deoxycholate in human bile suggests 
that it is more readily absorbed by the colon than lithocholate. 

Vill. AMINO ACID CONJUGATES 

The most active subcellular fraction for conjugation of bile salt CoA 
intermediates with taurine or glycine is microsomal (32). The system is 
strongly stimulated by the addition of a lysosome fraction, which may contain 
some peroxisome particles (33). Taurine and glycine are the only amino acids 
known to conjugate with bile acids in man, and the conjugation appears to 
be limited to the liver. In healthy adults, the usual glycine/taurine ratios are 
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2.0-3.2, but values up to 4 or 6 sometimes occur (34,35). During the first few 
days of life and in the fetus, however, virtually all bile salts are taurine con­
jugates (36-38). Glycine/taurine ratios and conjugating capacity are altered 
in hepatobiliary disease; this will be discussed in Section X. The process of 
conjugation is fairly complete, as only trace amounts of unconjugated bile 
salts are found in the bile of healthy subjects or in that from patients with 
various types of liver disease (35). When the enterohepatic circulation is 
partially or completely interrupted, however, up to 3 % of intravenously 
injected 14C-labeled bile salts may occur in bile (2) or duodenal content (17) 
in the nonconjugated form, so that conjugation is not required for excretion. 

Conjugation lowers the ionization constant of unconjugated bile salts 
(pKa about 6) to a pKa of 1.8-3.7, and they become largely ionized at the 
pH ofluminal content, which ranges from 6 to 8. Ionized bile salts are absorb­
ed in jejunal and proximal ileal segments by ionic diffusion at rates propor­
tional to their intraluminal concentrations and activities (39). This process is 
relatively slow, and thus conjugation serves to prevent premature absorption 
of bile salts by jejunal and proximal ileal segments and maintains these de­
tergent compounds at intraluminal concentrations sufficient to assist with the 
micellar phase of fat digestion and absorption. 

When bile salts are deconjugated by abnormal bacterial proliferation in 
the small bowel (40), yielding free or unconjugated bile salts with a pKa of 
4-6, they are quickly absorbed by nonionic diffusion in the jejunum so that 
intraluminal bile salt concentration may be insufficient for efficient fat 
absorption and steatorrhea may result (41). 

Under normal circumstances, bacterial deconjugation is limited largely 
to the colon (numerous species of bacteria have been found capable of 
deconjugation (42-44), and an enzyme from one strain has been isolated (45). 
Under normal circumstances, bacterial deconjugation is limited largely to the 
colon so that bile salts excreted in the feces are almost entirely unconjugated. 
When antibiotics are administered, conjugated bile salts are excreted in the 
feces (46). Free bile salts may be absorbed from the colon (47), which may 
account for relatively high concentration of free bile salts in the serum of 
patients with cirrhosis (25), a condition in which removal from the blood by 
the liver is impaired (48) as is conjugation (32). 

IX. SULFATE ESTERS 

The occurrence of sulfate esters (taurolithocholic sulfate and glycolith­
ocholic sulfate) has been described in human bile (49). Palmer has suggested 
that sulfation of lithocholate may modify its toxic properties and may have 
important effects on other aspects of its metabolism. 
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x. ALTERED BILE SALT METABOLISM WITH HEPATOBILIARY 
DISORDERS 

65 

The two primary bile salts in man, cholate and chenodeoxycholate, are 
synthesized exclusively in the liver, and consequently measurement of their 
concentrations in blood or bile often yields useful information about the 
liver and its response to injury. Bile salt metabolism is altered in two impor­
tant ways with liver injury. The concentrations of bile salts in the blood 
increase, and the concentration ratio in both blood and bile changes. 

Normally (healthy state), the liver is very efficient in removing the bile 
salts from portal blood to bile, thus confining them largely to the enterohe­
patic circulation so that bile salt concentrations in healthy subjects rarely 
exceed 5,ugjml in peripheral blood. Values for primary and secondary bile 
salt concentrations in the serum of healthy subjects are given in Table IV. 
The concentrations of the two secondary bile salts (deoxycholate and litho­
cholate) in serum are very low and seldom exceed 2-3 ,ugjml even when 
primary bile salt concentrations are increased over 20 times normal values. 
Consequently, when serum bile salt concentrations are increased with hepa­
tobiliary disease, almost all of the increase is accounted for by elevation in 
the primary bile salt concentrations, and the primary bile salt concentration 
ratio will include nearly all of the bile salts quantitated. 

The concentrations of the primary bile salts in serum are very nearly 
equal but sufficiently small so that they approach in magnitude the error of 
the method. For this reason, a primary bile salt concentration ratio has little 
or no significance when the concentrations are not increased above the 
normal range. If the concentration of at least one of the bile salts is increased 
above the normal range, however, the error remains the same, the concen­
tration is not significantly altered by error, and thus the concentration ratio 
becomes valid. The general observation has been made that when serum bile 
salt concentrations are elevated in the presence of severe liver injury, cheno­
deoxycholate predominates and the cholatejchenodeoxycholate ratio is 
usually less than I (50). A primary bile salt ratio of greater than 1 is most 
commonly found in jaundiced patients who have bile duct disease, either 
intra- or extrahepatic (50). 

When the concentrations of bile salts are measured simultaneously in 
blood and bile and expressed as a concentration ratio, it is found that the 
concentration ratios of blood and bile are very similar and related as shown 
in Fig. 3, in which the correlation coefficient is 0.86. 

Thus primary bile salt concentration ratios in serum are an accurate 
reflection of primary bile salt concentrations in bile. Alterations in bile salt 
concentrations in various disease states have been more extensively studied in 
blood than in bile. Bile salts are more easily quantitated in bile than in blood 
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but bile is much more difficult to obtain and bile salt concentrations in bile, if 
collected from the duodenum, are much more variable. 

XI. DISEASE GROUPS 

Table V shows average serum bile salt concentrations and concentration 
ratios for groups of patients with various hepatobiliary disorders. 

XII. PORTAL CIRRHOSIS 

In 123 patients with portal cirrhosis, the trihydroxy fraction ranged up 
to 77.6 ,ug/ml and the highest dihydroxy value was 55.0 ,ug/ml. The concen­
tration ratio ranged from 0.001 to 5. The scatter diagram (Fig. 5) shows the 
distribution of the concentration ratio for the portal cirrhosis group com­
pared with the bile duct disease group. In the portal cirrhosis group, 78 % 
have a concentration ratio of less than 1, whereas 82 % of the bile duct disease 
group have a ratio of greater than 1. High bile salt concentrations occur in 
both groups, but the concentration ratio does tend to partially separate ob­
structive and cholestatic disorders from the type of liver injury associated 
with portal cirrhosis. 

The serum bile salt concentration ratio in patients with portal cirrhosis 
or other types of hepatic cell injury has some usefulness, therefore, in the 
differential diagnosis of jaundice. Jaundiced patients with a bile salt con­
centration ratio of less than 1 will more likely be jaundiced because of hepatic 
cell injury, whereas those with a ratio greater than I will more likely be jaun-

TABLE V. Comparison of Average Serum Concentrations of Bile Salts, 
Bilirubin, and Alkaline Phosphatase for Groups of Patients with 

Various Hepatobiliary Disorders 

Serum bile salt concen-
trations (pg/m!) 

Serum Alkaline 
No. Trihy- Dihy- Ratio bilirubin phosphatase 

Disease patients droxya droxya Total tri/di (mg %) (KA units) 

Portal cirrhosis 123 4.39 8.50 12.89 0.6 7.40 26.69 
Bile duct disease 115 21.57 10.12 31.69 2.9 12.53 59.69 
Biliary cirrhosis 29 13.03 8.43 21.46 1.8 6.15 81.13 
Viral hepatitis 56 24.68 18.25 42.93 1.9 8.77 25.65 

a Trihydroxy bile salts in serum are mainly cholate and dihydroxy bile salts mainly che­
nodeoxycholate, especially when the serum concentrations are elevated above normal 
values. 
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Fig. 5. Serum bile salt concentration ratios are 
plotted by disease group. The group with bile duct 
obstruction, whether intra- or extrahepatic, tends to 
have a higher ratio (greater than I) than the portal 
cirrhosis group, in which the ratio is usually greater 
than 1 (see text for details). 

diced because of cholestasis or bile duct obstruction either within the liver or 
in extrahepatic bile ducts. As with all other liver "function" tests, however, 
the concentration ratio cannot be taken as an absolute or infallible guide but 
must be interpreted in conjunction with other studies. 

Although useful in diagnosis, the concentration ratio is perhaps more 
helpful in revealing the extent of liver injury. Jaundiced patients with a con­
centration ratio of less than I are more likely to have other evidence of 
extensive liver injury such as hypoalbuminemia, 3 + to 4+ cephalin floccu­
lation, and increased serum immunoglobulin concentrations. Patients with 
impending or actual hepatic coma often have only chenodeoxycholate detect­
able in their serum, and all have had ratios of less than 1. A concentration 
ratio of less than I is by no means an irreversible event. Acute alcoholic liver 
injury is the most common example of its reversibility. When such patients 
are admitted to the hospital, their concentration ratio is frequently less than 
1 but reverts to higher values with abstinence from alcohol, rest, good diet, 
and time (50). 

The primary bile salt concentration ratio also has prognostic significance 
in patients with chronic liver disease, since it is related to the extent of liver 
injury. Patients with a ratio of less than 1 usually have other evidence of 
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extensive .liver injury and therefore are more likely to die sooner of hepatic 
failure than those who have a ratio greater than 1. 

XIII. BILE DUCT OBSTRUCTION 

As mentioned in Section XII, patients with obstruction of the bile ducts, 
either intrahepatic or extrahepatic, usually have a bile salt concentration ratio 
of greater than 1 (82 % of those in Table V and Fig. 5). Serum bile salt con­
centrations in this group range up to 110.7 ,Ltg/ml for trihydroxy bile salts and 
60.3 ,Ltg/ml for dihydroxy bile salts. These concentrations are composed al­
most exclusively of primary bile salts. Analysis of serum bile salts by gas­
liquid chromatography in patients with bile duct obstruction often fails to 
reveal the presence of any significant quantities of secondary bile salts (I). 
This circumstance has also been observed in duodenal contents of patients 
with bile duct obstruction (35). With bile duct obstruction or cholestasis of 
long standing, the concentration ratio may decline and reach a value of less 
than 1 as liver damage becomes more extensive, as it often does with pro­
longed bile duct obstruction. 

Serum bile salt concentrations or concentration ratios are of no value in 
distinguishing between intrahepatic and extrahepatic bile duct obstruction or 
cholestasis. Patients with metastatic or primary hepatic tumors may have 
values identical to those with cancer or stone occluding the common bile 
duct. Drug-induced cholestasis or the cholestatic phase of viral hepatitis may 
give identical results. 

XIV. HEPATITIS 

Serum bile salt concentrations may reach high values in patients with 
viral hepatitis. In the group of patients studied, trihydroxy values ranged up 
to 90.4 ,Ltg/ml and dihydroxy values to 73.6 ,Ltg/m!. The highest concentrations 
usually occur in the first week or 10 days of the disease, and the concentration 
ratio usually reflects the obstructive or cholestatic phase of the disease; i.e., 
it is greater than I. As shown in Fig. 6, the serum bile salt concentrations may 
fall rapidly after the initial rise and reach nearly normal values before the 
serum bilirubin or alkaline phosphatase values become norma!. 

These observations differ from those of Frosh, who has reported that 
serum bile salt concentrations remain elevated after bilirubin concentrations 
and enzyme activities return to normal and who thus regards serum bile salt 
measurements as superior to other tests in revealing abnormalities in hepatitis 
(51). 
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Fig. 6. Bile salt, bilirubin, and alkaline 
phosphatase values in the servm of a 
patient with hepatitis plotted against 
time, showing that serum bile salt 
concentrations can reach normal values 
before serum bilirubin concentration 
becomes normal. 

The average concentration ratio for the 56 patients in the hepatitis group 
was 1.9. The ratio may frequently become less than 1 during some stage of the 
illness, usually when the concentrations are falling rapidly. Under such cir­
cumstances, a reversed ratio does not signify severe liver damage or a poor 
prognosis, especially when other tests show improvement. Such low ratios 
are usually transient, but if the ratio remains low for any extended period it 
may represent more serious liver injury and be accompanied by a rising 
bilirubin concentration. 

Serum bile salt concentrations and concentration ratios in patients with 
post-transfusion hepatitis appear to have a pattern similar to that seen in 
infectious hepatitis except that the rapid changes seen in infectious hepatitis 
are less commonly encountered in the post-transfusion group. 

A more detailed account of serum bile salt alterations in a variety of 
specific diseases categories is given elsewhere (I). 

XV. ALCOHOLIC LIVER INJURY 

Examples of bile salt alterations in patients with acute alcoholic liver 
injury are given in Table VI. The changes are quite pronounced, especially 
during stages of acute alcoholism. In the group shown in Table VI, serum 
bile salt concentrations declined and the ratio (except for the first patient) 
increased 10 days following admission. These changes may be interpreted as 
additional evidence that ethanol itself may have a direct toxic action on 
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TABLE VI. Serum Bile Salt Concentrations and Concentration Ratios in 
Acute Alcoholic Liver Injury 

Admission 10 days after admission 
Trihydroxy Dihydroxy Trihydroxy Dihydroxy 

Patient (flg/ml) (/lg/mJ) Ratio (/lg/mI) (flg/ml) Ratio 

I 10.8 23.4 0.5 l.l 11.0 0.1 
2 2.5 15.1 0.2 1.1 3.8 0.3 
3 4.1 53.6 0.1 1.0 1.4 0.7 
4 0.8 32.4 0.02 5.4 3.7 1.5 
5 0.4 19.2 0.02 1.6 5.9 0.3 

hepatic cells. Ethanol decreases cholate synthesis in rats (52), and it is rea­
sonable to suppose that it would have a similar effect on the human hepatic 
cell. 

XVI. DRUG-INDUCED JAUNDICE 

Jaundice induced by certain medications is usually associated with 
alterations in serum bile salt concentrations. Increased serum bile salt con­
centrations have been observed with chlorpromazine, 5-fluorouracil, nilevar, 
Carbarsone, tolbutamide, and Dilantin (1,53). With all of these drugs, 
cholate predominated in the serum, and thus the cholate/chenodeoxycholate 
ratio was greater than I. This is consistent with the elevation in alkaline phos­
phatase and cholestasis that occurred in all of these patients. The estrogenic 
component of Enovid, mestranol, has also been shown to produce similar 
changes in cholate/chenodeoxycholate concentration ratio and cholestasis 
(1,54). In jaundice associated with isoniazid ingestion, chenodeoxycholate 
predominates and the concentration is less than I, which is compatible with 
the more severe type of hepatocellular injury induced by this group of com­
pounds (1). 

XVll. BILE SALTS AND PRURITUS 

Despite some conflicting observations (55), the bulk of recent evidence 
supports the hypothesis that increased concentrations of bile salts in the skin, 
resulting from sustained elevations in serum concentrations, are the respon­
sible circumstance for pruritic jaundice. Higher concentrations of bile salts 
occur in the skin of patients who itch than in those who do not (56). A reduc­
tion in high skin bile salt concentrations in a jaundiced patient with pan­
creatic carcinoma followed cholecystojejunostomy, and this was accompanied 
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by a lowering of serum bile salt concentrations and relief of pruritus (56). 
Bile salts are the only compounds which have been regularly shown to occur 
in increased concentrations in blood and skin of patients with the type of 
pruritus associated with jaundice. High concentrations of bilirubin, cho­
lesterol, phospholipids, neutral lipids, or free fatty acids are not associated 
with pruritus when serum bile salt concentrations are not elevated. 

A nonabsorbable strongly basic anion exchange resin which binds bile 
salts in the intestinal lumen, thereby removing them from the enterohepatic 
circulation for excretion in the feces, will relieve pruritus in patients who do 
not have complete biliary obstruction. When serum bile salt concentrations 
are measured serially at frequent intervals during cholestyramine feeding, it 
can be shown that concentrations reach near normal levels before pruritus 
stops, and when cholestyramine is withheld, high serum concentrations are 
reached before pruritus starts. This lag period, which may be a day or more, 
may represent the period of time required for concentrations of bile salts 
sufficient to induce pruritus to accumulate in or leave the skin (57). 

XVIII. PRURITUS AND PREGNANCY 

Healthy pregnant women have normal serum bile salt concentrations, 
but when pruritus occurs serum bile salt concentrations increase and the 
concentration ratio is usually greater than 1 (1,58). In one patient with ec­
lampsia, however, the ratio was 0.9. Estrogens with phenolic A-rings appear 
to play a role in the idiopathic pruritus of pregnancy and pruritus gravi­
darum. They have been shown to impair hepatic bromsulfophthalein (BSP) 
disposal (59), and ethinyl estradiol produced pruritus and jaundice in patients 
who had such symptoms during pregnancy (60). Increased serum bile salt 
concentrations and other evidence of liver injury were induced by mestranol, 
the estrogen component of Enovid, in a patient who was not so affected 
when given the progestational component norethynodrel (1,54). 

The type of pruritus occurring during pregnancy which is caused by 
increased concentrations of bile salts in the blood and skin is readily relieved 
by cholestyramine; this is discussed in Section XXVIII. 

XIX. LITHOCHOLIC ACID AND LIVER INJURY 

The toxicity of bile has long been recognized, and early observations 
have been reviewed by Horrall (61). Cirrhosis of the liver following lithocho­
late feeding was first observed by Holsti (62,63), who also demonstrated that 
its precursor, chenodeoxycholate, had the same effect (64). The cirrhotogenic 
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properties of lithocholate were also demonstrated in a variety of mammals 
(65), birds (66,67), and a primitive lizard, the iguana (68). In acute experi­
ments, intravenously administered sodium taurolithocholate produced cho­
lestasis in rats (69) and hamsters (70), but there is no cholestasis when 
lithocholate isfedto rats (71). Lithocholic acid occurs naturally in human bile 
and feces. It is derived from chenodeoxycholate by 7a-dehydroxylation of 
chenodeoxycholate by intestinal bacteria (72). It therefore becomes of impor­
tance to know if the concentrations of lithocholate to which the liver is ex­
posed are ever sufficiently high or sustained to playa role in the perpetuation 
of liver injury, especially in patients who already have mainly chenodeoxy­
cholate in their blood and bile. 

The quantities oflithocholate required to produce cirrhosis when jed to 
rats (about 625 mgjkg) exceed by approximately 100 times the amounts found 
in man. The concentration of lithocholate in human gallbladder bile ranges 
from 0.2 to 5 mgjml (mean 1.5 mgjml), while that in human blood serum 
rarely exceeds 1 ,ugjml (1). Rats, however, readily convert lithocholate to 
other less toxic bile saits, mainly 3a, 6f1-dihydroxy-5f1-cholanoic acid, in feed­
ing experiments (71). The human liver does not readily convert lithocholate 
to other compounds to any significant extent (2). It thus may be possible that 
on a mgjkg basis lithocholate may be more toxic to man than to rats. Rabbits, 
like man, are unable to convert lithocholate to other compounds (73), and 
cirrhosis develops in these animals when lithocholate is fed at the 0.25 % 
dietary level (about 0.17 mgjkgjday). An estimate of lithocholate synthesis 
in a healthy adult would be about 3-4 mgjkgjday. 

XX. DISSOCIATED JAUNDICE 

"Dissociated jaundice" (ictere dissocil?e) refers to a dissociation of 
bilirubin and bile salt excretion in which bilirubin is retained, leading to 
jaundice, but bile salts are excreted in a normal manner so that such patients 
are icteric but do not have pruritus and no bile salts are detected in blood or 
urine. The concept was held that only the hepatic cell could selectively retain 
bilirubin but excrete bile salts and that bile ducts or gallbladder cells could 
not. The observation of dissociated jaundice was therefore regarded as useful 
in distinguishing jaundice due to hepatitis or cirrhosis from that caused by 
bile duct obstruction (74-76). 

This concept has now been largely abandoned in favor of more suitable 
methods for making this distinction, but it is of interest to re-examine it with 
more specific analytical methods than were available when the concept was 
popular. Table VII gives the results of comparing serum bile salt concentra­
tions with total serum bilirubin concentrations and shows that jaundice with 
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TABLE VII. Incidence of Dissociated Jaundice in Various Disease Groups 

Disease 

Portal cirrhosis 
Viral hepatitis 
Bile duct disease 

Number of Percent of patients with jaundice but 
patients normal serum bile salt concentrations 

123 35 
56 21 

115 12 

normal serum bile salt concentrations (dissociated jaundice) occurred in 35 % 
of the cirrhosis group, 21 % of the hepatitis group, and 12% of the bile duct 
disease group. When the cirrhosis and hepatitis groups are combined, dis­
sociation occurred in 31 %. The reverse situation, in which serum bile salt 
concentrations are increased in the absence of jaundice, is less commonly 
seen, occurring in only 3 % of all groups combined. 

Thus when the concept of dissociated jaundice is examined by modern 
analytical techniques it is found to be true only to a very limited extent (i.e., 
more patients with cirrhosis or hepatitis will have dissociated jaundice than 
will those with bile duct disease), and the incidence of dissociated jaundice is 
so low in all groups as to be of little diagnostic usefulness-for the fact re­
mains that more jaundiced patients (65 % or more) will have increased serum 
bile salt concentrations regardless of the type of disease. Dissociated jaundice 
is of limited diagnostic value only when it is present. 

XXI. CONJUGATION IN HEPATOBILIARY DISORDERS 

Homogenates prepared from the livers of patients with stone or cancer 
occluding the common bile duct have a reduced capacity to conjugate bile 
salts (32), and a relative decrease in glycine conjugation has been found in 
patients with toxic or infectious hepatitis, cirrhosis, and obstructive jaundice 
(77). This observation is supported by the finding of a lowered glycine/ 
taurine ratio in four of seven patients with obstructive jaundice (35). Glycine/ 
taurine ratios are variable in patients with cirrhosis and hepatitis, but the 
trend is usually in the direction of a reduced ratio. A notable exception is 
myxedema, in which glycine/taurine ratios exceed those in any other condi­
tion thus far studied. 

XXII. STAGNANT LOOP SYNDROME 

The serum bile salt pattern is altered in patients with bacterial prolifer­
ation in the small intestinal content (stagnant loop or blind loop syndrome). 
Bacterial deconjugation of bile salts in the lumen of the small intestine per-
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mits rapid absorption, and the concentrations of free bile salts in the blood 
become greatly increased (78), exceeding the concentration of conjugated bile 
~alts. Primary bile salts predominate, but the relative proportion of deoxy­
cholate becomes increased. Taurine conjugation is diminished under these 
circumstances. The pattern can be restored to near normal by antibiotic ad­
ministration. A similar alteration in the serum bile salt pattern occurs in 
patients with extensive intestinal resection (78). Bacterial proliferation some­
times occurs in the lumen of small bowel in such patients, and if the ileum 
has been resected more bile salt reaches the colon, so that greater absorption 
of deconjugated bile salts is possible from the colon. 

In circumstances where there is a stagnant loop or shortened bowel, bile 
salt patterns in serum reflect those found in the intestinal content (78). 

xxm. BILE SALTS AND TARGET CELLS 

The shape and fragility of red cell membranes are greatly influenced by 
their free cholesterol content, and bile salts have been shown to affect the 
free cholesterol content of red cell membranes in at least two ways (79). 
Serum cholesterol transesterase activity is inhibited by bile salts, and thus 
removal of free cholesterol from the membrane, which is facilitated by esteri­
fication, is delayed. Bile salts induce a shift in the cell/serum free cholesterol 
partition ratio in favor of the cell, so that supranormal concentrations of 
cholesterol occur in the cells. Such cells are flat and osmotically resistant and 
appear as target cells on stained smears. Patients with jaundice, especially 
obstructive jaundice, have numerous target cells, and it has been postulated 
that increased concentrations of bile salts in the serum of such patients may 
account for the target cell formation (79). 

XXIV. EXCRETION IN URINE AND FECES 

Urinary excretion of bile salts by healthy subjects is apparently very 
limited. The urine contained 2 % of the radioactivity administered orally as 
14C-cholic acid to a healthy subject in whom 100 % of the radioactivity was 
recovered (80) and 0.12 % of radioactivity administered to four normal 
subjects when 14C-cholate was given intravenously (25). Conventional 
methods do not detect bile salts in the urine of healthy subjects (81,82). In 
jaundice patients, however, bile salts are excreted in the urine regularly (83). 
The highest 24-hr excretion rates reported by Gregg occurred in patients with 
common bile duct obstruction (58 mg/24 hr) and drug-induced cholestasis 
(40 mg/24 hr). The cholate/chenodeoxycholate ratio was greater than 0.59 
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in the obstruction-cholestasis group and less than 0.50 in the cirrhosis­
hepatitis group. Thus the primary bile salt ratio in urine reflects the changes 
observed in blood in that the ratio is higher in the bile duct disease group and 
lower in the cirrhosis-hepatitis group. In four jaundiced patients with cir­
rhosis, 8.6-67.4 % of the radioactivity from intravenously injected 14C-cholic 
acid was recovered in the urine in 7 days; 60-90 % was conjugated, 40-60 % 
as a dihydroxy compound, presumably deoxycholate (25). In four patients 
with hepatitis, 3.1-35.1 % of intravenously injected 14C-cholate was recovered 
in the urine over a period of 96 hr (26). 

XXV. FECES 

Most bile salts excreted in the feces are of the secondary type. Their 
formation is discussed in Section VII. The daily fecal excretion of bile salts in 
healthy subjects is highly variable and easily influenced by dietary alterations. 
Values from several studies are given in Table VIII. Bile salts virtually disap­
pear from the stools during prolonged fasting, and turnover nearly ceases 
(19). Primary bile salts appear in the stools of patients with diarrhea (l). 
Patients taking cholestyramine excrete the usual pattern of secondary bile 
salts (57), so that apparently bacterial dehydroxylation of bile salts can occur 
in the presence of this resin. Patients with total external bile fistulas have no 
bile salts in the feces (2); this does not exclude transintestinal excretion of 
bile salts but makes it unlikely. As mentioned earlier, the predominance of 
chenodeoxycholic acid in blood and bile is often reflected in a predominance 
of lithocholate over deoxycholate in the feces (27). 

TABLE Vill. Daily Fecal Excretion of Bile Acids in Man 

Subjects and conditions 

Normal-high cholesterol feeding 
Normal-low cholesterol feeding 
Hypercholesterolemia 
Hypercholesterolemia with cholestyramine feeding 
Hypercholesterolemia-coconut oil feeding 
Hypercholesterolemia-safflower oil feeding 
Normal SUbjects-fat free 
Cholesterol-"free" diets 
Moderate cholesterol diets 
Normal-butter diet 
Normal-safflower oil diet 

Fecal bile acid 
excretion (mg/day) 

280-1070 
230-830 
330 
1076 
790 
540 

130-650 
189-431 
93-799 

473 
564 

References 
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(107) 
(24) 
(24) 
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XXVI. ENTEROLITHS 

Enteroliths are concretions of precipitated bile acids which form in the 
intestinal tract and thus differ from gallstones, which consist mainly of 
cholesterol, bilirubin, or both. All but two enteroliths of which the composi­
tion has been determined have been found to be composed of choleic acid, 
a molecular coordinate complex of deoxycholic acid, and usually a fatty acid 
in a proportion of about 8: 1. Of the remaining two, one enterolith was found 
in an afferent gastroenterostomy loop (84) and the other in a diverticulum of 
the second portion of the duodenum (85). Both of these enteroliths consisted 
of a mixture of unconjugated primary bile acids, cholic and chenodeoxycho­
lic acids. 

It is quite probable that enterolith formation in man is a consequence of 
stasis and bacterial proliferation in the intestine. Microbial enzymes decon­
jugate bile salts, which raise their pKa to a value of about 6, so that much 
of the free bile acid is un-ionized and precipitates at the pH of intestinal 
content. When microbial enzymes also convert cholic acid to deoxycholic 
acid, the latter compound forms choleic acids, which have an even higher 
pKa and thus precipitate more readily. 

XXVll. THERAPEUTIC AGENTS IN BILE SALTS 

Bile salts have been used for centuries as digestive aids and cathartics. 
Their use for these purposes has become more limited recently, and this is 
probably appropriate until better preparations become available and indi­
cations for their administration become more clearly defined. Most com­
mercial bile salt preparations are desiccated or crude extracts of cattle bile 
containing mainly unconjugated bile salts with small amounts of pigment and 
lipids. They are generally supplied as 0.2- or 0.3-g tablets. The customary dose is 
0.4-0.6 g three times daily with meals. This is probably an inadequate dose, 
as will be explained later. Dehydrocholic acid, 3,7, 12-triketo-5f3-cholanoic 
acid, is oxidized cholic acid and is supplied in pure form but does not form 
micelles and hence probably does not assist fat absorption significantly and 
would be of little value for replacement therapy. Sodium dehydrocholate is 
supplied as a 20 % solution in ampules and is widely used to measure blood 
circulation times. It does not appear to be conjugated by the liver (86). 

The most common situations in which bile salts are deficient in the 
small intestine are (1) T-tube drainage of the common bile duct and (2) par­
tial or complete interruption of ileal absorption, as in regional enteritis or 
ileal resection or bypass. In the former group, bile drainage is usually incom­
plete and temporary, so that most patients tolerate this period well without 
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bile salt administration. If near total biliary drainage is maintained for more 
than a few weeks, however, oral bile salts are indicated, since they aid fat 
absorption and are required for efficient absorption of vitamins A, D, and K. 
The customary dose of bile salts is probably too small for patients in whom all 
bile is being drained. The total bile salt pool (about 3.5 g) is largely in the 
gallbladder in normal fasting subjects and is estimated to circulate at least 
twice during a meal (7 g), so that theoretically a dose approximating this 
quantity should be given with each meal. Such large amounts, however, often 
cause diarrhea, and thus a smaller dose-of 3.4 g with meals is usually pre­
ferable, increasing to a larger dose if the patient can tolerate it. Animals with 
total bile fistulas may survive for years without apparent ill-effect if vitamins 
A, D, and K are supplied parenterally (87,88). 

Administration of 3.5 g bile salts with meals is therapeutic in postile­
ectomy steatorrhea (89). Bile salts in this condition may aggravate diarrhea, 
however, and the use of medium-chain triglycerides as a fat source and 
cholestyramine to "bind" bile salts has been recommended as a means of 
dealing with steatorrhea in the presence of cholerheic diarrhea (90,91). 

Administration of bile salts in jaundice caused by hepatobiliary disease 
is contraindicated, especially if pruritus is present, as bile salts will only 
aggravate this. 

xxvm. ANION EXCHANGE RESINS 

Cholestyramine is very useful in certain disorders of bile salt metabo­
lism. It is a polystyrene polymer with a 2 % divinyl benzene cross-linkage and 
quaternary ammonium groups in the chloride form. The resin is not absorbed 
by the intestine and exchanges a chloride ion for an ionized bile salt molecule, 
which is carried out in the feces. Despite the close affinity of the resin for the 
bile salt, bacteria deconjugate and convert primary to secondary bile salts so 
that the feces of patients fed cholestyramine contain unconjugated secondary 
bile salts as do normal feces but the fecal excretion of bile salts is increased 
about three times (18). Cholestyramine has been used chiefly for relief of 
pruritus in jaundice, especially in chronic forms such as biliary cirrhosis 
(57,92-94). The usual starting dose is 10 gjday in three divided doses with 
meals. Children with absent or a diminished number of intrahepatic bile 
ducts ("ductopenia"), in whom growth is retarded, sometimes return toward 
a normal growth curve when serum bile salt concentrations are lowered to 
near normal levels by effective cholestyramine treatment. This sometimes 
requires larger doses of up to 20-30 gjday (95). Cholestyramine usually 
requires 5-10 days to achieve relief so that it may be of little use for transient 
pruritus such as that sometimes observed during the first few days of in­
fectious hepatitis. 
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Calcification of the biliary tree with cholestyramine feeding has been 
reported (93,96). Gallstone formation has been induced (97) and prevented 
(98) with cholestyramine in animals. The effects of cholestyramine on bile 
salt synthesis are discussed in a preceding section. 

XXIX. ANTIBIOTICS 

Antibiotics in sufficient amounts suppress bacterial deconjugation and 
formation of secondary bile salts (46). The stagnant loop syndrome provides 
a circumstance in which antibiotics are useful in treating altered states of bile 
salt metabolism. In the stagnant loop syndrome, bacterial proliferation in 
the small bowel content deconjugates bile salts and leads to the formation of 
secondary bile salts. Unconjugated bile salts are rapidly absorbed from the 
small bowel, and thus their intraluminal concentration is diminished and fat 
absorption impaired. Tetracycline (40) or erythromycin (41) suppresses bac­
terial growth and restores conjugated bile salts to the small bowel lumen, 
with disappearance of steatorrhea. 

Neomycin is a polybasic, poorly absorbed antibiotic which forms in­
soluble precipitates with bile salts (99). It lowers serum cholesterol con­
centrations in man (100-102) and chickens (99) and increases fecal bile acid 
excretion. It inhibits the hepatotoxic effects of lithocholic acid ingestion in 
chickens (99) and prevents bacterial conversion of cholate to deoxycho­
late (103). Neomycin, 6-12 gjday, induces a malabsorption syndrome, with 
mucosal changes similar to those of sprue (104). Bile salt metabolism is thus 
affected in at least three ways by neomycin: (1) a binding effect similar to that 
of cholestyramine, (2) suppression of deconjugation and secondary bile 
formation caused by antimicrobial properties, and (3) possible impairment 
of absorption of bile salts by intestinal mucosa. The first probably accounts 
for most of the increased fecal excretion of bile salts. 

Serum lithocholate concentrations can be lowered with either neomycin 
or cholestyramine, as can the serum concentrations of the other bile salts if 
they are elevated. This is often associated with a similar decline in serum 
bilirubin concentrations, alkaline phosphatase activity, and BSP retention 
(7,95,105,106). This response has been interpreted as at least one piece of 
evidence that high serum bile salt concentrations, especially of lithocholate, 
may be injurious to the liver. In three jaundiced children with a paucity of 
intrahepatic bile ducts and pruritus, lowering of the serum bile salt concentra­
tions to normal values with cholestyramine was accompanied by a return to 
normal of all previously abnormal liver chemistries except alkaline phos­
phatase, and the patients' growth curves returned to normal (95). 

This is in contrast to studies in adults (92,93) with biliary cirrhosis in 
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which cholestyramine did not alter liver function studies significantly, but it 
was not determined in these studies if normal serum bile salt concentrations 
were ever established. It appears that sufficiently large amounts of cholestyra­
mine must be given to produce normal or near normal serum bile salt 
concentrations if beneficial effects on the liver are to be achieved. 
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I. GENERAL CONSIDERATIONS OF EXPERIMENTAL METHODS 
USED IN THESE CLINICAL INVESTIGATIONS 

In the absence of a disordered hepatobiliary system, the bile salt pool is 
virtually confined to the enterohepatic circuit. The intravenous administra­
tion of a 14C-Iabeled bile salt results in its rapid hepatic clearance and prompt 
entry into bile (1). Recovery of the injected labeled bile salt from the duo­
denum has averaged 90 % 3 hr after intravenous injection when cholecys­
tokinin is administered intravenously over a l-hr period (2). In this situation, 
a balloon is used to obstruct the lumen of the small intestine at the level of 
the ligament of Treitz. The total duodenal (bile) collection will average 230 
ml in normal man (2). Measurements of the specific activity of the previously 
injected bile salt recovered from the pooled duodenal contents provide a 
measure of the available bile salt pool present in the hepatobiliary system 
when such studies are performed after an overnight fast (3). Obviously, this 
method of estimation of the bile salt pool does not provide a measure of that 
portion of endogenous bile salt which may be sequestered in other regions 
of the enterohepatic space during the 3-hr period in which the labeled material 

*This investigation was supported by Research Grant AM 11730 from the National In­
stitute of Arthritis and Metabolic Disease, United States Public Health Service, Bethesda, 
Maryland. 
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is injected and collected. Additionally, incomplete evacuation of the gall­
bladder could lead to inadequate mixing with the contents of the biliary tree, 
and seepage of bile around the obstructed site would result in incomplete 
recovery. These several potential errors may be eliminated through use of 
the isotope dilution principle, in which a steady-state situation prevails and 
the injected labeled bile salt distributes throughout the endogenous pool. 
Thus measurements of specific activity obtained from small samples of duo­
denal fluid obtained serially after the injection of the labeled bile salt do not 
require either complete gallbladder evacuation or complete luminal sampling. 
In such studies, single aliquots are representative when obtained after com­
plete mixing with the endogenous bile salt pool. Such mixing is hastened by 
normal physiological processes which follow the ingestion of a meal, in­
asmuch as current evidence suggests that the entire bile salt pool circulates 
enterohepatically two to three times with each meal (4). The methods of 
calculation of bile salt pool and of the rate of loss of the labeled bile salt from 
the enterohepatic circulation using the daily exponential decline of specific 
activity are standard procedures and have been reviewed recently in detail 
(5). Lindstedt (6) in 1957 used cholic acid-14C to study the kinetics of the 
enterohepatic circulation in normal man. More recently, two groups (7,8) 
have obtained such measurements following the simultaneous administra­
tion of cholic acid and chenodeoxycholic acid, one labeled with 3H and the 
other with 14C. Observations (7) in two normal subjects indicated a larger 
pool for chenodeoxycholic acid than for cholic acid, as well as a more pro­
longed half-life (flj2) and turnover rate. In another study (8), six hyper­
cholesteremic subjects exhibited a longer t1/2 for chenodeoxycholate, but the 
pool size and turnover rate for cholic acid appeared relatively larger. It is 
apparent from such studies that simultaneous measurements of the kinetics 
of the two primary bile salts are required in additional normal individuals 
and that such measurements utilizing a single bile salt need not be representa­
tive of the total picture. Observations in our laboratory have demonstrated 
that hydrolysis of conjugated bile salts occurs regularly during enterohepatic 
circulation in normal man (9). Such metabolic alterations of sodium tauro­
cholate-24-14C and sodium glycocholate-24-14C were apparent (Fig. 1) fol­
lowing their intravenous administration to normal medical students. In these 
studies, aliquots of duodenal fluid were obtained at the designated time in­
tervals, individual bile salts were fractionated* by thin-layer chromatography, 
and the 14C radioactivity of each fraction was compared with the total 14C 

radioactivity recovered from the chromatogram (3,9). Following taurocho-

*Taurodeoxycholate and taurochenodeoxycholate were not separable nor were their 
glycine-conjugated counterparts. 
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Fig. I. Composition of residual 14C radioactivity in 
duodenal fluid obtained at the designated time periods 
after the intravenous injection of either taurocholate-14C 
(R. A.) or glycocholate-14C (S. L.) into two student 
volunteers. Data are expressed in terms of percentage of 
14C radioactivity contributed by each bile salt fraction to 
the total recoverable 14C radioactivity. GDC, glycodeoxy­
cholate; GC, glycocholate; TDC, taurodeoxycholate; 
TC, taurocholate. 
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late-14C administration, the percentage of glycocholate-14C recovered in­
creased progressively with time, whereas the administration of glycocholate-
14(: was associated with a progressive increase in the percentage of tauro­
cholate-14C recovered (Fig. I). This sequence could only arise as a result of 
bacterial hydrolysis followed by reabsorption of the cholate-14C and sub­
sequent hepatic conjugation with glycine or taurine. Similar measurements 
have not been performed with glycine or taurine conjugates of chenodeoxy­
cholic acid. However, it would seem likely that such bacterial metabolism 
and altered patterns of distribution of the label would pertain. Injection of 
unconjugated bile salts cannot detect these phenomena. In such experiments 
(6-8), the injected cholate-14C would be partitioned by the liver between the 
taurocholate and glycocholate pools, and interconversions of taurocholate 
and glycocholate (or other primary bile salts) dependent in part on enteric 
bacteria could not be ascertained. Similarly, measurements of 14C-radioac­
tivity in fecal collections obtained over successive 24-hr periods following 
intravenous administration of 14C-labeled bile salts do not detect such bacte­
rial hydrolysis and hepatic reconjugation. More importantly, the excretion 
method (10,11), when applied to estimates of turnover rate, measures in­
discriminately the radioactivity present in metabolites of the injected primary 
bile salt which recirculate enterohepatically at rates which may differ sig­
nificantly from that of the parent compound. This aspect of the problem is 
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illustrated graphically in Fig. 1. It is apparent that 14C radioactivity ac­
cumulated progressively in glycine and taurine conjugates of deoxycholate 
following intravenous administration of either taurocholate-24-14C or 
glycocholate-24-14C to a normal medical student. Indeed, by 120 hr in the 
former instance and 72 hr in the latter, 49 % of the residual total 14C-radio­
activity in duodenal fluid was present in conjugates of this secondary bile 
salt. At these time periods, residual total 14C-radioactivity represented a con­
siderable portion of the initial 3-hr value, i.e., 42 and 48 %, respectively. 
These observations are consistent with well-recognized metabolic pathways 
for trihydroxy bile salt metabolism (12,13). The presence of organisms in the 
intestinal flora of normal man which have been shown capable of both hy­
drolysis and 7a-dehydroxylation adds further physiological significance to 
such data (14). Here, deoxycholate-14C formed either in the more distal 
regions of the small intestine or colon may be absorbed by passive diffusion, 
returning to the liver and there conjugating with glycine or taurine in ratios 
which approximate 3: 1 (9), prior to excretion into bile. The 14C-conjugated 
deoxycholate then recirculates enterohepatically at rates which have not thus 
far been measured but probably are similar to those of primary bile salts. 
Such observations may also be pertinent to the metabolism of conjugates of 
chenodeoxycholic acid, although its metabolic by-product, lithocholate (13), 
may circulate at significantly different rates than conjugated deoxycholate. 
Indeed, recent studies suggest a biphasic rate of recirculation which may be 
related to the formation of conjugated lithocholate sulfate (R. H. Palmer, 
personal communication) and to differences in intestinal transport of sulfated 
and unsulfated compounds. (15) 

The concentration of bile salts in the intestinal lumen of normal man 
during the digestion of a test meal was reported by Borgstrom et al. in 1957 
(4) and by SjovaU in 1959 (16). From these measurements, obtained during 
3--4 hr of digestion and absorption, and the isotope dilution studies of Lind­
stedt (6), it appeared that bile salts were excreted into the intestine and ab­
sorbed at least two times during the digestion of a test meal. More recently, 
several groups (17-20) have obtained such measurements of luminal bile salt 
concentration in normals and hospitalized controls. The methods used, 
including considerations of dilutional factors, preparation of duodenal 
fluid, and chemical procedures, have been reviewed recently in detail (5). It 
has been suggested that such measurements may provide a measure of the 
effectiveness of synthetic and absorptive mechanisms to maintain the bile 
salt pool and enable luminal concentration of bile salts capable of physiologi­
cal function. There have been no combined studies of luminal bile salt con­
centration and isotope dilution measurements following injection of labeled 
bile salts in normals. Such observations would serve as a basis for compara­
tive observation in pathophysiological states. 
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ll. STUDIES OF ENTEROHEPATIC CIRCULATION OF BILE SALTS 
IN PATIENTS WITH DISEASES PRIMARILY INVOLVING THE 
DISTAL SMALL INTESTINE 

A. Quantitative Changes in Recirculating Bile Salts 

It has been established that the ileum is the sole site of active transport 
of bile salts in a variety of species of animals (21,22). The physiological sig­
nificance of this active transport system in the maintenance of bile salt entero­
hepatic circulation has been suggested by the studies of Playoust et at. (23), 
in which ileectomy and jejunectomy were compared in dogs. Although studies 
(24) in normal humans have suggested that taurocholate absorption occurs at 
a more distal location than fat absorption, information on the role of the 
ileum in the maintenance of enterohepatic bile salt circulation in man has 
been obtained chiefly from studies in patients with a variety of disorders of 
this intestinal region. The vast majority of reported observations have been 
performed in patients with resection or bypass of varying lengths of the distal 
small intestine, usually with concomitant resection of portions of the proxi­
mal colon or distal area of the proximal small intestine (3,9-11,17-20,25). 
Regional enteritis was the basic illness in approximately 60 %, and obstruc­
tion due to volvulus was the reason for resection in approximately 20 %. The 
methods of study have included sequential measurements of specific activity 
of duodenal contents following intravenous or oral administration of 14C_ 
labeled trihydroxy bile salts [cholate-24-14C (9,17), taurocholate-24-14C (3,9, 
18,25), and glycocholate-24-14C (3)], measurements of fecal excretion follow­
ing oral or intravenous administration of cholate-24-14C (10,11), and assay 
of the concentration of bile salts (17-20) in luminal fluid obtained during 
digestion and absorption of a test meal. The problems of precise localization 
of the presence and extent of residual disease, as in the case of resected re­
gional enteritis, as well as the extent of surgical excision of the small intestinal 
length, are well recognized (26). Nevertheless, these observations have de­
monstrated clearly that resection of the distal one-half to one-third of the 
small intestine results in marked reductions in enterohepatic circulation of 
trihydroxy conjugated bile salts and an increased rate of fecal excretion of 
14C-radioactivity. For example, the specific activity of sodium taurocholate-
14C and sodium glycocholate-14C in duodenal fluid 24 hr after their intrave­
nous injection was virtually zero in two patients with resection of the distal 
one-third to one-half of the small intestine for obstruction due to volvulus 
and in three patients who had a jejunocolic fistula (three-fourths of the distal 
small intestine bypassed) for the management of obesity (Fig. 2) (3). Addi­
tionally, the specific activity obtained at 24 hr in five patients with resection 
of the distal one-half to one-third of the small intestine for regional enteritis 
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Fig. 2. Rate of disappearance of 14C-Iabeled conjugated trihydroxy bile 
salts from the enterohepatic circulation 24 hr after intravenous injection 
into student volunteers, patients with jejunocolic fistula, and patients 
with other distal small bowel disorders. 0, Resection, volvulus; /:::" 
resection, regional enteritis; ,"", no resection, radiation; @no resection, 
active regional enteritis (see Table I). In part from Heaton et al. (3). 

was reduced similarly (Fig. 2) (9). In these studies, the available bile salt 
accumulated in the hepatobiliary system after an overnight fast was estimated 
by the isotope dilution formula using the specific activity of the initial 2-3-
hr duodenal sample and the specific activity of the known amount of injected 
14C-Iabeled conjugated trihydroxy bile salt (3). These results (Table I) are 
subject to the methodological errors discussed previously. Nevertheless, the 
results following taurocholate injection are comparable to those reported by 
Van Deest et al. (18) (Table I), in which the specific activity of duodenal 
samples was measured on four occasions (each during the digestion of a 
standard meal) over the 26-hr period which followed intravenous administra­
tion of sodium taurocholate-24-14C to five patients with distal small intestinal 
resection for similar illnesses. In these studies (18), the half-life (ll/2) of in­
jected taurocholate-14C and pool size were estimated from the exponential 
decline in specific activity (Fig. 3). Concomitant measurements of total bile 
salt concentration in small bowel contents revealed values after an overnight 
fast (during breakfast) which were within the normal range in three patients 
with resection but were approximately half normal in two other patients. 
However, in each of these patients the concentration fell over the second and 
third meal to values which were clearly below normal and then tended to 
rise somewhat by the next morning (fourth meal). These combined observa­
tions (3,18) indicate considerably increased rates of bile salt synthesis in 
ileectomized patients which are most readily demonstrated after an over-
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Fig. 3. The rate of disappearance of sodium taurocholate-24-14C from the duodenal 
contents of a normal subject (J. T.) and an ileectomy patient (F. R.). After the 
intravenous administration of taurocholate-24-14C (5.6 x 10 cpm), duodenal 
samples were aspirated at 2, 6, 10, and 26 hr in F. R. and at 2, 20, 44, and 68 hr 
in J. T. The specific activity of the 26-hr sample in F. R. was too low for assay. 
From Van Deest et al. (I8). 

night fast. This enhanced synthesis is incapable of maintaining levels exhibit­
ed by normals throughout a day of feeding (18). The studies of Van Deest 
et al. (18) showed that the deficits in luminal concentration of total bile salts 
were not as great as would be expected from their estimates of taurocholate 
pool size measured simultaneously. This lack of correlation may be explained 
partially by the estimates of available glycocholate-14C in the hepatobiliary 
system of ileectomized patients (3) (Table I). Although values for tauro­
cholate-14C were approximately 13 % of normal in such patients, those for 
glycocholate-14C were approximately 60 % of normal. Thus in these 
patients who have had a two-thirds to one-third loss of small intestine 
there is a relative increase in the ratio of the glycocholate pool to the tauro­
cholate pool: range 9.5-20.1 as compared with 2.5 and 4.7 in two normal 
students in whom the bile salt pool was measured with both cholate conju­
gates (3). An increased relative conjugation of bile salts with glycine has been 
reported by McLeod and Wiggins (20) in five patients with ileectomy and also 
by Garbutt et al. (9) in II patients with similar disorders (Table II). In the 
latter study (9), the relative conjugation of cholate with glycine and taurine 
(G :T ratio) was measured colorimetric ally in extracts of duodenal fluid 
fractionated by thin-layer chromatography, whereas the G:T ratio of the 
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dihydroxy bile salt was assayed from the radioactivity present in glycine and 
taurine conjugates of deoxycholate-14C of duodenal fluid obtained following 
the intravenous administration of taurocholate- l4C (Figs. I and 4). In addi­
tional studies (9), the G:T ratio of cholic acid-14C and deoxycholic acid-14C 
was determined in duodenal fluid obtained over a 3-hr period following their 
intravenous injection into ileectomized patients. Values obtained, which were 
similar to those shown in Table II, established the hepatic origin of these 
altered G:T ratios for both the primary trihydroxy and secondary dihydroxy 
bile salts. Although the precise mechanism involved in the production of 
these changes has not been determined, these results were related to the en­
hanced synthesis of primary bile salts resulting from the loss of enterohepatic 
circulation and a consequent increased demand for conjugation with glycine 
and taurine. It was apparent from these studies (9) that ileectomized patients 
had not lost the capacity for conjugation with taurine, since a marked de­
crease in G:T ratio followed oral taurine administration. These results sug­
gest a decrease in the relative availability of taurine. In their entirety (3,9,18, 
20), these observations indicate that taurine-conjugated bile salts comprise 
an extremely small increment of the bile salt pool in patients with loss of ileal 
bile salt transport and that a closer correlation between luminal bile salt 
concentration and estimates of bile salt pool size may be obtained with 
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Fig. 4. Composition of residual I.lC radioactivity in 
duodenal fluid obtained 24 hr after intravenous in­
jection of either taurocholate-14C or glycocholate- 14C 
to patients with disorders of the distal small bowel (see 
Table 1). Data are expressed in terms of percentage of 
14C radioactivity contributed by each bile salt fraction 
to the total recoverable 14C radioactivity. GDC, 
glycodeoxycholate; GC, glycocholate; TDC, tauro­
deoxycholate; TC, taurocholate. In part from Heaton 
e( al. (3). 



Newer Aspects of Bile Salt Metabolism in Intestinal Disease 93 

measurements of glycine-conjugated bile salts. In addition, such correlative 
information suggests that measurements of luminal bile salt concentration 
during the entire day (18) may provide a useful estimate of bile salt reabsorp­
tion and synthetic capcaity. It should be noted that neither isotopic dilution 
methods nor measurements of fecal radioactivity have been applied in such 
patients using conjugates of chenodeoxycholate-14c. The absence of deoxy­
cholate conjugates in duodenal fluid obtained from four of six patients with 
ileal disorders thus far studied (17,20) and the observation that 14C radio­
activity, following intravenous injection of deoxycholate-14C was virtually 
zero in duodenal fluid obtained at 24 hr in one patient and 72 hr in another, 
both with ileal resection (9), suggest a similar loss of dihydroxy bile salts from 
enterohepatic recirculation. Nevertheless, differences in synthetic rates of 
primary trihydroxy and dihydroxy bile salts may exist, as suggested by the 
previously cited observations in normal humans. 

Similar studies to those described have been performed in only a limited 
number of patients with ileal disease in the absence of resection or bypass 
(3,9-11): five with active regional ileitis and two with radiation damage. The 
results of isotope dilution studies (Table I, Fig. 2), fecal excretion measure­
ments, and measurements of luminal bile salt concentration have thus far 
been similar to those reported in ileectomized patients, suggesting that in­
flammatory disease of the ileum per se results in a loss of enterohepatic 
circulation of bile salts. It is not known whether this absorptive defect is 
repaired in remission of regional enteritis. The course of this disease is charac­
terized by variations in activity; whether or not these defects in bile salt me­
tabolism vary in accordance with this natural history of the disease is one of 
several questions requiring study. 

B. Qualitative Changes in Recirculating Bile Salts 

Bacterial modifications of primary bile salts enable such material to 
traverse the intestinal mucosa via nonionic diffusion processes (27). A small 
intestinal bacterial flora may develop in all patients with ileal resection and 
removal of the ileocecal valve but might be a more likely concomitant in 
patients with regional enteritis with recurrent disease and partial obstruction 
of the new terminal small bowel. Moreover, this latter sequence may be a 
feature of regional enteritis not complicated by previous resection or bypass. 
Such findings have been reported by Krone et al. (19) in two patients, one 
with resection and one without, who exhibited multiple strictures. Bile salts 
in the unconjugated form comprised 50-100 % of the bile salts in luminal 
contents obtained from a site 20-30 cm distal to the ligament of Treitz. In 
studies of similar patients reported by Van Deest et al. (18), Heaton et al. (3), 
and Garbutt et al. (9), the most distal site of sampling was at the ligament of 
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Treitz, and bile salts were present only as conjugates. Nevertheless, the latter 
two reports include observations which clearly demonstrate a tendency for 
microbial metabolites of taurocholate and glycocholate to persist in the 
enterohepatic circulation longer than the parent compound. In these studies, 
total 14C radioactivity, normalized for volume change, was measured in 
duodenal fluid 24 and 48 hr after the intravenous injection of steroI-l4C 
labeled conjugates of cholic acid. The residual 14C radioactivity represented 
the sum of the remaining unaltered bile salt and its microbial metabolites. 
Sufficient total 14C radioactivity was present at 24 hr to measure the relative 
chemical composition in four of 11 patients with ileal resection or bypass 
studied (3) (Fig. 4); patient N. S. had ileal disease due to extensive irradiation 
(25). In one of these (J. B.), a patient with recurrent regional enteritis, such 
measurements were obtained from a 48-hr sample (9). It is apparent (Fig. 4) 
that the residual radioactivity after taurocholate administration is present 
chiefly as reconjugated microbial metabolites. The residual radioactivity 
after glycocholate administration to patient E. B. was also present chiefly as 
such metabolites. Indeed, the similarity in distribution of radioactivity fol­
lowing administration of either bile salt to patients E. B. and J. H. is striking 
and is in accord with the concept that the radioactivity present in the 24-hr 
sample was derived from a common precursor; in this case, cholate-14C was 
formed from bacterial hydrolysis. It is also apparent that bacterial hydrolysis 
and 7a-dehydroxylation may predominate, with subsequent reconjugation of 
deoxycholate-14c. The entire study with sodium taurocholate-14C was 
repeated in E. B. and J. B., following the administration oftetracycJine, 0.25 g 
every 6 hr, which was continued for the duration of the study. During this 
period, 14C radioactivity of the untreated duodenal sample was zero at 24 hr, 
whereas these values were 17 and 12 % prior to tetracycline. Although the 
intestinal flora was not studied and the luminal site of these metabolic trans­
formations was unknown, these observations with tetracycline lend addi­
tional support to the role of passive diffusion as a mechanism of absorption 
of unconjugated bile acids in some patients with ileectomy. These considera­
tions of bacterial metabolism may not be quantitatively important to the 
enterohepatic circulation of many patients with ileectomy. However, they 
may contribute materially in some instances. One patient with active regional 
enteritis without surgery, which appeared to involve the distal one-third of 
the small intestine, has been studied in this manner after intravenous sodium 
taurocholate-24-14C (9). The specific activity was 22 and 4.5 % of the 3-hr 
value at 24 and 48 hr, respectively (ft/21O. 8 hr) (Fig. 5). However, the total 
14C-radioactivity in I uminal fluid was 55 and 36 % of the 3-hr value, indicating 
a persistence in enterohepatic circulation of altered bile salts. The composi­
tion of this residual 14C radioactivity is shown in Fig. 5. At 24 and 48 hr, 
conjugates of deoxycholate-14C comprised 48 and 93 % of the residual 
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Fig. 5. Rate of disappearance of sodium tauro­
cholate-24-14C from the enterohepatic circulation 24 
and 48 hr after intravenous injection into a patient 
with active regional enteritis without resection (E. C.) 
(left panel). Composition of residual l4C radioactivity 
in duodenal fluid obtained 3, 24, and 48 hr after the 
intravenous injection of sodium taurocholate-24-14C 
into patient E. C. (right panel). Data are expressed in 
terms of percentage of 14C radioactivity contributed by 
each bile salt fraction to the total recoverable 14C 
radioactivity. GDC, glycodeoxycholate; GC, glyco­
cholate; TDC, taurodeoxycholate; TC, taurocholate. 
In part from Grabutt et al. (9). 

9S 

radioactivity, respectively. Thus it would appear that bacterial modification 
with reabsorption of bile salts by both passive and active processes may 
combine to maintain enterohepatic bile salt recirculation in this disorder. 

III. STUDIES OF ENTEROHEPATIC CIRCULATION OF BILE SALTS 
IN PATIENTS WITH DISEASES PRIMARILY INVOLVING THE 
PROXIMAL SMALL INTESTINE 

A. Nontropical Sprue and Whipple's Disease 

Since nontropical sprue and Whipples disease involve the proximal small 
intestine primarily, quantitative alterations of bile salt enterohepatic cir-
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culation would not be expected except in the relatively uncommon instance 
of concomitant ileal disease. Indeed, measurements of enterohepatic circula­
tion of taurocholate-14C have been reported as normal in three patients with 
nontropical sprue (9,18) and one with Whipple's disease (9). Kinetic data 
obtained from the exponential decline in specific activity, including the 1l/2 of 
the disappearance rate and pool size, were also similar to normal values. 
However, the average bile salt concentration of duodenal fluid sampled 
during the digestion and absorption of a test meal was reduced in one of the 
patients with nontropical sprue (18), suggesting that factors other than loss of 
enterohepatic circulation may be operative in such patients. Similar studies 
of luminal bile salt concentration in two other patients with sprue (19,20) and 
one with Whipple's disease (20) have been reported as normal. Garbutt et al. 
(9) have reported a decreased rate of enterohepatic circulation of taurocho­
Jate-14C in one patient with Whipple's disease (Fig. 6) in whom the total 
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Fig. 6. Rate of disappearance of sodium taurocholate-24-
14C from the enterohepatic circulation 24, 48, and 72 hr 
after intravenous injection into a patient with Whipple's 
disease before and 3 months after treatment with anti­
biotics (left panel). Composition of residual 14C radio­
activity in duodenal fluid obtained at 3, 24, 48, and 72 hr 
after the intravenous injection of sodium taurocholate-24-
14C into patient E. C. with Whipple's disease before and 3 
months after antibiotic treatment (right panel). Data are 
expressed in terms of percentage of 14C radioactivity con­
tributed by each bile salt fraction to the total recoverable 
14C radioactivity. GDC, glycodeoxycholate; GC, glyco­
cholate; TDC, taurodeoxycholate; TC, taurocholate. 
In part from Garbutt et at. (9). 
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residual 14C radioactivity was similar to that obtained from normal volun­
teers at 24, 48, and 72 hr after injection of the labeled bile salt. The chemical 
composition of this residual radioactivity (Fig. 6) indicates prominent 
bacterial deconjugation and 7a-dehydroxylation, with glycodeoxycholate-
14C predominating in all samples obtained after the initial 3 hr. The morpho­
logical alteration in this disease invariably involves the duodenum (28,29). 
However, luminal bile salt samples from this site were consistently present as 
conjugates, suggesting the bacterial metabolism of bile salts is not operative 
at this level of the small intestine. It seems unlikely, therefore, that these 
observations are related to the basic pathology of Whipple's disease (28,29). 
More likely, a resident bacterial flora capable of significant qualitative 
alterations of trihydroxy bile salt may develop at some more distal intestinal 
site in these patients. Duodenal fluid obtained from this patient and one other 
with Whipple's disease exhibited a relative increase in glycine conjugates of 
cholate and deoxycholate-14C (G:T ratio) (9), the latter obtained following 
intravenous administration of taurocholate-14C (Table II, Fig. 6). However, 
values in Whipple's disease were lower than those observed in any patient 
with an ileal disorder (Table II). The validity of these relatively limited obser­
vations in two patients with Whipple's disease was supported by values 
obtained for the G:T ratio following treatment and clinical remission, which 
decreased to a level comparable to that in normal controls (9) (Fig. 6). These 
results were not attributed to preferential absorption of glycine-conjugated 
bile saits, since the G:T ratio of deoxycholate-14C was relatively unchanged 
throughout 72 hr of study. Although the precise mechanisms involved remain 
speculative, an enhanced demand for conjugation of the recirculating un­
conjugated bile salts may be operative, in part (see also the discussion of 
"blind-loop" syndrome). Further study of bile salt metabolism using quanti­
tative and qualitative methods should provide considerable additional 
information in these disorders. 

B. Altered Intestinal Microfiora, "Blind-Loop" Syndrome 

The pathophysiology and clinical setting of the "blind-loop" syndrome 
have been reviewed recently by Donaldson (30). It is clear that a resident 
bacterial flora in the proximal small intestine has a major role in the develop­
ment of the absorptive and luminal defects which have been observed re­
peatedly in these patients (20,31-35), who have a variety of basic illness, 
and in experimental animals (31,36) in which an antiperistaltic pouch has 
been constructed either in the proximal or middle jejunum. However, the 
presence and extent of the absorptive defects, i.e., vitamin B12, folate, xylose, 
and lipid, as well as the extent of luminal metabolic alteration of bile salts 
have varied in individual patients. This variability is probably related to 
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qualitative and quantitative differences in microbial populations and strains 
and also to such factors as luminal pH and substrate availability. A variety 
of microorganisms are known to be present in the feces and within the colon 
of normal individuals (37,38). In general, obligate anaerobes such as bac­
teroides constitute the overwhelming majority of these microbes (38). 
Coliform and gram negative anaerobes, characteristically numerous in the 
cecum, are relatively sparse in the ileum and rarely if ever found in the je­
junum (39,40). Nevertheless, it would appear that the small intestinal lumen 
in normals has a distinctive flora consisting chiefly of small numbers of gram­
positive anaerobes which are most readily cultured from distal ileal aspirates 
but are also present in luminal fluid obtained from proximal jejunum (39). 
Several of the organisms identified from these several sites are capable of 
enzymatic hydrolysis of conjugated bile salts, and three of these have been 
shown to reduce cholic acid to deoxycholic acid (14). The organisms involved 
in these reactions have been enumerated recently by Hill and Drasar (14) 

TABLE III. Distribution of Taurocholate Amidase and 
Cholate-7-dehydroxylase Among Various Bacterial Genera 

Percentage Percentage 
Number of showing possessing 

strains taurocholate cholic acid-7-
Species tested amidase dehydroxylase 

-------
Aerobic bacteria 

Pseudomonas sp. 58 0 0 
Facultative anaerobic bacteria 

E. coli 75 0 0 
Proteus mirabilis 1 0 0 
Staph. aureus 47 21 0 
Strep. pyogenes 2 0 0 
Strep. /aecalis 109 50 2 
Strep. salivarius 30 0 0 
Strep. viridans 12 0 0 

Anaerobic bacteria 
Bacteroides sp. 237 48 8 
Clostridium sp. 16 94 12 
Bijidobacterium 89 38 0 
Veillonella sp. 47 30 8 

Microaerophilic bacteria 
Lactacillus sp 12 0 0 

Fungi 
Candida albicans 28 0 0 
Candida sp. 6 0 0 
Saccharomyces sp. 4 0 0 
Torulopsis sp. 7 0 0 

From Hill and Drasar (14). 



Newer Aspects of Bile Salt Metabolism in Intestinal Disease 99 

(Table III). A detailed discussion of these reactions is contained in Chapter 
5. The physiological significance of the small bowel flora in normals can, at 
this time, only be inferred from the observations reported in the initial 
paragraphs of this chapter (Fig. 1). As stated previously, duodenal and pro xi­
mal jejunal luminal contents contain only conjugated bile salts when obtained 
from normal subjects or patients with ileal disorders without severe stricture 
formation. However, it is possible, but unsupported, that bacterial modifica­
tion of bile salts may be initiated in the more distal regions of the small 
intestine of normal individuals, where bacteria capable of such reactions 
have been identified (39). In contrast, patients who exhibit the findings 
attributable to the "blind-loop" syndrome characteristically show very 
significant increases in the microflora of luminal contents obtained from the 
proximal small intestine (14,32-34), usually consisting of organisms capable 
of both modifications (hydrolysis and reductions). Thus significant amounts 
of unconjugated bile salts have been present in the proximal luminal fluid 
of these patients (31-35). For example, a recent report (35) of six patients 
has shown that the concentration of conjugated bile salts in luminal fluid 
obtained from the upper jejunum was less than 5.0 mmoles/liter, values in 
normals ranging between 5-10 mmoles/liter. In two other reports of similar 
patients, the luminal bile salt concentration attributable to deconjugates 
was 22.5 and 3.7% in one (33) and 50-100% in the other (19). Significant 
quantities of free deoxycholate have been measured in the luminal contents 
of these and other patients with this syndrome (31,33). However, the fre­
quency and degree to which dehydroxylation follows deconjugation are not 
known. In a single patient who exhibited malabsorption of vitamin B12, 
xylose, and fat associated with a subtotal gastrectomy (Billroth II) performed 
3 years previously, taurocholate-24-I4C was injected intravenously and the 
residual total I4C radioactivity and its composition were determined in 
proximal luminal (efferent limb) samples at 3, 24, and 72 hr. Although the 
total residual I4C radioactivity was comparable to normal values at 24 and 
72 hr, the composition of this radioactivity had changed materially by the 
3-hr period (initial sampling); 22 % was comprised of taurocholate-14C and 
78 % was present as unconjugated cholic acid-14C. Luminal samples obtained 
at 24 and 72 hr showed 5-10 % of the I4C radioactivity present in glycocho­
late-14C and the remainder in cholic acid-14C. Thus a bacterial flora was 
present (cultures were not obtained) capable of deconjugation but presumably 
not producing significant 7a-dehydroxylation in this patient with "blind­
loop" syndrome. It is possible that deoxycholate was formed and then 
reabsorbed by passive diffusion processes in the afferent loop at a more rapid 
rate than the unconjugated trihydroxy bile salt (37). This sequence has 
been suggested by Tabaqchali et af. (35) as an explanation for the relatively 
greater concentration of unconjugated trihydroxy bile salts as compared 
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with dihydroxy unconjugates in luminal aspirates obtained from their pa­
tients. In addition, these authors (35) have demonstrated an increased relative 
conjugation of luminal bile salt conjugates with glycine as compared with 
taurine (an increased G:T ratio). In light of the discussion in preceding 
paragraphs of this chapter, it would seem likely that this increase in G:T 
ratio may be attributable to an increased demand for conjugation with 
glycine and taurine and a consequent decrease in the relative availability of 
taurine. In their entirety, these observations have demonstrated an abnormal 
resident microbial flora capable of deconjugation and dehydroxylation of 
bile salts in the proximal intestine of patients who exhibit the "blind-loop" 
syndrome. Such alterations are demonstrable readily by quantitative and 
qualitative measurements of luminal bile salt concentration. Precise iden­
tification of the organisms involved and the extent of bile salt modification 
require cultural methods and assay of the composition of residual radioac­
tivity following in vivo (Figs. 4-6) and in vitro (14,33) incubations with sterol­
labeled conjugated bile salts. Such observations should provide information 
which is pertinent not only to an understanding of the pathophysiology of this 
disorder but also to its management, since appropriate antibiotic therapy 
can be recommended only when the organism in question has been shown 
operative in producing these metabolic alterations. At this time, similar 
observations of 7a-dehydroxylation of the primary dihydroxy bile salt, 
chenodeoxycholic acid, have not been obtained, although organisms capable 
of this transformation (38) are known to exist in the intestinal flora of nor­
mals (39) and have been shown to be present in luminal fluid from these 
patients (14,34). The questions related to the mechanisms involved in the 
production of fat malabsorption exhibited by these patients and the inter­
relationships of these qualitative and quantitative alterations in bile salt 
metabolism have been reviewed (30) and are discussed in Chapter 5. 
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Chapter 5 

BILE ACIDS AND THE INTESTINAL ABSORPTION 
OF FAT AND ELECTROLYTES IN HEALTH 
AND DISEASE* 

Alan F. Hofmann and Hagop S. Mekhjian 

Gastroenterology Unit 
Mayo Clinic and Mayo Foundation 
Rochester, Minnesota 

Publication of a book devoted entirely to the chemistry, physiology, and 
metabolism of bile acids indicates a renascence in interest in these poly­
functional detergents. Here we will summarize present views on the physical 
and physiological properties of bile acids in relation to their chemical struc­
ture which bear on their participation in the intestinal absorption of fat, 
their enterohepatic circulation, and their influence on electrolyte and water 
absorption by the colon. Several of these topics are considered in detail else­
where in this book, as well as in recent reviews (1-4). This chapter will focus 
on our own studies but will also emphasize areas in which information is 
needed. 

I. INTRODUCTION 

A. Occurrence of Bile Acids in Vertebrates 

Bile acids are considered to have at least three major functions in mam­
mals: (a) transport of lipids in micellar form-cholesterol in bile and lipolytic 
products, cholesterol, and fat-soluble vitamins in small intestinal content 

*This work was supported in part by Grant 6908 from the National Institutes of Health, 
United States Public Health Service, Bethesda, Maryland. 
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during digestion (1,2); (b) regulation of cholesterol biosynthesis-in 
liver (5) and in small intestine (6); and (c) regulation of electrolyte and water 
transport-in large intestine and possibly in small intestine (7). The first of 
these functions, the transport of lipids in micellar form, may be demonstrated 
in vitro, since bile acid solutions possess a striking ability to disperse polar 
lipids in micellar form; in this chapter, we shall frequently refer to the dis­
persant properties of bile acids. However, demonstration of the regulatory 
functions of bile acids requires intact tissues, at least presently. 

Conversion of cholesterol to bile acids requires multiple enzymatic 
steps (8,9), including (a) hydroxylation at the 7- or I2-position or both, (b) 
oxidation at the 3-position, (c) reduction at the 3-position with saturation 
of the ,15,6 double bond in the B ring to give an AlB cis juncture, and (d) 
shortening and oxidation of the side chain. The elegant work of Haslewood (4, 
10, II), now spanning 20 years, has shown that the intermediates considered 
or demonstrated to occur in mammals during the conversion of cholesterol to 
bile acids serve as end products of cholesterol metabolism in lower verte­
brates. The scheme of biochemical evolution constructed by Haslewood 
permits the postulate that progressive changes in the bile acid molecule are 
associated with superior dispersant (or regulatory) properties. It should be 
of considerable interest to compare dispersant and regulatory properties of 
primitive bile acids with those of modern bile acids. In this chapter, we shall 
discuss criteria for examining the dispersant properties of a bile acid. It seems 
possible to test also the influence of any bile acid on electrolyte and water 
transport by the perfused colon (7). However, no simple method has been 
described for assessing the influence of a given bile acid on cholesterol bio­
synthesis, although very recent work has suggested that changes in the level 
of hepatic hydroxymethylglutaryl-coenzyme A reductase (12) may be used 
to assess the influence of administered bile acids. 

Bile acids may compose but a small fraction of the biomass of biological­
ly occurring detergents. Other detergents with transport or regulatory 
functions or both may occur in the chordate invertebrates as well as in the 
hemichordates, arthropods, echinoderms, etc. An acyl dipeptide, lauryl 
sarcosyl taurate, has been isolated from the digestive juice of the common 
crab (l3). This compound is assumed to have a transport function, but its 
dispersant properties have not been compared with those of bile acids or 
typical ionic detergents. It is not known whether the compound possesses 
regulatory functions. 

B. The Enterohepatic Circulation of Bile Acids 

In the past decade, the mammalian ileum has been shown to transport 
conjugated bile acids unidirectionally in the absence of any electrochemical 
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gradient (14,15). The demonstration of this "active-transport" site, which is 
completely absent in the jejunum, offers an explanation for the efficient enter­
ohepatic cycling of bile acids-a physiological process which permits a large 
circulating pool of bile acids despite a relatively small synthesis rate. The 
efficient ileal absorption results in a high bile acid concentration in the small 
intestine and a relatively low concentration in the large intestine. We have 
little understanding of the biochemical mechanisms responsible for such 
"active transport." 

C. Influence of Conjugation 

The bile alcohols are insoluble at any pH, and the bile acids whether 
C27 or C24 are water soluble only above pH 6 (I). Hepatic enzymes convert 
the bile alcohols to sulfates (in an ester linkage) and the bile acids to taurine 
conjugates (in a peptide linkage) in lower vertebrates and most carnivores, 
to glycine conjugates (also in peptide linkage) in higher mammals which are 
herbivores, and to both glycine and taurine conjugates in higher mammals 
which are omnivores (4). The process of conjugation, whether with sulfate, 
glycine, or taurine, forms compounds which are soluble under the relatively 
acid conditions present in the upper small intestine during digestion (16). The 
synthesis of alkyl tau rates (fatty acid linked in peptide bond with taurine) by 
the detergent industry is a similar chemical process also resulting in the form­
ation of detergents soluble under acid conditions. 

The significance of the evolution from ester sulfates to peptide con­
jugates is unclear. The detergent properties of paraffin-chain sulfates are 
similar to those of paraffin-chain sulfonates; presumably, the dispersant 
properties of bile alcohol sulfates and taurine-conjugated bile acids do not 
differ greatly. Conjugation with glycine forms a molecule with a more acidic 
carboxyl group than that of the parent free acid (17); the neighboring amide 
group induces an electron shift (18) which causes the pKa of a given glycine 
conjugate to be about a pKa unit below that of its parent free bile acid. The 
lower pKa associated with glycine conjugation is probably chiefly responsible 
for the greater solubility of glycine-conjugated bile acids under relatively 
acid conditions (19). Solutions of glycine-conjugated bile acids are more 
sensitive to precipitation by divalent cations than are solutions of taurine­
conjugated bile acids (I); these differences probably derive solely from the 
difference between the carboxyl group and the sulfonate group per se and not 
from the presence of the bile acid nucleus. 

In addition to changing the physical properties of bile acids, conjugation 
also alters their physiological properties. On the basis of extremely limited 
evidence, it seems likely that the bile acid pool of animals with exclusively 
taurine conjugates is maintained chiefly by active absorption from the ileum. 
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Since free bile acids are rapidly absorbed from the jejunum (14,20-22), 
whereas taurine-conjugated bile acids are absorbed to a negligible extent 
(23,24), conjugation may be considered to prevent jejunal absorption and 
thus maintain the bile acid concentration in the jejunum during digestion. 
In animals with exclusively glycine-conjugated bile acids, it seems probable 
that some passive jejunal absorption of glycine dihydroxy bile acids occurs 
(21,22); however, glycine trihydroxy conjugates, i.e., glycocholate, may be 
absorbed chiefly in the ileum. There is no information on the intestinal 
absorption of bile alcohol sulfates. 

D. Bacteria-Bile Acid Relationships 

The small intestine is characterized by a relatively high concentration of 
bile acids, a low concentration of bacteria, and little evidence of bacterial 
degradation of bile acids. Whether bile acids influence the bacterial flora of the 
intestine is unknown, but evidence consistent with this hypothesis has been 
reported: (a) bacterial proliferation has been reported in clinical conditions 
in which there is a reduced intraluminal concentration of bile acids (25); 
(b) in the colon, the bile acid concentration is low, the bacterial density is 
high, and there is striking evidence of bacterial deconjugation and 7a-de­
hydroxylation of bile acids (26); and (c) in patients with ileal resection, the 
concentration of bile acids is increased in colonic contents and bacterial 
7a-dehydroxylation is decreased (27). The demonstration that secondary bile 
acids (i.e., bacterial metabolites) are a normal constituent of human bile and 
may be more powerful inhibitors of electrolyte and water transport than 
primary bile acids (7) (see below) indicates that bile acid-bacteria inter­
actions are of physiological significance in the healthy mammal; a corollary 
is that bile acid-bacteria interactions must be considered in any scheme for 
the biochemical evolution of bile acids. Potential secondary bile acids which 
are uncommon must be examined in terms of their deleterious effect on the 
host; prevalent secondary bile acids must be examined in terms of enhanced 
fitness of the host. Again, the parameters for examination include the 
transport and regulatory effects; in addition, for potential secondary bile 
acids which are uncommon, toxic effects must also be considered. 

II. TRANSPORT FUNCTION OF BILE ACIDS DURING FAT 
DIGESTION AND ABSORPTION 

The chemical events in fat digestion in nonruminants are quite simple 
(28,29). Triglyceride is hydrolyzed to 2-monoglyceride and fatty acid by 
pancreatic lipase; the process occurs extremely rapidly under rather fixed 
conditions (37°C pH 5.5-6.5, Na+O.15 M). Bile acids increase the rate of 
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hydrolysis in a manner that is poorly understood, although a number of 
actions have been suggested: (a) bile acids together with biliary lecithin 
emulsify dietary triglyceride; (b) bile acids may promote the adsorption of 
pancreatic lipase to the oil-water interface and may also influence the con­
formation of the enzyme (30); (c) bile acids may bind to the lipolytic products 
formed at the oil-water interface and displace lipase to a new interface; (d) 
bile acids may remove lipolytic products from the interface, exposing unsplit 
triglyceride molecules ; (e) bile acids disperse the lipolytic products in micellar 
form, enhancing their diffusion and convection to the cell lumen interface; 
(f) bile acids enhance the ionization of fatty acids present in the bile salt­
lipolytic product micelle, inhibiting re-esterification of fatty acid and thus 
driving lipolysis in the direction of complete hydrolysis. 

In this section, we shall consider the last three items, i.e., the surface and 
bulk interactions of lipolytic products with bile acids. We shall concentrate 
on the dispersion of lipolytic products in micellar form by bile acid solutions. 
This subject is complex and difficult to present clearly because it involves the 
physical chemistry of surface and bulk properties, which has received relative­
ly little attention from physical chemists. We have termed the events oc­
curring during fat digestion as physicochemical events because the chemical 
events influence and are influenced by the physical properties of the partici­
pating molecules. 

We shall consider first the types of behavior displayed by lipids in 
water. We shall then examine the behavior of triglyceride and its lipolytic 
products (diglyceride, monoglyceride, fatty acid, soap, and fatty acid-soap 
mixtures) in water. We must compare the properties of long-chain un­
saturated lipids with their long-chain saturated homologues. In addition, we 
must also consider medium-chain, i.e., Cs to C1 2, lipids, which are having 
increasing application in medical therapy (31). The principles developed here 
will be applied to the description of the interactions of these lipolytic products 
with bile acid solutions. Finally, to appreciate the distinctive properties of 
bile acid solutions, we must compare them with solutions of typical ionic 
detergents in both the presence and absence of lipolytic products. 

A. Behavior of Individual Lipolytic Products in Water 

1. Principles 

Small (32) has proposed a working classification of lipids according to 
their behavior in aqueous systems which promises to be of great value to the 
biologist. He proposes that all lipids which have a sufficiently hydrophilic 
group to allow formation of a stable film at interfaces be termed "polar 
lipids" or "amphiphiles" ("liking both phases"). Small divides polar lipids 
into three groups according to their behavior in water: (a) Insoluble non-
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swelling amphiphiles---compounds which have extremely low solubilities 
in water, which do not interact with water appreciably in bulk, and which 
separate as an immiscible liquid or solid phase (generally crystals). Examples 
are long-chain fatty acids, triglycerides, and sterols. (b) Insoluble swelling 
amphiphiles---compounds with appropriately arranged polar and nonpolar 
regions such that although their molecular solubility is very low, they hydrate 
in water to form liquid crystalline phases (33). The apparently paradoxical 
term "liquid crystalline" is used to describe the phase which is crystalline by 
X-ray diffraction since it has order in one or two dimensions; however, it is 
a liquid macroscopically and hydrodynamically. Commonly, this phase is 
composed of indefinitely long bimolecular leaflets of swelling amphiphile 
which have their paraffin chains inward and the polar head at the surface of 
the leaflet; the water molecules lie between the leaflet. In another arrangement 
(hexagonal), the molecules are arranged in cylinders packed hexagonally, 
again with the polar heads oriented outward toward the water molecules 
which fill the spaces between the cylinders. Examples of such insoluble swell­
ing amphiphiles are lecithin, monoglycerides, or lipid extracts of myelin, 
from which the term "myelin figure" arises. (c) Soluble amphiphiles­
compounds with a finite molecular solubility but which aggregate spontane­
ously to form poly molecular aggregates called "micelles" at a relatively low 
concentration called the "critical micellar concentration" (34-36). Typical 
soluble amphiphiles, historically termed "amphipathic compounds" or 
"amphipaths," are soaps and ionic detergents. Bile acids are to be considered 
as a special type of soluble amphiphile. 

It cannot be stressed too strongly that the formation of a liquid crystal­
line phase or a micellar phase can only occur above a certain critical temper­
ature. This temperature is that at which the paraffin chains become liquid, 
and it is related to the energy required to break the intermolecular bonds at 
the polar end of the molecule as well as the short-range forces binding the 
paraffin chains when they are present in crystalline form. Thus at this critical 
temperature, which is termed the "transition temperature" for swelling 
amphiphiles, water penetrates the anhydrous crystal and a liquid crystalline 
phase results. The transition temperature may be observed microscopically 
(37,38) or, better, detected by a number of spectrophotometric techniques 
(el 39,40) which indicate marked changes in molecular packing when a crys­
talline suspension of swelling amphiphiles is heated slowly in water. For 
soluble amphiphiles, the critical temperature is called the "critical micellar 
temperature (CMT)" or "Krafft point." At this point, that soap or detergent 
which is present above its molecular solubility changes from a crystalline 
excess to a micellar solution. Although the CMT or Krafft point is not greatly 
influenced by the amphiphile concentration, the presence of electrolyte (41) 
or other amphiphilic additives (37,42) may have a marked effect. Therefore, 
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it is best to refer to the critical micellar temperature or Krafft point of the 
entire system rather than to that of the compound. 

To describe the behavior of a lipid in water, it is customary to use a 
phase diagram in which the physical state or molecular arrangement of the 
lipid or the system is shown in relation to the composition of the mixture 
(Fig. I). Composition is usually expressed in percentage by weight (abscissa), 
and the ordinate is temperature. In two-component systems, called "binary 
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Fig. 1. The fatty acid soap-water phase diagram of McBain 
(58) modified (I) to show the molecular arrangement in relation 
to aqueous concentration (abscissa) and temperature (ordinate). 
Ideal solution, i.e., true molecular solution, is to the left of the 
vertical dashed line, indicating the critical micellar concen­
tration (CMC), which varies little with temperature. At con­
centrations above the CMC, provided that the temperature 
is above the critical micellar temperature (CMT), a micellar 
phase is present. At high concentrations, the soap exists in a 
liquid crystalline arrangement, provided that the solution is 
above the transition temperature of the system, i.e., the tem­
perature at which a crystalline phase becomes liquid crystalline. 
The Krafft point is best defined (D. M. Small, personal com­
munication) as the triple point, i.e., the concentration and 
temperature at which the three phases (true solution, micelles, 
and solid crystals) coexist, but in the past the Krafft point has 
been equated with the CMT. The diagram emphasizes the 
requirement for micelle formation: (a) a concentration above 
the CMC, (b) temperature above the CMT, and (c) a concen­
tration below that at which the transition from micelles to 
liquid crystals occurs. Modified from Hofmann and Small (1). 
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systems," if one is interested only in very low concentrations, the abscissa 
could be expressed in molarity. Physical state or molecular arrangement is 
defined by light microscopy, X-ray diffraction, light scattering, or other 
appropriate techniques; if two or more phases are present, they may be sepa­
rated and analyzed. In practice (e.g., 43), one prepares a series of mixtures in 
sealed vials and examines them at different temperatures after equilibrium 
has been obtained. When one is interested in three components, one uses 
triangular coordinates to plot the composition of mixtures (Fig. 2). Tri­
angular coordinates may be used because the sum of the three components 
is constant. To show changes with temperature, one constructs the tri­
angular phase diagram for each temperature and then places the triangles 
above each other; the result is a prism (44). For four components at one 
temperature, one constructs a tetrahedron (45). It seems impossible to show 
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Fig. 2. The ternary phase diagram for water (lower left corner), detergent 
or fatty acid soap (lower right corner), and a polar lipid such as hexanol 
(upper corner) at a single temperature (37). Each corner corresponds to 
100% of the individual component, although the water corner is not 
named as such. The hatched area in the aqueous corner indicates that 
micelles form at extremely low concentration for the system; no CMC is 
apparent. A liquid crystalline phase forms at higher concentrations of 
detergent and water alone (base) or polar lipid is added to a micellar 
solution. The base of the triangle indicates the phase equilibria present 
in a water-detergent system at a single temperature and is to be contrasted 
with the graph of phase equilibria over a range of temperatures shown 
in Fig. 1. To show the phase equilibria present in relation to temperature, 
one would construct a prism with temperature as the altitude. For systems 
which are in water, such as intestinal content (99% water) or bile (90% 
water). one is interested chiefly in the aqueous corner of the phase 
diagram (for further discussions of such systems. see references 32 and 
44). Redrawn from Lawrence (37). 
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the effect of temperature when four components are present, since it is 
inconvenient to show the tetrahedrons above each other. One can hold one 
component constant in concentration, which is equivalent to sectioning the 
tetrahedron parallel to one side, and then plot the resultant triangles above 
each other. The result is also a prism. 

Ideally, then, to describe the physicochemical events occurring during 
fat digestion, we should first construct the phase diagram for the binary 
systems of fatty acid-water, monoglyceride-water, and soap-water. We 
should then proceed to ternary systems, but since water is always present 
we are chiefly interested in the systems of fatty acid-soap-water, fatty acid­
monoglyceride-water, and soap-monoglyceride-water. Finally, we should 
mix all four components and construct the tetrahedron. Such a tetrahedron 
would give us a description of the behavior of all possible mixtures of the 
lipolytic products in the absence of bile acids. To have physiological rel­
evance, the water should be replaced by 0.15 M NaC!, and, since such a 
solution consists of two components, one is concerned with phase equilibria 
which cannot be represented in three dimensions. The discouraging com­
plexity of this formulation can be circumscribed by working with systems 
which simulate those present physiologically. Thus since intestinal content 
is between 98-99.5 % water, one can work with mixtures of lipolytic products 
whose total concentration may be held constant at 1 %, i.e., systems contain­
ing 99 % water. In addition, one may work at constant physiological electro­
lyte concentration and temperature. Thus if one has a system of two com­
ponents, e.g., water and fatty acid, one is interested in an extremely small 
range of concentration; if one is only interested in phase equilibria at 37°C, 
the area of interest is described by a short segment parallel to the abscissa, 
if temperature is the ordinate. Where one has three components such as fatty 
acid, monoglyceride, and water, one may examine the behavior of varying 
molar ratios of fatty acid and monoglyceride, keeping the water concentra­
tion constant at 99 %. One thus moves across a line in the aqueous apex 
of the triangular phase diagram (water-fatty acid-monoglyceride). A line 
describes the equilibria at a single temperature, but changes with temper­
ature are shown using mole fraction as the abscissa and temperature as the 
ordinate. Such a graph represents a section of the prism previously described, 
which had temperature at its altitude (44). 

It should be noted that pH is not usually considered an independent 
variable in such systems. In systems containing fatty acids and soap mixtures, 
the bulk pH is influenced by the buffering capacity of the ionizable lipids 
which are present, and this buffering capacity depends on the concentration 
and temperature of the system. Customarily, one measures the pH at equilib­
rium. Although body temperature is fixed, it is also often useful to vary 
temperature experimentally in order to distinguish effects of, for example, 
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saturation and unsaturation from chain length. Medium-chain compounds 
(C6 to CIO) may be liquid or solid at 37 D C, and their physical state must be 
assessed in attempting to assign changes in physical properties to chain 
length alone. 

A detailed consideration of the behavior and solubility of lipolytic 
products in aqueous systems not containing bile acids has two justifications. 
First, digestion is an aqueous process and significant intestinal absorption of 
certain lipolytic products may occur in the absence of bile acids, despite their 
low solubility. It is a reasonable assumption that such absorption occurs from 
a molecular solution, or at lest a non micellar solution, and we therefore seek 
information on molecular solubility or types of aggregation or both in aque­
our systems. Second, behavior of lipolytic products in the absence of bile 
acids provides a framework from which to predict the behavior of these 
compounds when bile acids are added. 

2. Monoglycerides 

Long-chain unsaturated monoglycerides are swelling amphiphiles at 
body temperature (47,48). They have low solubilities in water and physio­
logical saline; no precise values are available, but the solubility of I-mono­
olein has been reported to be less than 5 X 10-6 M. When long-chain un­
saturated monoglyceride is incubated with buffer or saline, it hydrates and 
forms myelinics (49). The complete phase diagram has been published for the 
mono-olein-water system, but recent experiments of Krog and Larsson (50) 
suggest that both the types of phases present and their boundaries will be 
influenced by pH and ionic strength. The transition temperature of a given 
unsaturated monoglyceride is probably 10-30D C below its anhydrous 
melting point (38) (Table I). At experimental temperatures below its transi­
tion temperature, an unsaturated mono glyceride behaves as an insoluble 
amphiphile; i.e., it is crystalline when suspended in water (49). 

The predominant form of monoglyceride present in intestinal content 
during fat digestion is the 2-isomer, which is unstable, slowly isomerizing to 
the I-isomer. Few studies have compared the physical properties of the l­
and 2-isomers, but glyceryl monoethers, which are nearly isosteric and should 
have fairly similar physical properties, are prepared without difficulty. It 
would seem both feasible and interesting to examine the phase equilibria as 
well as molecular solubility of glyceryl I - and 2-monounsaturated ethers. 

Saturated long-chain monoglycerides behave similarly to unsaturated 
long-chain monoglycerides, provided that the experimental temperature is 
above their transition temperature. The transition temperature for saturated 
long-chain I-monoglycerides is 17-27 DC below their anhydrous melting 
point (38), and LIt, the difference between the anhydrous melting point and 
the transition temperature, is probably greater for 2-monoglycerides than for 



Bile Acids and Intestinal Absorption of Fats and Electrolytes 

TABLE I. Transition Temperatures (0C) for Monoglycerides and 
Fatty Acids in Watera 
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Stable fJ-form Metastable a-form 
m.p. Tpen m.p. Tpen 

1-Monolaurin 62.5 40.0 44 <20 
I-Monomyristin 69.0 49.5 56 34 
I-Monopalmitin 63 47 
2-Monopalmitin 68 48.5 58 34 
I-Monostearin 81.5 65 74 60.5 
2-Monostearin 73 53.5 55 
I-Monostearyl glyceryl ether 68.5 59.5 
2-Monostearly glyceryl ether 68.9 54.5 

a Data from Lawrence's group (37,113) have been combined with unpublished data from 
this laboratory. In these experiments, a crystal of monoglyceride in water was observed 
microscopically and heated slowly. The temperature at which water penetrated the surface 
of the crystal to form a liquid crystalline phase is called the "temperature of penetration" 
(Tpen). Note that the anhydrous melting point is lower and the difference between the 
anhydrous melting point and Tpen greater for 2-isomers. Lawrence (37) discusses the 
relationship of Tpen to phase equilibria in ternary systems, and Larsson (47) and Lutton 
(48) give complete monoglyceride-water phase diagrams. 

I-monoglycerides (50) (Table I). At body temperature, long-chain saturated 
monoglycerides are crystalline and essentially insoluble (49). The effect of 
temperature is to change them from insoluble amphiphiles to swelling 
amphiphiles. Thus saturated and unsaturated monoglycerides behave sim­
ilarly at appropriate experimental temperatures; at body temperature, 
however, they behave very differently. 

Medium-chain monoglycerides seem to be a special type of swelling 
amphiphile. They differ significantly from long-chain saturated homologues 
by forming dispersions in water or 0.15 M NaCl at body temperature (47,49). 
The solubility is not great, and the form of the excess is unclear, although 
it is probably lamellar in structure. Mono-octanoin has been reported to 
have a solubility of 4 mM (Na + 0.15 M, pH 6.3), We did not observe micelle 
formation by any of the medium-chain monoglycerides, using azobenzene 
solubilization as a criterion for micelle formation. No studies have been 
reported on medium-chain 2-monoglycerides, but these are known to iso­
merize rapidly to the I-isomer (51). 

3. Diglycerides and Triglycerides 

Long-chain diglycerides and triglycerides behave similarly in water and 
in physiological saline, and may be considered together. Both have a neg­
ligible solubility (14); precise values have not been reported to our knowl­
edge. If liquid at experimental temperature, they form an unemulsified im­
miscible phase which macroscopically appears as oil droplets. If solid, they 
remain as undispersed crystals. Presumably, their solubility should decrease 
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as the chain length increases, and their solubility, as that of any homologous 
series, should be described by an equation of the following type (52): 

log solubility = a + bn 

where n is the number of carbon atoms and b is a term which has been 
shown to describe the molar free enthalpy of transferring a methyl group 
from a hydrocarbon environment to an aqueous environment; a is an em­
pirical constant relating largely to interactions involving the non paraffinic 
part of the molecules, which would be the ester bonds in the case of tri­
glycerides and ester bonds plus the alcoholic group in the diglycerides. 
Whether there are significant differences in the solubility of 1,2- and 1,3-
diglycerides does not appear to have been examined. 

4. Fatty Acids, Soaps, and Fatty Acid-Soap Mixtures 

a. Fatty Acids. Long-chain saturated fatty acids are insoluble in water 
and physiological saline. Several studies (e.g., 53,54) on the solubility of 
homologous fatty acids in water show a linear decrease in log solubility with 
chain length described by the equation (for 200 q 

log solubility = -0.65n + 2.82 

where n is the number of carbon atoms in the paraffin chain. Restated, the 
log solubility increases linearly as the chain length shortens. Appreciable 
solubilities (10-4 or 0.1 mM) occur with medium-chain fatty acids, i.e., 
decanoic and shorter (Fig. 3). There is no break in the log plot associated with 
the fatty acid being above its anhydrous melting point at the experimental 
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Fig. 3. Log solubility of acid soap (HA· 
K+A-), fatty acid (HA), potassium 
soap (K+A-), and fatty acid (HA) in mi­
cellar bile acid solution at 37°C (A) or 
25°C (6) in relation to chain length. The 
solubility of fatty acid in bile acid solu­
tions seems to decrease more rapidly 
with increasing chain length at experi­
mental temperatures below the fatty 
acid's melting point, which agrees with 
Fig. 9, which suggests that the solu­
bility of a given fatty acid in bile acid 
solution is greater at experimental 
temperatures above the fatty acid's 
melting point than below. The lower 
three solubility curves are plotted from 
the data of Lucassen (54), and data for 
the upper two curves were taken from 
the report from Verkade's laboratory 
(68). 
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temperature. Unsaturation appears to increase aqueous solubility several 
orders of magnitude for a given chain length. Simmonds et af. (55) have 
reported values of the order of 10-5 M for oleic acid in physiological saline, 
and values as high as 10-4 M have been claimed for linoleic acid (56). A 
reasonable figure for stearic acid solubility in water would be of the order of 
10-9 M (53,54). We are unaware of systematic studies on the effect of ionic 
strength or counter-ion concentration on fatty acid solubility; presumably, 
the effect of physiological electrolyte concentration is relatively small. 

The transition temperature, i.e., the melting point, of fatty acids when 
suspended in water is very close to their anhydrogenous melting point (38). 
Fatty acids do not interact with water and thus behave as di- and triglycerides, 
i.e., as insoluble amphiphiles irrespective of experimental temperature. 

h. Soaps. Soaps are termed "soluble amphiphiles" because, under 
appropriate conditions, clear aqueous solutions may be prepared which 
contain relatively high total concentrations of soap. As discussed, soap 
molecules have a finite molecular solubility and above this concentration 
aggregate to form polymolecular aggregates called "micelles" (34-36). The 
narrow concentration range over which micelle formation occurs is called 
the "critical micellar concentration (CMC)." Most micelles composed of 
soaps or typical ionic detergents are considered to be spherical; the polar 
heads of the molecules are outward toward the bulk of the aqueous phase, 
and the hydrocarbon chains form an oily liquid center of the micelle. The 
molecules of any given micelle are considered to be exchanging rapidly and 
continuously with the molecules of other micelles (57) as well as with those 
dispersed in true molecular solution; micelles should be considered as flicker­
ing clusters. 

Micelle formation occurs spontaneously in any soap solution provided 
that (a) the solution is above the CMC of the system and (b) the temperature 
is above the critical micellar temperature of the system. Micellar solutions 
are clear to casual inspection, although the formation of micelles is readily 
detected by conventional light-scattering techniques. The formation of 
micelles is signaled by a decreased rate of change in colligative properties 
with concentration, as well as by the appearance of physical properties 
associated with macromolecules. At high aqueous concentrations, the 
micelles coalesce to form large liquid crystalline aggregates (Fig. I). The 
transformation from a micellar solution to a liquid crystalline dispersion is 
signaled by an abrupt increase in viscosity and the appearance of anisotropy, 
i.e., birefringence. As discussed, it is customary to plot these changes in molec­
ular arrangement with concentration and temperature by phase diagrams. 
James McBain, the discoverer of the micelle, spent many years constructing 
the phase diagrams for fatty acid soap-salt-water systems which are of 
practical importance in soap making (58). 



116 Alan F. Hofmann and Hagop S. Mekhjian 

Although soaps are called "soluble amphiphiles," the formation of 
micelles is in fact a manifestation of the low molecular solubility of the soap 
molecule. Micelle formation can only occur above the critical micellar tem­
perature of the system. Below this temperature, soaps form a crystalline 
phase (which mayor may not contain water depending on the history of the 
system). This means that the classification of a given lipid as a soluble or 
insoluble amphiphile is conditional upon the experimental temperature. 

Lucassen (54) has shown that the molecular solubility of the soap 
anion is about 5 x 10-2 moles greater than that of the corresponding fatty 
acid. Assuming that dimerization does not occur, one may describe the 
solubility of potassium soaps by the following equation: 

log KKS = - 0.65/1 + 5.4 

where K is the solubility product of potassim soaps and 11 refers to the number 
of carbon atoms in the chain. The equation for the CMC of potassium soaps 
is similar, except that the proportionality constant for the concentration of 
potassium counter-ions is different: 

log CMCKS = O.4ln - 0.57[K+] + 2.52 

This equation indicates that the log CMC falls linearly with increasing chain 
length and electrolyte concentration. Thus addition of electrolyte lowers the 
CMC but lowers the concentration of soap anion even more greatly. The 
addition of electrolyte thus tends to salt out the soap solution rather than 
cause micelle formation. Micelle formation can be induced by raising the 
experimental temperature. Addition of electrolytes lowers the CMC but 
raises the critical micellar temperature, and the latter effect is greater (41). 

c. Fatty Acid-Soap Mixtures. The pH of small intestinal content during 
fat digestion is 5-7, and in long-chain soap-water mixtures below pH 7 a 
major fraction of the soap is present in protonated form (59). 

Therefore, to consider the behavior of lipolytic products in water or 
physiological saline in the absence of bile acids, one must discuss the behavior 
of fatty acid-soap systems (54,59). Such systems are extremely complicated. 
Although Lucassen (54) has described clearly such systems for homologous 
saturated potassium soaps, the systems of unsaturated fatty acid-soap where 
sodium ion is present in physiological concentrations have not been studied. 
There are a number of rules which apply to such systems, based on the work 
of Lucassen: (a) For all long-chain fatty acids, saturated or unsaturated, 
clear solutions are impossible above 0.001 M if as much as one-fourth of the 
soap has been protonated. (b) Changes in bulk pH associated with acidifica­
tion are complicated and are influenced by soap concentration and by the 
chemical nature of the precipitate which occurs. (c) The precipitate will 
generally be a fatty acid or an acid soap having the composition K+H+(soaph; 
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a shift in the chemical form of precipitate from fatty acid to acid soap may 
be signaled by a more rapid fall in bulk pH, since potassium ions are pre­
cipitating from solution and hydrogen ions are being added. (d) The term 
"pKa" is probably meaningless in such heterogeneous systems; the bulk 
pH at which the total fatty acid of the system is half neutralized depends on 
the soap concentration. With more concentrated systems, and for long-chain 
soaps (greater than C14), the pH corresponding to neutralization of half of 
the total fatty acid present will be 7-9, and for medium-chain soaps 6-S at 
higher concentrations and near 5 at extremely dilute concentrations. (e) In 
the absence of added electrolyte, the bulk pH resulting from protonating a 
given fraction of the soap present increases with increasing chain length of 
soap. Thus the addition of 0.75 mole of hydrochloric acid (as titrant) to 
0.001 M soap solutions (containing 1 mole of soap) gives the following bulk 
pH: CIO pH 4.9; C12 6.2; C14 7.S. (f). Finally, the solubility of acid soaps 
[i.e., K+H+(soaph, ... ] can also be described by a solubility product. The 
solubilities of these acid soaps are considerably below that of either the fatty 
acid or the soap, consistent with their molecular weight being twice as 
great. 

Application of these principles, based on partially acidified soap-water 
mixtures, to the events of fat digestion is not straightforward. If one equili­
brates oleic acid (0.1-10 mM) in buffers from pH 5 to 7 (37°C, Na+ 0.15 M), 
one finds that below pH 7 the solubility (i.e., is the sum of oleic acid) as well 
as oleic ions is low, less than 10-3 M; the only change observed with pH is an 
increase in the degree of emulsification above pH 6.6 (60). Saturated fatty 
acids under similar conditions have very low solubilities noted, and, when 
examined over the pH range 5-7, the total solubility of palmitate and stearate 
actually decreases with increasing pH, presumably because of the effect of 
the high cation concentration. The behavior of medium-chain soap-fatty 
acid mixtures under conditions of physiological electrolyte concentration has 
not been examined in detail. At pH 6.3, the total solubility of laurate is con­
siderably greater than that of higher saturated homologues, but still low. 
Decanoate has a solubility less than 0.004 M and also does not form micelles. 

To summarize, under the conditions present in small intestinal content 
during fat digestion (37°C, pH 5-7, Na+ 0.15 M), the only group of substances 
possessing appreciable molecular solubility is medium-chain fatty acids 
(CS-C12). Low but probably physiologically significant solubilities are dem­
onstrated by long-chain unsaturated fatty acids-especially polyunsaturat­
ed fatty acids such as linoleic-and medium-chain monoglycerides. Long­
chain unsaturated monoglycerides form polymolecular liquid crystalline 
aggregates which contain water, but their molecular solubility is very low. 
Long-chain saturated fatty acids and monoglycerides and all long-chain 
di- and triglycerides show no interaction with water, and their molecular 
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solubilities are negligible. An increase in pH will have no effect on any of the 
above classes except fatty acid-soap mixtures. With medium-chain fatty 
acids, the solubility (defined as the total concentration of all molecules 
irrespective of the degree of ionization) will probably increase with pH at 
values similar to those observed in small intestinal content (pH 6-7). With 
long-chain unsaturated fatty acids, molecular solubility also increases with 
rising pH, but the pH at which the solubility increase begins is probably 
inversely proportional to saturation; i.e., linoleic acid solubility increases at 
about pH 6 but oleic acid solubility does not begin to increase until about 
pH 7. These pH-mediated increases in solubility could influence the site of 
fat absorption in conditions in which the intraluminal concentration of bile 
acids was reduced, since the pH of the small intestine increases distally (61). 

B. Behavior of Individual Lipolytic Products in Bile Acid Solutions 

Before considering the behavior of lipolytic products in bile acid solu­
tions, we will compare briefly certain aspects of bile acid solutions with those 
of typical ionic detergents. Micellar aggregation is signaled by an abrupt 
increase in the solvent properties of detergent solutions for water in soluble 
molecules. The ability of micellar solutions to dissolve water-insoluble 
materials is called "solubilization" and is explained by the ability of the mi­
celle to incorporate appropriately shaped additives into its center or between 
the amphipathic molecules composing the micelle (34-36). The sudden 
increase in solubility when micellar aggregation occurs provides a simple 
method for determining the critical micellar concentration of a detergent. 
The solubilized additive is believed to be exchanging rapidly between other 
micelles and those few molecules in true molecular solution (57). In the sim­
plest possible system for characterizing solubilization, one has a detergent, a 
solute, and water, and again the equilibrium should be described by phase 
diagrams using triangular coordinates. The behavior of lipids in micellar 
solution is predictable to a considerable extent from their behavior in water. 
Insoluble amphiphiles will often have low micellar solubility and, when the 
micelle is saturated, will form a separate phase of immiscible liquid or 
crystals. Swelling amphiphiles will participate in micelle formation, lowering 
the CMC and forming mixed micelles. At high concentrations, they will 
form a separate liquid crystalline phase, which will incorporate the detergent 
molecules in it. Finally, soluble amphiphiles, as would be expected, form 
mixed micelles, and the CMC of the system is usually intermediate between 
the CMC of the two components. The possible systems are discussed in 
complementary reviews by Lawrence (37,62) and Small (32). 

The bile acid molecule is shaped very differently than a typical ionic 
detergent (1). The body is ridged and kinked at the cis juncture of the AlB 
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Fig. 4. Corey-Pauling-Koltun model of conjugated 
bile acid molecule photographed from the side to show 
the spatial arrangement of hydrophobic and hydro­
philic regions. The hydroxy groups influence tempera­
ture-solubility relationships, since mono hydroxy and 
unsubstituted cholanoic acids are insoluble at body 
temperature (1). The slightly curved aspect of the AlB 
ring portion of the steroid nucleus (top) is caused by 
the cis configuration of the AlB ring juncture; AlB 
trans bile acids (allo bile acids) have inferior dispersant 
properties (66), indicating the importance of the steric 
configuration of the AlB ring juncture of the cholanoic 
acid. 
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ring. The polar ionic group is located quite distantly from the body, which 
possesses a hydrophobic side and a hydrophilic side containing the hydroxyl 
group. Bile salts may be considered planar amphipaths, in contrast to typical 
ionic detergents, which are polar amp hi paths (Fig. 4). 

The aggregation of bile acids in aqueous solution to form micelles 
containing two to 24 molecules is discussed in detail elsewhere. The lack of 
a liquid hydrocarbon interior is probably responsible for micellar bile acid 
solutions having much poorer solvent properties for insoluble amphiphiles 
than typical ionic deLergent solutions (19). A significant difference between 
5f3 bile acids (AlB cis) and typical ionic detergents is that 5f3 bile acids at 
high concentrations in water do not form a condensed liquid crystalline 
phase.* In the binary phase diagram of bile acid-water, a liquid crystalline 
phase does not appear even at extremely high bile acid concentrations, 
whereas with typical ionic detergents, a liquid crystalline phase appears from 
concentrations of 20-50 % by weight, depending on molecular structure and 
experimental conditions (1,2,32). 

The number and position of hydroxy groups on the bile acid nucleus 
strongly influence the behavior of bile acids in solution. Bile acids appear 
to differ from typical anionic detergents in having a critical micellar tem-

*5a bile acids (AlB trans) form liquid crystalline phases at fairly low concentrations in 
water. Thus the steric configuration of the AlB juncture appears to be a major determinant 
of the phase equilibria observed in bile acid-water systems. 
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perature, i.e., the temperature where solubility reaches the critical micellar 
concentration, which is much more dependent on concentration (1,66). Thus 
Sa bile acids (AlB trans) with no hydroxy groups are insoluble in water at 
100DC; compounds with one hydroxy group (only those with substitution 
at the 3- and 7-position have been examined) have critical micellar temper­
atures between 15-100DC; and the physiologically occurring di- and trihy­
droxy bile acids have critical micellar temperatures below ODC, provided 
that the electrolyte concentration is 0.15 M or below. The critical micellar 
temperature of a given bile acid, as that of any anionic detergent, is also 
dependent on the type of counter-ion (66). Hydroxy keto bile acids appear 
to have a critical micellar temperature below 0 DC, but few systematic studies 
have been done. 

Besides influencing the critical micellar temperature, the number and 
position of hydroxy groups also influence the critical micellar concentration. 
The critical micellar concentration of dihydroxy bile acids is significantly 
below that of trihydroxy acids (1,63), but no values have been reported for 
monohydroxy acids. Conjugation with glycine or taurine does not appear 
to have any particular effect on those properties of bile acids which are 
related to the steroid nucleus, provided that experiments are carried out at 
pH sufficiently alkaline that all bile acid molecules present are ionized (64). 

1. Behavior of Bile Acids in Water 

The principles developed when describing the behavior of lipolytic 
products in water can now be applied to a description of their behavior in 
bile acid solution. Donald Small is largely responsible for proposing that 
bile acids disperse lipids by apposing the hydrophobic side of the steroid 
nucleus to the side of the paraffin chain of the lipid molecule (65). The lipids 
of bile and intestinal content which are most effectively dispersed by bile 
acid solutions are all swelling amphiphiles, i.e., lipids which spontaneously 
form a liquid crystalline phase in water. Dispersion of these large aggregates 
to small bile acid-polar lipid micelles, a major physical or chemical event in 
bile formation and fat digestion, involves complex energy relationships which 
must consider lipid-lipid interaction, bile acid-bile acid interaction, and bile 
acid-lipid interaction. 

2. Diglycerides and Trig/ycerides 

The diglycerides and triglycerides, insoluble amphiphiles, have very 
low solubilities in bile acid solution. As in water, such lipids when incubated 
with bile acid solutions remain as oil droplets or crystals, depending on their 
melting point relative to the experimental temperature. No systematic studies 
on the solubility of homologous tri- and diglycerides in bile acid solutions 
have been carried out. 
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3. Monoglycerides 

As was noted, there is a striking difference in the behavior of mono­
glycerides in water compared to that of di- and triglycerides. Monoglycerides 
interact with water to form a liquid crystalline state, provided that the 
hydrocarbon chains are liquid at the experimental temperature. This dif­
ference between mono glycerides and higher glycerides is also present in bile 
acid solutions. Monoglycerides have a high micellar solubility in bile acid 
solutions, in contrast to the low solubility of the di- and triglycerides (19). 
The monoglycerides participate in micelle formation, and the critical micellar 
concentration of systems containing monoglyceride and bile acid in water 
is considerably below that of bile acid-water systems (19). 

The phase equilibria present in the monoglyceride-bile acid-water 
system should be described by triangular phase diagrams, but at present 
only the broad outlines of the diagram have been constructed (62,66). The 
micellar region is quite large, and its border signals the formation of liquid 
crystalline aggregates containing monoglyceride, water, and bile acid whose 
molecular arrangement is unknown at present. Transition from a micellar 
dispersion to a liquid crystalline dispersion occurs when between one and 
three molecules of long-chain monoglyceride are present per molecule of 
micellar bile acid (19), depending on the chain length of the monoglyceride 
(49). 

The sizes of the micellar region for 1- and 2-monoglycerides are probably 
very similar, although the only experiments bearing on this have been simple 
solubilization experiments which showed that the micellar solubilities of 
1- and 2-mono-olein in dilute micellar bile acid solutions were identical (49). 

With saturated mono glycerides, it is necessary to consider both chain 
length and melting point (or transition temperature) relative to the experi­
mental temperature. We have studied this problem several ways. First, we 

" " Bile so i l Monog l ycer i de 

Fig. 5. Experimental design to assess phase equilibria 
present in bile salt (bile acid)-monoglyceride-water 
system at a fixed water concentration, but varying 
temperature, indicated by the stippled plane (46). Since 
intestinal content is probably greater than 98 % water, 
one can hold water concentration constant and vary 
bile acid/monoglyceride ratios. 
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Fig. 6. Phase equilibria for the system indicated in 
Fig. 4. For clarity, the behavior of a single saturated 
long-chain monoglyceride is shown in Fig. 6 and that 
of a series of homologous, saturated monoglycerides 
in Fig. 7. Eleven mixtures were used, the sum of micel­
lar bile acid and monoglyceride concentrations equal­
ing 40 mM. The point indicated for monoglyceride 
alone is the transition temperature in water and is 15-
30° C below the anhydrous melting point (Table I). 
When the temperature of the system reaches the transi­
tion temperature of a given monoglyceride, a marked 
increase in the micellar solubility of the monoglyceride 
is observed. At higher monoglyceride/bile acid ratios, 
a liquid crystalline phase of undefined composition 
and molecular arrangement occurs. 

have examined the solubility of medium- and long-chain monoglycerides at 
experimental temperatures well above their transition temperature so that 
they would be liquid crystalline in the systems under study. Here solubility 
in micellar bile acid solution increased as the chain length decreased (49). 
To gain further information on the behavior of long-chain saturated mono­
glycerides in bile acid solutions, we studied the behavior of samples contain­
ing different ratios of monoglyceride/bile acid at fixed water concentration. 
As noted, such an experimental design corresponds to a line in the triangular 
phase diagram which is in the aqueous tip and parallel to the water base 
(Fig. 5). By observing the samples at a number of temperatures, we obtain 
a section through the prism whose base is the bile acid-mono glyceride-water 
system and whose altitude is temperature. The results (Figs.6 and 7) indicated 
that (a) saturated monoglycerides have low micellar solubilities until the 
experimental temperature is increased to the transition temperature, where 
the solubility increases strikingly ; (b) the presence of bile acids has only a 
slight effect on the transition temperature, i.e., the difference between the 
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Fig. 7. Phase equilibria for homologous, saturated I-monoglycerides and I-mono-olein. 
For the saturated monoglycerides, the phase diagrams are similar. At temperatures at 
which the monoglyceride is solid crystalline, it has a low but measurable micellar solu­
bility (vertical lines on left), which decreases with increasing chain length (49). When the 
experimental temperature is increased to that at which the monoglyceride changes from 
crystalline to liquid crystalline, there is an abrupt increase in micellar solubility (horizontal 
lines on left). The temperature at which the transition from crystalline to liquid crystalline 
occurs is not apparently affected to any great extent by bile acids. At higher monoglyc­
eridejbile acid ratios, the micellar solubility of the monoglyceride is exceeded, and a 
liquid crystalline phase occurs (vertical lines on right). The saturation ratio (19), i.e., 
moles of micellar monoglyceridejmoles of micellar bile acid, decreases with increasing 
chain length at experimental temperatures above the transition temperature, also. The 
phase equilibria for I-mono-olein are similar, except that a solid crystalline phase does 
not appear. I-Mono-olein and I-monostearin behave identically at sufficiently high experi­
mental temperatures. 

anhydrous melting point and the transition temperature is chiefly influenced 
by the presence of water and not the additional presence of bile acids; (c) 
as noted, the solubility decreases with increasing chain length. 

It was noted previously that fatty acid solubility in water was not in­
fluenced by the physical state of the fatty acid at the experimental tempera­
ture. The striking influence of physical state on monoglyceride solubilization 
suggests that bile acids can only disperse large liquid aggregates when the 
short-range intramolecular forces have already been disrupted by the combin­
ed effect of heat and water. 

We have also examined the transition temperature of monoglyceride­
bile acid mixtures in equimolar proportions (Table II). In these experiments, 
we used all the common 5(3 bile acids but observed no marked difference 
among any of the bile acids, indicating again that the water-monoglyceride 
interaction is the critical variable in determining the temperature at which 
micellar solubility increases. 

We have also compared the behavior of monoglycerides in solutions of 
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TABLE II. Temperature eC) at Which Liquid Crystalline Phase 
Becomes Micellar Phase for Lipolytic Products in Solutions of 

Bile Acids or Anionic Detergentsa 

Glyceryl- Sodium 
Detergent solution I-monopalmitate palmitate 

Cholyl taurine 54 32 
Cholyl glycine 32 
Deoxycholyl taurine 50 35 
Deoxycholyl glycine 50 35 
Chenodeoxycholyl taurine 52 40 
Chenodeoxycholyl glycine 52 35 
Allodeoxycholyl taurine 52 75 

Lauryl N-methyl taurine 48 52 
Octyl benzene sulfonate 43 54 
Lauryl sulfate 54 54 

L1 

-22 

-15 
-15 

-12 
-17 

+23 

+4 
+11 

0 
a Suspensions of mono glycerides in the micellar solution were heated slowly in capped glass 

vials, and the temperature at which the mixture became isotropic was recorded; tem­
peratures agreed within 3°C whether approached from above or below. The number of 
moles of mono glyceride was equivalent to the number of moles of micellar bile acid or 
detergent, and the concentration of the mixture was varied from 300 mM to 10 mM by 
dilution with bile acid or detergent solution at its CMC. The sodium palmitate-detergent 
mixtures were 20 mM in sodium palmitate, 20 mM in micellar detergent, and 0.11 M in NaCI. 

typical ionic detergents without bile acid solution. We synthesized a lauryl 
taurate, which differs from taurocholate in possessing an acyl nucleus in­
stead of a steroid nucleus. We then varied the molar ratio of l-mono­
olein to detergent or bile salt to see at which molar ratio the liquid crystalline 
phase would occur (60). The results (Fig. 8) indicate that the micellar area 
is much smaller in the lauryl taurate-mono-olein-water system than in the 
bile acid-mono-olein-water system. This observation agrees well with the 
fundamental work of Lawrence and his colleagues, which has shown that in 
the phase equilibria of detergent-polar additive-water systems, the size of 
the micellar zone for a given additive is related to the concentration at which 
liquid crystalline aggregates form in the binary system of detergent and 
water (37,62). Thus those detergents which form a liquid crystalline phase at 
relatively low concentrations will have a smaller micellar zone than those 
detergents which do not form a liquid crystalline phase until higher concen­
trations. Since bile acids do not form a liquid crystalline phase in the binary 
system of bile acid-water (32), the micellar zone of the bile acid-monogly­
ceride-water system is much larger than that of the lauryl taurate-mono­
olein-water system. 

4. Fatty Acids, Soaps, and Fatty Acid-Soap Mixtures 

a. Fatty Acids_ The solubility of non ionized unsaturated fatty acid 
in bile acid solution is considerably greater than that in water and probably 
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Fig. 8. Phase equilibria for oleyl homologues varying in polar group 
in bile salt solution. Compounds possessing a small micellar area 
(clear) form an immiscible oil phase (diagonal hatching) when pres­
ent in excess in bile acid solution or in buffer in absence of bile acid. 
Compounds with high micellar solubility form a liquid crystalline 
phase when present in excess in bile acid solutions and form liquid 
crystalline phases in buffer alone. Since these experiments were carri­
ed out at a single temperature, the phase equilibria correspond to a 
line parallel to the base in the area shown in Fig. 5. From Hofmann 
(60), with the publisher's permission. 
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somewhat greater than that in solutions of typical ionic detergents for a 
given micellar concentration. A reasonable figure for oleic acid would appear 
to be about 1 mole of micellar oleic acid per mole of micellar bile acid, and 
figures of 0.8 for linoleic acid and 1.4 for vaccenic have been reported (67). 
This figure (the "saturation ratio") is lower than that of hexadecyl unsaturat­
ed monoglycerides, for which values between 1.5-2.0 have been observed. * 

Added fatty acid, as monoglyceride, reduces the CMC of bile acid solu­
tions (I9). The experiments reported were carried out at pH 6.3, where some 
fatty acid ionization occurs, and it seems probable that the reduction in 
CMC in the presence of fatty acids would be considerably less if the experi­
ments were carried out at a pH sufficiently acid to repress fatty acid ioniza­
tion. 

*Since oleic acid begins to ionize at pH 5.5 in bile acid solution, experiments designed to 
determine the solubility of a given fatty acid (completely protonated) should be carried out 
below pH 5. At this pH, the fatty acid separates as an emulsified oil (assuming that the 
experiment is done above its melting point), and equilibrium in such systems is only 
reached after many, many hours, even with vigorous shaking. 
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The solubility of saturated fatty acids in water increases regularly with 
decreasing chain length, as discussed. The solubility of a series of homologous 
fatty acids in bile acid solution also decreases with increasing chain length 
(68) (Fig. 3). The melting point of saturated fatty acids in bile acid solutions 
is only one or two degrees below the anhydrous melting point. Saturated 
fatty acids, as unsaturated fatty acids, do not form a liquid crystalline phase 
when present in excess; the excess is either an immiscible oil phase or a sus­
pension of crystals depending on the experimental temperature (66). 

In order to describe the behavior of saturated fatty acids in bile acid 
solutions, we have mapped out roughly the phase diagram for saturated 
fatty acids-bile acids-water systems using the same experimental design as 
described for saturated monoglycerides. We varied the ratio of fatty acid/ 
conjugated bile acid, keeping the sum of the two components constant at 
40 mM. The counter-ion concentration was kept constant by the addition of 
NaCI, and water was present at a fixed concentration of 99 %. Again we con-

Oil droplets 
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Fig. 9. Phase equilibria for the bile salt (bile acid)-fatty acid­
water system at constant water concentration in relation to tem­
perature (see Fig. 5). Six mixtures varying in molar ratios of 
bile salt (bile acid) and palmitic acid with total concentration of 
micellar bile acid plus palmitic acid equal to 40 ffiM were examin­
ed. Fatty acid has a finite solubility in the micellar bile acid 
solution, the excess being crystalline at body temperature. At 
50-60°C, there is a marked increase in micellar solubility, and 
the fatty acid melts. At higher fatty acid/bile acid ratios, the 
micellar solubility is exceeded, and an immiscible oil phase oc­
curs. The melting point of fatty acid in the presence of water is 
nearly identical to that in the anhydrous state (38), in contrast 
to the behavior of monoglyceride (Table I). As shown in Fig. 3, 
the size of the micellar area decreases with increasing chain 
length. Unsaturated fatty acids (not shown) behave similarly to 
saturated fatty acids, but their micellar solubility is greater, and 
at most experimental temperatures a crystalline phase will not 
occur. 



Bile Acids and Intestinal Absorption of Fats and Electrolytes 127 

struct a rectangle which is a slice through the prism having the base bile 
acid-fatty acid-water and the altitude temperature. The results (Fig. 9) 
indicate that fatty acids have low micellar solubility in bile acid solution 
until they liquify at a temperature a degree or two below their anhydrous 
melting point. At that temperature, there is a marked increase in micellar 
solubility. 

No studies have compared the solubilization of a given fatty acid by 
different bile acids. Although trihydroxy bile acids have a lower saturation 
ratio than dihydroxy acids, it seems unlikely that this difference would be of 
physiological significance. 

Fatty acids have a lower solubility in typical ionic detergent solutions 
than in bile acid solutions, for a given micellar concentration. To paraphrase, 
the micellar zone in the ternary phase diagram of this system (ionic detergent­
fatty acid-water) is smaller than that in the system bile acid-fatty acid­
water. Small has constructed the sodium oleate-oleic acid-water phase 
diagram (32); the micellar zone is extremely small because of the formation 
of liquid crystalline phases of oleic-sodium oleate at very low oleic acid/ 
sodium oleate ratios. In unpublished experiments carried out several years 
ago, we compared the solubility of lauric acid in 40 mM solutions of sodium 
taurodeoxycholate and sodium glycodeoxycholate with that in sodium 
octyl benzene sulfonate. Lauric acid at concentrations of 1, 5, and 10 mM 
was completely soluble in these bile acid solutions at pH 6.3. By contrast, a 
5 mM concentration of lauric acid in sodium octyl benzene sulfonate solution 
was completely turbid. 

Last, it should be pointed out that no information exists on the influence 
of fatty acid structure on its micellar solubility in bile acid solutions. It would 
be of interest to compare branched-chain fatty acids, cyclopropane fatty 
acids, hydroxy fatty acids, etc. 

b. Soaps. Sodium oleate forms isotropic micellar solutions in water, 
but when sodium ion is present at physiological concentration, viscoelastic 
gels form even when the sodium oleate concentration is as low as 10 mM 
(60). The addition of bile acids to such gels converts them to isotropic non­
viscous solutions; cholate-oleate micelles form which are much smaller 
than the aggregates formed by oleate alone (69). The broad outlines of the 
system (sodium cholate-sodium oleate-water) have been constructed by 
Small (32); the micellar area is quite large. The behavior of other unsaturated 
fatty acid soaps in bile acid solutions has not been examined. 

Saturated fatty acid soaps dissolve in water at their critical micellar 
temperature to form micellar solutions. The addition of sodium ion raises 
the critical micellar temperature of this system, as discussed. One can measure 
the critical micellar temperature in systems composed of varying molar 
ratios of two ionic detergents, and the phase equilibria present in such 
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experiments have been clarified by Lecuyer and Dervichian (46), who noted 
that determination of the critical micellar temperature of such a system was 
equivalent to constructing the phase diagram described by a line parallel to 
the water phase in the ternary system (first soap-second soap-water). Since 
only the molar ratio of the soaps was being varied, the experiments were 
carried out at constant water concentration. One then examined the phase 
equilibria present at different temperatures and thus created a rectangle 
which was, in fact, a slice through the prism formed by examining the phase 
equilibria in the first soap-second soap-water systems at different tem­
peratures (cf. Fig. 5). 

We have carried out similar experiments with saturated fatty acid 
soaps as the first soap and bile acids (as the sodium salt) as the second soap 
(66). The bile acids behave as typical ionic detergents with critical micellar 
temperatures well below ooe (Fig. 10). For any saturated fatty acid soap, 
its critical micellar temperature decreases as the chain length shortens. Thus, 
at 37°e, more of a short-chain soap will be solubilized for a given amount 
of bile acid present, or, to paraphrase, the molar ratio of soap/bile acid will 
be much higher for short-chain soaps at 37°C. One carries out these experi­
ments by incubating a series of different molar ratios of soap/bile acid. The 
bile acid is micellar, and the soap is crystalline. Over a few degrees of tem­
perature range, the crystalline soap completely dissolves. No satisfactory 
quantitative description of these experiments has, as yet, been proposed. 

It is tedious to examine a complete series of molar ratios for each bile 
acid conjugate, and we have therefore examined the critical micellar tem­
perature of a I: 1 molar ratio of sodium palmitate and all of the commonly 
occurring conjugated bile acids (Table II). All bile acids behave similarly 
with critical micellar temperatures between 30-40°C. By contrast, 
the critical micellar temperature of alledeoxycholyl taurine (the 5a­
epimer) was 75°e, indicating that this 5a bile acid could cocrystallize with 
sodium palmitate, whereas the common 5{J bile acid did not. The typical 
ionic detergents, such as sodium dodecyl sulfate and sodium octyl benzene 
sulfonate, also had higher critical micellar temperatures with sodium pal­
mitate than bile acids, but these detergents have much higher critical micellar 
temperatures in water than bile acids. Medium-chain soaps have not been 
examined in such experiments, but their critical micellar temperatures are 
well below room temperature, and such soaps should have an extremely high 
solubility in bile acid solutions. 

c. Fatty Acid-Soap Mixtures. As discussed, nonionized fatty acid has 
a low solubility in bile acid solutions, whereas ionized soap has an extremely 
high solubility in bile acid solution. Accordingly, it would be predicted that 
increasing the ratio of soap/fatty acid would increase the amount of chemical 
fatty acid dissolved for a given micellar concentration of bile acid and further 
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Fig. 10. Phase equilibria of the bile acid (as 
sodium salt)-fatty acid soap-water phase 
diagram at constant water concentration in 
relation to temperature. Mixtures with varying 
molar ratios of bile acid/sodium soap (total 
concentration 40 mM) were incubated, and the 
temperature at which the system became clear 
was plotted; solutions were buffered to pH 12. 
The curves indicate the critical micellar tempera­
ture of the system and have also been termed 
"mixed Krafft points" (46). The CMT of the 

NaTDC Mole fpactlOn No soap bile acids is extremely low. 

that ionization in such a system with various possibilities for molecular 
aggregation might be very complex. Again, we are interested in constructing 
the system soap-fatty acid-bile acid-water and noting the size of the micellar 
region as the ratio of soap/fatty acid is varied. 

The solubility of unsaturated fatty acid in bile acid solution rises above 
pH 6.5, suggesting that fatty acid ionization is occurring at a pH close to 
that considered to be present in small intestinal content during fat digestion 
(60). In order to determine the extent to which fatty acid ionizes when 
present as a micellar solute in bile acid solutions, we have carried out ex­
periments in which micellar solutions of conjugated bile acid, well above 
their critical micellar concentration containing fatty acid as a micellar solute 
were titrated, and the bulk pH corresponding to 50 % ionization of the fatty 
acid was determined (60) (Table III). With oleic acid as a micellar solute, the 
bulk pH corresponding to 50 % ionization was above 6.5 and was not 
significantly influenced by temperature, addition of monoglyceride, or the 
type of bile acid employed. The solubility of long-chain saturated fatty acids 
is too low to permit study of their ionization by such a technique, but one 
can examine the ionization of solubilized medium-chain fatty acid and short­
chain fatty acid and one observes that the bulk pH corresponding to 50 % 
ionization decreases toward the intrinsic pKa of the fatty acid as its chain 
length is shortened. The interpretation of these experiments is also not 
simple because as one shortens the fatty acid chain length one varies the dis­
tribution of the fatty acid molecule between the molecular phase and the 
micellar phase, and no information is available on the fraction present in 
either form or the rate of exchange. 

If the conjugated bile acid used to dissolve the fatty acid, which was 
titrated, was replaced by a typical anionic detergent, the bulk pH correspond-
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TABLE ill. Ionization of Fatty Acids Present as Micellar Soiutea 

Detergent (mM) Fatty acid (mM) 

Bulk pH at which 
50% ionization 

occurs 

A. Oleic acid in micellar solutions of bile acids and detergents 

Varying detergents 
CTAB (cationic) 16.0 4.8 5.2 
HDPC (cationic) 16.0 5.0 5.4 
Lauryl taurine (anionic) 20.0 4.0 7.4 
ABC (anionic) 20.0 4.0 7.2 
TDC (anionic) 16.0 5.0 6.6 

Varying bile salts 
Deoxycholyl taurine 16.0 5.0 6.6 
TC-TDC (1:1) 20.()b 8.0 6.4 
Deoxycholyl glycine 16.0 5.0 6.6 
SIC 16.0b 5.0 6.6 

Varying ratios of bile salt to oleic acid 
TDC 12.0 5.0 6.65 

16.0 5.0 6.60 
20.0 5.0 6.50 
24.0 5.0 6.45 

B. Homologous fatty acids (5.0 IDM) in micellar bile acid solution (16 mM) 

Oleic acid (18:1) 6.6 
Myristic acid (14:0) 6.6 
Lauric acid (12:0) 6.0 
Capric acid (10:0) 6.0 
Hexanoic acid (6:0) 4.9 
Propionic acid (3 :0) 4.8 

a All solutions were isotropic before and after titration, which was carried out as described. 
The increased ionization of short-chain fatty acids probably reflects a greater fraction of 
these being present in true molecular solution. The influence of micellar charge on the 
pK. of solubilized fatty acid has been treated quantitatively by Shankland (69). All solu­
tions were isotropic 0.15 M in total Na+ concentration. 

b For bile salt mixtures, total concentration of bile salts is given. crAB, cetyl trimethylam­
monium bromide; HOPC, hexadecyl pyridinium chloride; lauryl taurate, sodium lauryl 
taurate; TC-TOC, sodium taurocholate-sodium taurodeoxycholate; ABS, sodium p­
(n-octyl) benzene sulfonate; SIC, a mixture of sodium taurocholate, sodium taurodeoxy­
cholate, sodium taurochenodeoxycholate, sodium glycocholate, sodium glycodeoxycholate, 
and sodium glycochenodeoxycholate composed to resemble human small intestinal content 
during fat digestion and absorption (19). 

ing to 50% ionization was about 0.5 pKa units higher. If the bile acid was 
replaced by a cationic detergent, the bulk pH corresponding to 50 % ioniza­
tion was much lower, 5.2. Thus the bulk pH corresponding to 50 % ioniza­
tion of the fatty acid was strikingly influenced by the charge on the detergent 
molecule dispersing the fatty acid. 
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Shankland (69) has recently extended these experiments in considerable 
detail. He has shown that the enhanced ionization of fatty acid in the bile 
acid micelle is completely explicable using polyelectrolyte titration theory. 
The apparent shift in pKa for any ionizable compound present in micellar 
form can be related to micellar charge, which, in turn, is the product of the 
number of charged molecules and a factor related to the binding of counter­
ions. The bile acid micelle is highly charged, since the fraction of counter­
ions which is bound is small. However, the size of the bile acid micelle is 
so small that the micellar charge is less. Hence the difference between the 
true pKa of a fatty acid were it water soluble (5.0) and that observed in 
micellar bile acid solutions (6.5) is less (1.5) than that between the true 
pKa and that observed in a micellar solution of an anionic detergent, such 
as lauryl sulfate (7.0 - 5.0 = 2.0) (cf 70). 

The alteration in the ionization of fatty acids by bile acids results in 
the following: (a) An increase in unsaturated fatty acid solubility at a pH 
above about 6.3. In the absence of bile acid, fatty acid solubility does not 
begin to rise significantly until bulk pH is above 7 (60). (b) Decreased re­
esterification of fatty acids during pancreatic lipolysis, since ionized fatty 
acid cannot be esterified to glyceryl by pancreatic lipase (71). 

Since saturated fatty acids are insoluble in bile acid solutions, and 
sinGe saturated fatty acid soaps are only soluble in terms of the mole fraction 
of a soap-bile acid mixture having a critical micellar temperature of 37° C, 
one would anticipate saturated fatty acid-soap mixtures to have negligible 
solubility in bile acid solutions. Some years ago, we compared the behavior of 
sodium, palmitate, and stearate at pH 5.8, 6.2, 6.6, and 7.0 in buffer or 
buffer containing bile acid. In the absence of bile acid, the saturated fatty 
acids remained as un wetted crystals. When bile acid was added, the solubility 
increased measurably but only very slightly. 

C. Behavior of Mixtures of All Lipolytic Products 

We have now considered the behavior of each of the individual lipid 
classes in water and in bile acid solutions. We now wish to compare the 
behavior of appropriate mixtures of lipid classes in water with that in bile 
acid solution. We are interested in two major types of mixture: (a) the 
mixture of lipolytic· products, fatty acid, 2-monoglyceride, and soaps and (b) 
the mixture of lipolytic products plus their precursors-di- and triglycerides. 
We are also interested in the behavior of long-chain unsaturated compounds 
versus that of long-chain saturated compounds versus that of medium­
chain compounds. 

1. In Water 

Experiments (60) were carried out in which oleic acid, I-mono-olein, 
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Fig. 11. Experimental design to assess the behavior of mixtures 
of lipolytic products in 150 mM NaCI (left) for 20 mM bile acid 
solution (right). In these experiments, the water concentration 
was constant at 99 %. 

and sodium oleate mixtures were incubated in 0.15 ml of NaCl at a total 
lipid concentration of 5, 10, and 15 mM (Fig. 11). Molar ratios for mixtures 
were selected by the use of triangular coordinates. All mixtures were grossly 
turbid at 5 mM. In those containing high ratios of fatty acid, the excess was 
present as oil droplets. In those containing predominantly I-mono-olein, the 
excess was present as an opaque viscous phase which contained water droplets 
in a continuous viscous-oil phase. Those containing sodium oleate appeared 
to be fine emulsions (Fig. 12). 

2. In Bile Acid Solution 

These mixtures at 5, 10, and 15 mM total concentration were incubated 
in a 20 mM solution of sodium taurocholate-sodium taurodeoxycholate. The 
critical micellar concentration of this system should be 2-4 mM. All mixtures 
at 5 mM were clear micellar solutions. At 10 and 15 mM, samples containing 
oleic acid were turbid, with oil droplets of oleic acid present. Those contain­
ing chiefly oleic acid, but some mono-olein, were faintly opalescent, in­
dicating large aggregates, possibly very large micelles, or liquid crystalline 
aggregates. 

These experiments confirm and extend the observations made on a 
simple model system. Of the lipolytic products, the least soluble in bile 
acid solutions are fatty acids. Monoglyceride and soap have much higher 
solubilities, indicating that the formation of a clear micellar phase is enhanced 
in vivo by alkalinization (from pancreatic bicarbonate) or by having an ap­
preciable fraction of fatty acid present as monoglyceride (which occurs be­
cause of the positional specificity of pancreatic lipase). 

One is then interested in the ternary phase diagram in which lipolytic 
products (fatty acid, 2-monoglyceride, and soap) are treated as one COill-
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Fig. 12. Solubility and behavior at 37°C of mixtures of oleic acid 
(HA), sodium oleate (A-), and mono-olein (MG); the experi­
mental design is as indicated in Fig. 11. Solid black line separates 
dispersions of large aggregates from dispersions of micellar 
size-turbid dispersions from clear dispersions. In 150 IllM 

NaCl, fatty acid is present as oil droplets (black with white stip­
pling) and mono-olein as a nondispersed liquid crystalline phase 
(horizontal hatching) or a viscous water-in-oil emulsion (cross­
hatching). Increased ratios of sodium oleate result in a dispersed 
phase (white with black stippling), and at 10 and 15 mM sodium 
oleate alone is present in micellar form. In bile salt, fatty acid is 
also present as oil droplets (black with white stippling), and at 
higher concentrations mono-olein and fatty acid form a dispers­
ed liquid crystalline phase (white with dots). In 20 mM bile salt, 
most of the lipid mixtures are now present in micellar solution 
(clear). From Hofmann (60), with the publisher's permission. 
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ponent, with bile acid the second and water the third. Such has not been 
constructed, but experiments have been carried out in which an equimolar 
mixture of the lipolytic products was taken as a single solute and incubated 
with different molar ratios of bile acid at constant water concentrations. As 
noted, this corresponds to moving along a line in the triangular diagram 
parallel to the water base. This experiment showed that the micellar region 
of the triangular phase diagram (lipolytic products-bile acid-water) is large 
and is much larger than a similar diagram carried out in which bile acid is 
replaced by lauryl taurate (Fig. 8). The large micellar area in the system 
lipolytic products-bile acid-water is related to (a) the failure of bile acids to 
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form a liquid crystalline phase in the binary system bile acid-water, and this 
in turn appears related to the A/B cis configuration; (b) the enhanced 
ionization of fatty acid in bile acid solutions. 

No studies have been carried out on mixtures of medium-chain fatty 
acid, soap, and monoglyceride. 

If all mixtures of long-chain unsaturated lipolytic products are insoluble 
in 0.15 M NaCI, all mixtures of long-chain saturated lipolytic products should 
also be insoluble. Such is true, but the form of the excess, i.e., whether liquid, 
solid, or liquid crystalline, depends on the experimental temperature relative 
to the transition temperature and critical micellar temperatures of the pure 
components-and, in addition, whether any eutectics occur. We have examin­
ed this question by incubating various molar ratios of palmitic acid (m.p. 
62° C), glyceryl-2-monopalmityl ether (m.p. 63° C) (as a 2-monoglyceride 
analogue), and sodium palmitate in 0.15 M MaCI and 0.15 M NaCl plus 20 
mM bile acid. In saline, all mixtures were insoluble, but melting of the paraffin 
chain, as judged by microscopic appearance, occurred at a temperature close 
to the anhydrous melting point for the fatty acid, at a temperature of about 
20° C below the anhydrous melting point for the 2-monoglyceride analogue, 
and at a temperature (the critical micellar temperature) some 100° C below the 
melting point of the anhydrous soap. Only very small eutectics were observed. 
When bile acid was added, those samples containing a predominance of 
monoglyceride and/or soap became micellar. The temperature at which this 
occurred was below the apparent transition temperature in saline, but the 
difference in transition temperature, i.e., transition temperature in 0.15 M 
NaCI minus that in bile acid solution, was small (5-15° C) in samples contain­
ing fatty acid. In samples in which fatty acid was not present, the difference 
was greater-I 6-40° C. These experiments indicate then that mixtures of 
saturated long-chain fatty acid, monoglyceride, and soap can be dispersed 
in bile acid solution at physiological temperatures, provided that sufficient 
monoglyceride is present and/or sufficient ionization occurs. Figure 13 
summarizes schematically the effect of temperature on the sol ubility oflong­
chain saturated lipolytic products in micellar bile acid solutions. Unfortu­
nately, the application of these in vitro data to in vivo data showing poor 
absorption of high melting point triglycerides is impossible, since most 
feeding experiments have failed to distinguish defective lipolysis from de­
fective micellar dispersion. 

Finally, we wish to examine the entire system, i.e., all lipolytic products 
and their precursors-di- and triglycerides-in water versus bile acid solu­
tions. In the absence of bile acids, the concentration of all lipids in the 
aqueous phase is very low. In principle, the concentrations of fatty acid 
(as soap) should rise as the pH of the aqueous phase is increased; this effect 
would be greater for polyunsaturated fatty acids because of their greater 
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Fig. 13. The effect of temperature on the solubility in micel­
lar bile acid solution of fatty acid (top), monoglyceride 
(center), and sodium soap (bottom). The data of Figs. 6, 8, 
and 10 have been plotted with the coordinates switched and 
the axes reversed. Fatty acid solubility increases markedly 
at a temperature close to the melting point of the anhydrous 
acid. Monoglyceride solubility increases at a temperature 
close to that of the transition temperature of mono glyceride 
in water. Thus, for both fatty acids and soap, the tempera­
ture at which a marked increase in solubility occurs is deter­
mined chiefly by lipolytic product-water interaction. With 
sodium soaps, the temperature range over which the solu­
bility increases is much broader, and a significant depression 
is caused by bile acids. For a given acyl radical, the temper­
ature at which solubility increases is lowest for soap, inter­
mediate for monoglyceride, and highest for fatty acid. 

aqueous solubility. In the presence of bile acids, the aqueous phase contains 
monoglyceride and fatty acid, and the partitioning of fatty acid between the 
two phases is pH dependent. The presence of monoglyceride and fatty acid 
in the aqueous phase has been confirmed in model systems by Borgstrom (72) 
and in studies in man in which digestive content was obtained by intubation 
(73). Recently, Freeman (67) has examined the distribution of a number of 
fatty acids between an oil phase of triglyceride and a micellar phase of 4 
mM sodium glycodeoxycholate. The micellar phase/oil phase distribution 
ratio was in reasonable agreement with the solubility relationships previously 
discussed (mono-olein }> lauric acid> myristic acid> palmitic acid = 
stearic acid), but oleic acid and palmitic acid had similar micellar phase/oil 
phase distribution ratios. Further, oleic acid competed with other fatty 
acids for solubilization in the micellar phase and thus reduced the micellar 
phase/oil phase distribution ratio for other fatty acids. In contrast, mono­
olein, which greatly favored the micellar phase, increased the micellar solu­
bility of other fatty acids; lysolecithin was even more effective than mono­
olein in this respect. 

This incomplete, but nonetheless lengthy, description of model systems 
bearing on the physicochemical events of fat digestion indicates the over­
whelming complexity of the phenomena and how much work remains to be 
done. The challenge to a physiologist and physical chemist, who all too 
frequently turn out to be the same person, will be to examine those systems 
which are most useful to clarify physiological events or alternatively permit 
the formation of quantitative relationships or, better yet, both. 
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D. Lipid Digestion and Absorption 

1. Triglyceride 

Alan F. Hofmann and Hagop S. Mekhjian 

Fat digestion, by definition, is the transformation of triglyceride to a 
micellar solution of fatty acids and 2-monoglyceride and should be identical 
in vivo and in vitro. Here we shall summarize present views of the role of bile 
acids in fat digestion. Triglyceride is ingested in emulsified or nonemulsified 
form and is presumably hydrolyzed to a slight extent in the stomach, depend­
ing on its fatty acid composition and probably its state of emulsification. 
Conceivably, gastric hydrolysis should be greater if duodenal reflux occurs 
during digestion, but such does not occur to any appreciable extent in man 
(74). The limited figures which are available suggest that only limited gastric 
lipolysis occurs, in agreement with recent studies on human gastric lipase 
which indicate that the enzyme hydrolyzes long-chain triglycerides quite 
slowly (75). Gastric lipase does cleave the medium-chain fatty acids of human 
milk triglyceride readily, and milk fat, in contrast to other dietary lipids, 
could be appreciably hydrolyzed (perhaps 20-30 % of its ester bond) by the 
gastric lipase in the human stomach (75). The extent of emulsification of 
ingested triglycerides in the stomach or small intestine has not been quanti­
fied. 

In the small intestine, pancreozymin causes the gallbladder to contract, 
and bile, a micellar solution of bile acids, lecithin, and cholesterol, is secreted 
into the duodenum. Pancreozymin also causes discharge and continued 
synthesis of pancreatic lipase which adsorbs to the oil-water interface, 
liberating 2-monoglycerides and fatty acids (76). Whether bile acids adsorb 
to the interface and if so how they spatially orient with respect to lipolytic 
products and lipase is unknown. At concentrations below the CMC, bile 
acids will adsorb to monolayers of lipolytic products (77), but no information 
is available on the interaction of bile acid solutions above their CMC with 
monolayers of lipolytic products. Somehow, the lipolytic products are 
transferred to the bulk phase, where they form mixed micelles with bile acid 
molecules (Fig. 14). 

The molecular arrangement of the bile acid-lipolytic product micelle is 
unknown but is probably similar to that of the bile acid-lecithin micelle, 
the structure of which, based on nuclear magnetic resonance studies, is a 
cylindrical bimolecular leaflet of lecithin molecules coated on the sides by 
bile acid molecules, their hydrophobic backs apposed to the paraffin chains 
of the phosphatide (65). All of the molecular species of the micelle are 
considered to be in rapid exchange with those of other micelles, as well as 
the concentration of molecularly dispersed lipolytic products and bile acids 
(at their CMC) in the bulk phase surrounding the micelles. Benzene molecules 
exchange rapidly between bile acid-monoglyceride micelles, a mean micellar 
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Fig. 14. Schematic depiction of selected physical and chemical 
events during fat digestion . The 1- and 3-ester linkages of tri­
glyceride (upper left) are cleaved by lipase, forming 2-mono­
glyceride and fatty acid. These lipolytic products leave the oil­
water interface and are dispersed in the aqueous phase as mixed 
bile acids- lipolytic product micelles. A proposed molecular ar­
rangement of the bile acid- lipolytic product micelle is shown in 
cross-section; this model is based on studies of the bile acid­
lecithin micelle (65). In this model, the hydrophobic back of the 
bile acid molecule apposes the paraffinic chains of the lipolytic 
products, and the hydroxy groups of the bile acid molecule are 
toward the aqueous phase. The paraffin chains of the interior of 
the micelle are liquid, thus permitting other water-insoluble mol­
ecules such as cholesterol and fat-soluble vitamins to dissolve in 
the micelle. Indeed, the solvent capacity of the bile acid-lipolytic 
product micelle is contributed chiefly by the paraffin chains of 
the lipolytic products. 
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residence time having been estimated to be on the order of milliseconds 
(T. Nagakawa and A. F. Hofmann, unpublished observations). No informa­
tion exists on the rates of exchange of the bile acid and lipolytic products. 

The micellar and oil phases of human small intestinal content may be 
isolated by ultracentrifugation (Fig. 15). The composition of the micellar 
phase, as would be predicted from the phase equilibria and solubility rela­
tionships discussed previously, is fatty acid (partially ionized), monoglyceride, 
and bile acid (72). The oil phase contains higher glycerides and a consider­
able amount of fatty acid. The partition of fatty acid between the oil and 
micellar phases is pH dependent; the fraction of fatty acid present in the oil 
phase increases at more acid pH values (67,72). 

The mechanism by which the lipolytic products pass from the micel­
lar phase into the mucosal cell is unknown, and an extensive discussion of 
the possibilities is inappropriate here. Since lipolytic products are extensively 
absorbed whereas taurine-conjugated bile acids are not absorbed in jejunal 
perfusion experiments (23), and since exchange rates of lipolytic products 
between micelles are thought to be quite rapid (78), molecular collision of 
lipolytic products with the cell membrane, resulting in reversible or partially 
reversible adsorption, has been proposed as the mechanism of fat absorp-
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Fig. 15. Schematic representation of 
the physical and chemical states of 
lipids in intestinal content during fat 
digestion and absorption. An oil phase 
composed of higher glyceride and some 
non ionized fatty acid is in equilibrium 
with an aqueous micellar phase of bile 
acid, monoglyceride, nonionized fatty 
acids, and fatty acid soaps. Nonpolar 
Iipids-e.g., fat-soluble vitamins, 
cholesterol, and hydrocarbons-are 
partitioned between the two phases. 
The emulsion droplets, micelles, and 
microvilli are drawn approximately to 
scale. Each black dot represents a single 
micelle. From Hofmann and Small (1), 
with the publisher's permission. 

tion (55,79). No direct evidence exists on this fundamental question as yet. 
The micelle is thus considered to provide a high "driving" concentration of 
materials which would be insoluble in the aqueous phase in the absence of 
bile acids (80). Micelle formation may also be considered to increase the area 
of ingested lipids (28). Bile acids probably also greatly increase the rate of 
transfer of compounds to the bulk phase from the oil-water interface; 
recently described techniques (81) which permit exquisitely refined measure­
ment of interfacial barriers to diffusion should allow this hypothesis to be 
tested and allow definition of exchange rates for solutes between the oil 
phase and the micellar phase. 

Compounds whose oil-micellar phase partition coefficient is extremely 
high, or, to paraphrase, whose solubility in the micellar phase is extremely 
low are absorbed to a negligible extent. The triether analogue of triglyceride, 
glycerol triether, is a typical example of such a compound, and its non­
absorbability (82,83) has been considered to indicate that absorption of oil 
droplets is insignificant quantitatively and, as a corollary, that the triglyceride 
is not absorbed intact. In contrast, compounds which are dispersed in the 
aqueous phase only when micelles are present, such as cholesterol, are depen­
dent on the presence of micelles for absorption (2,55). Together these obser­
vations indicate that (a) the micelle is the final common path of most lipids 
having negligible water solubility, (b) nonspecific absorption of lipids by 
mechanisms such as pinocytosis seems unimportant quantitatively in mature 
vertebrates, and (c) the micellar phase not only enhances the rate of com­
pounds which are partitioned into it but also the micellar/oil phase distribu­
tion ratio could be a major determinant of the rate at which various lipids 
are absorbed. Although dispersion in a micellar phase may be necessary for 
the absorption of lipids, it is probably not sufficient, since specificity factors 
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in uptake have been demonstrated to be present, at least for certain sterols 
(84). 

As discussed, the major determinant of the distribution coefficient 
between the aqueous phase and the oil phase of relatively nonpolar lipids 
such as cholesterol is the concentration of lipolytic products in the aqueous 
phase, since the paraffin chains of the lipolytic products, forming the lipid 
core of the micelle, are responsible for its solvent capacity (23,73). Micelle 
formation and the associated appearance of new solvent properties result 
from a cooperative effect of bile acids and lipolytic products (Fig. 16). Bile 
acids alone aggregate to form micelles, but these micelles have extremely 
poor solvent properties. Lipolytic products alone form very large liquid 
crystalline aggregates which probably have excellent solvent properties for 
lipids. When mixed, micelles of intermediate size are formed. The size is 
sufficiently small to permit rapid diffusion, and the lipolytic products in the 
center of the micelle provide a core of liquid hydrocarbon with useful solvent 
properties. 

In ruminants, the fatty acids which are released by bacterial lipolysis 
in the lumen are subsequently hydrogenated to form saturated fatty acids 
(85). Lysolecithin, formed by the action of pancreatic phospholipases, forms 
mixed micelles with bile acids which, together, promote the dissolution of the 
saturated fatty acids to form a micellar solution. There does not appear to 
be an oil phase as is present in nonruminants. 

2. Other Lipids 

The role of bile acids in the absorption of other lipids such as cholesterol, 
fat-soluble vitamins, and fat-soluble drugs is similar to that described for 
fat (2). Bile acids are considered to influence the rate of hydrolysis of ingested 
cholesterol esters by interacting with cholesterol esterase and protecting it 
from tryptic digestion (86). Bile acids also influence the cleavage rate of {J­
carotene (87); conceivably, this effect is mediated on the surface of the cell. 

25 
• 

~ 
20 Lecithin 

'" 
(0.37) • 

.!!! Fig. 16. Influence of oleic acid, Iyso-
" I> 15 lecithin, or lecithin concentration on 
I> cholesterol solubility in bile acid solu--' ~ tion at a fixed concentration. The in-~ 10 .. crement in cholesterol solubility with .!!! 
" added polar lipids is indicated by the ~ 

slope of the line, which is given in 
parentheses. Data from Neiderhiser 

0 
10 20 30 40 50 60 and Roth (114), with their kind per-

Phospholipid, mmoles/L mission. 



140 Alan F. Hofmann and Hagop S. Mekhjian 

Bile acids are considered obligatory for the absorption of lipids such as cho­
lesterol which, because of their insolubility in water, can only reach quantita­
tively significant concentrations in the aqueous phase in micellar form. 

E. Other Effects of Bile Acids 

It seems unlikely that bile acids directly influence intracellular events 
during absorption of triglyceride and other lipids (88), although bile acids 
must influence intracellular events indirectly since they regulate the flux of 
lipid-soluble molecules into the cell. Recent experiments suggest that the 
aqueous phase of intestinal content in bile fistula animals contains free fatty 
acid but does not contain monoglyceride, and experiments (R. G. H. Morgan 
and A. F. Hofmann, unpublished observations) with doubly labeled triglyc­
erides have suggested that the glyceryl moiety of ingested triglyceride is not 
absorbed in the absence of bile. These experiments suggest that a micellar 
phase of bile acids is essential for the entrance of monoglyceride. The normal 
pathway of triglyceride synthesis in the cell is acylation of monoglyceride, 
and in its absence the glycerol or triglyceride synthesis is derived from glyc­
erol phosphate, triglyceride synthesis proceeding by the phosphatidic acid 
pathway (89). Thus bile acids appear to regulate the triglyceride synthesis 
pathway in the mucosal cell. Whether bile acids have a similar regulatory role 
in the lecithin synthesis pathway has not been investigated. 

Recent experiments (90) have suggested that bile acids at concentrations 
below the CMC may influence the permeability of the jejunal cell and increase 
the absorption rate of molecules which are absorbed by passive nonionic 
diffusion, i.e., by solution in the lipid membrane of the cell. 

F. Disturbances in Fat Digestion 

Normal micelle formation, i.e., fat digestion, requires active pancreatic 
lipase and bile acids to be present above their critical micellar concentration. 
Disturbances in fat digestion are caused by (a) decreased pancreatic lipase 
activity or (b) decreased bile acid concentrations or both (Table IV). 

The reasons for bile acid deficiency are more complex, since normal 
bile acid concentration depends not only on bile acid synthesis but also on 
the conservation of the bile acid pool by efficient intestinal absorption. In 
addition, there is a manyfold excess of pancreatic lipase, whereas the con­
centration of bile acids during digestion is only about five times the critical 
micellar concentration; i.e., there is only a fivefold excess of bile acids. In 
addition to the reasons listed for bile acid deficiency, an increase in the 
trihydroxyJdihydroxy ratio of bile acids, if present, would cause a higher 
CMC so that less bile acids would be present for a given concentration of 
bile acids. 
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TABLE IV. A Classification of Fat Maldigestion 

Disturbance Examples in disease 

A. Impaired lipolysis 

1. Decreased secretion of pancreatic lipase 
into intestine 
Defective pancreozymin stimulation 
Decreased lipase synthesis 

Defective delivery 
2. Normal secretion into intestine but in­

traluminal disturbances reducing con­
centration 
Acid denaturation 

Intestinal mucosal disease such as sprue 
Pancreatitis, pancreatic resection, genetic 
defects 
Duct obstruction, cystic fibrosis 

Gastrin-secreting islet cell tumor causing 
gastric hypersecretion 

B. Impaired micellar dispersion 

1. Decreased secretion of bile acids into 
intestine 
Decreased synthesis 
Defective delivery 

2. Bile acid malabsorption interrupting the 
enterohepatic cycle 
Defective intestinal absorption 
Intraluminal binding preventing intes­
tinal absorption 

3. Normal secretion into intestine but in­
traluminal disturbances reducing con­
centration 
Dilution 
Precipitation 

Sequestration 

Deconjugation with rapid absorption of 
free bile acids 

Hepatic parenchymal disease 
Obstruction to bile flow or fistula, possibly 
defective pancreozymin stimulation 

Ileal disease or resection 
Intraluminal binding preventing ileal ab­
sorption, e.g., cholestyramine or neomycin 
administration 

Gastric hypersecretion 
Jejunal acidification or bacterial deconju­
gation 
Cholestyramine or neomycin administra­
tion 
Blind-loop syndrome 

The events in fat digestion and absorption in bile acid deficiency states 
are under active investigation. It seems generally agreed that (a) even if the 
rate of lipolysis is impaired, lipolysis goes to completion (91), and (b) fat is 
absorbed moderately well in the absence of bile, but nonpolar solutes such as 
cholesterol and fat-soluble vitamins are absorbed negligibly, if at all, when 
micelles are not present (2). As noted, recent work (Morgan and Hofmann, 
unpublished observations) suggests that the distribution ratio of fatty acids 
between an aqueous phase lacking micelles and an oil phase is higher than 
that of long-chain 2-monoglycerides and that as a result, in the absence of 
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bile acid micelles, fatty acid is absorbed significantly better than monoglyc­
eride. Medium-chain triglycerides are well absorbed in the absence of bile 
(31). Presumably, octanoic acid has an aqueous phase/oil phase partition 
ratio in the absence of bile acids as great as that of long-chain fatty acids in 
the presence of bile acids. The 2-mono-octanoin formed, as noted, isomerizes 
rapidly to the I-isomer, which is readily cleaved by the pancreatic lipases (57). 

Very limited information suggests that bacterial overgrowth may be 
associated with and even result from decreased jejunal concentrations of 
bile acids. In patients with severe bile acid malabsorption resulting from 
ileal resection, jejunal bile acid concentrations are reduced, causing fat 
maldigestion and fat malabsorption (92). In such patients, the unabsorbed 
fatty acids are converted by bacteria to hydroxy fatty acids, indicating that a 
bile acid deficiency in the jejunum influences the chemical events occurring 
in the colon by providing substrate for bacterial biotransformations (93). 

The events occurring in fat digestion in absence of pancreatic lipase will 
not be discussed. 

G. The Enterohepatic Circulation of Bile Acids 

1. The Intact Enterohepatic Circulation 

The enterohepatic circulation of bile acids is characterized by a large 
pool of bile acids (2,15,26) which cycles many times (probably six to ten) each 
day. The size of the pool is determined by the efficiency of intestinal absorp­
tion and by the rate of hepatic synthesis of bile acids from cholesterol (94). 
The efficiency of absorption is high-in health probably greater than 98 %­
and the amount of bile acids not absorbed is balanced by hepatic synthesis 
(Fig. 17). Bile acids are excreted only in feces, and their nucleus is considered 
invulnerable to bacterial attack; therefore, the measurement of fecal bile 
acids either by chemical estimation or isotope dilution techniques indicates 
hepatic synthesis (94). The pool size may be estimated directly by isotope 
dilution, and an indirect estimate of pool size can be obtained by measuring 
jejunal bile acid concentration during digestion of a test meal. 

Bile acid synthesis appears to be regulated by a negative feedback 
mechanism (5), although details are poorly understood, and even this concept 
has been disputed (95). Events which decrease the return of bile acids to the 
liver, such as bile fistula, ileal bypass or resection, or cholestyramine adminis­
tration, are associated with increased bile acid synthesis. Conversely, events 
causing increased return of bile acids to the liver, such as bile acid feeding or 
the infusion of bile acids into the intestine, decrease bile acid synthesis (5). A 
significant exception to these observations is starvation, where both choles­
terol and bile acid synthesis are greatly reduced despite the lack of entero­
hepatic cycling of bile acids. The negative feedback of bile acids is considered 
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Fig. 17. Schematic depiction of the enterohepatic circulation of 
bile acids in man. In the steady state, fecal excretion equals hepatic 
synthesis, and accordingly hepatic synthesis may be estimated 
from fecal bile acid excretion. The pool size may be estimated 
only by isotope dilution techniques, which also give the hepatic 
synthesis rate (94). The mass of bile acid secreted into the small 
intestine is equal to the pool multiplied by the number of cycles 
per day; this cannot be estimated by any simple means in intact 
man at present. The diagram does not show the complexity of 
intestinal absorption of bile acids, which involves passive ab­
sorption of the glycine dihydroxy bile acids from the jejunum 
and active absorption of all conjugated bile acids from the 
ileum, as well as passive absorption of probably predominantly 
unconjugated bile acids from the colon. 
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to involve the enzyme hydroxymethylglutaryl-coenzyme A reductase in 
cholesterol biosynthesis and cholesterol-7a-hydroxylase in the conversion of 
cholesterol to bile acids (5,96). 

The efficient intestinal absorption of bile acids involves both active and 
passive absorption, but little information on the relative sites and mecha­
nisms of absorption and on their contribution to the entire enterohepatic cycle 
of bile acids exists. Although the contribution of passive and active absorp­
tion of bile acids in the rat small intestine has been measured (20), no data 
are available for other species. The major site of absorption in all vertebrates 
appears to be the ileum, where an active transport site exists (14,15). Free bile 
acids are absorbed passively in the jejunum by nonionic diffusion, dihydroxy 
acids being absorbed more rapidly than trihydroxy acids (21,22). Perfusion 
studies in the human jejunum have suggested that glycine dihydroxy bile 
acids may be absorbed to some extent, and additional evidence for jejunal 
absorption of bile acids has been obtained in patients and animals with ileal 
resection (97,98). No information exists on the importance of jejunal bile 
acid absorption in health in man. Taurine-conjugated bile acids do not appear 
to be absorbed in the human jejunum (24). 

The colon probably has the capacity to absorb any unconjugated bile 
acid, although in health the bile acids present in the colonic lumen should be 
predominantly deoxycholic acid and lithocholic acid (26). The absorptive 
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capacity of the colon is considerably less than that of the ileum (99) but 
could be sufficient to influence significantly the amount of bile acids synthe­
sized by the liver (IS). In all probability, the amount of bile acids absorbed by 
the colon is influenced most by the rate of bacterial dehydroxylation of bile 
acids, since the conversion of cholic acid to deoxycholic acid results in partial 
precipitation from solution and/or binding to bacteria, and the conversion of 
chenodeoxycholic acid to lithocholic acid causes complete precipitation, 
since lithocholic acid, whether free or conjugated, is insoluble below 50° C(l). 

2. The Interrupted Enterohepatic Circulation 

The enterohepatic circulation of bile acids may be interrupted by biliary 
obstruction or biliary fistula; the events occurring in fat digestion in the 
absence of bile acids have been discussed. Of more interest are the disturb­
ances in bile acid and fat metabolism occurring when the enterohepatic 
circulation of bile acids is interrupted by ileal disease or resection. 

Bile acid malabsorption has now been clearly documented in patients 
with ileal resection, as evidenced by the rapid fecal excretion of orally or 
parenterally administered labeled cholate or taurocholate (I 00-102); increas­
ed hepatic synthesis of bile acids occurs, which is commonly 5-10 times the 
synthetic rate in health and may be as much as 20 times greater (103). Two 
situations may be distinguished (I 00): In some patients, the increased syn­
thesis together with residual absorption successfully compensates for the loss 
of ileal absorption, and the bile acid pool, measured indirectly by the jejunal 
concentration of bile acids during digestion. is not significantly below levels 
observed in control subjects. Such patients have been termed "compensated." 
In the second group of patients, the increase in synthesis is as great or almost 
as great but is still inadequate to compensate for the loss of absorptive 
capacity. The bile acid pool falls, and the concentration of bile acids in the 
jejunum during digestion is reduced. These patients have been termed 
"decompensated. " 

Detailed studies on patients with ileal resection have now clarified some 
of the interrelated pathophysiological disturbances. The "compensated," 
patients have resections of less than 100 cm and often have some ascending 
colon remaining (27,104). Even though the ratio of primary/secondary fecal 
bile acids is markedly increased, the total amount of secondary bile acids 
formed in these patients is considerably greater than normal. The large 
amount of bile acids passing into the colon appears to influence the bacterial 
alterations of bile acids, since 7-dehydroxylation is reduced absolutely as well 
as relatively (93); indeed, in many of these patients, deoxycholic acid is absent 
from both bile and feces. In addition, the glycine/taurine ratio of the biliary 
bile acids may be high (105) and, if so, can be returned toward normal by oral 
taurine supplementation, suggesting that a relative taurine deficiency is pres-
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ent in some patients. Steatorrhea is mild, less than 20 g/day, and is probably 
attributable to decreased intestinal surface and rapid intestinal transit. Bile 
acid concentrations are 2-8 mM in the aqueous supernatant of centrifuged 
stool, indicating that unusually high concentrations of bile acids are present 
in solution in the colonic lumen (93). The high bile acid concentrations could 
cause alterations in colonic flora and might explain the apparent reduction in 
7a-dehydroxylation. The bile acid pool in such patients is presumably main­
tained by increased synthesis, increased passive jejunal absorption because of 
the increased glycine/taurine ratio, and increased passive colonic absorption 
because of the high concentration of bile acids in the colon which remain in 
solution at the observed pH (6-7) because bacterial 7a-dehydroxylation is 
reduced. As noted previously, cholic and chenodeoxycholic acids, the pri­
mary bile acids which are the major constituents of feces in these patients, 
are more soluble than their respective secondary bile acids. These 
patients have a watery diarrhea (500-800 g/day) attributable to increased 
passage of water into the colon; colonic secretion of water may occur 
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Fig. 18. Schematic depiction of the enterohepatic circulation of 
bile acids in patients with slight impairment in bile acid absorp­
tion. Decreased absorption causes increased hepatic synthesis, 
which restores the bile acid pool size to normal. Fat digestion is 
essentially normal, and fat malabsorption is not present. The 
increased passage of bile acids into the colon causes sodium and 
water secretion, manifested by diarrhea which is responsive to 
cholestyramine. The figure does not show the complexity of the 
intestinal absorption in these patients. Since they have predom­
inantly glycine-conjugated bile acids, jejunal absorption may 
be increased; further, since the concentration of bile acids in 
colonic content is increased, passive absorption from the colon 
probably also is increased and contributes to the conservation of 
the bile acid pool. Since the increased synthesis, as well as alter­
ations in the site of intestinal absorption, results in maintenance 
of the bile acid pool at essentially normal levels, such patients 
have been termed "compensated." The syndrome has been 
termed 5,6 acid diarrhea or "cholanorrheic diarrhea." 
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because of the increased passage of bile acids into the colon (Fig. 18). Fecal 
frequency and fecal weight respond strikingly to the cholestyramine, 16 gjday 
and although fecal fat usually doubles, the increase in steatorrhea is not of 
nutritional significane (104). In such patients, the symptoms of the diarrhea 
are more troublesome than the consequences of bile acid sequestration, 
suggesting that bile acid excess in the colon is less desirable than bile acid 
deficiency in the jejunum. If this reasoning is correct, future therapeutic 
efforts may well be aimed at repressing the derepression of the hepatic cell 
rather than at sequestration of bile acids in the colonic lumen. 

The situation in the decompensated patients is less well understood. 
These patients, in the author's experience, have greater than 100 cm resection 
and often have an ileal transverse colostomy. The bile acid synthesis rate is 
quite similar to that in the compensated patients, but in an occasional patient 
it seems to be lower. The bile acids of bile contain a normal or high propor­
tion of deoxycholic acid, and fecal bile acids are predominantly lithocholic 
acid and deoxycholic acid. Jejunal concentrations of bile acids are markedly 
reduced, and up to one-half of the bile acids which are present may have 
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Fig. 19. Schematic depiction of the enterohepatic circulation of 
bile acids in patients with severe impairment in bile acid absorp­
tion. Decreased absorption causes increased hepatic synthesis, 
which is inadequate to restore the bile acid pool size to normal. 
The concentration of bile acids in the jejunum during digestion 
is below the critical micellar concentration, and the resultant fat 
digestion, as well as decreased intestinal surface area, causes fat 
malabsorption. The unabsorbed fatty acids or their bacterial 
degradation products, hydroxy fatty acids, or both induce 
water secretion. Bacterial changes in the colon appear to remove 
bile acids from solution, so that these patients have a fatty 
acid diarrhea and not a bile acid diarrhea (115). These pa­
tients have been termed "decompensated." 



Bile Acids and Intestinal Absorption of Fats and Electrolytes 147 

precipitated from solution, probably attributable to the high proportion of 
glycine dihydroxy bile acids present in these patients. These patients have 
moderate to severe steatorrhea attributable to the decreased bile acid con­
centration as well as the severe reduction in surface area. The bile acids 
contain a high concentration of secondary bile acids, indicating that bacterial 
dehydroxylation is taking place to an extent probably greater than normal 
(93). Detailed bacteriological studies have not been carried out. In these 
patients, cholestyramine administration greatly worsens the steatorrhea, 
causing negative. caloric balance. In contrast to the compensated patients, 
removal of fat from the diet causes a significant reduction in fecal water in a 
manner not understood. Since removal of fat from the diet abolishes the 
diarrhea and steatorrhea it seems possible that the unabsorbed fatty acids 
are a major cause of catharsis in these patients (93)(Fig. 19). If so, future 
therapeutic efforts may well be aimed at bile acid replacement, possibly by a 
nonionic detergent, since it would appear that if efficient fat absorption could 
be achieved, the diarrhea of these patients would be greatly improved. Why 
these patients do not have bile acid diarrhea is unclear, since bile acid 
malabsorption is present and synthesis rates are greatly increased. Prelimi­
nary data suggest that the bacterial transformations of bile acids are so 
complete that the concentration of bile acids in solution in the colon is too 
low to inhibit the absorption of salt and water (93). 

III. INFLUENCE OF BILE ACIDS ON WATER AND ELECTROLYTE 
TRANSPORT IN THE INTESTINAL TRACT 

Nearly 100 years ago, Tappeiner, while studying the site of bile acid 
absorption in the canine intestine, observed that the presence of bile acids in 
the I umen seemed to cause secretion of water (106). During the past 2 years, 
work in several laboratories (7,107) has suggested that bile acids may influ­
ence water and electrolyte movements in the small and large intestine, in both 
health and disease. 

A. The Stomach 

The concentration of bile acids in gastric contents during fasting or 
after eating is very low in health, indicating competency of the pylorus. In 
patients with gastric ulcer along the proximal lesser curvature, the concentra­
tion of bile acids is elevated after meals, with a mean concentration of 0.65 
±0.34 S.E. reported by Rhodes et al. (74). Normally, the mucosa of the stom­
ach is remarkably impermeable to HCl, but after exposure to taurocholic 
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acid or bile the functional gastric mucosal barrier to acid diffusion is greatly 
decreased (108). This observation, considered together with the evidence for 
increased reflux in patients with gastric ulcer, as well as other observations 
(109) showing that the mucosa of some of such patients is more permeable 
than that of healthy controls, suggests that bile reflux into the stomach in 
patients with gastric ulcer could influence hydrogen ion movements and could 
conceivably also cause ulceration or delay healing in pre-existing ulceration. 

B. The Small Intestine 

Little information exists on the influence of bile acids on electrolyte and 
water movements in the small intestine. Forth et al. (107) noted that deoxy­
cholic acid, but not conjugated bile acids, inhibited water and electrolyte 
absorption; systematic examination of the effect of nucleus substitution and 
presence and type of conjugation was not carried out. No information is 
available at present on the influence of bile acids on water movements in the 
human jejunum and ileum. 

C. The Large Intestine 

Forth et al. reported that deoxycholic acid inhibited the absorption of 
water and sodium by the rat colon, and work in our own laboratory using 
the technique of colonic perfusion (7) has now confirmed and extended these 
observations in man. In man, the addition of dihydroxy bile acids to colonic 
perfusates causes secretion of sodium and water and a reduction in bicar­
bonate absorption. The effect is concentration dependent, elicited by deoxy­
cholic acid at 3 mM and chenodeoxycholic acid at 5 mM, whether these 
dihydroxy bile acids are free or conjugated. The trihydroxy bile acid, cholic 
acid, has no detectable influence on water and sodium movements at 10 mM 
whether free or conjugated. Since the effect appeared related to concentration 
rather than extent of absorption, it was considered to be attributable to a 
membrane effect. Similar results were elucidated in the dog, although the 
amount of induced secretion was less than in man. Lithocholic acid has not 
been studied in man because of its potential toxicity (110,1 I 1). The secretion 
induced by bile acids was isotonic and resembled the composition reported 
for diarrheal secretion. These experiments suggested that if bile acids in­
fluence colonic water movements in health, deoxycholic acid, the major fecal 
bile acid and the most potent secretagogue, should be largely responsible. 
In patients with ileal resection and diarrhea, as noted, 7a-dehydroxylation is 
reduced and chenodeoxycholic acid may be the only dihydroxy bile acid in 
feces. In such patients, this acid would appear to be the bile acid contributing 
to the diarrhea. 
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No information is available at present on the effects of the many other 
secondary bile acids present in feces in small concentrations on water and 
electrolyte movement in the colon. In addition, no information is available 
on the role of bile acids in constipation, irritable bowel syndrome, non­
specific diarrhea, antibiotic diarrhea, or the diarrhea of the germ-free animal. 
Of interest is the response of the diarrhea of the germ-free animal to an anion 
exchange resin similar to cholestyramine (I 12). Studies are needed to define 
the structure-activity relationships for bile acids and the induction of water 
and sodium secretion by the colon. In addition, information is needed on the 
composition, concentration, and physical state of bile acids in colonic con­
tents and feces in health and disease. 
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I. INTRODUCTION 

A. Background 

Gallstones have galled man (and beast) for at least 35 centuries, and they 
continue today to be a major source of morbidity, if not mortality. Recent 
figures (1,2) indicate a gallstone prevalence that increases with age, ap­
proximating 10 % in men and 20 % in women in the age group 55-64. An 
estimated 15 million people in the United States have (though do not neces­
sarily suffer from) gallstones, and each year one-third of a million have their 
stones removed surgically. It is of course hoped that work in experimental 
cholelithiasis will help to elucidate the mechanism of human cholelithiasis 
and develop medical approaches to the prevention and dissolution of gall­
stones. 

Bile salts! assume an important place in any considerations of the etiol-

*The review of the literature for this manuscript, submitted in September 1969, was con­
cluded in August 1969. 

tOperated by the University of Chicago for the United States Atomic Energy Commis­
sion. 

fThe terms "bile acid" and "bile salt" are used somewhat interchangeably, except that 
the latter usually refers to the ionized species, whereas the former is a generic term but 
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ogy of cholelithiasis because of their role in cholesterol solubilization. 
Individual bile salts, however, have a variety of physiological and pharma­
cological effects: some increase bile flow, others diminish it; some solubilize 
cholesterol, others do not; some prevent stones, others cause them. The 
purpose of this review is to collate those reports bearing on the experimental 
production of gallstones and to interpret them, where possible, in relation to 
current concepts of biliary physiology. A more general review of the literature 
on the causes, complications, and treatment of gallstones can be found in 
the classic monograph of Rains (3). 

B. Composition of Human Gallstones 

Since the purpose of research on gallstone formation is to elucidate the 
human disease, it is pertinent to summarize briefly our knowledge of the 
composition of human gallstones. The chemical content varies considerably. 
In gallbladder stones, cholesterol or its monohydrate is usually the predomi­
nant component, but calcium carbonate (as calcite or aragonite) and pig­
ment (as calcium bilirubinate or other pigments) are also major constituents 
and occur in varying proportions. In stones forming in the hepatic and 
common ducts, pigment predominates and cholesterol is a minor con­
stituent. All gallstones contain proteins, mucopolysaccharides, salts of bile 
acids and fatty acids, and various other anions and cations in smaller amounts. 
They contain a considerable amount of water and are generally relatively 
friable. Morphologically, stones vary from amorphous sludge, microliths, 
and viscous, perhaps liquid crystalline, semisolid material to large, highly 
structured concretions. The "pure" cholesterol stones on cross-section reveal 
a radiating crystalline structure, while "mixed" cholesterol-pigment stones 
show, in addition, concentric layers of obviously differing compositions. 
Stones of one or more types may coalesce, and gross variations in chemical 
composition may occur within one stone or among different stones. Most 
calculi, even of the "pure" cholesterol type, have at least a visible fleck of 
pigment at the center, lending importance to the concept of a nidus for stone 
formation. Chemically, the centers contain greater amounts of certain bile 
acids, pigment, and protein than do the outer parts (4). Pigment stones in the 
Orient frequently form around ascaris worms or other parasites. Other 

may, in context, imply the un-ionized species. Trivial names used in this chapter and their 
systematic nomenclature are cholic acid, 3a,7a,12a-tri-hydroxy-5fi-cholanoic acid; deoxy­
cholic acid, 3a,12a-dihydroxy-5fi-cholanoic acid; hyodeoxycholic acid, 3a,6a-dihydroxy-5fi­
cholanoic acid; lithocholic acid, 3a-monohydroxy-5fi-cholanoic acid; dehydrocholic acid, 
3,7,12-triketo-5fi-cholanoic acid; cholestanol ( = dihydrocholesterol), 5a-cholestan-3fi-ol; 
fi-muricholic acid, 3a,6fi,7fi-trihydroxy-5fi-cholanoic acid. Other abbreviations: EFA, es­
sential fatty acids; ACTH, adrenocorticotropic hormone; PAS, para-amino salicylate. 
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stones have formed around pins, vegetable fibers, seeds, sutures, epithelial 
cells, and various organisms (typhoid bacilli, Escherichia coli, and acti­
nomyces). Most stones, particularly mixed stones, appear to have a muco­
polysaccharide matrix which can be visualized after dissolving the major 
constituents or by the use of appropriate stains. Further information and 
references can be obtained in the excellent reviews of Womack et al. (5), 
Rains (3), and Bouchier and Freston (6). 

C. Stages in Gallstone Formation 

It is clear that gallstone formation is a complex process involving several 
stages and that the process can be influenced at several points. It is convenient 
to consider four major stages, which are more or less interdependent and over­
lapping but which may simplify consideration of experimentally induced 
cholelithiasis. 

1. Nidus Formation 

As Small (7) has so simply and clearly stated, in gallstone formation "the 
first and basic change in bile is a change of physical state from a simple one­
phase liquid to a two-phase system containing both liquid and undissolved 
solid." It is generally conceded that most if not all stones form about a nidus. 
This nidus may be exogenous (with respect to bile) organic or inorganic ma­
terial, such as parasites, bacteria, mucin spherules, cellular debris, or suture 
material, or it may be a precipitate formed from the endogenous constituents 
of bile. This latter "change in . . . physical state . . . can be brought about 
only by a change in the composition of the solution" (7). Compositional 
changes may result from secretion of an abnormal (and unstable) bile by the 
liver, from alterations in hepatic bile through physiological or pathological 
secretion or absorption by the biliary tract mucosa, or from chemical (usually 
enzymatic) processes secondary to stasis and/or microbial activity. It is this 
stage of nidus formation, particularly when the nidus is formed from the 
precipitation of endogenous biliary solutes, which has been the subject of 
greatest interest in the experimental literature ; it seems to be a necessary and 
requisite condition for stone formation. 

Hulten (8) has recently published some simple and extremely fascinating 
observations on gallbladder morphology and stone formation. From plastic 
casts and cystoscopic examination of the interiors of distended gallbladders, 
he demonstrated that the mucosa has many small, closely packed, lobulated 
niches, in which are formed small (1-2 mm) spherules of mucoid gel. Choles­
terol and pigment could be seen as precipitates within some of the spherules 
occupying these niches, which are presumed to be the site of water and elec­
trolyte reabsorption. Contraction of the gallbladder musculature apparently 
displaced these spherules, which then conglomerated to form stones, or which 
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could be seen sticking to the surface of pre-existing stones and obviously 
participating in stone accretion. These studies have important implications 
and serve to emphasize some of the differences between stones formed in the 
gallbladder and in the ductular system. It remains to be shown whether these 
gel spherules can serve as nidi themselves and whether the gel phase has any 
direct effect on the solubility of cholesterol and other biliary constituents. 

2. Nidus Retention 

Considering the variety of substances which can serve as foci for stone 
formation, it seems probable that potential nidi of mucin spherules, desqua­
mated cells, bacteria, chemical precipitates, and other microscopic particles 
occur with considerable frequency in normal bile but dissolve, break up, and/ 
or are flushed out by the flow of bile. The occasional dissolution of even large 
stones has now been amply documented both radiologically and by direct 
observation at laparotomy. Formation of clinically significant gallstones 
therefore requires that the nidus remain in the biliary tract long enough for 
significant organization and enlargement to occur. (Of course, even extremely 
small stones and sludge can cause symptoms in the common duct.) 

There are several important factors affecting nidus retention. First, bile 
flow may exert a flushing action. This may be impaired by diminished bile 
secretion or biliary tract obstruction. Second, mucus may either hinder or 
facilitate excretion of nidi. Third, abnormal patterns of gallbladder contrac­
tion may occur as a result of physiological factors (e.g., fasting versus con­
tinuous nibbling, pregnancy, or thyroid and steroid hormone status) or 
pathological processes (infection or inflammation). Finally, the rate of stone 
enlargement, which depends in part on the particular constituent being de­
posited, is important, since particles can only be flushed out before they 
reach a certain size. Thus quantitative aspects of the rate of stone formation 
may determine the qualitative presence or absence of stones. Several of these 
factors are discussed in greater detail in Section II. 

3. Structural Organization 

Except for those stones composed chiefly of amorphous pigment precip­
itates or sludge, such as those commonly found in the common duct, gall­
stones appear to have a definite, though poorly understood structural or­
ganization. Considerable evidence now points to the importance of an or­
ganic matrix in both natural and experimentally induced gallstones. This 
protein or mucopolysaccharide scaffold is probably important in the de­
position of calcium carbonate, but its relationship to other major stone 
constituents is not clear. Hulten (8) believes that structural organization and 
crystallization of constituents may occur within individual or aggregated 
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mucoid spherules. In keeping with this concept, Kleeberg (9,10) has demon­
strated that structures resembling gallstones in many details can be produced 
by the precipitation of mineral salts within the colloid matrix of gelatin in 
vitro, and the occurrence of laminated structures is of particular interest. It 
seems likely, however, that at least part of gallstone organization depends on 
the fluctuating composition of bile and its saturation with respect to cho­
lesterol. More work is necessary to determine the importance of the protein 
and polysaccharide components. 

4. Stone Enlargement 

During this stage, the stone grows from micro- to macroscopic size by 
the deposition of the major stone constituents. For cholesterol stones, at 
least, this appears to require a bile that is supersaturated with respect to 
cholesterol. The capacity of bile to hold cholesterol in solution varies from 
species to species (11), and this accounts for the difficulty in producing cho­
lesterol gallstones in some species and the relative ease with which they can 
be produced in others. 

The main factors that determine the cholesterol-holding capacity of bile 
are the relative concentrations of cholesterol, phospholipids, and bile salts, 
and when these are plotted on triangular coordinates it becomes possible to 
predict with relative certainty whether or not cholesterol can be maintained 
in solution (7). It would appear that cholesterol deposition will not occur 
unless the bile is saturated or supersaturated with cholesterol. This can result, 
as suggested by Small (7), either from formation of abnormal or supersatu­
rated hepatic bile (see Section IIIB) or by alterations in normal bile by re­
absorption of bile salts in the gallbladder (12,13) (see Section IlIA). In 
addition, Fitz-James and Burton (14) have called attention to another method 
by which supersaturated bile, with subsequent precipitation of cholesterol 
crystals, may occur. It is well known from radiological and direct observa­
tional studies that fresh, relatively dilute hepatic bile may become layered 
over old, concentrated bile in the gallbladder, leading to zones of varying 
specific gravities. Fitz-James noted that these zones also varied in their ratios 
of bile salt/cholesterol and that if such bile specimens were incubated in vitro, 
fine precipitates of cholesterol could be observed in the zones with the lowest 
bile salt/cholesterol ratios. He assumed that bile salts and cholesterol diffused 
at different rates from more concentrated to less concentrated bile, leading to 
local areas of supersaturation and cholesterol precipitation. Such factors, 
which could lead to the formation of cholesterol nidi or to the deposition of 
cholesterol on pre-existing nidi, seem plausible, but their importance in hu­
man or experimental cholelithiasis remains to be determined. 
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II. STASIS AND INFECTION 

A. History 

The early history of experimental gallstone production has been reviewed 
by Hospers (15), who cites 40 references, starting with Blachstein in 1891. 
Calculi were generally produced by introducing foreign bodies into the gall­
bladder, by producing stasis, by infecting the gallbladder, or by inducing 
hypercholesterolemia in rabbits, dogs, cats, or guinea pigs. Almost all were 
described as being small pigment stones or precipitates, with little or no cho­
lesterol. The methods used did not produce typical gallstones and lacked 
consistency; chemical analyses were infrequent and unsophisticated. The 
reports, generally only of historical interest, are summarized below. 

In 1900, Miyake reported the production of faceted stones containing 
cholesterol, calcium, and pigment in dogs (and one rabbit) following ligation 
of the cystic duct (16). Aoyama (1914) produced "cholesterol stones" in 
rabbits and guinea pigs following cystic duct ligation and cholesterol feeding 
or injections (17), but Iwanaga (1922) could not reproduce the stones and 
bound only amorphous precipitates (18). Hansen (1927) reported pigment 
stones in rabbits with narrowed cystic ducts; simultaneous cholesterol feeding 
produced concretions containing cholesterol crystals (19). Whitaker (1927) 
produced small, un characterized gallstones in cats anesthetized for 5-15 
days, in which fasting and dehydration resulted in stasis and concentration of 
bile (20). Westphal and Gleichmann (1931) combined partial cystic duct occlu­
sion, cholesterol feeding, and injections of charcoal and bacteria into the 
gallbladder to produce bilirubin stones up to I cm in diameter (21). Cascao 
de Anciaes (1933) produced pigment precipitates in dog galblladers by cystic 
duct ligation; these dissolved during prologed ligation (22). When chemical, 
mechanical, or infectious inflammation of the mucosa was induced, the 
precipitates were found to contain cholesterol. Similar precipitates occurred 
with vagal stimulation in the absence of cystic duct ligation. Aronson (1940) 
noted the incidental finding of gallstones containing calcium, pigment, cho­
lesterol, phosphorus, and residue in a dog with a partial stricture of the 
common duct (23). They could not be reproduced when stasis was created in 
a cannula equipped with a glass diverticulum (24). Simendinger (1944) found 
that thyroid function was important for adequate gallbladder function and 
that hypothyroid dogs, in addition to nonvisualizing gallbladders, developed 
thick, viscous bile containing a brown precipitate (25). 

In 1957, Imamoglu et at. (26) reported that 58 % of 50 patients with 
cholelithiasis had a narrow (less than 3 mm) opening in the ampula of Vater. 
An autopsy series confirmed the impression that patients with gallstones had 
smaller than normal openings. These investigators then attempted to produce 
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gallstones in dogs, rabbits, and monkeys by constricting the common bile duct. 
Seven of eight rabbits, two of eight dogs, and one of two monkeys developed 
bilirubin or mixed bilirubin-cholesterol stones. Similar stones were even 
produced in cholecystectomized rabbits and dogs with common duct stric­
tures (27,28). Stones in the gallbladder could be produced by cystic duct 
ligation (29). Since cholangiographic studies in postpartum women had been 
noted to result in frequent non visualization or delayed gallbladder emptying, 
the effects of progesterone and estrogen on experimental gallstone formation 
were investigated. Rabbits receiving progesterone and diethylstilbestrol to­
gether, but neither one separately, developed gallstones similar to those 
produced previously by stasis (28,30). Ricci et al. (31) have also reported 
gallstones following the production of common duct strictures in dogs; they 
emphasized the histological changes in the gallbladder, which may be related 
to stone formation. 

LindelOf and van der Linden (32) found that neither increased bile flow 
induced by cholecystokinin or common duct strictures altered the incidence 
of cholestanol-induced cholelithiasis (see Section IVBI). 

B. Pathophysiology 

Stasis, from any cause, facilitates gallstone formation in several ways. 
Crystallization of constituents, compaction of stone elements, and retention 
and enlargement of small stones are all more or less dependent on some degree 
of stasis. Stasis also predisposes to infection, with multiple consequences. 
First, infection may result in deconjugation of bilirubin, with precipitation of 
calcium bilirubinate. Second, it may result in pH changes and/or deconjuga­
tion of bile salts, with their subsequent reabsorption from the biliary tract. 
Finally, it may, by producing inflammation, interfere with gallbladder func­
tion or the patency of the ampulla. It is therefore not surprising that experi­
ments involving the production of stasis have not contributed greatly to our 
knowledge of the mechanism of gallstone formation. They have, however, 
helped to delineate a variety of physiological and pathological conditions 
which predispose to gallstone formation. 

Stasis is, by definition, a diminution in the normal rate of bile flow, which 
appears to be necessary for the removal of potential gallstone nidi. This flow 
is initially determined primarily by bile salt secretion from the hepatocyte, 
but secretion by ductular cells and reabsorption of fluid and electrolytes by 
biliary tract epithelium are also important factors. In species with gall­
bladders, flow in this organ also depends on its filling passively and then 
emptying by muscular contraction. In all cases, flow can be diminished by 
mechanical obstruction, and most of the early work with stasis mentioned 
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above involved mechanical interference with bile flow. The physiology and 
pathology of bile secretion, however, represent an important area that is not 
well enough understood. 

The control of bile (and bile salt) secretion is complex (33) and subject 
to a variety of metabolic, endocrine, neurogenic, and vascular influences. 
Except for one report (25), it is only in the last 10 years that metabolic and 
endocrine determinants of bile flow have even been implicated in the patho­
genesis of gallstones. Simendinger (25) produced pigment precipitates in 
hypothyroid dogs, and hypothyroidism is known to decrease bile salt secre­
tion (34,35) and hence flow. Any other condition resulting in an increased 
loss of bile salts would tend to reduce the bile salt pool and thus also decrease 
biliary flow (36). Clinically, such situations occur with ileal resection or dis­
ease (37) and the administration of cholestyramine, which may be associated 
with an increased incidence of cholelithiasis. Moreover, patients with cho­
lelithiasis have been found to have a diminished bile salt pool (38). Experi­
mentally, unsaturated fats, which increase the fecal excretion of bile salts, 
are associated with an increased incidence of amorphous pigment stones in 
hamsters (see Section IlIA), although there are no direct data bearing on bile 
flow. 

Estrogens induce biliary stasis in rats, although the mechanism is not 
entirely clear (39-42). They decrease the hepatic transfer maximum of bile 
salts (40) and probably inhibit the rate of basal bile secretion (42), but there 
is also evidence to suggest that a major factor in estrogen cholestasis is en­
hanced back-diffusion of water and electrolytes (40,43). The increased inci­
dence of gallstones in women and the role of estrogens in the jaundice and 
pruritis of pregnancy are consistent with an estrogen-induced functional 
cholestasis. Experimental gallstones can be produced more readily in some 
female animals, or under the influence of estrogens (30,44), but in other 
species estrogens enhance bile flow (44). The effects of estrogens on liver 
blood flow and other factors influencing biliary secretion have not been 
investigated. 

Gallbladder stasis is presumably extremely important in the genesis of 
cholesterol stones, but the factors involved in adequate filling and emptying 
of the gallbladder are poorly understood. Even with appropriate stimuli, the 
gallbladder does not empty completely, and the effects of various eating pat­
terns, anatomical variations, and neurogenic and hormonal stimuli on the 
mixing and emptying of bile have not been systematically investigated. The 
only experimental observations bearing on this point are those of LindelOf 
(32), who found that injections of cholecystokinin did not inhibit cholestanol­
induced cholelithiasis. However, this system may not be a good one to use 
for evaluating the effects of increased flow, since the stimulus for gallstone 
formation is so strong. 
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ill. CHOLESTEROL STONES 

A. Hamsters 

A major contribution to the study of gallstone formation has come from 
the work of Dam and colleagues (45). While studying the effects of fat-free 
diets, Dam and Christensen (46) noted the occurrence of gallstones with a 
high (50-90 %) cholesterol content in hamsters maintained on a fat-free, 20 % 
casein, 74.3 % sucrose, vitamin-supplemented diet. Replacing sucrose with 
sorghum or ground oats prevented stone formation, but including linoleic 
acid, lard (2 %), or cholic acid (0.2 %) did not (47). [Later studies have indi­
cated that linoleic acid can inhibit stone formation (48-50).] In further studies, 
soybeans, dried yeast, and copper sulfate (partially) prevented stone forma­
tion, whereas sitosterol, lecithin, inositol, cystine, and taurine did not (51). 
Adding 0.1 % hyodeoxycholic acid to the diet afforded a high degree of pro­
tection against cholesterol stone formation, whereas adding cholic, de­
oxycholic, dehydrocholic, and lithocholic acids did not (52). Antibiotics such 
as sulfaguanidine, oxytetracycline, neomycin, and nystatin also did not 
affect stone formation (53). Hanel et af. found that gallstone production was 
not associated with an increase in liver cholesterol synthesis, as measured by 
the incorporation of acetate-2-14C into cholesterol in slices (54) or in vivo (55). 
These results, however, are at variance with later studies showing an increased 
r~te of cholesterol synthesis (50,56). 

The cholesterol content of the stones can be altered by dietary manip­
ulations. When hamsters maintained on a lithogenic diet for 63 days were 
transferred to a nonlithogenic diet containing yeast, some cupric sulfate, 
more lard, and no sucrose, the stones diminished in size and their cholesterol 
content decreased from 50 % to 0.7% (57). Adding 2 % lard, soybean oil, or 
cod liver oil (in order of increasing fatty acid unsaturation) to the lithogenic 
diet decreased the number of animals with cholesterol stones from 77 % to 
38.5, 7.7, and 0 %, respectively (58). At the same time, the number of animals 
with amorphous pigment stones rose from 0 % 2.5, 10.3, and 20.5 %, respec­
tively. The addition of unsaturated fats therefore not only reduced the total 
number of animals with gallstones but greatly reduced the amount of cho­
lesterol incorporated into the stones. The pigment stones contained large 
amounts of the calcium salts of glycine-conjugated dihydroxy bile acids and 
considerable ash (59); they will be discussed further in Section IVA. 

The importance of the type of carbohydrate was studied in hamsters 
receiving diets containing 2 % lard (60). Glucose (72.3 %) gave 100 % choles­
terol stones, whereas sucrose gave predominantly amorphous pigment stones; 
only two of seven contained cholesterol. Rice starch and lactose (72.3 %) 
completely prevented lithiasis. In a second series, when rice starch was sub-
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stituted in varying amounts for the sugars, cholesterol stones formed with 
both glucose and sucrose at the 72.3 % and 60.3 % levels, whereas amorphous 
pigment stones occurred with both sugars at concentrations of 36 % or less. 

The explanation for this carbohydrate effect may be related to the fact 
that the composition of gallbladder bile is affected by the nature of the dietary 
carbohydrate (48,61,62). Gallbladder bile from hamsters fed 74.3 % glucose 
had higher concentrations of cholesterol, lower concentrations of bile salts, 
and, in general, lower concentrations of phospholipids than did that from 
hamsters fed the preventive (rice starch) or curative (10 % lard, 20 % casein, 
36 % yeast, 28.3 % rice) diet. Animals fed lactose, however, had values for 
all three constituents that were in the same range as those fed glucose and 
still did not form stones, suggesting the importance of additional factors in 
this form of stone prevention. Hamsters placed on the glucose diet at 16 weeks 
of age instead of at 5-6 weeks of age had lower cholesterol, higher phospho­
lipid, and similar bile salt concentrations. These animals did not form cho­
lesterol stones but had a marked propensity to form amorphous pigment 
stones. Limited analyses of fistula bile have revealed no great differences (63). 
White mice reared on the glucose, fat-free diet did not form stones (64); their 
bile contained about the same amount of cholesterol but more bile salts and 
much more phospholipid than did the hamster bile. 

Codliver oil and various treated oil fractions also inhibited stone for­
mation and decreased cholesterol incorporation, thus favoring amorphous 
pigment stone formation (65). Codliver oil caused moderate increases in the 
bile acid/cholesterol and phospholipid/cholesterol ratios of gallbladder bile, 
particularly in females (62). The curative diet produced a high phospholipid/ 
cholesterol ratio, largely due to the increase in biliary phospholipid from the 
10 % dietary lard. Substitution for butter with a dietetic margarine rich in 
linoleic acid increased both the bile acid/cholesterol and phospholipid/ 
cholesterol ratios, concomitant with a reduction in the incidence of cholester­
ol gallstones. There was, however, some overlapping of these two groups, 
suggesting that other factors, such as the fatty acid composition of the 
phospholipids, might also be important in determining these changes. The 
incidence of amorphous pigment stones was low in both the margarine and 
butter groups (48). 

In a study on the effects of hormones, testosterone-treated males and 
estrogen-treated females had a lower incidence of amorphous pigment stones 
than gonadectomized animals but may have had a higher incidence of cho­
lesterol stones; the total incidence was similar (66). Progesterone, on the other 
hand, lowered the incidence of cholesterol stones in females. Deoxycorti­
costerone had no clear effect on stone formation. Desiccated thyroid lowered 
and methyl thiouracil raised the ratio of cholesterol/amorphous pigment 
stones. 
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Jensen and Dam (56) have shown that hamsters on the glucose diet in­
corporate more intraperitoneally injected acetate-I-14C into total body 
cholesterol (1.2 %) than do those on the rice starch (0.15 %) or curative 
(0.4 %) diets. The specific activity of total body sterol was also increased (25 
counts/sec/mg versus 4.0 and 11.4), although the total body cholesterol 
(mg/IOO g body weight) was also greater in the glucose-fed hamsters. There 
was no significant difference in the eli~ination of labeled cholesterol from 
the body pool. These findings are in conflict with earlier studies (54,55) but 
have been supported recently by Muroya et al. (49,50). These workers found 
a fourfold increase in the incorporation of acetate-2-14C into cholesterol in 
liver slices or homogenates from glucose-fed hamsters compared with animals 
on the starch diet. The increased incorporation could be prevented by adding 
ethyl linoleate but not ethyl palmitate to the diet, and the incorporation 
varied directly with the presence or absence of gallstones. Mevalonate in­
corporation was not enhanced, indicating that the effect depended on reac­
tions occurring prior to mevalonate synthesis. The increased incorporation 
of acetate apparently results in both an increased total body cholesterol (56) 
and an increased biliary excretion of cholesterol (61,67). 

In recent experiments, Dam et al. (68) have shown that I % cholesterol 
decreased the incidence of cholesterol stones in hamsters fed a lithogenic diet 
containing butterfat but increased the incidence of amorphous pigment 
stones in females. Cholesterol added to a diet containing margarine, with its 
high content of linoleic acid, did not alter the low incidence of cholesterol 
stones but again markedly increased the incidence of amorphous pigment 
stones in females. It was postulated that the marked reduction in cholesterol 
stone formation might be a result of inhibition of endogenous cholesterol 
synthesis by exogenous cholesterol or stimulation of bile acid formation and 
bile flow. The former is consistent with the previous studies on the incorpora­
tion of acetate-2-14C into cholesterol; both are of course possible. 

Several other groups have confirmed and extended the observations of 
Dam, Christensen, and colleagues. Fortner (69) produced gallstones (48-93 % 
cholesterol) in Syrian hamsters raised on Dam's glucose diet. Large amounts 
of mucoid material were found in the gallbladders of both control and 
experimental animals, but in the experimental animals stones and smaller 
crystalline masses were frequently found embedded in the translucent, gelat­
inous, mucoid substance. Vitamin A deficiency, and to a lesser extent 
vitamin D deficiency, increased the number of animals with stones. Van der 
Linden et al. (70) demonstrated that stones do not form in the common 
ducts of cholecystectomized hamsters. Drews (71) produced gallstones in 
hamsters and noted that portal inflammation, focal areas of necrosis, and 
fatty changes in the periphery of the liver lobule appeared prior to the de­
velopment of gallstones. 
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Bergman and van der Linden (72) found that relatively large amounts of 
d-thyroxine (5 mg %) favored the production of amorphous gallstones and 
fatty livers in intact hamsters. The changes could also be produced by /­
thyroxine and could not be prevented by propylthiouracil (73). Lipotrophic 
factors (choline, tryptophan, methionine, and a-tocopherol), however, 
markedly inhibited stone formation without influencing the fatty livers. 
Cholestyramine (3 %) seemed to protect against cholesterol gallstone forma­
tion and fatty degeneration of the liver in hamsters previously fed d-thyroxine 
and then the basic lithogenic diet (74). These results are difficult to interpret, 
but the authors pointed out that cholestyramine also binds thyroxine in 
addition to bile salts. 

A second line of investigation was pursued by Hikasa et al. (75-77). 
They had noted that the adrenals, liver, and heart contained more essential 
fatty acids (EF A) than other organs and developed the hypothesis that the 
rate of cholesterol catabolism to steroid hormones and bile acids might de­
pend in part on the extent to which cholesterol was esterified with EF A (76). 
Thus the amount of cholesteryl arachidonate in the adrenals of rats on differ­
ent diets correlated well with the serum level of corticosterone. In a large 
group of humans, the serum tetraenoic acid level also correlated well with the 
urinary 17-hydroxycorticosteroid excretion following ACTH stimulation. 
Since a decreased bile acid/cholesterol ratio in bile has long been associated 
with cholesterol stone formation, they reasoned that patients with chole­
lithiasis might be deficient in EF A, with consequent impairment of cholesterol 
catabolism. In support of this hypothesis were the observations that patients 
with gallstones had subnormal serum tetraenoic acid levels and ACTH re­
sponses. [These patients have also been found recently to have smaller than 
normal bile salt pools (38).] Hikasa therefore analyzed liver biopsy specimens 
from patients with cholesterol gallstones and found that they contained 
larger amounts of palmitoleic acid, oleic acid, and their eicosatrienoic deriv­
atives and smaller amounts of arachidonic, docosanoic, and docosahex­
aenoic acids than liver biopsy specimens from other surgical patients. They 
also found that the total cholesterol content and the fraction esterified were 
increased but that the fraction esterified with EFA was decreased. These 
findings suggested a deficiency in the supply or utilization of EF A, which 
might result in a decrease in bile acid excretion and thus contribute to cho­
lesterol stone formation. 

To test this hypothesis, they raised rats, mice, and hamsters on diets 
deficient in EF A and produced changes in the composition and amounts of 
fatty acids, bile acids, and cholseterol in liver and bile similar to those found 
in humans with cholelithiasis. Furthermore, cholesterol gallstones occurred 
regularly in the mice and hamsters. Linoleic acid, however, which was de­
pressed in the experimental animals, was normal in the human liver biopsy 
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specimens, so that a simple deficiency of EF A could not be invoked as an 
explanation for human cholesterol stones. Adding linoleic acid to the ex­
perimental diet, in the presence of a relative deficiency of pyridoxine, produc­
ed the fatty acid and bile acid changes characteristic of human cholelithiasis 
but did not increase the total and esterified cholesterol in the liver or decrease 
the lecithin in bile; these changes could be induced by adding lard to the 
EFA-rich, pyridoxine-poor diet. Under these conditions, cholesterol gall­
stones formed in a high percentage of mice and hamsters. When the results of 
seven different diets were correlated, a significant negative correlation was 
observed between the incidence of cholesterol stones and the ratio of EF A to 
saturated fatty acids plus oleic acid, suggesting that saturated and short­
chain fatty acids enhanced and EF A diminished the propensity to stone for­
mation. Hikasa postulated that a diet rich in saturated fat and protein (especial­
ly sulfur-containing amino acids) may bring about a relative deficiency of 
pyridoxine and permit cholesterol gallstone formation. 

The experimental data from this laboratory were published in several 
papers. The changes in biliary constituents in rats fed EFA- and pyridoxine­
deficient diets were described in detail by Y oshinaga (78). Maruyama (79) 
showed that the administration of EF A (soya lecithin) and pyridoxine in­
creased the bile acid/cholesterol ratio in human hepatic bile. The fatty acid 
changes in patients with gallstones were described by Hirano (80). He also 
studied rats on EFA- and/or pyridoxine-deficient diets and found a signifi­
cant negative correlation between the amount of cholesterol in the liver and 
the fraction esterified with EFA. The administration of ACTH to rats further 
decreased the content of cholesteryl arachidonate and bile acids. The starving 
of rats previously fed an EF A-deficient diet, however, resulted in an increase 
in liver cholesteryl arachidonate, presumably mobilized from storage depots, 
and in total esterified cholesterol. At the same time, biliary cholesterol in­
creased while bile acids decreased (data not provided). Eguchi (81) found 
that arachidonic acid constituted II % of the liver fatty acids in healthy men, 
13 % in normal hamsters, 8 % in patients with gallstones, and 6 % in hamsters 
on the lithogenic diet. The EF A fraction was lower in animals on a sucrose 
diet than in animals on a starch diet. In general, these workers felt that their 
results lent further support to the hypothesis that cholesterol esterified with 
EF A is the preferred substrate for bile acid formation. 

Shioda (82) investigated the effect of dietary constituents on gallstone 
formation in golden hamsters. Like Dam, he found that hamsters on a low­
fat diet frequently formed cholesterol gallstones. The addition of unsaturated 
fats (cod liver oil, sesame oil) prevented cholesterol stones but allowed the 
development of amorphous pigment stones. Cholesterol stones correlated 
well with increased cholesterol and decreased bile acids and phospholipids 
in hepatic bile that was consequently supersaturated with respect to cholester-
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01 (7). Lactose and starch were effective in preventing gallstones. Occasional 
animals showed "degeneration of liver cells, proliferation of interstitial tis­
sues, infiltration of lymphocytes and leukocytes, and stagnation of bile." 
Tanimura (83) showed that sucrose, fructose, and sesame oil were partially 
effective and starch and codliver oil fully effective in preventing stone for­
mation. Again, the described changes in biliary cholesterol, bile acids, and 
phospholipids correlated well with stone formation and with the dietary sup­
ply of EFA. The starch diet, however, produced the same EF A pattern as 
did glucose but prevented stone formation. Amorphous pigment stones that 
formed on a pyridoxine-deficient diet containing sucrose and fat were 
analyzed and found to contain abundant phosphorus and calcium, moderate 
amounts of bile salts, and very small amounts of biliverdine. Pyridoxal 
phosphate completely prevented cholesterol gallstones in the lard- and se­
same oil-glucose diet groups (adequate linoleic acid content) but not in the 
coconut oil- and butter-glucose diet groups (inadequate linoleic acid content) 
Kotake (referred to in reference 77) has found that diets high in saturated 
fats and oleic acid inhibit the conversion of pyridoxine to pyridoxal phos­
phate, which might in turn inhibit the conversion of the decreased amounts 
of linoleic acid in these diets to polyunsaturated derivatives. 

Hashimoto (84) found that vitamin Kl (in contrast to vitamin K 2-see 
reference 85) completely prevented cholesterol gallstones in hamsters on a 
glucose, fat-free diet. Progesterone did not influence stone formation, but 
estrogen and thiouracil were partially protective. Cortisone was most effec­
tive in preventing cholesterol stones and favored amorphous pigment stone 
formation. Cholesterol (1 %) added to the starch, 20 % butterfat diet did not 
significantly increase cholesterol stone formation but markedly enhanced 
amorphous pigment stone formation; the addition of cholic acid (0.2 %) 
largely counteracted this effect (see Section IYB). 

Raw starch (If-starch) protected against gallstones, but when predigested 
with enzymes (83) or cooked (84) the starch (a-starch) became absorbable 
and the incidence of cholesterol stones was as great as in animals on the glu­
cose, fat-free diet. The addition of neomycin to the a-starch, butterfat, I % 
cholesterol diet protected completely against cholesterol stones but resulted 
in a 100 % incidence of amorphous pigment stones (84). 

Hikasa et al. (76) interpreted the results of these studies as indicating that 
cholesterol stone formation in hamsters is related to a relative deficiency in 
the supply of linoleic acid or its conversion to arachidonic acid and other 
unsaturated derivatives by pathways dependent on pyridoxal phosphate. 
Nonabsorbable carbohydrates were thought to favor growth of elements of 
the bacterial flora that produce vitamin B6 and thus prevent stone formation. 
Diets high in saturated and short-chain fats, and low in linoleic acid, may also 
inhibit conversion of pyrisoxine to pyrisoxal phosphate and so favor stone 
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formation. Hikasa et al. (77) have suggested that the rate of conversion of 
cholesterol to bile acids may depend on the extent of cholesterol esterification 
with these unsaturated derivatives of linoleic acid, so that their availability 
may influence the relative amounts of bile acids and cholesterol in bile and 
hence the propensity of the bile to sustain cholesterol stone formation. Al­
though this particular hypothesis requires further investigation and confirma­
tion, various changes in biliary composition induced by diets and vitamins 
in studies by this group are entirely sufficient to account for the observed 
incidence of cholesterol gallstones when plotted on triangular coordinates 
according to Small (7). 

B. Mice 

During investigations on the effect of gold thioglucose on mice, Tep­
perman et al. (86) noted a high incidence of gallstones (averaging 94 % 
cholesterol) in mice fed a diet containing 15 % casein, 51 % glucose, 31 % 
lard, I % cholesterol, and 0.5 % cholic acid. Serum cholesterol levels were 
elevated, but omitting either cholic acid or cholesterol from the diet resulted 
in similar serum cholesterol levels without stone formation. The biliary 
cholesterol levels in stone-forming mice were markedly higher (550 mg %) 
than in mice on a chow diet (91 mg %), and the livers were grossly fatty; 
three of ten had primary hepatomas. Histological examination of the gall­
bladder wall showed some thickening and leukocytic infiltration, but no 
stones were observed forming on the mucosal surface. Pedreira and Tep­
perman (87) analyzed hepatic bile and found similar cholesterol concentra­
tions in experimental and control animals; bile salts and phospholipids were 
not determined. Bile flow was greater in females than in males, and this 
could be reversed by treating the animals with hormones (estrone or testos­
terone) of the opposite sex. Caldwell et al. (88,89) analyzed the gallbladder 
bile in greater detail. The data indicated that the initial response to the litho­
genic diet is an increase in all biliary constituents, but the cholesterol-holding 
capacity of bile is not exceeded. In time, however, the rise in cholesterol be­
comes disproportionate to the rise in bile salts and lecithin, and the con­
centration of bile salts actually returns toward normal. Histological examina­
tion again showed inflammation of the gallbladder within 2 weeks, and it 
was suggested that resorption of bile salts had occurred (see references 12 
and 13). The influence of the gallbladder was studied further by Caldwell 
and Levitsky (90). Contrary to the data of Pedreira and Tepperman, hepatic 
bile flow was greater in males than females. More importantly, hepatic bile 
consistently maintained a bile acid/cholesterol ratio above the point at which 
cholesterol precipitates (see reference 7). In contrast, gallbladder bile was 
characterized by a drop in the bile acid/cholesterol ratio which coincided 
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temporally with the development of histological changes in the gallbladder. 
The hypothesis that abnormal resorption of bile acids by the gallbladder 
leads to an abnormal, lithogenic bile was further supported by observations 
that cholecystectomized animals did not form stones. Hamsters fed this litho­
genic diet (91) had similar though less marked changes in biliary constituents, 
and no stones were ohC,',[ved; this is in keeping with the inherently greater 
cholesterol-holding,:ity of hamster bile. 

Bergman et at. (92) showed that feeding mice either starch or sucrose 
instead of glucose had no effect on this form of gallstone formation. Similarly, 
substituting deoxycholate for cholate or adding hyodeoxycholate (which 
protects hamsters against cholesterol gallstone formation) had no ameliorat­
ing effect (93). Omitting cholic acid from the diet permitted dissolution of the 
gallstones in some animals, but the addition of 3 % cholestyramine to the diet 
did not affect stone dissolution (94). Besancon et at. (95-97) also noted that 
dehydrocholate served as effectively as cholate in the lithogenic diet and 
described the gallbladder as containing calculi, mucus, and desquamated 
epithelial cells. An eosinophilic inflammatory infiltrate of the gallbladder 
was found (see Section IVB2). Surprisingly, dehydrocholate without choleste­
rol also produced stones in a high percentage of animals. With dehydrocho­
late alone, fatty changes in the liver were not marked, whereas with cholester­
ol included, fatty infiltration was prominent. The stones were not prevented 
by adding 0.5 % cholestyramine to the diet (97). Frey et al. have produced 
stones in germ-free mice (98) and have been unable to culture bacteria from 
the gallbladder and bile of conventional animals with stones (99), showing 
definitively that the gallbladder inflammation and gallstone formation are 
not related to biliary tract infection. Since neither cholate nor dehydrocho­
late has important cytotoxic properties (100), and since toxic secondary bile 
salts would not be expected in germ-free animals, it may be the increased 
bile flow that leads in some unknown way to inflammation and enhanced bile 
salt reabsorption in the gallbladder. 

C. Rabbits 

Borgman (10 1) noted that rabbits fed a diet containing 30 % casein and 
20 % semi purified oleic acid developed gallstones. Increasing the casein to 
40 % gave greater numbers of stones, containing 12-25 % cholesterol; linoleic 
acid and semipurified triolein did not affect the incidence of stones (102). 
When the effects of different proteins were investigated (103), casein resulted 
in large numbers, lactalbumin and torula yeast protein in moderate numbers, 
and egg albumin in small numbers of stones. Linoleic acid and oleic acid 
(20 %) were comparable, but lowering the fatty acid content to 10 % de­
creased stone formation. When 40 % casein and 15 % fat were used, olive oil 
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(oleic rich) resulted in large numbers of stones; palm oil, cocoa butter, saf­
flower oil (linoleic rich), and combinations of semi purified palmitic acid and 
palm oil and semipurified oleic acid and cocoa butter resulted in moderate 
numbers of stones; and bo;led linseed oil (linoleic rich) resulted in a small 
number of stones (104). Cornstarch partially inhibited stone formation, and 
removing olive oil from the diet or using a commercial diet permitted con­
siderable stone dissolution (lOS). Furthermore, the breed of rabbit was found 
to influence the amount of gallstone form!ltion (I06). 

Complete analyses of these stones have not been published. However, in 
view of the low cholesterol content reported in the stones, it is doubtful that 
these stones can be considered to be primarily cholesterol stones. The major 
constituents have not been identified, but rabbits form stones of various types 
readily, as shown by work on cholestanol-induced cholelithiasis and the early 
work on stasis and infection as etiological factors. 

In experiments similar to those of Borgman, Bergman et al. (92) fed 
young rabbits diets containing 20 % casein, 20 % oleic acid, and 34 % sucrose 
or starch. The nine animals fed sucrose all had gallstones, whereas only one 
of nine fed starch had gallstones. This diet was similar to that used by Borg­
man, but Bergman et al. were unable to identify more than minute amounts 
of cholesterol by X-ray diffraction, infrared absorption, or chromatographic 
techniques. They felt that the infrared spectra resembled that of the choles­
tanol-induced stones, subsequently shown (107) to contain allodeoxycholate, 
but the composition requires further investigation. 

D. Guinea Pigs 

Jones and Peric-Golia (108) have described a biliary precipitate compos­
ed of cholesterol and some pigment in guinea pigs 1-2 days after the intra­
venous injection of capsular polysaccharide from Klebsiella pneumoniae. 
No further work has been done with this experimental model. 

Schoenfield and Sj6vall (109) produced gallstones containing 50 % 
cholesterol and 2 % bile acids in guinea pigs fed a pelleted diet containing 
15 % protein, 3.6 % fat, 42 % carbohydrate, and 1 % cholestyramine. The 
animals that formed stones had lower values for bile salts and lower bile 
acid/cholesterol ratios in hepatic bile than did control animals; the changes 
were attributed to depletion of the bile salt pool by cholestyramine. All of 
the animals on the pelleted diet, with or without cholestyramine, lost weight 
and had greatly increased cholesterol levels in hepatic bile. Animals on an 
unpelleted diet, which gained weight normally, did not form stones when fed 
cholestyramine. It is probable that the increased excretion of cholesterol in 
bile associated with starvation (110) acted in conjunction with diminished 
bile salt excretion due to cholestyramineto produce cholesterol precipitation. 
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Phospholipid excretion was not determined, and inflammation of the gall­
bladder did not occur. 

E. Dogs 

Cholesterol-containing stones, which mayor may not be true cholesterol 
stones, since the cholesterol content has not been quantitated, have been 
produced by Englert (Ill) in dogs fed a diet high in carbohydrate (76 %), 
low in protein (10 %) and animal fat (5 %), and containing cholesterol (I %) 
but not bile salts. The gallstones varied morphologically from micro­
spheroliths and "structures with crystalline borders" to amorphous pigment 
conglomerations (I 12). Stones from four dogs were analyzed qualitatively, 
and all contained protein, cholesterol, and bilirubin. Carbonate was present 
in three, calcium in one, phosphorus in one, lecithin in three, free cholate 
in two, taurocholate in one, and taurochenodeoxycholate in two (112). Serum 
cholesterol was elevated (431 ± 56 mg % versus 243 ± 106 mg %, p < 0.05), 
as was biliary cholesterol (362 ± 127 mg % versus 93 ± 29 mg %, p < 0.01), 
in animals on the experimental diet. Serum taurine levels were reduced 
(0.28 mg % versus 2.34 mg %), and the proportion of taurine-conjugated 
bile salts in bile was decreased; unconjugated bile salts were also detected 
despite negative cultures. . 

Within a week of dietary treatment, Harman et at. (113) have observed 
the formation of apical cellular vesicles in the gallbladder mucosa, PAS­
staining material on the surface of the mucosa and in the crypts, and the 
occurrence of 1-2 mm surface gel particles staining intensely with PAS, 
mucicarmine, and alcian blue (see also references 5 and 8). Bile hexosamine 
levels were also increased (169 ± 40 fig % versus 113 ± 22 fig %). These 
findings suggest that increased mucin formation and excretion are early 
results of the lithogenic diet. A similar conclusion has been from studies on 
mucin secretion in dihydrocholesterol-induced cholelithiasis in rabbits (114-
116) (see Section IVB). It is not known whether this increased mucin secretion 
is common to all forms of cholelithiasis, what the mechanism is, or whether 
it is the same in both of these experimental models. In rabbits, it apparently 
depends on a factor excreted in bile, since it can be prevented by cystic duct 
ligation (116), but the factor or factors responsible have not been identified. 

It is of interest that the diet used in dogs resembles that used by Dam 
and Christensen (46) to produce gallstones in hamsters in being high in 
carbohydrate and low in protein and fat. The low protein resulted in an 
increased glycine/taurine ratio of biliary bile salts in both dogs (113) and 
hamsters (61). Furthermore, addition of 1 % cholesterol to the hamster diet 
decreased the incidence of cholesterol stones and increased the incidence of 
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amorphous pigment stones (68). These results tend to suggest that the gall­
stones produced in dogs may not be true cholesterol stones but may be more 
analogous to the amorphous pigment stones of hamsters. Further studies 
on the composition of these stones are necessary. 

F. Miscellaneous 

Patton et al. (117) have reported cholesterol deposits in ground squirrels 
and prairie dogs fed 50 % egg yolk, 50 % monkey ration diets for 12-15 
months. Further details are not available. 

IV. CALCIUM STONES 

A. Carbonate and Bilirubinate Stones 

Calcium has been recognized as a constituent of gallstones since the 
earliest chemical studies (see reference 118). It occurs as calcium carbonate 
(either calcite or aragonite), calcium phosphate (apatite), calcium bilirubin­
ate, or the salts of bile acids and fatty acids. In normal hepatic bile, the 
calcium concentration is about 21 mg %. It is about 45 mg % in normal 
gallbladder bile and about twice that in the gallbladder bile of patients with 
cholesterol stones (119). The concentration of calcium is said to vary with 
the concentration of bile salts (3). Apparently, calcium in bile is bound in 
part to bile salt micelles, and under normal conditions this complex remains 
stable and soluble (120). However, under appropriate conditions of pH, 
calcium concentration, and anion concentration, calcium salts may pre­
cipitate. 

Rous et al. (121-123) made some of the important early observations 
on the experimental production of calcium stones. In the course of experi­
ments involving the collection of sterile bile from dogs, calcium precipitates 
were noted on the walls of the cannulas. Pigmented precipitates (calcium 
bilirubinate) generally occurred in the proximal portions of the cannulas 
and often served as nidi for the concentric layering of pigmented and non­
pigmented (calcium carbonate) deposits. More distally, the stones consisted 
predominantly of calcium carbonate, although they usually formed around a 
small pigmented nidus. The calcium carbonate deposition was almost always 
associated with organic debris, whether deposited as relatively pure carbon­
ate stones or around pre-existing pigment stones. 

Hepatic injury resulted in the appearance of organic biliary debris, 
consisting of hepatic parenchymal cells, ductular cells, red cells, and leuko­
cytes, and injections of hemoglobin caused a proteinaceous thickening of the 
bile. None of this debris, however, was ever observed acting as a nidus for 
calcium carbonate deposition. Calcium carbonate deposition seemed to be 
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associated with organic debris both in the dog experiments and in instances 
of human carbonate stones; it was therefore postulated that alterations 
occurred with time in the physicochemical state of the debris that favored 
deposition of calcium carbonate. 

The pH of liver bile has been found to range from 7.07 to 8.55, ordinarily 
being around 8.20 (119,123). The pH of gallbladder bile was found to be 
alkaline when obtained shortly after a meal but declined with fasting to 
5.18-6.00 (123). When liver bile that contained calcium carbonate precipitates 
was neutralized or made slightly acid, the deposits dissolved, either partly or 
completely. Furthermore, when Drury et al. (123) altered the pH of human 
bile samples ill vitro, they noted that neutral or alkaline specimens formed 
moderate or large amounts of cholesterol precipitates, whereas acidification 
prevented these deposits. They therefore proposed that the lower pH of 
gallbladder bile was sufficient to prevent the precipitation of calcium car­
bonate and mentioned that the failure to acidify gallbladder bile in inflamed 
gallbladders might predispose to calcium carbonate and cholesterol con­
cretions. 

Phemister et al. (124) produced calcium carbonate stones in dogs and 
rabbits following cystic duct ligation. Chemical analyses showed the stones to 
contain calcium carbonate, 70.7 %; calcium phosphate, 1.8 %; and organic 
matter, 17.5 %. They observed that the concentration of calcium and car­
bonate ions in the supernatant fluid exceeded the solubility product tenfold. 

Bisgard and Baker (125) noted the formation of pigment stones in goats 
following obstruction of the common duct below the level of the pancreatic 
duct, thus permitting the reflux of pancreatic juice. Aronson (24) followed up 
these observations by actually making an anastamosis between the pancreatic 
duct and the gallbladder in dogs. In the one dog with an anastamosis that 
remained patent for 2 years, calcium (radio-opaque) stones developed; 
cholesterol and pigment were minor constituents (less than I %) of the stones. 
Although these methods involved diverting alkaline pancreatic secretions into 
the gallbladder, with a presumed increase in pH, other factors may certainly 
have contributed to stone formation. 

Hamanaka (126) produced gallstones in rabbits by altering calcium 
metabolism with daily injections of large amounts of vitamin D (0.5 % 
irradiated ergosterol in olive oil). Stones formed in 29 % of the controls 
receiving olive oil, but the frequency was much greater (64 %) in the presence 
of hypervitaminosis D. The incidence of gallstones appeared to be related to 
the concentration of calcium in the serum and, particularly, gallbladder bile, 
as well as to the serum cholesterol level. The composition of the stones was 
not investigated, and it is not clear whether these represent calcium carbonate 
or cholesterol stones. 

Okey (127) produced gallstones "rich in calcium phosphate, although 
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they contained some cholesterol" in guinea pigs on a I % cholesterol diet 
supplemented with riboflavin. Both cholesterol and riboflavin were necessary 
for stone formation, which was preceded by an abrupt fall in the red cell 
count. The mechanism of this type of lithiasis is totally obscure. Riboflavin­
containing reductases, such as glutathione reductase, might increase mito­
chondrial NADPH levels and hence inhibit the mitochondrial oxidation of 
the cholesterol side chain during bIie acid synthesis. There is, however, no 
direct evidence that excessive amounts of riboflavin can inhibit the conver­
sion of cholesterol to bile acids. 

Simendinger (25) had observed clinically that patients with cholecystitis 
were frequently hypothyroid and therefore studied the influence of the thy­
roid gland on gallbladder function in dogs. Thyroidectomy led to poor or 
absent radiographic visualization of the gallbladder, and this could be cor­
rected by thyroid administration. The hypothyroid dogs had normal bile 
salt/cholesterol ratios, but the gallbladders were distended with thick viscous 
bile containing large amounts of brown precipitate and a supernatant layer 
of clear yellow bile. The precipitates were composed of "pigment and poly­
merized pigment soaps," with traces of calcium and cholesterol. 

Maki (128) has reported a number of important experiments from his 
laboratory dealing with the formation of calcium bilirubinate stones. Sato 
had produced a solid calcium bilirubinate stone by incubating an ascaris 
worm in the gallbladder of a dog for 10 months. Since bilirubin is excreted 
in bile as the glucuronide, hydrolysis of the conjugate presumably occurred 
in this model. Sato then demonstrated that in vitro incubation of bile from 
patients with calcium bilirubinate stones, but not from control patients, 
resulted in the further precipitation of calcium bilirubinate. These samples 
were almost invariably infected with E. coli and demonstrated ti-glucuronidase 
activity. Precipitation of pigment was accompanied by a decrease in the bili­
rubin content and an increase in free glucuronic acid. The addition of ti­
glucuronidase to normal bile produced similar precipitates. Matsushiro 
identified glucuro-I,4-lactone in human bile and showed it to be a strong 
inhibitor of biliary ti-glucuronidase; it prevented the precipitation of calcium 
bilirubinate as described above, either when fed in viro or when added to bile 
in ritro. Maki and Susuki then showed that small precipitates of calcium 
bilirubinate could be made to coalesce by the addition of electrolytes, high 
molecular weight particles such as "Konanfloc," and motion. Coagulation 
was enhanced by lowering the pH or adding calcium or aluminum chloride. 

B. Cholanate Stones 

J. Cholestanol-Induced Gallstones 

In 1954, Cook et al. (129) noted the occurrence of gallstones in rabbits 
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during cholestanol (dihydrocholesterol) balance studies. Similar observations 
were made by Mosbach and Bevans (130), who found that feeding 0.25-\.0 g 
cholestanol daily for 2 weeks or longer consistently resulted in the production 
of gallstones in male chinchilla-type rabbits. The stones were small and white, 
with small quantities of pigment, and frequently coalesced to form a cast of 
the gallbladder (131). Inflammatory lesions of the gallbladder and bile ducts 
frequently preceded stone formation, and in the early stages "portions of the 
concretions and bile clung tenaciously to the mucosal surface." Removing 
cholestanol from the diet led to regression of the cholecystitis and chole­
lithiasis in rabbits within 14-19 weeks (132). 

These results were confirmed by Caira et al. (85,133), who found gall­
stones in New Zealand rabbits of both sexes fed 0.5 g cholestanol for 9 days 
or more. They observed that the newly formed stones were gelatinous in 
consistency and were accompanied by marked mucosal inflammatory changes 
(edema, round cell infiltration, and fibrosis). Choledocholithiasis developed 
readily in cholecystectomized animals, indicating that the liver bile itself was 
abnormal and that a gallbladder was not essential for stone formation. 
Similar concretions formed in two of 20 guinea pigs fed 0.25 g cholestanol 
daily, but none formed in rats fed 0.125 g daily. 

Mosbach and Bevans (134) showed that cholestanol-induced chole­
cystitis and cholelithiasis could be inhibited by the simultaneous administration 
of dehydrocholic acid and that the extent of inhibition depended on the rel­
ative concentrations of the two steroids. Similar observations were made by 
Ricci et al. (\35). Deoxycholic and cholic acids were also effective inhibitors 
(136), but hyodeoxycholic acid did not suppress gallstone formation and 
appeared to increase biliary tract inflammation. Several non-bile acid chol­
eretics were without inhibitory effects (136). Lindel6f and van der Linden 
(32) found that intravenous injections of cholecystokinin every 8 hr did not 
suppress and may actually have enhanced gallstone formation. The inhibition 
of cholelithiasis by dehydrocholic, deoxycholic, and cholic acids was not ac­
companied by a decrease in cholestanol absorption but did result in increased 
tissue cholestanollevels, suggesting a decrease in the conversion of this sterol 
to bile acids (134,136). Conversely, methyl testosterone apparently inhibited 
stone formation by interfering with cholestanol absorption, since tissue and 
serum levels of cholestanol were reduced (137). Olive oil has been shown to 
facilitate stone formation (138), perhaps by enhancing cholestanol absorp­
tion (137). 

Early studies on the composition of cholestanol-induced gallstones 
established that they did not contain appreciable amounts of sterol (choles­
terol or cholestanol) or pigment but consisted largely of glycine-conjugated 
bile salts (130,133,139,140). Mosbach and Bevans (139), utilizing cholestanol-
14C, demonstrated that approximately half of the bile acids in the stones were 
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derived from cholestanol and were similar to but not identical with glyco­
deoxycholate and glycocholate. They suggested that these compounds might 
be Sa-cholanic (allocholanic) acids, in keeping with current concepts of the 
metabolism of cholestanol, and that these metabolites might be in part re­
sponsible for the biological effects of cholestanol administration. Hofmann 
and Mosbach (107) isolated the major component of the gallstones and 
conclusively identified it as glycoallodeoxycholate, with calcium and sodium 
ions associated in roughly equal quantities. 

Studies on the physicochemical properties of synthetic glycoallodeoxy­
cholate (107) revealed that at low concentrations (0.02 M) the sodium salt 
formed a clear micellar solution, capable of solubilizing azobenzene but that 
at higher concentrations it formed a liquid crystalline, viscoelastic gel. 
Dilute solutions (0.02 M) in the presence of excess sodium ions (O.IS M) also 
formed a birefringent, liquid crystalline phase. The calcium salt of glycoal­
lodeoxycholate (Sa), like that of glycodeoxycholate (S{3), was highly insoluble 
in water; in the presence of sodium ions, however, the latter dissolved to form 
a clear micellar solution, whereas the calcium glycoallodeoxycholate re­
mained insoluble. 

These results led to the following hypothesis concerning cholestanol­
induced gallstone formation: cholestanol, absorbed from the intestinal tract, 
is metabolized to glycoallocholate in the liver. Following its excretion in bile, 
it is dehydroxylated by intestinal bacteria to form (glyco )allodeoxycholate, 
reabsorbed, and re-excreted in the bile. Calcium ions can then precipitate 
glycoallodeoxycholate, whereas the normal isomer (glycodeoxycholate) and 
the parent compound (glycoallocholate) remain in solution (107). This 
hypothesis has been supported by experiments showing that the adminis­
tration of neomycin decreases the concentration of glycoallodeoxycholate in 
bile and prevents gallstone formation (141,142). The decrease in glycoallo­
deoxycholate was accompanied by a reciprocal increase in glycoallocholate 
and was proportional to the dose of neomycin, leading to the conclusion that 
the primary effect of neomycin was to inhibit intestinal bacteria responsible 
for the dehydroxylation of glycoallocholate. Dehydroxylation of glycocholate 
to glycodeoxycholate was not similarly impaired, however, suggesting either 
a difference in the type or the neomycin sensitivity of the bacteria dehydrox­
ylating Sa and S{3 bile acids or, more likely, a greater affinity of the enzyme 
involved for S{3 bile acids. Alternatively, the effect of neomycin could be 
unrelated to its antibiotic properties and related instead to its ability to 
sequester bile acids in the intestinal lumen (143-146), with selective seques­
tration of secondary and in particular allo bile acids. In either case, reduction 
in the concentration of glycoaIIodeoxycholate can protect against stone 
formation. When the concentration of glycoaIIodeoxycholate was greater 
than 24 % of total bile salts. all animals had stones; when the concentration 
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was less than 19 %, stones did not occur (142). Precipitation of glycoallo­
deoxycholate when its concentration reaches approximately 20 % of the 
total bile salts appears to be a fundamental step in the etiology of cholestanol­
induced gallstones. 

Allo (5a) bile acids have also been implicated in the pathogenesis of the 
inflammatory lesions in the gallbladder wall, since these changes often 
precede the formation of gallstones (131,139). However, 5a-steroids are in 
general less cytotoxic than 5p-steroids (I 47), and inflammation is not an 
invariable concomitant of cholestanol feeding, even in the presence of gall­
stones (32,114,115,140,141,148). Hence the etiology of the lesions is still 
unclear, and their role in gallstone formation is uncertain. Although in­
flammation has been shown to facilitate absorption of conjugated bile salts 
(13), there were no data to indicate whether 5a and 5p bile salts might be 
absorbed preferentially and hence whether this absorption might be expected 
to enhance or inhibit this form of experimental cholelithiasis. 

While the initial step in cholestanol-induced gallstones probably consists 
of the precipitation of small bile salt crystals and microliths, attention has 
been directed recently to the mechanism by which these small stones grow 
and coalesce. In a comprehensive review of the subject, Freston (114) has 
called attention to the importance of mucus secretion in stone formation. 
Bevans and Mosbach (131) had noted small crystals embedded in mucus that 
was adherent to the gallbladder wall; Fortner (69) and Amberg (148) had 
made similar observations. Freston (114) extended these studies in rabbits 
fed 0.75 % cholestanol and described the way small spherules became matted 
together, forming larger stones. Light and electron microscopic studies 
indicated that small vesicles developed in and between gallbladder epithelial 
cells in response to the cholestanol diet. The vesicles appeared to enlarge by 
merging with adjacent vesicles and could be shown by light microscopy to 
contain PAS-positive material. The large vesicles, which were not associated 
with inflammatory changes, preceded stone formation; they readily identified 
after 3 days of treatment, whereas no stones developed before 7 days. Syn­
thesis of mucus could be demonstrated in the gallbladder wall, and its 
secretion into gallbladder bile was increased in respone to the lithogenic diet. 
The hexosamine content of both the gallbladder wall and the bile was increas­
ed with vesicle formation and, eventually, with gallstone formation, sug­
gesting that the vesicles were indeed mucus-containing secretory vesicles. The 
secretion of mucus appeared to be dependent on a factor in bile, since it did 
not occur when the cystic duct was ligated prior to cholestanol feeding. 
Mucus was incorporated in the gallstones, as evidenced by their hexosamine 
content. The results strongly suggest that abnormal mucus secretion plays an 
important role in trapping small biliary concretions and promoting their 
maturation into fully developed gallstones. It is not clear whether this effect 
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is simply one of mechanical retention or whether the mucus may actually 
facilitate the crystallization and growth of stones, as suggested by Kleeberg 
(9,10) and Womack (5). 

2. Lithocholate-Induced Gallstones 

Holsti (149) was the first to show that the oral administration of litho­
cholic acid to rabbits results in extensive bile duct proliferation. This was 
confirmed by Stolk (150) in Iguana, and by Leveille et al. (151) and Eyssen 
and De Somer (152) in chicks. The latter noted that the gallbladders "were 
filled with a viscous yellow-green fluid contrasting sharply with the clear 
dark-green bile of the control animals." Attempts to produce liver changes in 
rats by feeding lithocholic acid then led to the serendipitous production of 
gallstones in the common duct by three groups independently. 

Eyssen and VandePutte, in unpublished experiments, reported (Inter­
national Conference on Biochemistry of Lipids, Stockholm, August 5-7, 
1963) that albino male rats fed a low protein diet containing 0.2 % 
Iithocholate developed typical lithocholate-induced liver lesions by 2 weeks, 
which became more pronounced by 4-8 weeks. The cardinal features were a 
striking proliferation of intrahepatic bile ducts and ductular cells; an in­
flammatory portal infiltrate consisting of polymorphonuclear leukocytes, 
round cells, and connective tissue; and a pronounced mucosal hyperplasis 
and enlargement of the extrahepatic bile ducts. Mucinous material and cel­
lular debris were found in the dilated ducts, and focal areas of hepatic 
necrosis were observed. By 8 weeks, small (0.5-3.0 mm) yellow-green gall­
stones began to appear, being a consistent finding after 3-5 months. Rats 
fed a "normal" purified diet (25 % protein) containing 0.2 % lithocholic acid 
did not show any significant changes. 

Palmer (153, I 54) reported that Sprague-Dawley rats of both sexes con­
sistently developed gallstones after 4 months on an 8 % protein diet contain­
ing 1 % lithocholic acid. There was considerable variation in the morphology 
of the stones; some were small spherules, some large and faceted, and some 
compacted to form a solid cast of the dilated common duct. The color varied 
from pale yellow-green to brown or greenish black, presumably depending on 
the extent of bacterial degradation of biliary pigments. The stones contained 
only trace amounts of pigment and cholesterol and consisted primarily of the 
calcium salts of free and glycine-conjugated lithocholic acid and its 6fJ­
hydroxy derivative. The extreme variations in the ratio of free/conjugated 
bile salts suggested that the free bile salts were also predominantly the 
result of bacterial deconjugation. 

Stone formation appeared to depend on a deficiency of sulfur-contain­
ing amino acids. Increasing the protein content of the diet to 27 % or adding 
1 % taurine to the diet increased urinary taurine excretion, increased con-
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jugation of bile salts with taurine, and prevented gallstone formation. Histo­
logically, the liver lesions were similar to those reported previsouly in rabbits 
and other species. The hepatocytes were generally intact and showed only 
mild hyperplasia of the Golgi complex and an increase in the smooth 
endoplasmic reticulum; the bile canaliculi were not distended. In the bile 
ducts, degenerating epithelial cells were observed sloughing off into the 
lumen, and eosinophilic material (cellular debris?) was often seen surround­
ing basophilic crystalline material (bile salts?) to form microcalculi. The 
histological changes were not diminished by the taurine- or protein-supple­
mented diets which prevented stone formation. 

Zaki et al. (155) reported similar findings in Holtzmann male rats fed 
75 mg lithocholic acid in 10 g of a low (12 %) protein diet daily. At 9 weeks, 
the common ducts contained semisolid concretions, which matured to solid, 
sometimes faceted stones at 15 weeks. When lithocholic acid was removed 
from the diet, the semisolid concretions disappeared within 5 weeks. In 
contrast, the solid stones persisted for as long as 15 weeks after discontinuing 
lithocholic acid. The main bile acids in hydrolyzed gallstone extracts were 
6,B-hydroxylithocholic acid and lithocholic acid, with smaller amounts of 
,B-muricholicand chenodeoxycholic acids. Analysis of serum bile acids in 
these rats showed highly variable increases with 3a,6,B-dihydroxy-5,B-chol­
anic acid predominating. Histological changes were similar to those de­
scribed above, except that midzonal and peripheral areas of hydropic degen­
eration were more prominent. Removing lithocholic acid from the diet also 
caused regression of the liver lesions, as described by Holsti (149), in rabbits, 
with complete return to normal in 5 weeks. Rats fed the same amount of 
lithocholate in laboratory chow did not develop gallstones, and the liver 
histology was normal. 

The histological changes induced by lithocholic acid do not appear to 
be immutably related to the production of gallstones, although duct ural cell 
desquamation and degeneration, or mucus secretion by common duct epi­
thelium, may facilitate the retention and maturation of small gallstones. On 
the contrary, the liver changes seem to be the result of an independent phar­
macological property of lithocholic acid. Stone formation can be abolished 
by adding protein or taurine to the diet, by simultaneously administering 
cholic acid or cholesterol, or by feeding lithocholic acid esterified with sulfuric 
acid; in all cases, bile duct proliferation remains a prominent feature (156). 
The lesions resemble in part those produced by bile duct ligation (157) or 
vitamin A deficient diets (157-159) (see Section V). Biliary stasis, however, 
could not have been a factor during simultaneous feeding of cholic acid and 
cholesterol, and vitamin A supplementation did not inhibit either stone 
formation or bile duct proliferation (154). 

The definitive step in lithocholate-induced gallstone formation thus 
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appears to be precipitation of calcium salts of lithocholic acid and various 
derivatives. Free and glycine-conjugated dihydroxy bile acids (e.g., 3a,6fJ­
dihydroxy-5fJ-cholanic acid) readily precipitate from aqueous solutions as the 
calcium salts, but the exact solubilities of these salts have not been studied. 
In contrast, even the sodium and potassium salts of mono hydroxy bile acids 
are relatively insoluble. Small and Admirand have studied several lithocho­
lates in some detail (160). Contrary to expectations, conjugation of litho­
cholate with glycine or taurine actually decreases its solubility (taurine to a 
greater degree than glycine), so that the solubility of these compounds is 
inversely related to their polarity. The only physiological derivatives of litho­
cholate with appreciable solubilities are the recently described sulfate esters 
(161), which are probably not quantitatively important metabolites in 
rats (156). 

The associated counter-ion is also important in determining bile salt 
solubility (160). For each lithocholate (free or conjugated with glycine or 
taurine), the potassium salt is more soluble than the sodium salt, and the sol­
ubility of each decreases with increasing counter-ion concentration. The 
solubility of each lithocholate is enhanced in the presence of micelle-forming 
bile salts, presumably through the formation of mixed micelles, and in such 
solutions the same effects of different counter-ions and their concentration 
can still be demonstrated. Small and Admirand have postulated that litho­
cholates absorbed from the intestine may be solubilized in the portal blood 
by proteins and in the hepatocyte as the potassium salt; their transfer to the 
canalicular fluid then might result in precipitation of the less soluble 
sodium salt, with consequent cholestasis. [Cholestasis has been demon­
strated by Javitt (162,163) during infusions of lithocholates.] However, the 
relative proportions of cations in lithocholate-induced gallstones, expressed 
as meq/g dry weight, are calcium, 1.6; sodium, 0.32; potassium, 0.02 (154)­
suggesting that precipitated sodium lithocholates, if present, may be re­
dissolved in mixed micellar solutions and then precipitated as the calcium 
salt. 

The relative absence of taurolithocholate in these stones is difficult to 
explain, since it is less soluble than either lithocholate or glycolithocholate. 
It may be that the calcium salts have anomalous solubility properties, but it 
is possible that binding of bile salts to protein (or to cellular debris), which 
varies inversely with the polarity of the bile salt (164), might be of greater 
importance in stone formation than pure solubility factors. Such binding 
might explain the relatively greater incorporation of the less polar free and 
glycine-conjugated bile salts and greater exclusion of the more polar, though 
less soluble, taurine conjugates. Furthermore, such binding might greatly 
facilitate the retention and growth of stones, as suggested by morphological 
studies (see above) which appear to show cellular debris surrounding aggre-
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gates of precipitated bile salts in the larger bile ducts (154). Similar considera­
tions might apply to cholestanol-induced gallstones, since the protein-binding 
of 5a-steroids is greater than that of 5fJ-steroids (165,166). 

3. Amorphous Pigment Stones 

In the course of studies on cholesterol gallstone formation in hamsters 
on fat free, 74.3 % sucrose diets (see Section IlIA), Dam and Christensen 
(58,65) noted that certain dietary manipulations reduced the cholesterol 
content of the stones and resulted in the appearance of amorphous pigment 
stones containing 46 % ash, 20 % glycine-conjugated bile acid (presumably 
mainly dihydroxy but also some trihydroxy), and 12 % calcium (61,66). 
Adding 2 % fat to the diet (lard, soybean oil, and codliver oil, in order of 
increasing unsaturation) decreased the total number of animals with stones 
from 79.5 % to 61, 18, and 20.5 %, respectively. At the same time, the number 
of animals with amorphous pigment stones increased from 0 % to 2.5, 10.3, 
and 20.5 % (58,65). Similarly, decreasing the amount of sucrose or glucose 
in the diet eliminated cholesterol gallstones but not amorphous pigment 
stones (60). The stones were twice as common in females as in males, though 
the incidence of cholesterol gallstones was similar in both sexes (60,65), and 
older animals formed more amorphous stones (61). Gonadectomy, treatment 
with desiccated thyroid, or treatment of females with progesterone decreased 
the incidence of cholesterol stones and increased the incidence of amorphous 
stones; testosterone treatment of males and estradiol treatment of females 
did not affect gallstone formation (66). Cholesterol feeding increased the 
incidence of pigment stones, though only in females, as did margarine with 
a high linoleic content; both together increased the incidence in females 
from 24 % to 85 % (68). The glycine/taurine ratio of bile salts in bile appeared 
to be greater in animals with amorphous stones (61). 

These results raise the question of whether these amorphous stones con­
taining calcium bile salts could be related to the pathogenesis of the choles­
terol stones. Glycine-conjugated bile salts, particularly of the less soluble 
compounds such as chenodeoxycholate and lithocholate, have been found in 
greater proportions in the centers of human gallstones (167), and it would 
be of interest to know whether this is the case in the cholesterol stones that 
frequently coexisted in these animals. 

The increased glycine/taurine ratio in bile from hamsters with amor­
phous pigment stones is not unexpected, considering the composition of the 
stones, but the reason for this change is unclear. The increase ratio results 
from a relative deficiency of taurine and could be produced by a decreased 
protein intake, which supplies the sulfur-containing amino acids used for 
taurine synthesis, or by an excessive fecal loss of taurine conjugates, as in 
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patients with ileal bypass (168) or in lithocholate-induced cholelithiasis (see 
Section IVB2). In the last example, the increased glycine/taurine ratio is 
intimately related to the pathogenesis of the gallstone formation. More 
complete information on bile acid metabolism and the nature of the bile 
salts and other constituents in these amorphous pigment stones could be of 
considerable importance. 

V. VITAMIN A DEFICIENCY 

Fujimaka (158), in the course of experiments on vitamin-deficient diets, 
noted that rats kept for 22-37 weeks on a vitamin A deficient diet developed 
urinary calculi and, later, gallstones in the common duct. When calcium and 
phosphorus in the diet were also restricted, gallstones formed in 6-8 weeks. 
The gallstones were said to contain calcium salts, cholesterol, and pigment; 
the methods used for these determinations were not described. 

Usuki (169) raised rabbits on a diet deficient in fat-soluble vitamins and 
found a 9 % incidence of gallstones after 6-8 weeks. Qualitative analysis 
revealed that these small sandlike stones contained calcium, bilirubin, and 
traces of cholesterol. 

Erspamer (170) quotes several other investigators as having noted 
gallstones produced by vitamin A deficient diets in rats (de Langer, 1929), 
guinea pigs (Emiliani and Bazzochi, 1933), and dogs (Galli and Bazzochi, 
1934). Erspamer made detailed observations on gallstones produced by a 
vitamin A deficient diet in guinea pigs. Stones developed as early as 5-11 
days and appeared to consist of soft masses of degenerated and desquamated 
epithelial cells and mucus, colored by smalLamounts of pigment. The stones 
were soft, did not stain for lipid, and did not exhibit birefringence under 
polarized light. Cholesterol (Liebermann-Burchardt method) was not 
detected. Histologically, the gallbladders and intra- and extrahepatic bile 
ducts showed desquamating cells, whether or not stones were present. The 
gallbladder wall was thickened and inflamed, and vascular thromboses were 
observed. Keratinization of the gallbladder epithelium was not observed, and 
apocrine secretion was prominent in the gallbladder and ducts. Fatty droplets 
(probably triglycerides) were common in the basal areas of biliary tract epi­
thelial cells and liver cells. 

Fortner (69) showed that vitamin A deficiency, and, to a lesser extent, 
vitamin D deficiency, increased the incidence of cholesterol gallstone forma­
tion in the hamster, using the glucose, fat-free diet described by Dam and 
Christensen (see Section IlIA). 

Gillman et at. (157), in a study of factors affecting intrahepatic bile ducts, 
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found that vitamin A deficiency in rats resulted in the production of marked 
intrahepatic bile duct proliferation, extrahepatic bile duct dilation, and 
gallstones that were "generally soft and crumble easily under pressure. Many 
of the calculi consist of organic material together with a variable amount of 
calcium phosphate heavily impregnated with bile pigment." They noted 
that bile was invariably present in the intestine, so that complete obstruction 
of the common duct did not occur. Furthermore, the degree of intrahepatic 
bile duct proliferation, which was often extensive, did not correlate with the 
extent of common duct dilation, indicating that they hyperplasia was not a 
consequence of obstruction. 

Thiourea (0.5 % in the diet) produced mild duct proliferation, but the 
ducts in the portal tracts developed cystic changes and a hyperplastic lining 
of epithelial cells, which desquamated into the lumen and degenerated to 
form debris. There was no enlargement of the extrahepatic ducts, and no 
calculi were observed. However, when 0.5 % thiourea was added to the Cow­
ard's (vitamin A deficient) diet, the intrahepatic bile duct hyperplasia seen 
with Coward's diet alone was almost completely suppressed, and enlargement 
of the common duct did not occur. Thyroidectomized rats fed Coward's 
diet also had less extrahepatic duct dilation. In contrast, parathormone, 10 
units daily, administered after 39 days of Coward's diet, appeared to increase 
the extent of bile duct proliferation and the incidence of calculi (two of five). 
Cholic acid (0.5 %) added to Coward's diet resulted in a marked enlargement 
of the common duct, but bile duct proliferation was not striking and calculi 
were not mentioned. 

In 1956, Hamre (159) reported a detailed study of the liver and biliary 
tract changes associated with vitamin A deficiency in rats. The animals were 
fed the diet for approximately 5 weeks. At autopsy, 86 % of the rats showed 
pathological changes. The proximal two-thirds of the common ducts as 
dilated, and the bile contained masses of epithelial cells. Calculus-like bodies, 
either hard and chalky white or fragile and dull, were found in the dilated 
common ducts and consisted predominantly of masses of compacted epithe­
lial cells. Crystals of inorganic salts, cholesterol, bile salts, and others were 
identified by microscopic examination of crushed stones. All calculi contain­
ed both acid-soluble and ether-soluble material. 

The epithelium of the common duct was stratified (five to ten layers of 
cells), with cells becoming rounded or cuboidal. As the process increased in 
severity, polyploid masses of cells could be seen projecting into the lumen, 
where they often could be found lying free. Numerous glandlike evaginations 
occurred in the wall of the common duct and were lined by columnar cells, 
except for areas in contact with the lumen at the neck and mouth of the 
evagination, where stratification sometimes was seen. The thickening of the 
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epithelium in the intraduodenal portion of the duct was sufficient to reduce the 
cross-sectional area of the lumen considerably. The connective tissue of the 
duct was not greatly increased, but there were large numbers of polymorpho­
nuclear leukocytes and eosinophils. 

Similar changes were seen in the larger hepatic ducts, which were dilated 
and contained masses of desquamated cells. The medium and large duct 
epithelium was usually columnar but occasionally stratified. The portal fields 
were only slightly enlarged but contained greatly dilated lymphatics. Inflam­
mation was not prominent, and bile duct proliferation was not typical. In 
some animals, however, numerous masses of multiplying ducts filled the 
portal fields and extended to adjacent portal fields, accompanied by some 
inflammation and degeneration of peripheral hepatocytes. Changes of com­
plete biliary obstruction, i.e., well-developed cirrhosis, did not occur. 

Vitamin A deficiency characteristically results in hypoplasia of mucus­
secreting tissues and "keratinizing metaplasia" of epithelial surfaces (17 I). 
The inhibition of mucus secretion appears to be related to a defect in muco­
polysaccharide synthesis which can be attributed to a diminished incorpora­
tion of sulfate into 3' -phosphoadenosine-5' -phosphosulfate (active sulfate) 
(I 72). The impaired synthesis of active sulfate can be demonstrated in cell­
free colon preparations from vitamin A deficient rats and can be restored to 
normals by a metabolite of vitamin A. 

The keratinization of epithelial structures has long been recognized as 
a feature of vitamin A deficiency, but the biochemical and ultrastructural 
details of this lesion are poorly understood. Keratinization implies accumula­
tion of keratin, an insoluble protein rich in cystine sulfhydryl linkages. The 
incorporation of methionine-35S into the skin of vitamin A deficient rats is 
markedly increased (173), and the incorporation of inorganic 35S04, presum­
ably into mucopolysaccharides, is decreased. There is also evidence for an 
increased conversion of cystine into inorganic sulfate (174), and the total 
cystine content of skin is depressed (175). 

The defect in mucopolysaccharide synthesis together with the increased 
incorporation of methionine sulfur and the decreased cystine content may 
reflect an increased epithelial cell turnover, as suggested by the hyperplastic 
mucosa and the masses of epithelial cells in the biliary tract, but the picture 
is not yet complete. In any case, it is clear that desquamated cells appear to 
be the most important factor in this form of cholelithiasis. The contribution 
of cellular debris to other types of gallstone formation has been discussed in 
previous sections. 

Another consequence of vitamin A deficiency which may influence gall­
stone formation is the reduced conversion of squalene to cholesterol, with 
subsequent diversion of mevalonate to Ubiquinone synthesis (I 76). This effect, 
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which could in part explain the increased oxygen consumption seen in vitamin 
A deficiency (177), would be expected to substantially reduce the formation 
of bile salts from cholesterol, with a consequent reduction in the bile salt 
pool. This would in turn reduce the flow bile of with obvious effects on the 
kinetics of gallstone formation. There is, however, no direct evidence bearing 
on this possibility. 

There are some remarkable similarities between cholelithiasis induced 
by vitamin A deficiency and that by lithocholate administration. In both, 
bile duct and ductularcell proliferation are striking, and the common duct 
extremely hyperplastic. Desquamating cells are prominent, and cellular debris 
is important in the structure of the calculi. Both conditions are characterized 
by an unusual infiltration of polymorphonuclear and eosinophilic leukocytes. 
In addition, cholestasis, which may be present in vitamin A deficiency, is a 
weB-recognized pharmacological effect of lithocholate administration (162, 
163). Vitamin A deficiency does not result from lithocholate administration, 
and the pathological changes produced by lithocholate cannot be reversed 
by vitamin A (154). Similarly, preliminary data indicate that there is also 
no major change in the pattern of bile acid metabolism in vitamin A defici­
ency (156). Further work will be necessary to determine whether any of the 
changes found in these conditions have a common pathogenesis. 

VI. CONCLUSIONS 

It is clear that research in experimental cholelithiasis is at a point where 
the various factors influencing gallstone formation can be separated and 
investigated. As pointed out by Small (7), they fall into two main categories: 
(a) factors resulting in the formation of an abnormal (lithogenic) hepatic 
bile and (b) factors resulting in the alterations of normal bile in the extrahepat­
ic biliary system. It seems safe to predict that most of the factors regulating 
cholesterol solubility have or are being delineated (see reference 178), and a 
number of investigations are now being directed toward the physiological 
processes that govern the excretion of cholesterol, phospholipids, and bile 
salts in bile. Just as important, however, are the factors governing the absorp­
tion of substances (particularly bile salts) from the gallbladder. The studies 
of Ostrow (12,13) have emphasized (he importance ofinfiammatory changes 
in the gallbladder wall in permitting diffusion of ionized bile salts and of 
alterations in the chemical nature of bile salts, e.g., bacterial deconjugation, 
in permitting nonionic diffusion of these compounds as un-ionized acids 
across the normal gallbladder mucosa. These two lines of investigation should 
make it possible to accurately identify bile that is potentially lithogenic with 
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respect to cholesterol stone formation, whether by virtue of the production of 
abnormal hepatic bile or by subsequent alterations in the composition of 
normal bile. In addition, the investigations may be expected to result in 
practical methods for altering the composition of bile in a direction calculated 
to prevent cholesterol lithiasis or cause the dissolution of pre-existing stones. 

Much less is known about the formation of pigment stones. Good 
qualitative analyses are lacking, and animal models have not, as yet, yielded 
a great deal of useful information. The role of biliary cations, particularly 
calcium, has not been studied sufficiently in relation to the known anions, 
such as bilirubin, bile acids, and fatty acids, to provide much understanding 
about the formation of these insoluble salts and their association to form 
stones. The work on fJ-glucuronidase activity (128) is exciting and appears 
to provide a promising approach to the etiology of pigment stones. If animal 
models are to be helpful in these investigations, as they should be, more 
comprehensive qualitative and quantitative analyses of experimental pigment 
stones will be necessary to define clearly the particular biliary constituents 
involved in the early stages of stone formation. 

The role of mucus in the pathogenesis of gallstones is under active in­
vestigation. The results of these studies should clarify how gallstones are 
organized and the function of the organic matrix. A better understanding of 
how mucus affects midus retention, together with more details on factors 
affecting bile flow and gallbladder contractility, should help to evaluate the 
role of stasis in gallstone formation and may lead to clinically useful methods 
of therapy. Several of the experimental models described above may prove 
helpful in these further investigations. 

The studies reported here on experimental cholelithiasis have re­
emphasized the fact that bile salts deserve particular attention in considering 
the pathogenesis of gallstones. They appear to constitute the most important 
variable determining the solubility of cholesterol in bile, and factors influenc­
ing their concentration in bile are certainly germane to the problem of 
cholelithiasis. These include various aspects of bile acid metabolism which 
affect the excretion of bile salts in bile and their reabsorption from the biliary 
tract. In addition, studies on experimentally induced cholelithiasis have dem­
onstrated that certain bile salts are quite insoluble and may participate, 
with other organic anions, in forming mixed stones, pigment stones, and the 
centers, or nidi, of cholesterol stones, Finally, bile salts possess pharmacologi­
cal properties that may affect mucus production and bile flow. These prop­
erties, like other pharmacological properties of bile salts, are probably 
related to specific structural configurations, so that more information 
about the specific effects of individual bile salts will be necessary to evaluate 
their importance in the pathogenesis of cholelithiasis. 
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Chapter 7 

CLINICAL IMPLICATIONS OF BILE ACID 
METABOLISM IN MAN* 

Tatu A. Miettinen 

Third Department of Medicine 
University of Helsinki 
Helsinki, Finland 

I. INTRODUCTION 

Cholesterol molecules once formed in the body or absorbed from the 
diet can be eliminated from the human organism primarily by the gastro~ 
intestinal route as such or after conversion to bile acids. The latter are 
synthesized exclusively in the liver via a series of reactions which are initiated 
by 7a-hydroxylation of cholesterol (1). Bile acids subsequently formed 
are called "primary bile acids," in contrast to "secondary bile acids," which 
are formed by intestinal microorganisms from the primary ones during the 
enterohepatic circulation. 

Primary bile acids, the major components of which in man are cholic 
and chenodeoxycholic acids, are mainly excreted as glycine and taurine 
conjugates via the bile into the intestine, where they facilitate micellar solu­
bilization and absorption of lipids. Most of the bile salt conjugates are re­
absorbed in the ileum and re-excreted, completing the enterohepatic circula­
tion of bile acids (2). A small portion escapes during each circulation into the 
colon and finally into feces, the daily fecal excretion being in a normal man 
about 250 mg/day. During intestinal passage, bacteria convert the primary 
bile acids into a great number of secondary products, deoxycholic acid 

*The investigation is being carried out under a contract with the Association of Finnish 
Life Assurance Companies. 
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being the major component of cholic acid and lithocholic acid that of che­
nodeoxycholic acid. Since secondary bile acids (especially deoxycholic acid) 
are absorbed to a small extent, bile usually contains deoxycholate con­
jugates as a third major component. 

Bile acids have two major functions in man: (a) they form a catabolic 
pathway of cholesterol metabolism, and (b) they play an essential role in 
intestinal absorption of fat, cholesterol, and fat-soluble vitamins. These 
functions may be so vital that a genetic mutant with absence of bile acids, if 
at all developed, is obviously incapable of life, and therefore this type of 
inborn error of metabolism is not yet known clinically. A slightly decreased 
bile acid production, i.e., reduced cholesterol catabolism, as a primary 
phenomenon can lead to hypercholesterolemia without fat malabsorption, as 
has been suggested to be the case in familial hypercholesterolemia. A relative 
defect in bile salt production may lead to gallstone formation. A more severe 
defect in bile acid synthesis and biliary excretion found secondarily in liver 
disease causes fat malabsorption. This may be associated with hypercholes­
terolemia according to whether the bile salt deficiency is due to decreased 
function of parenchymal cells, as in liver cirrhosis, or whether the biliary 
excretory function is predominantly disturbed, as in biliary cirrhosis or 
extrahepatic biliary occlusion. Finally, an augmented cholesterol production 
in obesity is partially balanced by increased cholesterol catabolism via bile 
acids, while interruption of the enterohepatic circulation by ileal dysfunc­
tion or cholestyramine leads to intestinal bile salt deficiency despite an up to 
twentyfold increase in bile salt synthesis, to fat malabsorption, and to a fall 
in serum cholesterol. 

The biochemistry of bile acid synthesis, production of secondary bile 
acids, and enterohepatic circulation have been extensively studied, partic­
ularly by Bergstrom's group, and have been thoroughly reviewed in both 
earlier (3-5) and more recent studies (1,2). In the late 1960s and in the 
beginning of the 1970s, more and more attention has been paid to the clin­
ical significance of bile acids, especially in the fields of gastroenterology 
(6-10), hypercholesterolemia, and atherosclerosis (II). This chapter therefore 
concentrates on recent findings in bile acid metabolism in man, the clinical 
implications in particular being emphasized. 

ll. SYNTHESIS OF PRIMARY BILE ACIDS 

The synthesis of cholic acid from cholesterol in rodents proceeds via 
7a-OH-cholesterol, leading to a trihydroxy derivative which finally loses a 
side chain, resulting in the formation of cholic acid (I). The synthesis appears 
to proceed similarly in the human liver (12). Trihydroxycoprostanic acid, 
which is a precursor of cholic acid and which is formed from cholesterol 
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in man, has been isolated in small amounts from human bile and belongs 
thus to the primary bile acids (13-15). Cholic acid appears to be produced 
also from 26-0H-cholesterol in man (16). 

It seems quite apparent that 7a-OH-cholesterol serves as a primary 
intermediate in human chenodeoxycholic acid synthesis (I). 5p-cholestane-
3a,7a-diol and, further, dihydroxycoprostanic acid have been found in 
human bile (17). The latter is known to be converted finally to chenodeoxy­
cholate (18). Thus dihydroxycoprostanic acid belongs to the primary human 
bile acids. 

Bile acids are conjugated in the liver with glycine or taurine. The con­
jugation, carried out by bile acid acyl transferase(s), is located in the lysosom­
al fraction, catalyzed by the microsomal fraction, and inhibited by bilirubin 
and particularly by conjugated bile salts (19). The last factors apparently 
explain the reduced conjugation of bile acids in biliary occlusion. Taurine 
deficiency develops easily in man (see Section VIIC2d), and oral administra­
tion of taurine decreases the glycine/taurine ratio (20). Bile acids are conjugated 
also with other substances in man. Thus, glyco- and taurolithocholic acid 
sulfates (21) and ornithine conjugates (22) have been found in human bile. 

ill. ENTEROHEPA TIC CIRCULATION OF BILE ACIDS 

Though human bile contains a small amount of unconjugated bile acids, 
most of them are in the form of taurine and glycine conjugates (23). The ratio 
of taurine conjugates/glycine conjugates is approximately I :3, and the cholic/ 
deoxy/cheno ratio is about 1.1 :0.6: 1.0. The individual bile acids are con­
jugated in the same proportions with taurine and glycine. The concentration 
of bile acids in the gallbladder bile is usually above 30 mM and in the upper 
intestinal contents of fasting subjects about 10 mM. After a test meal, the 
lower normal limit of the bile acid concentration in the duodenal or jejunal 
contents is about 4 mM (24-28). The first 1- hr sample after the meal ad­
ministered following an overnight fast usually exhibits a higher concentra­
tion than the later ones, because the bile salt pool is accumulated and con­
centrated during the night into the gallbladder, its sudden emptying increas­
ing markedly the initial intestinal bile acid concentration. Successive meals 
usually reduce slightly the intestinal concentration, because concentrated 
bile has not yet been formed in the gallbladder, but even then the levels are 
usually maintained above 4 mM in normal subjects (28). This is clearly above 
the critical micellar concentration needed for micelle formation (29) but 
appears to be necessary in order to facilitate micellar solubilization of lipids 
effectively enough during fat absorption. 

Bile acids are reabsorbed along the whole small intestine, preferentially, 
however, by the distal ileum. Absorption seems to take place by different 
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mechanisms, viz. passive ionic, nonionic and micellar diffusion, and active 
transport (30). 

Taurine conjugates are not absorbed in the upper intestine of human 
subjects (31,32), the major transport taking place in the lower ileum by both 
an active mechanism and passive ionic diffusion. Glycine conjugates, partic­
ularly those of dihydroxy bile acids, on the other hand, are absorbed also in 
the jejunum by passive ioni..c diffusion (33). Negligible amounts of free bile 
acids are normally found in the upper small intestine (23), while deconjuga­
tion is known to occur in the lumen of the terminal ileum. Absorption of free 
bile acids appears to take place by both ionic and nonionic diffusion, the 
transport for dihydroxy bile acids being particularly rapid even in the 
upper intestine (33). 

Reabsorption of bile acids is very effective, so that only a small percent­
age escapes into the cecum. The rest returns via the portal circulation as 
conjugates [or as unconjugated bile salts if free bile acids were present in the 
gut lumen (34)] into the liver, thus completing the enterohepatic circulation. 
Before resecretion, free bile salts are conjugated in the liver with taurine and 
glycine. 

It has been calculated that the human bile salt pool, amounting to 
about 2-4 g (35-38), circulates two to three times during each meal or five 
to ten times daily (7). Thus, theoretically, 10-40 g' of bile acids is secreted by 
the liver into the intestine daily. Almost the same amount is transported by 
the portal blood back to the liver, yet the serum bile acid concentration is 
normally low, indicating that the normal liver effectively extracts bile salts 
from the portal blood. In view of this relatively high bile acid load to the 
liver, it is understandable that disturbances in liver function can lead to an 
augmented bile acid concentration in the systemic circulation, though 
under these conditions bile acid secretion into the intestine is also reduced. 

Most of the bile acids which escape from the terminal ileum into the 
colon undergo under normal conditions a transformation to secondary bile 
acids via the action of colonic bacteria (1,4). The amount of primary bile 
acids in feces is thus negligible, if any, the mixture of fecal bile acids con­
sisting of compounds with a wide range of polarity (38-41). However, in 
contrast to neutral sterols, bile acids are not degraded to any appreciable 
extent into undetectable metabolites during the intestinal passage (42). 

After the deconjugation of bile salt conjugates in the lower ileum and 
colon by a great number of different bacteria, the removal of the 7a-hydroxyl 
group takes place very effectively by bacterial enzymes (1,4). The latter 
originate from anaerobes, gram-positive rods. Oxidation of 3a-OH and 12a­
OH to keto groups and subsequent reduction of 3-beta group to 3P-OH are 
the other major transformations taking place in the human colon. Thus the 
major product of cholic acid is deoxycholic acid and that of chenodeoxy-
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cholic acid is lithocholic acid (or its epimer), two secondary components 
comprising normally the bulk of fecal bile acids in man (38-40,43). 

Colonic reabsorption of secondary bile acids seems to be clearly estab­
lished. The presence of deoxycholic acid as a normal biliary constituent in­
dicates that it has been absorbed from the colon. Furthermore, the human 
bile contains a variety of other bacterial transformation products such as 
lithocholic acid and other cholanic acids, some of which may have been fur­
ther metabolized by the liver (44-47). In contrast to the case in some other 
mammalian species, human liver is not able to convert deoxycholic acid back 
to cholic acid. Colonic perfusion with different labeled bile acids has clearly 
shown that colonic absorption takes place in man (48). Administration of 
labeled cholic acid into the lumen of the large bowel during operation for 
cholecystectomy is followed by the appearance oflabeled cholic acid anddeoxy­
cholic acid in the T-tube bile, the recovery from the T-tube being about 60% 
of the dose (49). This clearly shows that cholic acid is converted to deoxy­
cholic acid in the human colon and that both of them are absorbed from the 
large bowel. Colonic reabsorption has been calculated to amount to 200 mg/ 
day (49). The colonic absorption of secondary bile salts could be even higher 
if the physical state of some bile acids were not unfavorable for absorption. 
Lithocholic acid, for example, is a very nonpolar compound and precipitates 
in the colonic content; in addition, it and other secondary bile acids as well 
are partially associated with fecal debris and bacteria (41). As a result of 
poor absorption, the amount of secondary bile acids, other than deoxycholic 
acid, is usually low in human bile. After a continuous biliary drainage, 
secondary bile acids disappear from the bile in a few days (49-51). 

As already mentioned, some bile acids escape from the portal blood to 
the general circulation. Serum bile acid concentrations range normally from 
30 to 230 ,ugjIOO ml (52). Most of them are in conjugated form, the propor­
tions of the individual bile acids being about the same as in the bile, viz. 
cholic, chenodeoxycholic, and deoxycholic acids are the major constituents. 

IV. QUANTITATION OF BILE ACID METABOLISM 

The methods available for the quantitation of bile acid metabolism in 
man have been reviewed recently by Hofmann et al. (53). The measurement 
can be performed by the following methods: (a) fecal determination of bile 
acids, (b) fecal excretion of administered labeled bile acids, (c) isotope 
dilution, and (d) measurement of bile salt pool. 

A. Determination of Fecal Bile Acids 

Since urinary excretion (4) and output through the skin (54) of bile 
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acids are nomally negligible and since virtually no degradation of bile acids 
takes place during intestinal transit (42,55), bile acids are eliminated from the 
body by the fecal route. Therefore, determination of total fecal bile acids gives 
exact figures (mg/day) for the individual's capacity to synthesize bile acids 
and to catabolize cholesterol via this pathway. Because of heterogeneity of 
the fecal bile salt mixture, presence of other disturbing components in feces, 
and irregularities of human bowel movements, a reliable quantitation of total 
fecal bile acids is a very difficult and time-consuming procedure. Further­
more, end products of cholic and chenodeoxycholic acids are not usually 
measured separately. The following methods are available for quantitation 
of total fecal bile acids: (a) direct chemical measurement, chemical balance 
(55-58), and (b) measurement of radioactivity in the fecal bile acid fraction 
after administration of labeled cholesterol, isotopic balance (43,59-61). 
Both of the methods require a large pool of feces to be collected over several 
days, and even then the use of an un absorbable marker, which aIIows a 
correction to be made for fecal flow, is preferable. The isotope method 
necessitates that radioactive cholesterol be given several weeks earlier so as to 
reach an isotopic steady state when the specific activity of fecal bile acids 
equals that of their precursor, serum cholesterol. The results obtained with 
the isotopic method are in good agreement with those found chemicaIIy, 
provided that the isotopic steady state is achieved (55,61). 

In contrast to many earlier studies using less specific procedures (cf 55), 
the chemical methods, which apparently give the most reliable results, have 
shown that the daily bile acid synthesis is normaIIy relatively low in man, 
being about 250 mg/day (range from about 100 to 400 mg/day), i.e., about 
one-third of total cholesterol catabolism. Dietary factors, and especiaIIy 
body size and obesity, affect the values sensitively; impaired liver function 
and hypercholesterolemia decrease, and malabsorption, especially ileal 
dysfunction, increases markedly the fecal bile acid elimination (I 1,62,63). 
Determination of the fecal bile salt excretion is a sensitive method for 
detection of ileal dysfunction (64). 

B. Fecal Excretion of Administered Isotopic Bile Acids 

Measurement of fecal excretion of isotopic bile acids (65) gives only 
the half-life of the labeled bile acid used. The isotope is injected intravenous­
ly, and the daily fecal excretion of radioactivity is measured. According to 
this procedure, the fractional excretion rate of cholic acid in man is normaIIy 
about 12-13% per day (66,67). Disadvantages of the method are that the 
absolute values are not obtained, the cholic and chenodeoxycholic acid ex­
cretions must be measured separately or a double label method must be 
used, and the fecal flow should be regular, though an unabsorbable fecal 
marker can be used. The method appears to be suitable for screening of 
ileal dysfunction. 
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C. Isotope Dilution 

In the isotope dilution method, described originally by Lindstedt (35), 
a tracer dose of a labeled bile acid is given orally or intravenously and the 
disappearance is followed by determining the specific activity of that bile 
acid in duodenal contents serially for up to 7 days. The specific activity­
time curve is exponential. Thus the pool size and turnover (equals synthesis) 
of that bile salt can be determined. Cholic and chenodeoxycholic acids 
appear to have slightly different turnover data in some individuals (38,67). 
Therefore, the metabolism of the two should be measured separately if 
exact figures are wanted, by using both labeled cholic and chenodeoxycholic 
acids. A gross estimate of the one can be obtained, however, from the ratio of 
these two bile acids in the bile if the pool and turnover of the other are 
measured (35,37). 

The studies with this method (35,37,38) have revealed that the cholic 
acid pool is 0.5-2.3 g and that of chenodeoxycholate and deoxycholate about 
the same, so that the total bile acid pool is 1.9-5.0 g. Turnover data have 
indicated that the fractional turnover rate is about 20 % per day, and the 
daily synthesis of cholic and chenodeoxycholic acids is normally 190-690 
mg and 290-390 mg, respectively, totaling on an average 700 mg. This figure 
is markedly higher than that obtained with the chemical methods, though 
no comparable studies with the two methods in the same subjects have been 
performed. The reason for the difference is not apparent, but it should be 
borne in mind that though the primary bile salts of the enterohepatic cir­
culation apparently form a single rapidly equilibrating pool, colonic bile 
acids form another relatively slowly equilibrating pool (68). It is apparently 
for this reason that the fractional turnover of bile salts is slightly lower when 
measured with the isotope excretion method (66,67) than with the isotope 
dilution method. 

The isotope dilution method is relatively easy to perform technically. 
The procedure has been widely used for measurement of cholesterol catab­
olism in different conditions (69-74) and of bile salt kinetics in gastroin­
testinal disorders (75-78). Markedly augmented loss of bile acids in ileopathy 
makes the procedure less reliable because the administered isotope may 
disappear totally into feces during the first day, sometimes even during the 
first enterohepatic circulation of the bile acid pool after administration of 
the label. Under these conditions, no quantitative figures are obtained, the 
method being suitable for screening of this disorder. 

D. Measurement of Bile Acid Pool 

After an overnight fast, the bile acid pool is almost totally in the gall­
bladder. If under these conditions a tracer amount of an isotopic bile acid 
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is injected intravenously, it is rapidly secreted into the gallbladder and mixed 
with the endogenous bile acids (77,78). The dilution can be easily measured 
from a single duodenal bile salt sample taken about 3 hr after the injection. 
The pool size calculated from the dilution is of the same magnitude as that 
obtained by Lindstedt's serial dilution technique (77). The value of this 
method is limited to the detection of a reduced size of the fasting pool. 
Erroneous results are apparently obtained if liver function is impaired, be­
cause under these conditions intravenously administered bile acids are 
eliminated slowly from the circulation (79-81). 

The jejunal bile salt concentration obtained after a test meal following 
an overnight fast is some kind of indication of the effective bile acid pool 
(52). As already stated (24-28), this concentration is normally more than 4 mM 
even after successive meals (28). In bile salt deficiency (7) and in cases of 
impaired gallbladder contraction (82-84), the concentration is frequently 
but not consistently decreased. The value of this method may be increased 
if the intestinal bile salt pool, instead of the concentration, is determined, 
because differences in the dilution of the jejunal contents are mostly eliminat­
ed. Thus, though the fecal fat and bile salt excretion is not correlated with 
the jejunal bile salt concentration after a test meal in patients with ileal re­
section, they show a highly significant negative correlation with the bile 
salts (average intestinal bile salt pool was normally about 2.5 g) found in the 
intestinal pool in which the fJ-sitosterol administered with the test meal was 
dispersed (64). This suggests that the fasting bile salt pool in the gallbladder 
and subsequently the effective intestinal pool during fat digestion are re­
duced proportionally to the fecal bile acid loss. Determination of the gall­
bladder pool in this way becomes apparently still more accurate if the 
internal marker is instilled into the upper duodenum by constant infusion 
and the amounts of biliary constituents are related to this marker (85). The 
biliary secretion rate of bile acids can be measured by this method. 

V. PHYSIOLOGICAL FUNCTIONS OF BILE ACIDS 

A. Effects on Biliary Secretion 

Bile salts appear to have a central role in the biliary secretion of water 
and solutes (103,104). Thus about half of biliary water secretion is bile acid 
dependent and the other half bile acid independent (104,105). In addition, 
cholesterol and lecithin secretion is also, at least in part, bile acid dependent. 
Feeding of bile acids to patients with interrupted enterohepatic circulation 
has a normalizing effect on the biliary secretion of bile acids, cholesterol and 
lecithin, so that despite an augmented cholesterol output its solubilization 
is improved (106,107). When the variation in the biliary bile acid secretion 
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rate is made wider by interruption of enterohepatic circulation and by 
duodenal bile acid feeding in patients with T-tube, a positive correlation can 
be seen between the secretion rate of bile acids and those of cholesterol and 
particularly lecithin (105). An interrupted enterohepatic circulation appears 
to inhibit, and its restoration to stimulate, hepatic lecithin synthesis (108). 
At a low rate of bile acid secretion, cholesterol no longer remains in micellar 
form and is under these conditions secreted independently of bile acids (105). 
The negative correlation between the fecal bile salt output and the intestinal 
cholesterol pool after a fat meal in patients with ileal resection was suggested 
to be due to depletion of hepatic cholesterol for bile acid synthesis but may 
also be caused by a reduced rate of biliary bile salt secretion (64). 

Jejunocolic bypass, which interrupts enterohepatic circulation and which 
has been used in the treatment of intractable obesity, is occasionally associat­
ed with the development of fatty liver (109, I J 0). It can be speculated that 
the disturbance in bile acid metabolism might be associated with a disturbed 
release of lipids not only into the bile but also in the form of lipoproteins into 
the circulation, thus contributing to the development of fatty liver. 

B. Catabolism of Cholesterol via Bile Acids 

Elimination of cholesterol from the human body takes place primarily 
by the fecal route as bile acids and neutral sterols, viz. cholesterol, coprosta­
nol, and coprostanone. About one-third of cholesterol is normally catabo­
lized by way of bile acids (1 I). As will be shown later, the amount of the 
latter depends on the body size, so that the weight correlates with the fecal 
bile acids, the average daily output of 250 mg corresponding to about 4 mg/ 
kg. The factors regulating hepatic bile acid production under normal con­
ditions are, however, unknown in many respects. 

It seems evident that (1) if bile acid elimination is inhibited or impaired 
as a primary phenomenon, e.g., in biliary obstruction and hypercholesterol­
emia, a decreased catabolism of cholesterol leads to hypercholesterolemia and 
reduced cholesterol synthesis; (2) if bile acid elimination is primarily aug­
mented, e.g., after an external bile fistula, ileal bypass, ileal resection, cho­
lestyramine treatment, or perhaps a diet rich in fibrous material, conversion 
of cholesterol to bile acids is enhanced, leading almost always, despite 
stimulated cholesterol synthesis, to a fall in serum cholesterol; (3) if en­
dogenous cholesterol production is primarily increased, e.g., by obesity and 
excess of calories, bile acid synthesis and elimination are augmented, pre­
venting together with increased neutral sterol elimination in some but not all 
cases the increase of serum cholesterol. This suggests that removal, not 
production, of cholesterol is the primary factor which determines serum 
cholesterol level. 
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There is no direct evidence so far that the actual concentration of serum 
cholesterol would determine bile acid production and elimination in man. 
For instance, increase of serum cholesterol by dietary cholesterol is not as­
sociated with compensatory increase in bile acid production (63,71,86,87). 
This does not exclude the possibility that an increase of some lipoprotein 
subfraction would stimulate bile acid synthesis. Thus determinations of 
bile acid synthesis by the isotope dilution method have shown markedly 
high values in triglyceridemic subjects (69), though according to sterol 
balance data this association is mostly determined by the degree of obesity 
of these patients (11,63). It is also interesting to note that though the serum 
cholesterol level and bile acid production are not normally correlated with 
each other, bile acid synthesis and the serum cholesterol pool are closely 
correlated in normocholesterolemic non obese and obese subjects and in 
hypercholesterolemic individuals (88). 

1. Impaired Bile Acid Production 

An isolated defect in bile acid production has been found so far only in 
familial hypercholesterolemia (62), though even in this entity cholesterol 
catabolism as a whole may be decreased. Essential hypercholesterolemics 
(II) and hypothyroid patients (11,89) also tend to have a low bile salt 
elimination, though the excretion of cholesterol as such appears to decrease, 
too, particularly in the latter condition. In the circumstances in which bile 
salt elimination is decreased as a result of decreased hepatic function, elimina­
tion of cholesterol as such is also reduced (II). Under these conditions, 
serum cholesterol apparently increases only when the amount of elimination 
is decreased more than the feedback mechanism(s) are able to suppress 
synthesis, i.e., when the production exceeds elimination. 

2. Augmented Bile Salt Elimination in Interrupted Enterohepatic 
Circulation 

Bile acid elimination can be stimulated easily in man experimentally 
with cholestyramine (90). This resin interrupts enterohepatic circulation by 
binding bile acids so that their fecal elimination increases in normal subjects 
to almost tenfold. Since this increase persists as long as cholestyramine is 
given, the loss must be balanced by increased bile acid synthesis from cho­
lesterol, which in turn leads to a fall in the serum cholesterol level. Excessive 
decrease of the serum cholesterol level is inhibited by augmented cholesterol 
synthesis and to a small extent by mobilization of tissue cholesterol. 

An understanding of the mechanisms by which the compensatory 
increase in bile acid and cholesterol synthesis takes place following inter­
rupted enterohepatic circulation of bile acids would be important not only 
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theoretically but also practically. Cholestyramine and ileal bypass appear to 
be the most effective therapeutic measures in reducing the serum cholesterol 
levels of hypercholesterolemic patients. The magnitude of this reduction seems 
to depend on the compensatory increase in cholesterol synthesis. If the latter 
could be prevented, though only partially, it would be possible to titrate 
serum cholesterol to any desirable level, e.g., during cholestyramine treat­
ment. 

Biliary diversion in the rat stimulates bile acid production and intestinal 
and hepatic cholesterologenesis to maximum within 24 hr, primarily by 
increasing the activity of cholesterol 7a-hydroxylase and hydroxymethyl­
glutaryl-coenzyme A reductase, respectively (cf 1,91,92). The activity of 
these enzymes is repressed via a double feedback mechanism within 6-12 hr 
after administration of bile acids, possibly by direct action of these com­
pounds on the metabolism of the enzyme protein. An alternative explanation 
is that bile acids, though inhibiting directly an augmented cholesterologen­
esis in the intestinal mucosa, enhance the intestinal absorption of cholester­
ol, the increased return of cholesterol as chylomicrons to the liver suppressing 
hepatic cholesterol production (92). 

A continuous biliary diversion in man augments bile acid secretion 
severalfold (49,50,93). Interruption of enterohepatic circulation of bile acids 
by cholestyramine, ileal bypass, or ileal resection has actually been shown to 
augment cholesterol synthesis also in human subjects (11,64,94,95). Further­
more, oral administration of cholic acid reduces bile acid and cholesterol 
synthesis in man (94), the production of cholic acid having been inhibited 
by oral chenodeoxycholic acid treatment in Indian women with lithogenic 
bile (96). Administration of taurocholate to normal subjects did not change 
consistently the cholesterol synthesis as measured by the acetate-mevalo­
nate test (97). In patients treated with cholestyramine, in whom the acetate­
mevalonate test showed a severalfold increase in cholesterol synthesis (11), 
the simultaneous administration of cholic acid (given 1-2 hr before each 
cholestyramine dose so as to facilitate absorption of cholic acid in the absence 
of resin) reduced the cholesterol synthesis significantly (88). The latter was 
not, however, normalized, and because serum cholesterol tended to increase 
the cholesterol synthesis may have exceeded the elimination. It is not known 
actually whether in man the supplementation of bile salt loss with exogenous 
bile acids is able to suppress both hepatic and intestinal cholesterologenesis. 
Some evidence has been presented that cholesterol production by intestinal 
mucosa is stimulated in man by cholestyramine-induced interruption of 
enterohepatic circulation (98). 

The interval before the feedback mechanism activates bile acid syn­
thesis after interruption of the enterohepatic circulation is not known in 
man, nor has it been established how soon the augmented synthesis is 
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normalized after restoration of the normal bile acid circulation. Bile drainage 
following cholecystectomy shows that secretion is markedly augmented 
after the third day, indicating that activation is slow or that operative 
"stress" slows it down (49,50,93). Stimulation of cholesterol synthesis appears 
to be a faster phenomenon. Thus cholesterol synthesis measured with the 
acetate-mevalonate test is significantly stimulated after 1 day on cholestyra­
mine (Fig. 1), the maximal stimulation being seen in 3-4 days (88). One day 
after interruption of the treatment, there is a twofold reduction in cholester­
ol synthesis. In a hypercholesterolemic patient, the acetate-mevalonate 
test indicated that synthesis was increased severalfold I day after the ileal 
bypass operation, the maximum stimulation being reached on the third day. 
These experiments of course did not tell anything about the temporal re­
lationship between bile acid and cholesterol synthesis. Stimulation and 
suppression of cholesterol synthesis seem to be so fast in man that they may 
even precede those of bile acid, as has been suggested to be the case in the 
rat (99). 

The maximal capacity of human subjects to catabolize cholesterol via 
bile acids is not known, because complete external biliary fistula, ileal bypass, 
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Fig. 1. Effect of cholestyramine (resin) on the ratio 14Cj3H x 100 in 
serum cholesterol after intravenous administrations (injections indi­
cated by arrows) of an acetate-14C-mevalonate-3H mixture (upper 
panel), and fecal bile acids (lower panel, shaded area of bars) and 
neutral steroids of cholesterol origin (lower panel, un shaded area of 
bars). 1, Slightly obese triglyceridemic (type IV) patient whose fecal 
steroid excretion is illustrated in the lower panel. 2, Obese patient 
with familial hypercholesterolemia (type II). 3, Nonobese patient 
with familial hypercholesterolemia (type II), had been on cholesty­
ramine for 2 months before the first injection of the isotope mixture. 
Low-cholesterol solid food diet. 
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or ileal resection alone or associated with cholestyramine treatment-the 
clinical conditions employed in these kinds of studies-usually results in 
malabsorption and malnutrition, which as such limit bile acid production. 
Patients with biliary fistula have been reported to produce 0.8-5.1 g of bile 
acids daily (100), though occasionally a value as high as 8.4 g has been record­
ed (49). Fecal bile acid excretion in patients with ileal bypass or resection may 
increase up to 4-5 g/day (64,88,101), and if the patient is treated additionally 
with cholestyramine the value may increase up to 100 mg/kg of body weight 
(102). It is not known exactly which of the two factors in bile acid synthesis, 
i.e., depletion of the substrate, cholesterol (via limited increase of cholesterol 
synthesis), or limited enzyme activity (primarily cholesterol 7a-hydroxylase) of 
the bile acid synthesis pathway, is the limiting factor of the overall bile acid 
production. In hypercholesterolemia, at least, the lack of cholesterol seems 
not to be responsible for the relatively low bile acid production (II ,62,63,90), 
though very little is known about the magnitude of the intrahepatic choles­
terol pool which feeds cholesterol to bile acid synthesis. 

3. Augmented Bile Acid Production Subsequent to Increased Cholesterol 
Synthesis 

Increased body size (without obesity) is associated with augmented 
cholesterol production and, apparently owing to larger liver size, with 
increased catabolism of cholesterol via bile acids. If the body size is further 
increased by obesity, cholesterol production, probably in the liver, is also 
increased. This is balanced by enhanced bile acid synthesis and excretion 
and augmented cholesterol elimination as fecal neutral sterols so that the 
serum cholesterol level is not consistently increased (II ,63,88). This finding 
suggests that bile acid production is increased as an obligatory consequence 
of the augmented cholesterol production. 

This raises a question of whether the mechanism of stimulated bile acid 
production during interrupted enterohepatic circulation of bile acids is 
different from that found during the enhanced cholesterol production in 
obesity. It is reasonable to assume that in obesity the biliary secretion of both 
bile acids and cholesterol is augmented and that subsequent intestinal 
reabsorption from the expanded intraluminal pool is increased in absolute 
figures (probably decreased relatively). Thus the fluxes both of bile acids via 
the portal blood and of cholesterol via the lymphatics back to the liver are 
augmented. Despite these two fluxes, from which the former at least is sup­
posed to inhibit bile salt production (and cholesterol synthesis as well), the 
hepatic synthesis of bile acids is actually increased, suggesting that it is an 
increased cholesterol synthesis which stimulates bile acid production. 

In interrupted enterohepatic circulation, the biliary secretion of both 
bile acids and cholesterol is decreased and their reabsorption reduced, so 
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that both the portal and the lymphatic fluxes of bile acids and cholesterol, 
respectively, to the liver are diminished. Initially, one or both of these reduced 
fluxes may stimulate bile acid production and secondarily cholesterol syn­
thesis. Alternatively, however, the latter may at first be al)gmented, resulting, 
as in obesity, secondarily in enhanced bile acid synthesis. However, it is of a 
different magnitude than in obesity. The reason for this can be speculated to 
lie in the reduced bile acid secretion, which reduces biliary cholesterol secre­
tion so that more cholesterol might remain in the liver. If biliary cholesterol 
secretion and bile acid synthesis have, even if partially, a common cholesterol 
pool, the reduced cholesterol secretion could rapidly expand this pool unless 
the bile acid synthesis were markedly increased. To explain the initial serum 
cholesterol reduction, the increase in bile acid synthesis should exceed the 
increase in cholesterol synthesis. In obesity, the biliary secretion of bile acids 
apparently is slightly increased so that a considerable portion of augmented 
cholesterol synthesis can be balanced by augmented biliary cholesterol 
secretion. Under these conditions, serum cholesterol may increase occasion­
ally. 

An interrupted enterohepatic circulation of cholesterol itself is seen in 
malabsorption (119), very little extra bile salts being lost. Under these con­
ditions, the bile acid fluxes to and from the liver are probably normal, the 
return of cholesterol being markedly reduced and the biliary secretion nor­
mal or increased. Thus (a) cholesterol synthesis is increased, (b) bile acid 
synthesis is normal or slightly elevated, and (c) serum cholesterol is low due 
to augmented catabolism of cholesterol via fecal neutral sterol excretion. 
The relationship between bile acid and cholesterol metabolism under dif­
ferent conditions in which cholesterol synthesis is altered is illustrated in 
Table I. 

C. Role in Lipid Absorption 

It is a general clinical observation that in conditions in which the 
intestinal bile salt concentration is low, as in ileopathy, biliary obstruction, 
or liver cirrhosis, fat absorption is only moderately reduced. Interruption of 
the enterohepatic circulation of bile salts by cholestyramine increases slightly 
the fecal fat on a low-resin intake, 12 g three times a day increasing the fat 
output above 20 gjday (Ill). Eight grams of cholestyramine four times daily 
on a normal fat intake has, however, virtually no detectable effect on fat 
absorption (88). Steatorrhea, as compared to that found in gluten entero­
pathy, is distinctly less in states with bile salt deficiency, provided that the 
intestinal mucosa is unaffected. This means that, although the bile salt in­
duced micellar solubilization of hydrolysis products of triglycerides, free 
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fatty acids, and monoglycerides, is generally known to be essential for fatty 
acid and monoglyceride absorption in the upper intestine (6,10,112-114), 
a certain portion of fat is absorbed without micellar solubilization in the 
absence of bile acids. This absorption has been assumed to take place along 
the small intestine by pancreatic lipase splitting triglycerides to fatty acids, 
which are then absorbed by diffusion (6,115). 

Cholesterol and fat-soluble vitamins require bile acid induced micellar 
solubilization for absorption, which takes -place in the upper small intestine 
(ef 32,116-118). Accordingly, in bile salt deficiency states, cholesterol ab­
sorption should be markedly impaired and fecal neutral sterol excretion 
increased. The fact that fecal neutral steroid excretion on a low-cholesterol 
diet is actually normal, as after ileal resection, ileal bypass, and cholestyra­
mine treatment, or even decreased, as in cirrhosis of the liver or biliary 
occlusion (11), is due to a markedly reduced biliary secretion of cholesterol. 
In gluten enteropathy, in which no excessive bile salt loss usually exists, 
fecal neutral sterol excretion is markedly augmented (119). However, in 
occasional cases in which fecal bile salt elimination is markedly enhanced, 
the fecal neutral steroid excretion is quite normal, probably owing to de­
creased biliary cholesterol secretion as a consequence of low biliary bile 
salt secretion. Detailed information on the role of bile salts in both in­
traluminal and mucosal phases of fat and sterol absorption is presented 
in many recent reviews (6,10,113,114,117). 

D. Role in Water Absorption 

Because bile acids are known to be cathartic, they have been used 
therapeutically as laxatives (120). Free bile acids especially inhibit water and 
electrolyte absorption in both the large and the small intestine (121), in­
dicating that though bile acids have lipid transport functions they also have 
antitransport functions. Preventing excessive colonic water absorption, they 
can be regarded as physiological laxatives. Perfusion of the colon has shown 
that dihydroxy bile acids, depending on concentration, can actually stimulate 
colonic sodium and water secretion (48,122). Thus excessive amounts of 
unconjugated bile salts in the colon can cause diarrhea, called "cholerheic 
enteropathy" (7). Patients with ileopathy usually have bile salt induced 
diarrhea, which can be treated successfully in most cases by binding excessive 
colonic bile acids with orally administered cholestyramine (123-127) or even 
lignin (128). The mass of ileostomy discharge correlates with the bile salt 
output and can be increased by augmenting the latter with orally adminis­
tered bile acids (129), indicating that bile salts exert their antitransport ac­
tion in the human small intestine, too. 



Clinical Implications of Bile Acid Metabolism in Man 207 

VI. BILE SALT METABOLISM IN PHYSIOLOGICAL CONDITIONS 

A. Age 

That the human fetus is already able to convert cholesterol to bile acids 
during the second half of gestation is indicated by the presence of bile salts 
in the gallbladder (130,131), cholic acid being the major component (132, 
133). However, deoxycholate has been found in cord blood and in newborn 
serum, indicating that maTernal bile acids cross the placenta to the fetus 
(134). Deoxycholate appears to be absent in the gallbladder bile of fetuses 
and the duodenal contents of newborns, suggesting that the transfer of bile 
acids from the maternal side actually is negligible, that the fetus is not able 
to secrete it into the bile, or that the fetal liver converts deoxycholate to 
cholate or some other product. The gallbladder bile of the newborn appears 
to be less concentrated than that of adults (131). The relatively small amount 
of bile acids in the meconium suggests that the fetus secretes bile acids via 
the bile and that intestinal reabsorption is very effective (135). In view of the 
capacity of bile acids to stimulate water and electrolyte secretion, the low 
bile salt concentration in the meconium is understandable. The human fetus 
and newborn resemble many adult animal species in that most of the bile 
acids are conjugated with taurine (130,132,135). During the first year of 
life, the glycine/taurine ratio reaches almost the adult level. A small amount 
of cholic acid may be conjugated with ornithine in newborns (130). 

Because the newborn lacks microbial 7a-dehydroxylation, deoxycholic 
acid disappears rapidly from the serum during the first days after birth (134) 
and appears in the bile and blood of infants at about the age of I year. 
Concentrations of newborn serum bile acids are within the range for adults, 
a small amount of unconjugated bile salts being detected. During the first 
days of life, the unconjugated derivatives also seem to disappear from the 
serum (a sign of negligible bacterial action) and concentrations of serum 
bile acids are subnormal; normal values are reached after I year. The intesti­
nal bile salt concentration and the micelle formation after a fat meal already 
appear to be similar to those of adults during the first year of life (88). 

As far as the rate of bile acid synthesis is concerned, no exact figures 
are available for normal children, because fecal bile acid determinations have 
not been performed and the use of isotopes may not be desirable at this age. 
In view of a relatively high caloric expenditure and rapid growth of the 
tissues, one can imagine that cholesterol synthesis and, accordingly, bile 
acid production may be augmented. The few fecal bile acid analyses made 
have indicated that synthesis per kilogram of body weight may be higher 
in children than in adults (88). 
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B. Body Size 

Fecal bile acid excretion bears a close correlation with body weight 
in normocholesterolemic nonobese human subjects (r = 0.85 in 13 subjects). 
This indicates that the body size should always be taken into account when 
bile acid synthesis is studied in different groups of patients (Table II). When 
the values are expressed per square meter of body surface, the correlation 
is still significant (r = 0.72), but when expressed per kilogram of body 
weight the correlation no longer reaches a significant level (r= 0.52). This 
applies only to adults. As already mentioned, children may synthesize rel­
atively more bile acids than adults. Regression between body weight and 
bile acid excretion, which is linear on the adult weight area, seems to be 
curvilinear when extended to the weight scale of children (88). 

Daily cholic acid production appeared to bear some relationship to body 
weight in a study in which the effect of butter and corn oil on the cholesterol 
metabolism was investigated. Thus the correlation coefficient between the 
average cholic acid production rate of each control subject and the average 
weight is 0.75 (73). 

C. Sex 

Normocholesterolemic women (without obesity) excrete and synthesize 
distinctly smaller amounts of bile acids than males (63) (Table II). The sex 
difference, however, almost disappears when the values are expressed per 
kilogram of body weight, though even then the bile acid production tends to 
be higher in males (4.20 ± 0.27 mg/kg) than in females (3.27 ± 0.31 mg/kg). 
Thus the possibility of an actual sex difference in bile acid metabolism is not 
excluded. Furthermore, women tend to eliminate slightly less cholesterol 
in the form of bile acids (28 % of balance) than men (33 %). Table II shows 
bile acid production in both sexes as measured by fecal analysis in various 
conditions with abnormalities in lipid metabolism. 

D. Obesity 

Obesity as such without hyperglyceridemia and hypercholesterolemia is 
the most potent physiological factor in stimulation of cholesterol synthesis 
in man (11,37,63,138). Though this increased synthesis is mainly balanced 
by elimination of cholesterol as fecal neutral sterols, bile acid synthesis is 
also increased (see Table II and Section VB3). This was not seen, however, 
constantly in every patient, though in a group of 13 overweight subjects the 
average fecal bile salt excretion (438 ± 64 mg/day) was significantly higher 
than in normocholesterolemic nonobese controls (238 ± 25 mg/day). Since 
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the ideal weights of the two groups were the same, obesity as such was 
inducing an extra production of 200 mg/day of bile acids, which in this 
particular series corresponded to 3.6 mg of bile salts/day/kg in contrast to 
3.8 mg/day/kg of body weight in the controls (Table II). In the controls, 
31 % of synthesized cholesterol was catabolized by way of bile acids, this 
figure being in obese subjects only insignificantly less, viz. 26 %. However, 
obese women seem to catabolize significantly less cholesterol via bile acids 
(21 % of total synthesis) than nonobese women (28 %). This finding will be 
discussed in Section VII with respect to gallstone development. 

Since it is quite apparent that augmented bile acid synthesis is a primary 
phenomenon which leads to increased fecal bile acid excretion in obesity, 
the bile acid pool should also be large. Unfortunately, measurement of pool 
size has not yet been performed in relation to body weight or obesity. En­
hanced bile acid production in obesity seems not to be an irreversible 
phenomenon. Thus weight reduction in a few overweight patients brought 
cholesterol synthesis and also bile acid production down to almost normal 
limits (136; see Fig. 2). 

It is quite clear from the literature that all studies dealing with bile salt 
metabolism in man, no matter what the methodology, neglect totally both 
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Fig. 2. Response of blood lipids and fecal steroids to 
weight reduction, high-calorie diet, and cholestyramine 
(resin) in a patient with excessive initial overweight. The 
lower parts of bars indicate fecal bile acids and the upper 
parts fecal neutral steroids of cholesterol origin. Low­
cholesterol solid food diet. 
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the body size and obesity. This is quite apparently the reason, in addition to 
heterogeneity of the material as far as hyperlipidemias are concerned, for the 
relatively large variation in the values reported. 

E. Diet 

It is apparent that both the quantity and quality of the diet affect bile 
acid production. Both have been insufficiently studied in man, though 
more attention has been paid to the effects of different types of fats on fecal 
bile acid elimination. 

I. Quantity of Diet 

As already discussed, obesity is associated via augmented cholesterol 
synthesis with an increased bile acid production. Since obesity as such is a 
result of excessive consumption of calories, it is logical to infer that overeating 
stimulates cholesterol synthesis and secondarily bile acid production. An 
increased number and quantity of daily meals may, however, change under 
these conditions the metabolism of both cholesterol and bile acids in com­
plicated ways which are not yet completely understood, by augmenting the 
number of enterohepatic circulations of bile salts. Increased intestinal con­
tents and fecal mass may also interfere with reabsorption of bile acids. 

Figure 2 illustrates, however, that in a patient whose weight had been 
reduced by total fast and low-calorie diet a markedly decreased fecal bile 
acid excretion was further reduced when the diet contained an excessive 
amount of calories. Total cholesterol elimination increased correspondingly. 
Cholestyramine promptly enhanced the bile acid excretion by a factor of 5, 
the production being again slightly decreased, despite continuous cholesty­
ramine treatment, when the patient was put on a low-calorie diet. It appears 
to be a general observation that a total fast or a low-calorie diet decreases 
the bile acid production both in basal conditions and when the production 
is already stimulated by, e.g., cholestyramine or ileal bypass (11, 88,139,140). 
It should be borne in mind, however, that patients with extensive intestinal 
resections and severe malnutrition can excrete relatively large amounts 
(2.5-3.6 gjday) of bile acids into the feces (64). Reduced bile acid excretion 
found during fasting can be increased by cholestyramine (88,139,140), 
which is also a finding indicating that negative caloric balance is not an 
absolute inhibitor of bile acid production. 

It can be expected that total fast or a low-calorie diet, which effectively 
inhibit cholesterol synthesis in man (11,88,139,141), would dramatically 
reduce the serum cholesterol level during interrupted enterohepatic circulation 
of bile acids. Occasionally, this has turned out to be true (139) (see Fig. 2), 
but frequently a moderate or even only a negligible further fall is seen (11,88) 



Clinical Implications of Bile Acid Metabolism in Man 213 

in serum cholesterol, indicating that catabolism of cholesterol via bile acids 
decreases proportionally to the changes in cholesterol synthesis and mobi­
lization from lost tissues. On the other hand, compensatory increase in 
cholesterol synthesis during fasting can prevent any excessive reduction of 
serum cholesterol by cholestyramine. 

Reduced fecal bile acid excretion during fasting may be secondary to 
decreased cholesterol synthesis, reduced flow of bile acids into the gut lumen 
in the absence of stimulus for gall bladder contraction, or diminished trap­
ping of intestinal bile salts by markedly decreased intestinal contents and 
food residues of cellulose and mucillaneous components. Absence or marked 
reduction of biliary secretion of bile acids should lead to the accumulation of 
the bile salt pool in the gallbladder and to stopped or diminished bile acid 
flux back to the liver via the portal blood. This indicates interrupted entero­
hepatic circulation and should lead, in contrast to what fecal excretion 
shows, to an augmented bile acid synthesis (see Section VB3). Thus some bile 
acids are apparently secreted via the bile, reabsorption being in the absence 
of dietary substances augmented so that fecal elimination is decreased and 
flux of bile acids back to the liver inhibits (probably in association with low 
cholesterol synthesis) hepatic bile acid production. The size of the bile acid 
pool during total fast is not known. 

2. Quality of Diet 

Table III lists the effects of unsaturated fats on fecal bile acids or bile 
acid turnover in the studies in which specific methods have been used for the 
measurement of bile acid metabolism. It can be seen that the well-known 
reduction of serum cholesterol by unsaturated fats is in most studies associat­
ed with a small average increase in bile acid excretion. Though the increase 
may be statistically significant, this material, including 72 patients, comprises 
several subjects in whom the change from saturated to unsaturated fat 
provoked no alteration or even decreased the bile acid excretion and turnover. 
Therefore, though the material is rather heterogeneous in view of hyper­
lipidemia and obesity, augmented bile acid elimination does not appear to 
be any constant and specific response to an unsaturated fat induced fall in 
serum cholesterol. This increase, when recorded, may be primarily due to 
augmented bile acid synthesis in the liver or more likely to inhibited intestinal 
reabsorption of bile acids. The changes observed are usually so small that 
they hardly result in any alteration in the pool size of bile acids. Two inves­
tigations in which turnover and pool size of cholic acid were measured did not 
reveal any consistent change in the pool during fat exchange. 

Very little is known about the effects of other dietary factors on bile 
acid metabolism in man. As already discussed, an increase in the dietary 
cholesterol content did not consistently enhance bile acid synthesis. It has 
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been generally felt that increased amounts of fibrous material, cellulose, and 
mucillaneous substances make the intestinal contents and stools more bulky, 
thus increasing bile acid elimination (89,140). Vegetarians in particular would 
be interesting in this respect. Lignin, one of the major components of plant 
material, has been reported to bind bile acids (128), and a mucinous material, 
Metamucil®, increases the fecal bile salt elimination (149). 

VD. BILE SALT METABOLISM IN CLINICAL CONDITIONS 

A. Hyperlipidemia 

Hyperlipidemia is known to be one of the most potent factor associated 
with the premature development of atheromatous arterial disease. Thus an 
increased serum cholesterol level is frequently found in patients with isch­
emic heart disease and myocardial infarction, and hypercholesterolemic 
patients have a high incidence of coronary artery disease. Therefore, because 
cholesterol is partially eliminated from the body as bile acids (see Section 
VB), it would be important to know the role of bile acid metabolism in the 
development of different types of hypercholesterolemia. 

1. Hypercholesterolemia (Type II) 

It has been reported that fecal elimination of bile acids correlates nega­
tively (62,90) with the serum cholesterol level in patients with familial 
hypercholesterolemia, suggesting that in this condition conversion of 
cholesterol to bile acids is defective and that this defect contributes to the 
development of hypercholesterolemia. A low average fecal output of bile 
acids has been repeatedly detected in this condition (11,62,63,90). The 
detailed relationship of fecal bile acids to obesity and sex based on 69 sub­
jects with familial hypercholesterolemia is presented in Table II. 

The negative correlation between fecal bile acids and serum cholesterol 
was of low degree for the total series (r = - 0.24) and for nonobese patients 
(r = - 0.27), the correlation being positive with the serum cholesterol pool 
(r = 0.28). Fecal bile acids also correlated positively with body weight 
(r = 0.52), relative body weight (r = 0.31), and body surface (r = 0.53). 

The average fecal bile acid elimination is seen to be subnormal, partic­
ularly when expressed per kilogram of body weight. The obese subgroup 
of 15 patients had a normal bile acid elimination, the output in the obese 
males being significantly higher than in the lean ones. Thus obesity as­
sociated with familial hypercholesterolemia slightly stimulates bile salt 
production, though apparently to a lesser degree than in normolipidemic or 
triglyceridemic subjects. The sex difference appears to be similar in familial 
hypercholesterolemia as in normal subjects. 
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Table II also shows, in agreement with earlier results (62), that sub­
normal amounts (24 %) of body cholesterol are catabolized by way of bile 
acids in familial hypercholesterolemia. Thus the elimination defect concerns 
primarily bile acids, the excretion of neutral sterols being less affected so 
that the sterol balance and hence the overall cholesterol synthesis tend to be 
decreased in familial hypercholesterolemia. 

Another group of hypercholesterolemic (type II) patients, indicated in 
Table II by the term "essential hypercholesterolemia," was also studied. 
These patients differed from familial hypercholesterolemia patients in that 
the family history was less clear, serum cholesterol was less elevated, and 
xanthomata were not present. Hypercholesterolemia may be primarily 
caused by environmental, primarily dietary, factors. Bile acid production 
in this group is less significantly reduced than in the familial group, and 
the relative catabolism of cholesterol by way of bile acids is within normal 
limits. Sodhi (l5I) observed in this type of hypercholesterolemia a markedly 
low fecal bile acid excretion. 

In agreement with the findings presented above, the turnover of cholic 
acid has been reported to be low in patients with hypercholesterolemia (73, 
152). Production of cholic and chenodeoxycholic acids has also been shown 
to be markedly lower in hypercholesterolemic than in triglyceridemic 
patients, the former subjects exhibiting a smaller cholic but not chenodeoxy­
cholic acid pool than the latter ones (69). 

Though the basal bile acid production in hypercholesterolemic patients 
is decreased, these subjects are nevertheless able to augment their bile acid 
synthesis as a response to interrupted enterohepatic circulation of bile acids. 
Thus cholestyramine treatment (l1,63,90,94,153,154) or an ileal bypass 
operation (l 1,63, I 27, 155, 156) constantly and markedly augments fecal bile 
acid elimination. Average increments in patients with familial hypercholes­
terolemia have been 1 and 2 gjday, respectively. However, in normocholes­
terolemic patients the increment by cholestyramine appears to be significantly 
higher than that in familial hypercholesterolemia (90) (Fig. 3), again indicat­
ing defective bile acid production. The increment of bile acids correlates with 
basal bile acid elimination, while the correlation with the decrement of serum 
cholesterol remains insignificant (90), owing to a variable compensatory 
increase in cholesterol synthesis to balance the enhanced elimination. 

The reason for the low bile acid formation in familial hypercholesterole­
mia is not known. It could be due to impaired availability of cholesterol to 
the pool which is utilized for bile acid synthesis, a partial deficiency or 
inhibition of the enzyme system producing bile acids, deficient hepatic secre­
tion of bile acids, or augmented intestinal reabsorption. An interesting obser­
vation is that the bile of hypercholesterolemic patients may contain relatively 
little or no deoxycholic acid (23,73,157), a finding recorded also in patients 
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Fig. 3. Correlation between basal fecal bile acid excretion 
and cholestyramine-induced increment of bile acid output 
in normocholesterolemic control subjects (0) and patients 
with familial hypercholesterolemia (e). Cholestyramine 
dose 32 g/day and low-cholesterol solid food diet. 

with liver cirrhosis (23). This is explainable by a reduced entry of bile acids 
from the small intestine into the colon when little deoxycholic acid is formed 
and absorbed and little bile acid excreted into the feces. A prerequisite for 
this explanation is that the intestinal and overall bile acid pool is small or 
the intestinal absorption is effective. The cholic acid pool is insignificantly 
smaller than normal in hypercholesterolemic patients, while the deoxycholic 
acid pool apparently is only a half of normal (73). 

The causal relationship between low bile acid production and high 
serum cholesterol in familial hypercholesterolemia remains unknown. It can 
be postulated that they are not associated initially, particularly because 
augmented conversion of cholesterol to bile acids is not able to normalize 
the serum cholesterol level. On the other hand, it can be speculated that 
cholestyramine treatment, for instance, stimulates cholesterol production 
by hepatocytes so that subnormal amounts of newly synthesized cholesterol 
are utilized for bile acid synthesis, a relatively large amount being released 
as lipoproteins into the bloodstream so that blood cholesterol still remains 
high. 

2. Triglyceridemia (Type IV) 

Earlier fecal bile salt analyses (11,63,138) and those presented in Table 
III indicate that frequently, but not constantly, bile acid elimination is 
augmented in patients with triglyceridemia. In some patients with both 
obesity and triglyceride mia, the values were normal, in others markedly 
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elevated, and sometimes triglyceridemia in a relatively lean patient was 
associated with an augmented bile acid excretion. For these reasons, the bile 
acid production in triglyceridemic patients was not correlated significantly 
with either body weight or serum triglycerides. 

High fecal bile acid values are seen in the few type IV and type V patients 
of Ahren's group (61,145,158), and Sodhi (l51) found a clearly elevated 
excretion in triglyceridemia as compared to that in hypercholesterolemia. 
Turnover studies with cholic and chenodeoxycholic acids also indicated that 
triglyceridemic patients synthesized large quantities of bile acids, the values 
being higher than in hypercholesterolemia, though a relatively large variation 
was observed (69). 

Administration of cholestyramine to triglyceridemic patients usually 
has no effect on serum cholesterol. Yet a marked increase is seen in fecal bile 
acid elimination, the increment showing, in contrast to the results in Fig. 3, 
no distinct positive correlation with initial bile acid values (88). Furthermore, 
a cholestyramine-induced increase in fecal bile acid excretion was almost 
constantly associated with a decrease in neutral sterol elimination despite 
an apparent reduction of cholesterol absorption. Thus, under these condi­
tions, biliary secretion of cholesterol was probably markedly decreased, par­
ticularly because cholesterol production in the intestinal mucosa was ob­
viously enhanced by the reduction of intraluminal bile salt concentration 
(92,98). 

B. Endocrinological Factors 

1. Thyroid Hormones 

It has been generally accepted, mainly on the basis of animal experi­
ments (159,160), that the production of bile acids is increased in hyper­
thyroid and decreased in hypothyroid patients. Treatment of the latter 
subjects with thyroid hormones was actually shown to increase the turnover 
of cholic acid (161). The determination of fecal bile acids indicated, how­
ever, that bile acid elimination was inconsistently decreased in hypothyroid 
patients and that thyroid hormone therapy increased the bile acid excretion 
insignificantly (89,162). 

Table II shows the fecal bile salt output and the contribution of bile 
acids to the cholesterol catabolism in both hyper- and hypothyroid patients. 
The fecal bile acid excretion tended to be supernormal in hyperthyroidism, 
but the variation was wide because two of the patients had a mild diarrhea 
associated with a markedly elevated bile acid output (557 and 1480 mgjday, 
respectively). If these two patients are excluded, the remaining ten women had 
slightly elevated values, though even then the output per kilogram of body 
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weight remained within the normal limits. Hypothyroid patients, especially 
males, produced subnormal amounts of bile acids, particularly per kilogram 
of body weight. As compared with hyperthyroidism, the bile acid output of 
hypothyroid women was significantly reduced but only if the body weight 
(35 % overweight) was taken into consideration. Accordingly, it can be 
concluded that the average bile acid synthesis is slightly augmented or 
normal in hyperthyroidism, provided that it is not complicated by diarrhea, 
and slightly depressed or normal in hypothyroidism. 

In hypothyroidism, the fecal steroids tended to contain relatively more bile 
acids (38 %) than normally (31%), while in hyperthyroidism quite normal val­
ues were obtained. This indicates that the hypercholesterolemia found consist­
ently in hypothyroidism is caused by a defect in the elimination of cholesterol 
itself, the catabolism of cholesterol via bile acids being less significantly affected. 

Slight changes in bile acid metabolism in thyroid imbalance may be 
attributable to a direct and specific action of thyroid hormone or may be con­
sequences of alterations in the gastrointestinal functions. In experimental 
animals, thyroxine quite apparently specifically inhibits 12 a-hydroxylation, 
leading to augmented chenodeoxycholic acid formation (1,160). A slight 
relative increase of chenodeoxycholate in the bile acid pattern of hyper­
thyroid patients (161) suggests that the same is true in man, too, though the 
finding is not a consistent one (163). However, the indirect actions of thyroid 
hormones may be even more important. A relatively low food intake and 
slow intestinal motility may allow an effective reabsorption of bile salts in 
hypothyroidism, leading to reduced fecal bile salt elimination. Bile salt 
synthesis may in addition be reduced by a good flux of bile salts back to the 
liver and especially by decreased cholesterol synthesis. In hyperthyroidism, 
hyperphagia and enhanced intestinal motility may result in the opposite 
changes, though a negative caloric balance and continuous weight loss may 
limit not only cholesterol but also bile acid production so that the overall 
cholesterol synthesis may not be markedly increased. The diarrhea found 
frequently in patients with hyperthyroidism is mainly caused by augmented 
intestinal motility (164). Two of the patients in Table II had a marked 
diarrhea and were the only patients who had an increased fecal bile acid 
elimination. The diarrhea was easily controlled with cholestyramine, indicat­
ing that it was due to "cholerheic diarrhea"; i.e., an augmented small in­
testinal motility caused increased flux of bile salts into the colon, leading to 
diarrhea (see Section VD). 

The few experiments performed with cholestyramine have clearly shown 
that both hyper- and hypothyroid patients are able to augment their bile acid 
production (88). Bile acid production tended to be even higher in hypothy­
roidism than in hyperthyroidism, suggesting that the presence of thyroid 
hormones may not be important for bile acid production. 
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2. Other Hormones 

For the role of sex hormones, see Section VIC. 
Children with growth hormone deficiency produce only trihydroxy bile 

acids and have a low intestinal bile salt concentration (165). Growth hor­
mone treatment restores these abnormalities and leads to improved intestinal 
absorption. A patient with acromegaly exhibited, after hypophysectomy 
with an adequate thyroid and adrenal hormone substitution, a markedly 
augmented bile acid synthesis (593 mg/day) which, however, was normal 
when related to the body weight (88). 

The significance of other hormones in bile acid metabolism is not known. 
Most of the obese and triglyceridemic patients presented in Table II had 
latent diabetes and, as obese patients in general, apparently a marked hyper­
insulinemia. Since hyperinsulinemia markedly stimulates hepatic lipogenesis 
in man (166), it is logical to infer that insulin causes in these patients an 
augmented cholesterol production and an indirectly increased bile acid syn­
thesis. The metabolism of bile acids in insulin-dependent diabetes and in 
hyperlipidemia of ketotic diabetes is not known. 

Intestinal bile salt deficiency associated with impaired gallbladder con­
traction and slightly augmented fecal bile salt excretion during hypocalcemic 
steatorrhea of patients with primary hypoparathyroidism (84) will be dis­
cussed later (see Section VIIE2a). 

C. Liver Diseases 

1. Gallstone Formation 

It has been shown that the ratio of cholesterol to bile acids plus lecithin 
is in general high in patients with cholesterol gallstones and low in normal 
subjects, indicating that bile acids and lecithin are the primary cholesterol­
solubilizing agents in the human bile (167). More recent studies have shown 
that when biliary cholesterol, bile acids, and lecithin are plotted on triangular 
cordinates the normal bile is separated from abnormal or lithogenic bile. Nor­
mal bile is less than saturated with cholesterol, while abnormal bile with 
cholesterol gallstones is saturated or even supersaturated with cholesterol, 
so that crystallization occurs (168). The precipitation of cholesterol can in 
an unknown way lead finally to formation of cholesterol stones (ef 168-171). 

Analyses of hepatic bile and gallbladder bile have shown that in patients 
with cholesterol gallstones the hepatic bile is supersaturated and the gall­
bladder bile saturated or supersaturated with cholesterol (172,173). This 
indicates that the liver itself forms lithogenic bile and that it is not formed 
in the gallbladder. Accordingly, gallstone disease, as far as cholesterol stones 
are concerned, is ultimately a liver disease which might be due to an ab­
normally low production and secretion of bile acids and lecithin or to exces-
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sive production and secretion of cholesterol in relation to the two detergents. 
A markedly reduced cholic acid pool and turnover with a normal half-life 
in patients with gallstone disease suggest that bile acid synthesis is abnormally 
low (174). 

As discussed earlier (see Section VA), a reduced bile salt secretion de­
creases cholesterol and lecithin secretion so that the bile becomes super­
saturated with cholesterol, a condition which can be corrected by oral bile 
salt feeding (105-108,175,176). It is thus apparent that any condition which 
interrupts the enterohepatic circulation of bile salts, inhibits the hepatic bile 
salt synthesis and secretion, or stimulates the biliary cholesterol elimination 
could lead via lithogenic bile to gallstone formation. As a matter of fact, there 
seems to be an augmented incidence of gallstones in patients suffering from 
ileal dysfunction (I 77,178), a condition with interrupted enterohepatic 
circulation of bile salts. The centers of "normal" gallstones contain propor­
tionally less deoxycholic acid and taurine conjugates of bile acids than the bile 
or the remainder of the gallstone, suggesting that at the time of gallstone 
formation the enterohepatic circulation of bile acids may have been actually 
disturbed (179). 

In patients with cirrhosis of the liver, the incidence of gallstones is also 
higher than normal (180), a finding which can be related to an abnormally 
low bile acid production by damaged parenchymal cells and a reduced capac­
ity to secrete bile (see Section VIIC2). However, secretion of cholesterol 
appears also to be markedly reduced (11,181,182), though its relationship to 
bile acids and phosphatides is not known in this disease. Furthermore, in­
sufficient gallbladder emptying, which has been demonstrated to impair bile 
and bile acid secretion in patients with cirrhosis (183), may lead to retention 
of bile in the gallbladder, an important factor in gallstone formation. 

Obesity is frequently associated with gallstone disease (cf 184), and chol­
elithiasis has been related to an increased intake of calories (I76). Increased 
caloric intake has been demonstrated to augment the biliary cholesterol 
concentration in a way which is independent of the bile salt concentration, so 
that precipitation of cholesterol may occur (176). Because obesity very potent­
ly stimulates cholesterol production (see Sections VB3, VID, and Table II), 
it could be assumed that the biliary elimination of excess cholesterol takes 
place proportionally more as cholesterol itself, a relatively smaller amount 
being catabolized by way of bile acids. This would result in the production 
oflithogenic bile, precipitation of biliary cholesterol, and finally a proportion­
ally high prevalence of cholesterol gallstones. It is interesting to note that in 
experimental animals on a gallstone-producing diet the cholesterol synthesis 
is usually markedly elevated (185,186). Table II shows that obese patients, 
particularly women, catabolize a relatively small amount of their excessive 
cholesterol production via bile acids, suggesting that cholesterol catabolism 
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may be "lithogenic" in most of the obese women. Three of the seven obese 
women in Table II later actually underwent cholecystectomy for cholesterol 
gallstones. In contrast to what was found on the basis of the cholic acid 
turnover (174), all these patients had a clearly increased bile acid production 
as measured by the chemical balance technique. On the other hand, though the 
relative amount of fecal bile acids was in general low in familial hypercholes­
terolemia, the gallstone prevalence was not as high as in obesity (88). 

Lithogenic bile has been found in the absence of gallstones in some ap­
parently normal subjects (96,172). It has been suggested that these individuals 
are going to have gallstones and that lithogenic bile precedes, perhaps by 
long periods of time, gallstone formation. As already mentioned, oral bile 
acid feeding normalizes lithogenic bile in patients with interrupted enter­
ohepatic circulation of bile acids (105-108,175,176). A similar type of nor­
malization is obtained not only in patients with gallstones (187) but also in 
those with lithogenic bile without gallstones (96). It thus seems quite ap­
parent that in most cases the origin of lithogenic bile and gallstone disease 
itself depends on an insufficient relative production of bile acids. 

2. Cirrhosis 

Liver cirrhosis is known to markedly change bile acid metabolism. On 
the other hand, the role of bile acids as an etiological factor in liver cirrhosis 
has also been widely discussed (188), particularly because lithocholic acid 
feeding results in the development of experimental cirrhosis (189,190). 
Major changes of bile acid metabolism in liver diseases are presented in 
Table IV. 

Fecal bile acid elimination is markedly reduced in patients with liver 
cirrhosis (11,182,191), even if icterus and signs of biliary obstruction are 
absent (II, 182). Since, in addition, the urinary excretion of bile acids is 
quantitatively, if not proportionally (81), negligible, it can be concluded 
that the overall bile acid synthesis is markedly depressed in liver cirrhosis 
(182). The administration of cholestyramine, which is associated with reduc­
tion of both serum bile acids (188,192,193) and urinary bile acids (88,182), 
augmented the fecal bile acid excretion to a very small extent only (182). 
This indicates that the ability of the parenchymal cells to increase their bile 
acid production is clearly decreased compared to that of normal subjects. 
Though the fecal neutral sterol excretion was also increased by cholestyra­
mine, only a relatively small decrease in serum cholesterol was found, sug­
gesting that the patients still were able to increase their cholesterol produc­
tion (182). 

Hepatic bile acid production is also changed qualitatively. The con­
jugation of bile acids with glycine is significantly decreased in liver biopsies 
from cirrhotic patients (194). However, the ratio of glycine- to taurine-
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conjugated bile acids in the bile of these patients is within normal limits (23), 
though in serum the average of the ratio appears to be decreased (193). 

It seems to be a general observation that the proportion of chenodeoxy­
cholic acid is increased in liver cirrhosis. Thus the ratio cholic acid/cheno­
deoxycholic acid has been found to be decreased in the bile (23), serum 
(52,134,193,195-198), and urine (88,199) of cirrhotic subjects. Since the 
ratios of cholic acid, chenodeoxycholic acid, and deoxycholic acid appear to 
be approximately the same in bile and ser1Jm (200,201), and perhaps also in 
urine, it seems quite obvious that the bile acid pattern in any of these three 
sources is similar to that produced by the liver. Simultaneous determinations 
of bile acids from bile, serum, and urine have not been made, however. The 
relative increase of chenodeoxycholic acid has been interpreted to indicate a 
hindrance of 12a-hydroxylation in liver injury when the formation of cholic 
acid is decreased in favor of chenodeoxycholic acid (202). This, on the other 
hand, changes the pattern of secondary bile acids so that relatively more 
lithocholic acid is formed in the colon (191,200,202), the amount of deoxy­
cholic acid being reduced (23,52,134,193,195-198), particularly because 
quantitatively only a small portion of the bile acids escapes daily from the 
ileum to the colon (23). 

Depending on the degree of biliary obstruction and impaired parenchy­
mal cell function, the following major abnormalities can be found in the bile 
acid metabolism of cirrhotic subjects (see Table IV): (a) reduced bile acid 
synthesis and biliary secretion, (b) low intraluminal micellar bile acid con­
centration, (c) reduced fecal bile acid elimination, (d) decreased cholic acid 
production in relation to chenodeoxycholic synthesis, (e) low deoxycholic 
and high lithocholic acid production by intestinal bacteria, (0 increased 
concentrations of conjugated and unconjugated bile acids in serum, (g) 
decreased clearance of bile acids from serum, (h) slightly decreased glycine 
conjugation in relation to taurine conjugation, (i) increased urinary bile acid 
excretion, (j) increased bile acid excretion via the skin. 

One of the major consequences of altered bile acid metabolism is im­
paired absorption of fats and particularly of fat-soluble vitamins. This is 
caused primarily by impaired micellar solubilization of lipids in the intestinal 
contents because of insufficient bile acid concentration (25,181,203,204). 
Cirrhotic patients with signs of biliary obstruction (181) or those with ste­
atorrhea (25) have especially low intestinal bile salt levels. The relative amount 
of free bile acids is increased in intestinal contents as a probable sign of 
augmented bacterial deconjugation (181) and may contribute to increased 
free serum bile acids (52,134,193,198), but apparently it plays no important 
role in the impaired micellar formation. Decreased hepatic removal (81) of 
absorbed free bile acids may be another factor resulting in the increased 
serum bile acid concentration occasionally seen in cirrhotic patients. In­
sufficient gallbladder emptying (82) may contribute, in addition to a decreas-
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ed effective bile acid pool, to a low micellar bile salt concentration in the 
intestinal contents. It should be borne in mind, however, that though oc­
casionally virtually no micellar lipids (except a small amount of free fatty 
acids) or micellar bile acids are found in the jejunal contents, only a moderate 
steatorrhea (181) is detected, probably because fats are absorbed as fatty 
acids by diffusion through the normal intestinal mucosa. Under these condi­
tions, absorption of cholesterol and fat-soluble vitamins should be grossly 
disturbed, because their absorption requires micelle formation (see Section 
YC). 

Another clinical symptom which can be associated with abnormal bile 
acid metabolism is pruritus, particularly in patients with signs of biliary 
obstruction and biliary cirrhosis (204). Though the association between the 
serum bile acid concentration and pruritus is not distinct, patients who have 
markedly elevated serum bile acid levels are very likely to suffer from pruritus 
(193,205-207). It is interesting to note that though the bulk of skin bile acids 
in pruritic patients are in free form (54), the serum free bile acids are not 
correlated with pruritus in liver diseases (193), and patients with the stagnant­
loop syndrome and high levels of serum free bile acids have no pruritus (208). 
Even though cholestyramine increases the fecal bile acid elimination only to a 
small extent in patients with liver cirrhosis, it clearly reduces the urinary 
output of bile acids (182) and the serum bile acid levels (188,192,193,205) so 
that pruritus, if present, usually disappears (205). Administration of bile acids 
orally to a patient with alcoholic cirrhosis increased the serum bile acid level, 
yet no pruritus occurred (195). On the other hand, administration of whole 
bile to patients with biliary cirrhosis greatly aggravated their pruritus (209). 

Lithocholic acid has been associated with the development and progres­
sion of human liver cirrhosis (188,202). This acid is found in human serum, 
particularly in cirrhotic patients (202,210), in whom chenodeoxycholic acid 
is the predominant bile acid. Serum lithocholic acid is decreased by choles­
tyramine and neomycin in cirrhosis, and it has been suggested that the treat­
ment of cirrhotic patients with these drugs warrants consideration (202). 
Usually, however, the correlation between the levels of lithocholic acid and 
its precursor chenodeoxycholic acid is poor (188,193). Long-term treatment 
of patients with lithogenic bile with chenodeoxycholic acid led to an almost 
complete predominance of this bile acid in bile, yet the amount of lithocholic 
acid was not increased significantly (96). Predominance of chenodeoxycholic 
acid appears to be related to the parenchymal cell function (195); the poorer 
it is the more predominant is chenodeoxycholic acid among the bile acids. 
However, a simultaneous decrease of hepatic secretory function possibly 
associated with intrahepatic biliary obstruction reduces the quantitative 
flow of chenodeoxycholate to the colon, so that bacterial formation and 
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subsequent absorption of lithocholic acid may also be reduced. The signifi­
cance of the direct hepatic production of lithocholic acid is not known in 
man, but it may have little import, if any, because this acid is not found 
consistently in the serum of normal or cirrhotic patients (193). Progressive 
fatal familial biliary cirrhosis of the liver has been described recently and was 
postulated to be caused by lithocholic acid (211). The patient with this 
abnormality exhibits a markedly augmented chenodeoxycholic acid produc­
tion and very high chenodeoxycholic and lithocholic acid levels in the serum. 
An inborn error of hepatic chenodeoxycholic acid overproduction was pro­
posed to be the primary factor which leads via augmented intestinal pro­
duction and absorption of lithocholic acid to liver injury (211). 

The liver damage found frequently in association with inflammatory 
bowel disease, regional ileitis, and ulcerative colitis has also been postulated 
to be caused by lithocholic acid (212). The serum concentration of lithocholic 
acid appears to be, however, quite normal or zero in patients with these 
diseases (188,193) even if liver damage is present (193), indicating that the 
association, if any, is not a simple one. 

3. Acute Hepatitis 

Bile acid metabolism in acute hepatitis resembles very much that found 
in cirrhosis; i.e., the degree of impaired hepatocellular function and of 
biliary obstruction is the determining factor. Fecal bile acids and hence 
overall bile acid synthesis have not been measured at any stage of acute 
hepatitis. However, as can be expected, the decay of labeled cholic acid 
indicates a low or low normal daily production of bile acids (80) which in 
association with biliary obstruction decreases intestinal bile salt concentra­
tion and micelle formation, resulting in steatorrhea (213). Due to diminished 
uptake and excretion of bile acids by the liver cells, the removal of bile acids 
from the circulation is slow (80), so that the serum bile acid concentration is 
elevated (52,134,193,198,214-216) and the urinary output slightly increased 
(80,199). Serial analyses have indicated that serum bile acids reflect impaired 
hepatic function more sensitively than serum bilirubin, transaminases, and 
bromsulfophthalein excretion do (134,215,216). The proportion of free and 
secondary bile acids is usually negligible in serum, while, in contrast to 
liver cirrhosis, serum bile acids may consist predominantly of cholic acid, the 
conjugation with glycine being reduced. However, the bile acid pattern, as 
far as both conjugation and hydroxylation are concerned, is variable and 
depends on the stage of the disease (215). 

4. Biliary Obstruction 

The most striking initial change in biliary obstruction is a decrease or 
complete stopping of biliary bile acid secretion, which explains the reduction 
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or absence of micellar lipids and bile acids in the intestinal contents (26,28, 
181), the marked reduction or absence of fecal bile acids (88), and the moderate 
steatorrhea. Since the urinary bile acid excretion. which may occasionally 
be the major route of bile acid elimination (217), is only a few tens of milli­
grams (88,196,199), even in the presence of complete intra- or extrahepatic 
obstruction, it can be concluded that bile acid synthesis in man, in contrast 
to that reported in the rat, is markedly reduced in this condition. The serum 
bile acid concentration is markedly increased and correlates positively with 
the serum bilirubin level (193,196,198,218-220), pruritus being frequently 
but not constantly present. Hepatic conjugation of bile salts is reduced rela­
tively more with glycine than with taurine in vitro (19, 194,221); yet most of the 
serum and urinary bile acids are in conjugated form (196,199), taurine con­
jugates predominating frequently (23,50,193) but not consistently (218). In 
contrast to the situation in parenchymal cell injury, the proportion of cholic 
acid increases conspicuously in biliary obstruction (23,50,195,196). 

In patients with Dubin-Johnson syndrome, in whom fecal bile acid 
output is not grossly impaired (222) and in whom serum-conjugated bilirubin 
level is elevated, serum bile acid concentrations are within normal limits. 
This clearly indicates that secretory mechanisms are not the same for con­
jugated bile acids and conjugated bilirubin (218). 

Serum cholesterol is usually markedly elevated in biliary obstruction, 
with especially high values in biliary cirrhosis. A positive correlation is 
found occasionally (196) but not constantly (193) between the serum bile 
acid and cholesterol levels. An absence of bile acids in the gut lumen and a 
reduced cholesterol absorption may stimulate, at least initially, both in­
testinal and hepatic cholesterol production (ef 92,223), and this in association 
with a block in elimination both as bile acids and as cholesterol itself rapidly 
raises the serum cholesterol level. However, in biliary obstruction of long 
duration, e.g., in biliary cirrhosis, sterol balance studies and urinary bile acid 
measurement indicate that cholesterol synthesis is markedly reduced (88). 
In parenchymal cell damage of the liver, the serum cholesterol is normal or 
decreased, probably because the hepatic cholesterol synthesis, due to cell 
injury, is reduced in proportion to, or proportionally more than, the decreas­
ed cholesterol elimination (11,182) and, furthermore, intestinal and hepatic 
cholesterogenesis may still be under the partial feedback control of bile acids 
and absorbed cholesterol, respectively. 

Bile acids inhibit plasma lecithin cholesterol acyl transferase CLeAT) 
(ef 224), the activity of which is low in obstructive jaundice and in diseases 
with impaired liver function (ef 224,225). However, it has been pointed out 
that the serum bile acid concentrations found in patients with obstructive 
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jaundice are not high enough to alone reduce LCAT activity (226). On the 
other hand, the red cell membrane accumulates cholesterol in obstructive 
jaundice as a consequence of the elevated levels of bile salts, particularly 
because the relative amount of free cholesterol, apparently due to the low 
LCAT activity, is increased (227). Thus, though bile acids are known to 
have hemolytic effects (228), in obstructive jaundice and in other conditions 
with elevated serum bile acid levels they should counteract hemolysis by 
contributing to the formation of osmotically hemolysis-resistant red cells 
(target cells). 

D. Pancreatic Diseases 

Table IV presents changes in some parameters of bile acid metabolism 
in different types of clinical conditions causing fat malabsorption. 

Chronic pancreatic insufficiency is known to cause a marked fat mal­
absorption. This is associated with a normal or decreased intestinal bile salt 
concentration (26,28,229) and, owing to impaired lipolysis of triglycerides, 
with decreased micellar solubilization of ingested lipid (229). Fecal bile acid 
elimination is slightly but significantly increased for unknown reasons (88). 
Despite marked malnutrition, the hepatic bile acid production is increased 
sufficiently to balance the fecal loss, so that the intestinal bile salt concentra­
tion remains quite normal. A slightly increased catabolism of cholesterol via 
bile acids and more significantly an augmented fecal neutral sterol excretion 
(88) and a malnutrition-induced reduction of the compensatory increase 
in cholesterol production for the increased cholesterol catabolism are ap­
parent reasons for the marked hypocholesterolemia found consistently in 
pancreatic insufficiency. 

The pancreatic gastrin-secreting tumor in the Ellison-Zollinger syn­
drome is known to be associated with a marked steatorrhea and diarrhea. 
Though fat malabsorption is primarily due to irreversible inhibition of lipase 
activity by a low duodenal pH, the latter brings glycine-conjugated bile salts 
to nonionic form and to precipitation, thus contributing via impaired micelle 
formation to steatorrhea (230). Furthermore, precipitated bile salts may 
enter the colon in enhanced amounts and disturb the colonic water absorp­
tion, thus worsening the diarrhea (230). 

Bile salts apparently playa certain role in the development of acute 
pancreatitis. The flux of bile and bile acids into the pancreatic ducts activates 
phospholipase A, which may cause via lysolecithin formation autodigestion 
of pancreatic tissue. Bile acids may also act directly on pancreatic cells as 
toxic agents by producing coagulation necrosis (el 231). 
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E. Gastrointestinal Tract 

1. Stomach 

Regurgitation of bile and bile acids from the duodenum to the stomach 
has been recently suggested to playa role in the development of gastric ulcer 
(232,233). Thus the gastric bile salt concentration, an obvious index of re­
gurgitation of duodenal contents into the stomach, is higher in patients with 
gastric ulcer than in controls (233). Since a small portion of the bile salts is 
in soluble form, they can act directly as cytotoxic agents on the gastric mucosa 
or prevent healing of already existing gastric ulcer. In addition, instillation of 
bile salt conjugates in the pyloric gland area of the stomach causes the 
release of gastrin and thus secondarily an augmented hydrochloric acid 
secretion, which is known to be a potential ulcerogenic factor (234). It should 
be borne in mind, however, that desiccated bile and unconjugated and con­
jugated bile acids have been fed to patients for different purposes as thera­
peutic agents for long periods of time, and no convincing evidence has 
been reported for the development of gastric ulcer. 

The bacterial transformation of bile acids, particularly deconjugation, 
has been shown to be markedly accelerated in patients with gastrectomy, 
probably because the upper intestinal contents were colonized by a large 
number of bacteria (235). The deconjugation of doubly labeled glycocholate 
(labeled in glycine and bile acid portion) amounted to 25-27 % 25-26 hr 
after administration of the isotope in normal subjects (236), the figure in 
gastrectomized patients being 82-96 % (235). Despite the enhanced de­
conjugation, free bile acids were seldom found in intestinal contents, and 
in most patients the bacterial formation of deoxycholic acid was very low 
(235). Deconjugated bile acids have been detected frequently in the intestinal 
contents of patients with postgastrectomy steatorrhea, and this condition 
has been related to bacterial overgrowth in the upper small intestine (237-
239) (for bacterial overgrowth, see Section VIIEI2b). 

2. Small Intestine 

a. Malabsorption Syndromes. Fecal bile salt elimination appears to be 
slightly elevated in patients with gluten enteropathy (1 19), the values being 
about twice those in normal subjects if expressed per kilogram of body weight 
(II ,88). Bile acids apparently contribute to diarrhea, because the adminis­
tration of cholestyramine strikingly reduces fecal frequency (88). Since 
biliary cholesterol secretion is apparently normal or increased in gluten 
enteropathy (181), reduced cholesterol absorption results in a markedly 
augmented elimination of cholesterol as neutral sterols (I 19). Thus the 
relative catabolism of cholesterol by way of bile acids, in spite of their 
slightly increased production, appears to be one of the lowest seen in dif-
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ferent clinical conditions (11). The reason for the slightly decreased reab­
sorption of bile acids is not known. The mucosal morphology of the terminal 
ileum is usually normal, though its functional reserve is lacking (240) and 
may contribute to a defective reabsorption of bile salts. Hypomotility of the 
small intestine associated with a larger than normal intestinal fluid volume 
(241) may also impair bile acid absorption. 

Despite the small extra loss of bile acids into the feces, patients with the 
malabsorption syndrome usually but not always have a normal intestinal 
bile salt concentration (26,28,181,203,204,229,239) even after repeated 
test meals (28). The micellar solubilization of lipids by intestinal contents 
appears to be correspondingly decreased in occasional cases, though for a 
given bile salt concentration usually relatively little of exogenous lipids and 
sterols is solubilized, while endogenous cholesterol seems to enter the 
micellar phase properly (181). Bacterial overgrowth associated with decon­
jugation of bile salts (239) in the upper small bowel may sometimes be re­
sponsible for poor micelle formation and contribute to steatorrhea, but in 
most cases the absolute concentrations of conjugated bile acids are within 
normal limits (I81). However, compared to the normal bile salt pattern, 
the intestinal contents of patients with gluten enteropathy have significantly 
elevated levels of unconjugated bile acids (4 % of total in contrast to 0.4 % 
in controls), as if some bacterial deconjugation had actually occurred in 
almost every subject or the absorption of free bile acids by the damaged 
mucosa had been reduced. Despite an apparently augmented bacterial ac­
tion, the deoxycholic acid concentration is decreased, probably owing to 
reduced bacterial 7a-dehydroxylation of cholic acid or to decreased colonic 
absorption of bile acids. As in control subjects, the relative amount of in­
testinal chenodeoxycholic acid is higher in the free than in the conjugated 
bile salt fraction (I8 1). Because of the rapid absorption of chenodeoxycholic 
acid in the upper intestine (33), this is a somewhat unexpected finding. 

Steatorrhea found during the hypocalcemic stage of primary hypopara­
thyroidism is associated with a normal intestinal mucosa, slightly increased 
fecal bile acid loss, low intestinal bile salt concentration, poor micelle for­
mation, and deficient emptying of the gallbladder (84). The last may be 
an important etiological factor in the abnormal bile acid metabolism and 
ultimately in steatorrhea, since turnover studies with chenodeoxycholic 
acid indicate that the pool size is within the normal limits. Therapeutic 
normalization of serum calcium reduces steatorrhea and normalizes in­
testinal micellar bile salt and lipid concentrations. Similar abnormality has 
been detected in patients with gluten enteropathy, though the abnormality, 
as far as gallbladder function and bile salt metabolism are concerned, ap­
pears to be of a lesser degree of severity (83). 

b. Stagnant-Loop Syndrome. Malabsorption found in the intestinal 
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blind-loop syndrome was originally speculated by Dawson and Isselbacher 
(242) to be caused by bacteria-induced deconjugation of bile acids. The 
resulting toxic free bile acids could then disturb fat absorption. Subsequent 
studies showed that deconjugation and dehydroxylation of bile acids oc­
cuned in the small intestine and that these bacterial processes appeared to be 
a major etiological factor in causing steatorrhea in these patients, probably 
by interfering with intestinal micelle formation (237,238). 

Bacterial colonization of the small intestine can take place in many 
conditions, such as blind intestinal loops, stagnant afferent duodenal loop 
after partial gastrectomy or gastroenterostomy, intestinal strictures, small 
intestinal diverticulosis, atonia due to scleroderma, vagotomy, or diabetes, 
degeneration of the myenteric plexus, gastrojejunocolic fistulas, gluten 
enteropathy, and extensive intestinal resections (243,244). Under these con­
ditions, a large number of different bacteria occupy the intestinal lumen, 
and many of them, particularly anaerobic bacteroides, veillonella, clostridia, 
and bifidobacteria, are able to deconjugate and dehydroxylate bile acids 
(245-251). Since unconjugated bile salts are relatively ineffective in promot­
ing micelle formation [on the contrary, they may themselves be solubilized by 
micelles, thus inhibiting the solubilization of digestion products of lipids 
(252)], the concentration of the remaining conjugated bile salts may become 
too low for micellar solubilization of hydrolyzed intestinal lipids so that 
steatorrhea of moderate degree develops (244,253). Treatment with broad­
spectrum antibiotics kills bacteria and prevents deconjugation so that micelle 
formation is improved and steatorrhea reduced (237-239). A similar im­
provement is obtained by feeding bile salt conjugates orally (238). 

The amount of deconjugated bile salts found in intestinal contents is 
variable (238,239,243,254-256) and depends on anatomical abnormality, 
the site of sampling of intestinal contents, and ingested meal. Occasionally, 
a complete deconjugation may have occurred without steatorrhea (243), 
though in general steatorrhea is related to the loss of conjugated bile salts 
(239,244). Local deconjugation in duodenum or ileum may not cause steator­
rhea (244,255). Precipitation of free bile acids may lead to formation of bile 
acid enteroliths (257). 

Intestinal bacterial overgrowth markedly changes bile salt pattern. 
Thus, in the stagnant-loop syndrome, glycine conjugates are the predominant 
bile acids, and the dihydroxy fraction is reduced, a finding suggested to be 
due to effective absorption of the dihydroxy conjugates from the upper 
jejunum (254). Augmented absorption of free bile acids in the stagnant­
loop syndrome may increase the overall reabsorption of bile acids, because 
under these conditions absorption may take place along the whole small 
intestine. However, no information on fecal bile acid excretion in the blind­
loop syndrome with normal ileal function appears to be available. Bacterial 
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deconjugation of bile salts found in patients with gluten enteropathy (181) 
or resection of terminal ileum (64) is associated with a slight (11,119) or 
marked (64) fecal loss of bile acids, respectively, indicating that under these 
conditions, at least, bile salt wastage was not prevented by deconjugation. 

Most of the bile acids found in the portal blood are normally in con­
jugated form in man (198). In patients with the stagnant-loop syndrome, 
serum bile acids are markedly elevated, but, in contrast to the normal state 
or liver diseases (except cirrhosis), the bulk of them are in free form (255, 
258,259), suggesting that deconjugated bile acids have been absorbed and 
that the hepatic extraction has not been complete from the portal blood. The 
pattern of conjugated bile acids in the general circulation resembles that 
in the small intestinal lumen, so taurine conjugates may be absent. The ratio 
of trihydroxyjdihydroxy bile acids appears to be low, as if the latter ones 
had been absorbed at a higher rate than cholic acid. The serum bile acid 
pool is markedly increased in the stagnant-loop syndrome, fractional 
turnover being, however, decreased (cf 244,258). 

c. Inflammatory Diseases. Crohn's disease may affect bile acid metabo­
lism in at least two ways: strictures formed at any level of the small intestine 
may be associated with the stagnant-loop syndrome and hydrolysis of the 
bile salt conjugates (244), and affection of the terminal ileum may inhibit 
reabsorption of bile acids, resulting in bile salt deficiency and fat malab­
sorption (66,10 1,260-262). When the disease presents primarily as terminal 
ileitis, fecal bile salt loss is a dominating feature, while the stagnant-loop 
syndroP.1e may be present when the more proximal intestine is affected with 
strictures. In the latter case, serum free bile acids may be elevated (244). It 
should be borne in mind that the severe malnutrition which usually belongs 
to the clinical picture of Crohn's disease may limit bile salt production in 
patients with interrupted enterohepatic circulation and contribute to the 
reduction of the serum cholesterol level. Postradiation ileitis also markedly 
impairs reabsorption of bile salts (76). 

d. Resection of Terminal Ileum. Interruption of enterohepatic circulation 
of bile salts by removal of the terminal ileum results in excessive fecal bile 
acid loss which is associated with markedly increased bile acid synthesis, 
proportionally reduced intestinal bile salt, cholesterol, and micellar lipid 
levels, and moderate steatorrhea with bile salt induced diarrhea. Cholesterol 
is catabolized primarily by way of bile acids at a markedly enhanced rate, 
which results in a proportional decrease of the serum cholesterol level despite 
severalfold increase of cholesterol synthesis (see Fig. 4). Bacterial overgrowth 
of the upper small intestine associated with deconjugation of bile salts is 
found in occasional cases, particularly if the ileocaecal valve is not function­
ing or if an extensive intestinal resection has been performed (64,244,255,256). 

Bile salt deficiency as a result of a marked fecal loss of bile acids was 
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Fig. 4. Correlation of fecal bile acid excretion with the following: 1, fecal 
fat, 2, 3, and 4, jejunal micellar fat and bile acids, and jejunal total 
cholesterol, respectively, calculated for amounts found in the intestinal 
pool in which 136 mg of J'l-sitosterol administered in the test meal was 
dispersed. 5, Serum methyl sterol (diunsaturated dimethyl sterol), used 
as an indicator of augmented cholesterol synthesis (see reference 11). 6, 
Serum cholesterol. ., Patients with incomplete ileal resection (25-50 cm 
of the very terminal ileum intact, 1-2 m of the more proximal gut re­
moved); 0, complete ileal resection; I, extensive intestinal resections with 
severe malnutrition (the values omitted from calculations in 5). 

first described after extensive intestinal resections in a patient who exhibited 
a low intraluminal bile acid concentration and low micellar solubilization of 
digested fats in the intestinal contents (263). Resulting steatorrhea became 
less severe with oral bile acid therapy. Several other cases with ileal resections 
associated with abnormal bile acid metabolism and impaired micellar solu­
bilization of digested lipids were reported at about the same time or some­
what later (28,67,77,155,264--267). The bile acid pool in these patients is 
usually markedly reduced, because, depending on the length of intestinal 
resection, reabsorption of bile acids may be almost completely ceased. On the 
other hand, retention of a relatively short segment, 25-50 cm, of the very 
terminal ileum may be enough to prevent fecal bile salt loss, even if the rest 
of the more proximal ileum has been removed (64). Occasionally, however, 
removal of the proximal colon and terminal ileum has no effect on fecal bile 
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salt excretion, suggesting that the colon or, more likely, the more proximal 
small intestine adapts to reabsorb bile salts. 

Reabsorption by the upper small intestine may be improved provided 
that the proportion of glycine-conjugated or free dihydroxy bile acids is in­
creased, because they are reabsorbed to a considerable extent from the jeju­
num by passive diffusion (33). It appears to be a general observation that 
ileal dysfunction actually markedly decreases the proportion of a taurine­
conjugated bile acid so that glycine conjugates predominate among the 
intestinal bile salts (26,77,78,260). The increase in the glycine/taurine ratio 
is so constant that determination of the ratio has been used for the early 
diagnosis of the terminal ileopathy (262), even though similar increase is 
seen in the stagnant-loop syndrome (254). Impaired hepatic conjugation of 
bile acids with taurine is apparently due to taurine deficiency, because oral 
administration of this compound reduced the ratio in patients with ileal dys­
function (260,262). 

Reduced bile acid pool has been reported to concern primarily cholic 
acid conjugates, while both relative and absolute amounts of chenodeoxy­
cholate, the glycine conjugate of which is reabsorbed at a relatively high rate 
from the jejunum (33), may remain unchanged after ileectomy (260). Bacterial 
transformation of bile acids appears to be also changed. Thus augmented 
amounts of free bile acids can be frequently found in the upper intestinal 
contents as an obvious sign of bacterial deconjugation (26,64,244,260). In 
spite of this possible bacterial overgrowth, deoxycholic acid is usually absent 
or markedly decreased in the upper intestinal contents, because enterohepatic 
circulation of deoxycholate is interrupted (26,75,261) and bacterial action on 
fecal steroids may be decreased (64,101). Occasionally, however, especially 
in patients with extensive intestinal resections and marked bacterial over­
growth, the formation of secondary bile acids, including deoxycholate and 
lithocholate, is normal or increased (78,244,268). 

It is partly owing to adaptation of the remaining small intestine to re­
absorb bile acids that the length of ileal resection is not correlated with fecal 
bile acid excretion (64,101). In addition, accompanying malnutrition may 
limit the capacity of the liver to enhance its bile acid synthesis, so that in 
patients with extensive intestinal resections fecal bile acid excretion may be 
only moderately increased (64,10 I). In these cases, serum cholesterol is usual­
ly very low and depletion of body cholesterol in the presence of insufficiently 
enhanced cholesterol synthesis may be one factor for limited bile salt produc­
tion. 

For diarrhea in ileopathy, see Section YD. Ineffectiveness of cholesty­
ramine on diarrhea in patients with extensive ileal resection has been ex­
plained by the presence of hydroxy fatty acids and a low level of solubilized 
bile salts in feces (268). 
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e. Intestinal Bypass. Partial ileal bypass has been used as a therapeutic 
measure for hypercholesterolemia (269), more extensive exclusion of the distal 
small intestine (jejunotransversocolostomy or jejunoileostomy) being perform­
ed to create malabsorption and induce weight loss in obese patients (see Section 
VC). In both conditions, reabsorption of bile acids is discontinued and fecal 
bile salt excretion grossly increased. No comparative studies have been 
performed on the capacity of subjects with the two conditions to synthesize 
bile acids. 

Studies with radioactive glycocholate or taurocholate demonstrated a 
virtual absence of the enterohepatic circulation of bile acids in patients with 
jejunotransversocolostomy (77). The small amount of absorbed bile acids 
contained some deconjugated cholate and deoxycholate (which had been 
reconjugated in the liver), indicating a rapid bacterial action during an ap­
parently fast intestinal passage. Under these conditions, steatorrhea is ap­
parently not solely due to bile salt deficiency induced impairment of micelle 
formation, but reduced absorptive area may play an important contributory 
role. No direct measurement of bile acid synthesis by fecal determination has 
been performed in this condition. 

Ileal bypass (see Section VB2) performed for hypercholesterolemic 
patients (269) increased cholesterol elimination in the study by Moore et al. 
(156) about fivefold as bile acids and threefold as neutral steroids according 
to the isotopic balance technique. Serum cholesterol reduction was about 
40 %. In our own series, consisting of patients with familial hypercholesterole­
mia only, similar results have been obtained by the chemical balance tech­
nique except that elimination of cholesterol increased solely as bile acids 
(11,63,127). The fecal bile salt loss was associated with a 35 % fall in the serum 
cholesterol level, a severalfold increased cholesterol synthesis, impaired micel­
lar solubilization of digested lipids, reduced intestinal bile salt concentrations, 
and decreased cholesterol level in the intestinal contents. The last suggests 
that biliary secretion of cholesterol was markedly decreased so that, despite 
impaired cholesterol reabsorption, fecal neutral steroid excretion remained 
quite unchanged. An increased fecal bile salt loss associated with stimulated 
cholesterol production has been reported also by Grundy et al. (94). 

Since intestinal mucosa, especially in ileum, appears to synthesize cho­
lesterol at a high rate even in man and since this synthesis is increased by the 
absence of bile acids (223), it is to be expected that in patients with intestinal 
bypass mucosal cholesterol production is markedly increased in the bypassed 
portion of the gut and should contribute to serum cholesterol. Ileal or more 
extensive intestinal resections, on the other hand, prevent this increase in 
synthesis and should reduce serum cholesterol more effectively than the sole 
bypass does. However, animal experiments indicate that in monkeys preven­
tion of dietary-induced hypercholesterolemia is less effective by ileal resection 
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than by ileal bypass (270) and that in rats sterol balance is not significantly 
more negative after the bypass than after resection (88,267). No detailed study 
seems to be available for human subjects in this respect. 

The markedly augmented escape of glycine bile salt conjugates into the 
colon in ileal dysfunction appears to have a specific consequence; patients 
with ileal resection have been reported to have a marked oxaluria, which may 
lead to subsequent development of oxalate stones in the urinary tract (271). 
The suggested mechanism is that the glycine conjugates are split by colonic 
bacteria and the liberated glycine is converted by bacterial enzyme systems, 
e.g., to CO2 and glyoxylate. The latter is absorbed and converted by the liver 
further to oxalate, which is then excreted into the urine. Oral administration 
of taurine, which normalizes the abnormal glycine/taurine ratio of bile acids 
in ileopathy (260,262), also abolishes the secondary hyperoxaluria found in 
patients with ileal resection (272). 

3. Colon 

Fecal bile acid excretion by patients with ulcerative colitis is usuaIly 
within normal limits, suggesting that diarrhea associated with this disease is 
not induced by bile acids (273). Cholestyramine has no beneficial effect on the 
general condition, diarrhea, or fecal composition, findings which further 
strengthen the view that bile salts play no role in the diarrhea of ulcerative 
colitis and that bile salts have hardly any additional damaging effect on the 
diseased colonic mucosa. Fecal bile acid excretion is increased by cholesty­
ramine significantly less in patients with ulcerative colitis than in control 
subjects, probably owing to negative caloric balance and possibly associated 
decrease of liver function (273). 

The amount of secondary products of neutral steroids and bile acids in 
feces of patients with ulcerative colitis appears to be reduced as compared to 
normal subjects (88). Thus bacterial action on steroids is decreased, probably 
owing to enhanced colonic motility, and may lead to reduced absorption of 
primary and especiaIly secondary bile acids from the colon. This may explain 
the absence or low level of lithocholic acid in serum (188,193) of these 
patients and does not support the concept that lithocholic acid causes the 
liver damage (212) found frequently in ulcerative colitis. 

Patients with ileostomy, e.g., colectomized for ulcerative colitis, usually 
have normal bile salt output in ileostomal discharge provided that only a 
smaIl segment of the terminal ileum has been removed and that the remaining 
smaIl bowel is unaffected (129,274,275). Furthermore, as compared to normal 
feces, a relatively large portion of bile acids in dejecta is in conjugated form, 
and secondary bile acids are found infrequently in the ileal effluent or upper 
intestinal contents (129,276). These findings suggest that apart from decon­
jugation most of the bacterial action on bile acids takes place normaIly in 
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the colon in man. In addition, though bile salts are absorbed from the colon 
(48,49), quantitatively colonic absorption may be normally negligible or 
terminal ileum may be adapted to prevent any extra loss of bile salts after 
colectomy. It is interesting to note that though a large number of different 
bacteria colonize the terminal ileum after the colectomy and ileostomy (276, 
277), patients apparently have no bacterial overgrowth in the upper small 
intestine, because only negligible amounts of unconjugated bile salts are 
found in the jejunal contents (275). 

Serum cholesterol, which during active ulcerative colitis is markedly 
reduced, owing to insufficient synthesis to offset slightly increased cholesterol 
elimination as neutral steroids and occasionally as bile acids (273), increases 
rapidly after panproctocolectomy. This may be due to normalization of 
cholesterol elimination and augmented synthesis during improved nutritional 
state (275). 

vm. DRUGS AFFECTING BILE ACID EXCRETION 

Of the hyperlipidemic drugs, clofibrate appears to decrease fecal elimi­
nation of bile acids (278-280). However, this decrease is less than the increase 
of the neutral steroid output, so the net elimination of cholesterol is increased 
(280). Thyroid hormones may occasionally, especially if associated with diar­
rhea, cause a marked increase in bile acid elimination (see Section VIIB), 
while nicotinic acid only occasionally augments fecal bile salt output (221, 
281). Of the more recently developed absorbable hypolipidemic drugs, DH-
581 appears to stimulate bile acid excretion at least transiently, probably by 
inhibiting intestinal bile acid reabsorption (282). 

As discussed earlier (see Section VB2), cholestyramine is an unabsorb­
able bile acid sequestering agent which reduces serum cholesterol by marked­
ly augmenting fecal elimination of bile acids in both normo- and hypercho­
lesterolemic patients (Fig. 3; 11,90,94,153,154,283,284). 

Neutral sterol excretion is not changed consistently (11,90), suggesting 
that biliary cholesterol secretion is decreased because absorption of exoge­
nous and endogenous cholesterol is decreased (285,286). Cholestyramine 
administered to patients with T-tube has actually been shown to reduce both 
biliary bile acid and cholesterol secretion, decrement of cholic acid being 
less significant than that of chenodeoxycholic acid (287,288). Though large 
cholestyrarnine doses have been reported to cause fat malabsorption (111), 
no studies appear to be available dealing with the effect of long-term cholesty­
ramine treatment on the cholesterol and bile acid concentrations and on mi­
celle formation in the intestinal contents during fat absorption. 

DEAE-Sephadex increases fecal bile acid elimination in patients with 
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familial hypercholesterolemia to an extent which at a comparable dose is 
almost as great as with cholestyramine (11). Colestipol is a newer bile acid 
sequestering agent (289). Lignin, which is present in, e.g., fiber fraction of 
vegetables, fruits, and grain, has been shown to bind bile acids in vitro (290) 
and probably also in vivo (128). Oral administration of lignin had, however, 
no significant effect on the turnover of labeled taurochalate, suggesting that 
its bile acid binding capacity is weak (290a). A hydrophilic colloid (Metamucil®) 
derived from the blond psyllium seed has been reported to increase fecal bile 
acids and decrease serum cholesterol (149). This agent lacks the bile salt 
binding property, its effect being probably due to trapping of bile acids into 
a large gelatinous fecal mass. 

Neomycin precipitates bile acids in vitro (291), even from human bile 
(292). In view of these findings, it seemed logical to infer that earlier findings 
on neomycin-induced increase in fecal bile acid elimination (293-295) would 
have been caused by intraluminal precipitation of bile salts, perhaps associ­
ated with the antibacterial action of neomycin and its toxic effect on the intes­
tinal mucosa. More recent studies have shown that neomycin (88,296) or its 
N-methylated derivative without antibacterial action (297) may increase fecal 
neutral sterols to a larger extent than bile acids. Neomycin treatment de­
creases the bile salt pool, has little effect on cholic acid half-life, and is virtual­
ly ineffective on the duodenal micellar bile salt and fatty acid concentrations 
after a fat meal, suggesting that bile salt loss has not been sufficient to impair 
the intraluminal phase of fat digestion (298). However, administration of 
neomycin simultaneously with the fat meal clearly disturbs micelle formation 
by precipitating fatty acids and somewhat less consistently bile acids and, 
probably secondarily, cholesterol (299). These findings offer an explanation 
for the neomycin-induced steatorrhea (292), augmented fecal bile acid and 
particularly neutral sterol excretion, and fall in the serum cholesterol level 
(300). 
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I. INTRODUCTION 

This chapter deals largely with the action of thyroid hormones on bile 
acid metabolism, because few definitive studies with other hormones (e.g., 
pituitary, adrenal, gonadal) have been carried out so far. 

II. THYROID HORMONES 

In most mammalian species, serum cholesterol concentrations vary 
inversely with thyroid function. However, the rate of cholesterol synthesis 
is reduced in the hypothyroid state and enhanced in hyperthyroidism. These 
apparently contradictory observations have been explained in terms of 
changes in steady-state conditions. For example, increased cholesterol 
synthesis in hyperthyroid animals would be expected to lead to hypercho-
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lesterolemia. Since this does not occur, it has been assumed that the excretion 
of cholesterol and bile acids must also be increased in the hyperthyroid state. 
The end result of these competing processes (increase in synthesis and an 
even greater increase in removal) is a new steady state in which the serum 
cholesterol concentration is reduced. Conversely, the increase of serum 
cholesterol in hypothyroidism is attributed to a decrease in metabolism and 
excretion in relation to synthesis (1). 

The effects of thyroid hormone on cholesterol metabolism have been 
studied in bile fistula rats: Such preparations exhibit an inverse relationship 
between serum cholesterol levels and biliary cholesterol concentrations. 
The level of biliary cholesterol is directly related to thyroid activity, and the 
biliary excretion of cholesterol increases in the hyperthyroid state and de­
creases in the hypothyroid state (2,3). 

Since, in the rat, cholesterol is eliminated largely in the form of bile 
acids, it was expected that bile acid secretion in bile would be increased in 
the hyperthyroid state. Early experiments to test this point indicated that 
biliary bile acid secretion was actually normal or below normal (2,3). These 
results can be explained in terms of the inadequate analytical procedures 
then in use. Only cholate secretion was measured, and the levels of cheno­
deoxycholate were not taken into account. When both of these bile acids 
were determined, it was shown that, in the bile fistula rat, the total production 
of bile acids was about the same in the hyperthyroid as in the euthyroid state, 
and lower in the hypothyroid state (4). In addition, in the hyperthyroid state, 
the normal ratio of cholate/chenodeoxycholate was reversed from approxi­
mately 3 : I to 1 :3-cholic acid synthesis was decreased, and chenodeoxycholic 
acid synthesis was increased two- to threefold (4). Identical results were 
obtained in the bile fistula rat treated with noncalorigenic doses of D-tri­
iodothyronine (5,6), suggesting that these effects are not necessarily a 
function of the basal metabolic rate. 

Experiments comparing bile fistula rats with intact rats are difficult to 
interpret. In the bile fistula rat, the enterohepatic circulation of bile acids is 
interrupted, feedback inhibition by the circulating pool is abolished, and 
bile acid synthesis is presumably at a maximum. The effects of thyroid hor­
mone are thus superimposed on a system that is operating already at or 
near maximal capacity. The stimulation of bile acid output by thyroid 
hormone can thus be seen more readily in the intact rat, where bile acid 
synthesis is under feedback regulation by the circulating bile acid pool. 

In intact rats (180-250 g), treatment with thyroid hormones to induce 
the hyperthyroid state resulted in an increase in total bile acid output. 
Normal rats produced an average of 3.9 mg of cholate and 1 mg of cheno­
deoxycholate per day, while hyperthyroid animals secreted 5.3 mg of cholate 
and 2.9 mg of chenodeoxycholate per day (7). The synthesis of chenodeoxy-
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cholate was stimulated to a greater extent, resulting in a change in the cholate/ 
chenodeoxycholate ratio similar to that found in bile fistula rats. The average 
size of the cholate pool was determined by analysis of the intestinal contents. 
In the thyroid-treated animals, the pool (14.5 mg) was similar to that of the 
normal controls (12.5 mg). The size of the chenodeoxycholate pool increased 
from 3.2 to 8.1 mg, resulting in an increase of the total bile acid pool from 
15.7 to 22.7 mg. The half-lives of the bile acids in normal and thyroid hor­
mone treated animals did not differ significantly. 

Thyroid activity also influences bile acid conjugation. In ten hypo­
thyroid patients, the mean ratio of glycine-conjugated/taurine-conjugated 
bile acids was 8.8. The mean value after treatment with desiccated thyroid 
or thyroxine to restore a euthyroid state was 3.4, corresponding quite closely 
to the mean value of 3.1 for normal subjects (8). 

In patients with hypothyroidism, cholic acid has a longer half-life 
(3. 8 days) and a slower turnover (0.22 g/day) than in patients with hyper­
thyroidism (half-life of 2.1 days and turnover of 0.33 g/day) (9). Treatment 
of the hypothyroid subjects with desiccated thyroid, L-triiodothyronine, or 
L-thyroxine resulted in an increase in the turnover of cholic acid amounting 
to 0.15 g/day. The faster bile acid turnover was accompanied by decreases of 
serum cholesterol. The ratio of glycine conjugates/taurine conjugates was 
also determined. It was found that the glycine/taurine ratio for euthyroid 
patients was 3.2, for patients with hyperfunctional thyroid 1.9, and for 
hypofunctional thyroid 6.3. When the hypothyroid patients were treated 
with thyroid hormone, the ratio was reduced to 1.9, confirming a regulatory 
effect of thyroid hormone on the conjugating mechanism. 

Beher et al. (10) studied sterol and bile acid excretion in normal, thy­
roidectomized, hypophysectomized, and hypophysectomized thyroid hormone 
treated rats. They found that hypophysectomized rats eliminated cholesterol 
at a rate markedly lower than normal. In these animals, after a dose of 
DL-mevalonic acid-2-14C, the specific activity of the p-sterol pool was high 
(i.e., sterol synthesis was low); consequently, bile acid synthesis was low. 
Since a major pathway of cholesterol elimination was thus blocked, the ex­
pected accumulation of cholesterol was found in the serum, organs, and 
carcass. The thyroidectomized animals again exhibited a sterol and bile 
acid excretion similar to normal. The hypophysectomized thyroid hormone 
treated animals showed a reduction of serum cholesterol concentration, an 
increased conversion of sterol to bile acids, and a proportional increase of 
bile acid excretion, demonstrating that of the pituitary hormones, TSH was 
probably the most important in maintaining a normal rate of bile acid pro­
duction and excretion. 

Beher et al. (11) further studied the rate of conversion of cholesterol 
to bile acids and the excretion of bile acids in hypophysectomized rats and 
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in hypophysectomized rats treated with thyroid hormone. Hypophysectomiz­
ed animals had a reduced rate of fecal bile acid excretion. This was restored 
to about normal levels when thyroid hormone was administered. They 
postulated that the major factor producing a reduced turnover of bile acids in 
hypophysectomized rats is the slow rate of excretion of bile acids from the 
pool. 

Early in vitro studies showed that mitochondria from livers of hyper­
thyroid rats did not oxidize cholesterol-26-14C to 14C02 at a faster rate than 
similar preparations from normal animals (12). A more recent study (13) 
led to the conclusion that the effects of thyroid hormones on bile acid metabo­
lism must take place at a biosynthetic step preceding side-chain oxidation, 
perhaps involving hydroxylation of the steroid nucleus. However, it must be 
realized that the normal substrate for side-chain oxidation leading to the 
formation of cholic acid from cholesterol is not cholesterol itself but pre­
sumably 3a, 7 a;l2a-trihydroxy-5fJ-cholestane (14,15), and the substrate for 
the side-chain oxidation leading to chenodeoxycholate is, presumably, 3a,7a­
dihydroxy-5fJ-cholestane (16). Thus results of in vitro experiments in which 
cholesterol is employed as the substrate must be interpreted with caution, 
since mitochondria do not have the enzyme system required for formation of 
the triol and diol from cholesterol. 

The effect of thyroid hormone on the biosynthesis of bile acids was 
investigated further by Berseus (I 7). He confirmed that in the bile fistula 
rat the total bile acid output remains the same in both the normal and 
hyperthyroid states but that the cholate/chenodeoxycholate ratio changes 
from a normal value of 3: I to I :3 in the hyperthyroid state. It seemed likely 
that thyroid hormone acts specifically on an enzyme, catalyzing one of the 
steps on the pathway of bile acid biosynthesis in such a way that it favors 
the production of chenodeoxycholate. To test this hypothesis, 3a,7a,12a­
trihydroxy-5fJ-cholestane was used as substrate for 26-hydroxylation, which 
initiates the oxidation of the side chain. It was found that liver homogenates 
from hyperthyroid rats had a greater capacity to oxidize 5fJ-cholestane-3a, 
7a,12a-triol than those from normal rats. However, a comparison with 5fJ­
cholestane-3a,7a-diol was not made. Thyroid hormone thus may have a 
stimulating effect on side-chain oxidation, and it is possible that the oxidation 
of the diol might proceed more rapidly than that of the triol, accounting 
for the increased chenodeoxycholate/cholate ratio. 

More recently, it has been shown that the 12a-hydroxylation of 7a­
hydroxycholest-4-en-3-one (an intermediate in cholic acid synthesis) is 
increased in homogenates from hypothyroid rats and decreased in homog­
enates from hyperthyroid rats (I8). Thyroid hormone, therefore, may 
exhibit a specific inhibitory effect on the hydroxylation of 7a-hydroxycholest-
4-en-3-one. This could explain, in part, the increased chenodeoxycholate 
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synthesis and consequent changes in the cholate/chenodeoxycholate ratio 
found in the hyperthyroid state: Less 5(1-cholestanetriol would be available 
for the formation of cholic acid, and a relatively larger proportion of 5(1-
cholestanediol would be available for chenodeoxycholate synthesis. 

III. PITUITARY HORMONES 

In hypophysectomized rats, the synthesis of cholesterol from acetate 
(l9,20)-but not from mevalonate (21)-is inhibited, indicating that pituitary 
hormones have an effect on a metabolic step between acetate and mevalonate, 
probably on hydroxymethylglutaryl-coenzyme A reductase. In terms of 
tissue cholesterol concentrations, the hypophysectomized rat differs little 
from the normal. Although bile acid synthesis and excretion are reduced, 
these animals reach a steady state in which normal cholesterol concentra­
tions in plasma and tissue are maintained (2 I ,22). This is true, however, only 
when the hypophysectomized rat is maintained on a low-cholesterol diet. 
When cholesterol intake is increased, both serum and tissue cholesterol 
reach high levels, presumably because of the decreased ability of the hy­
pophysectomized rat to eliminate that sterol by conversion to bile acids (10, 
11,23). 

The major pathway of cholesterol elimination in the rat is via fecal 
excretion of bile acids. This pathway may be divided into two related events: 
(a) the catabolism of cholesterol to bile acids and (b) the excretion of bile 
acids from the pool. Pituitary hormones may thus affect one or both of these 
processes. 

By injecting normal and hypophysectomized rats with 14C-Iabeled 
cholate and/or chenodeoxycholate, the half-life, turnover rates, and bile 
acid pool sizes were determined (23-25). In hypophysectomized rats, bile 
acid synthesis (calculated from the t1/2 and turnover rates) and excretion are 
reduced to about half when compared to normals. The decrease in bile acid 
synthesis is reflected in drastically reduced levels of chenodeoxycholate: 
Apparently, the hypophysectomized rat loses its ability to synthesize this 
bile acid (23,24). Typical values for daily bile acid synthesis expressed in 
mg/day/IOO g rat were 0.55 mg cholate, 0.19 mg chenodeoxycholate for 
normals, and 0.31 mg cholate, no detectable chenodeoxycholate for hy­
pophysectomized rats. 

In the normal rat, increased cholesterol intake resulted in increased 
bile acid synthesis and excretion. The increased synthesis was reflected 
primarily in an increased production of chenodeoxycholate (from 0.2 mg/ 
day/IOO g rat to 0.8 mg/day/IOO g rat). It was postulated that this increase 
in bile acid output was a protective mechanism to eliminate the excess 
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dietary cholesterol (23,24). On high-cholesterol intakes, hypophysectomized 
rats were able to increase their bile acid synthesis and excretion above the 
rates observed in hypophysectomized rats on cholesterol-free diets. When 
compared to cholesterol-fed intact rats, the hypophysectomized cholesterol­
fed animals had lower rates of bile acid excretion, total bile acid synthesis, 
and chenodeoxycholate synthesis, and slower turnover rates (24). 

Beher et al. (23,24) concluded that pituitary hormones act on sterol and 
bile acid elimination rather than on bile acid synthesis. They supported 
this argument by studies using cholestyramine (23,26), a bile acid sequester­
ing anion exchanger, and psyllium hydrocolloid (27), which provides dietary 
bulk and lowers tissue cholesterol. Both of these agents decreased the 1I/2 

and increased the synthesis and excretion of the bile acids in hypophysec­
tomized rats but did not affect bile acid pool size. Thus "the faster bile acid 
synthesis and excretion rates in MK-135 [cholestyramine] treated animals 
are due to an increased rate of elimination of bile acids from their pools." 
Since bile acid pool size did not change in the hypophysectomized rats, they 
concluded that "the defect in sterol metabolism in these animals [hy­
pophysectomized] is concerned not with the conversion of liver sterols to bile 
acids but with the rate of elimination of bile acids from their pools." (23) 

This conclusion must be considered tentative at present. The half-life 
of a bile acid refers to the interval from secretion by the liver to excretion 
in the feces. It cannot take into account the number of enterohepatic cycles 
undergone by a bile acid molecule before it is excreted. Presumably, it is 
the rate of the enterohepatic circulation of bile acids that controls the 
rate of bile acid biosynthesis (28), and we do not know at present what factor 
or factors determine the rate of excretion. In the experiments in which the 
enterohepatic circulation was interrupted by administering the ion exchanger, 
it may be postulated that synthesis was stimulated by partial removal of the 
bile acid pool; the mechanism of this effect is not unequivocal since the cir­
culation rate of the pool was not known. 

IV. GONADAL HORMONES 

In animals as well as man, castration causes increased serum cholesterol 
levels. Androgens have variable effects on serum cholesterol, while estrogens 
induce a decrease (29). It has been postulated that the mechanism of action 
of estrogens on serum cholesterol levels might involve increased uptake of 
cholesterol by the Kupffer cells of the liver, with a subsequent increase in 
catabolism of cholesterol (30). 

In cockerels (31), small doses of Premarin (a conjugated equine estrogen) 
increased the cholesterol content of gallbladder bile while decreasing plasma 



Effect of Hormones on Bile Acid Metabolism 255 

cholesterol and bile acid excretion. With large doses, opposite effects were 
observed. There appeared to be a decrease of cholesterol catabolism to bile 
acids with relatively small doses of estrogen, an increase in bile acid synthesis 
with higher levels of estrogen. However, the precise effect of estrogens on bile 
acid metabolism remains to be investigated. 

The side-chain oxidation of cholesterol was greater in the presence of 
liver mitochondria of female rats than in that of male rats (32,33). In the 
same studies, it was shown that the presence of estrogens increased and 
androgens decreased the oxidation of cholesterol. 

A more recent study (34) showed that in gonadectomized male and 
female rats, both serum and liver cholesterol increased. A lowering of cho­
lesterol levels and increased bile acid synthesis were observed in both males 
and females only with estrogen administration. It was postulated that 
estrogen acts on the conversion of cholesterol to bile acids by increasing 
mitochondrial cholesterol oxidation. Tracer studies (cholesteroJ-l4C) showed 
that a significant increase in cholesterol conversion to bile acids was pro­
duced by estrogen. No such effects were observed with androgen. 

V. ADRENAL HORMONES 

Very little work has been done on the effects of adrenal hormones on 
bile acid metabolism. In the adrenalectomized bile fistula rat, total bile 
acid production was only slightly decreased. However, the ratio of glycine­
conjugated/taurine-conjugated bile acids was about I, as compared to a 
normal ratio of 0.1 (35). The administration of cortisone caused the ratio to 
revert to normal. It was found that the livers of both intact and adrenalecto­
mized rats contained the same amounts of taurine, indicating that the change 
in glycine/taurine conjugation was not due to a decrease in the availability 
of taurine. Unconjugated cholic acid in the bile from adrenalectomized rats 
amounted to 2-5 % (less than I % in intact rats) of total bile acids. This 
points to a defective conjugation mechanism at the enzyme level. 

It is difficult to study hormonal factors regulating bile acid synthesis in 
intact animals because effective stimuli are counteracted by homeostatic 
mechanisms. Recently (36), effects of cortisone on bile acid production and 
biosynthesis were studied using the isolated, perfused rabbit liver (37), which 
offers a less complex system in which bile is easily sampled. When the donor 
rabbits were pretreated with cortisone acetate (3 mg/kg, intramuscularly) 
for 3 days, secretion of glycocholate during a 2.5-hr perfusion increased two­
to threefold. The incorporation of acetate-I-14C into bile acids was likewise 
increased, suggesting that part of the stimulatory effect was due to an increase 
in bile acid biosynthesis. Biliary cholesterol concentration (but not de novo 
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synthesis) was increased about five times above the control levels. Similar, 
though less striking, effects were observed when hydrocortisone was added 
directly to the perfusion fluid. 

VI. CONCLUSION 

This survey of information currently available on the effect of hormones 
on bile acid metabolism makes it clear that much additional work is needed. 
Of particular interest would be work dealing with the effect of individual 
hormones on specific enzymatic steps of bile acid biosynthesis. In addition, 
it would be desirable to have more detailed information on the action of 
specific hormones on the size and composition of the bile acid pool and on 
its rate of enterohepatic cycling. 
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I. INTRODUCTION 

The metabolic relationship of cholesterol to bile acids was first suggested 
by Lifschutz (1) in 1914 on the basis of their occurrence together in bile and 
their behavior toward a ferric chloride reagent. Lifschutz's assumption 
could not be experimentally verified until, in 1943, Bloch, in association with 
Berg and Rittenberg (2), succeeded in labeling cholesterol isotopically by 
exchange with deuterium. These workers established the origin of cholic 
acid from cholesterol by isolating deuterium-labeled cholic acid from the 
urine of a dog which was given deuterated cholesterol. With the advent of 
14C-Iabeled cholesterol, the quantitative relationship between cholesterol 
and bile acids was established unequivocally, showing that bile acids form 
the principal end products of cholesterol metabolism. The mechanisms of 
bile acid biogenesis from cholesterol, the structural intermediates involved 
in this pathway, and the enzymes catalyzing these reactions are described by 
Danielsson in Chapter 1 of this volume (3). 

The primary bile acids, which are derivatives of cholanoic acid, are 
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generally conjugated with glycine and taurine before being secreted into the 
bile. These conjugated bile acids undergo further structural alterations under 
the influence of intestinal microflora as they are propelled through the gut 
together with intestinal contents. Discussion of the enzymes catalyzing these 
reactions will form the principal content of this chapter. 

ll. FORMATION OF THE PEPTIDE BOND OF CONJUGATED BILE 
ACIDS 

The terminal step in the biosynthesis of bile acids from cholesterol is 
represented by the enzymatic synthesis of water-soluble bile acid conjugates 
of taurine and/or glycine through a peptide bond, as shown in Fig. I. 

The ability to synthesize peptide bonds is an inherent propensity of 
hepatic cells and is a biological phenomenon associated with detoxification 
processes, in which the end products are generally water-soluble conjugates 
with amino acids. A classical example is the biosynthesis of hippuric acid 
by the conjugation of benzoic acid with glycine. 

The demonstration by Bergstrom et al. (4,5) in 1953 of the conversion of 
deoxycholic acid to taurocholic acid in the rat in vivo and by rat liver slices 
paved the way for studies on 7a-hydroxylation and conjugation of bile acids. 
The early work on the synthesis of bile acid conjugates in vitro utilized slices 
or homogenates of rat and human liver, and the enzymatic reaction was 
followed by the incorporation of radioactivity from carboxyJ-l4C-labeled 
bile acids into the corresponding taurine and glycine conjugates (6.7). The 

ct2??H DOOH +NH2iCH21209?~H + ?H ~O'NH'(CH2l:!S02OH 
(2) 

HO'" "'OH HO" "OH 

Fig. I. Biosynthesis of conjugated bile acids. (I) Glycocholic acid. (2) 
Taurocholic acid. 
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incubations were carried out in 0.12 M sucrose, buffered with phosphate 
at pH 7.4, and the reaction products were separated for radioactivity measure­
ments by the paper chromatographic procedure of Sj6vall (8). The enzymatic 
reaction was inhibited by free bile acids in the concentration range of 10-
30 mg % of the homogenate, although hydroxylation of taurodeoxycholic 
acid proceeded uninhibited. In human liver homogenates, without the 
addition of exogenous amino acids, taurocholic acid represented 60 % of the 
total conjugates formed, while the rest of it was made up of glycocholic acid. 
However, the relative proportions of the two conjugates could be readily 
altered in favor of taurocholic acid (90 %) by the addition to the incubation 
mixture of 3 moles of taurine per mole of bile acid. In contrast, the system 
was not significantly influenced by the addition of glycine in the concentra­
tion range of 3-30 moles per mole of bile acid. 

A. Properties of the Enzyme System 

During the period 1955-1957, the nature and characteristics of the 
enzymatic steps involved in the biosynthesis of bile acid conjugates were 
independently investigated by Bremer, Gloor, Elliott, and Siperstein. Bremer, 
using 35S-labeled taurine and a butanol extraction procedure, investigated the 
characteristics of the enzyme in liver subcellular fractions (9-11). In rat 
liver, the full conjugating activity of the homogenate is retained in the post­
mitochondrial supernatant (12,000 g supernatant). Although the microsomes 
and supernatant are inactive by themselves, when they are combined, full 
activity is restored in the presence of A TP. When fresh micro somes are in­
cubated with the boiled supernatant, the enzyme is partially reactivated by 
the addition of ATP. As possible cofactors, ATP, DPN, Mg2+, EDTA, and 
TPN enhance the activity of the enzyme in the postmitochondrial super­
natant. In the absence of ATP, cyanide strongly inhibits the conjugation. 
When ATP is added, cyanide has no effect, and the reaction is almost quanti­
tative at low taurine and cholic acid concentrations. 

In the taurocholic acid synthesizing system of rat liver microsomes, the 
fact that the soluble cytoplasmic fraction could be substituted for, by CoA and 
ATP, appeared to indicate the existence of cholyl-CoA as an activated in­
termediate (12). This was independently observed by a number of investiga­
tors (13-17). In Bremer's studies (13), the conjugation of cholic acid with 
taurine by rat liver microsomes at pH 7.3-7.6 required coenzyme A, ATP, 
Mg2+, Mn2+, and fluoride to inhibit ATPase activity. In some cases, cysteine 
and glutathione stimulated the activity. In this report, a reaction mechanism 
involving cholyl-S-CoA as an intermediate and AMP and pyrophosphate 
as reaction products was proposed, in which the transfer of the cholyl group 
from CoA to taurine and glycine is irreversible. Since hepatic microsomes 
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derived from various animal species differ in their relative abilities to transfer 
the bile acid moiety from CoA to taurine and/or glycine, the question has 
been raised concerning the existence of two distinct enzymes, acyl trans­
ferases corresponding to taurine and glycine. On the basis of these studies, the 
following reaction sequence was proposed: 

. . bile acid 
CholIc aCid + ATP + CoA-SH • Cholyl-S-CoA + AMP 

':.c~vg~~i~~ :~me + Pyrophosphate 
+ATP 

. cholyl taurine .. 
Cholyl-S-CoA + taurme • taurocholic aCid + CoA-SH 

acyl transferase 

. cholyl glycine .. 
Cholyl-S-CoA + glycme • glycocholIc aCId + CoA-SH 

acyl transferase 

In a similar investigation, using guinea pig liver microsomes, Elliott (18) 
demonstrated the formation of taurocholic acid when the microsomes were 
incubated in phosphate buffer in the presence of Mg2+, CoA, ATP, potassium 
cholate, taurine, cysteine, and potassium fluoride. The complete incubation 
system consisted of 0.2 ml of 0.25 M phosphate buffer, pH 7.4; 0.1 ml of 0.1 
M MgS04 ; 100 units of CoA; 0.25 ml of 0.08 M A TP; 0.1 ml of 0.04 M potas­
sium cholate; 0.1 ml of 0.1 M taurine; 0.05 ml of 0.2 M cysteine; 0.1 ml of 0.3 
M potassium fluoride; and 0.5 ml of microsomal suspension. 

Schersten et al. (19-22) have investigated more extensively the synthesis 
of taurocholic and glycocholic acids by homogenates of human liver. The 
yields of taurocholic and glycocholic acids in 1: 1 molar proportion were 
linear, with increasing amounts of cholic acid in the incubation mixture up to 
a concentration of 22.32 m,umoles of cholic acid per 40 mg of hepatic tissue. 
With the addition of taurine and glycine in equimolar amounts together with 
cholic acid, there was a preferential synthesis of taurocholic acid up to 95 % 
of the total conjugates formed in the absence of any exogenous glycine. On 
the other hand, when only glycine was added without any taurine, glycocholic 
acid represented 80 % of the total conjugated bile acids. Among the subcel­
lular fractions derived from human liver, only a combination of the microso­
mal fraction and a crude lysosomal (L) fraction exhibited about 70 % of the 
original activity present in the total homogenate (21,22). The L-fraction, 
which appeared to stimulate microsomal synthesis of biJe acid conjugates 
in the presence of optimum concentrations of co factors, had no effect on the 
synthesis of cholylhydroxamic acid, which was exclusively related to the 
amounts of microsomal protein present in the incubation mixture. Purifica­
tion of the factor in the L-fraction by solubilization or sucrose gradient 
centrifugation gave an active light L-fraction associated with high acid 
phosphatase activity but with no ability to form cholylhydroxamic acid with 
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hydroxylamine. Since earlier studies had shown that the participation of the 
bile acid activating enzyme ( cholyl-CoA synthetase) is obligatory to the 
synthesis of cholylhydroxamic acid, the light L-fraction was assumed to 
possess the other component, the acyl transferases, that mediate the transfer 
of the activated bile acid moiety to either taurine or glycine. 

B. Assay of Bile Acid Conjugating Activity in Human Liver Homogenates 

Assay of bile acid conjugating activity is based on the procedure de­
scribed by Ekdahl et al. (23) and Gottfries et at. (19). Specimens of human 
liver obtained by biopsy or during laparatomy are placed in ice-cold 0.1 M 

phosphate buffer, pH 7.4. After removal of the capsule and the connective 
tissue, the liver is homogenized in 4 vol of 0.1 M phosphate buffer, pH 7.4. 
Aliquots of the homogenate, corresponding to 40 mg of tissue, are transferred 
to test tubes containing 2.32 m,umoles of cholic acid-24-14C (sp. act. 16.3 
,uCi/mg), 0.6 ,umole of ATP, 4 ,umoles of nicotinamide, I ,umole of MgClz, 
and nonradioactive cholic acid in graded amounts from 2 m,umoles in the 
first tube to about 70 m,umoles in the last one. The total volume of the in­
cubation mixture is 0.5 ml, and the final pH is adjusted to 7.4. The tubes are 
incubated in a water bath at 37° C for 120 min, and the reaction is terminated 
by the addition of ethanol or by placing the tubes in boiling water for 5 min. 

The ethanol-precipitated protein is removed by centrifugation, and the 
supernatant is evaporated to dryness under a stream of dry nitrogen in a 
separate test tube. The residue is dissolved in 0.2 ml of methanol containing 
40 ,ug each of cholic, glycocholic, and taurocholic acids and subjected to 
thin-layer chromatography (24). The zones corresponding to taurocholic 
and glycocholic acids are scraped, and radioactivity is measured by liquid 
scintillation counting. The activities are usually expressed as m,umoles 
synthesized per milligram of protein. 

C. Characteristics of the Peptide-Bond Synthesizing Systems 

The naturally occurring bile acids in higher animals are considered to be 
derivatives of cholanoic acid, a C24 bile acid. To a large extent, therefore, the 
bile acid conjugating system of hepatic cells utilizes bile acids with 24 carbon 
atoms as the substrate for the synthesis of the corresponding conjugates. 
However, when tritium-labeled 3a,7a,12a-trihydroxycoprostanic acid, a 
C27 bile acid intermediate, was incubated with rat liver homogenates, Berg­
strom et al. (25) isolated from the incubation mixture, in addition to labeled 
taurocholic acid, a small proportion of labeled trihydroxycoprostanic acid 
in the form of its conjugate with taurine. Since trihydroxycoprostanic acid 
is a primary bile acid among members of the Crocodylidae and Amphibia, 
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the ability to utilize this C27 bile acid as a substrate for conjugation by 
mammalian liver cells possibly reflects the vestigial remains of a functional 
capacity once fully expressed in the early stages of biochemical evolution. 

The conjugation of bile acids with added hydroxylamine by rat liver 
microsomes in the presence of ATP, CoA, and fluoride to yield bile acid 
hydroxamates has been used to demonstrate the formation of cholyl-CoA 
as an intermediate in the enzymatic system catalyzing the synthesis of the 
natural conjugates (12,13). In pig liver, there appear to be two distinctly 
different enzyme systems capable of the synthesis of cholylhydroxamic acid 
(15). A partially solubilized preparation from pig liver catalyzed the rapid 
formation of cholylhydroxamic acid in the presence of cholic acid and 
hydroxylamine but in the absence of A TP and CoA. This is in contrast to 
the synthesis ofhydroxamates of bile acids by the microsomes, which required 
both ATP and CoA. Since fluoride inhibits the system that functions in the 
absence of ATP and CoA, the reaction appears to be similar to that of a 
lipase (15) 

The activation of bile acids by liver micro somes to form the correspond­
ing CoA esters in the presence of ATP, CoA, and Mg2+ has been shown to 
be the first step in the conjugation of bile acids with glycine or taurine. 
Recently, Shah and Staple (26) studied the relative specificities of the micro­
somal enzymes to form CoA esters of several dihydroxycholanoic acids, such 
as hyodeoxycholic, deoxycholic, and chenodeoxycholic acids. In these studies, 
the formation of CoA esters was measured by trapping the thioester with 
hydroxylamine and determining the hydroxamates spectrophotometrically as 
the ferric ion color complex. The enzyme system in rat liver micro somes was 
about 50 % as active for hyodeoxycholic acid as it was for cholic acid. The 
corresponding activities with deoxycholate and chenodeoxycholate were in 
the range of 83-85 %. 

There are several biological mechanisms for the formation of peptide 
bonds (27). The bile acid conjugates (glycocholic and taurocholic acids) and 
hippuric acid are two classes of compounds possessing peptide bonds that 
are formed in the liver enzymatically. Although the identity and catalytic 
properties of the various enzyme(s) systems capable of peptide bond syn­
thesis would appear to be similar, the one catalyzing the synthesis of bile acid 
conjugates is exclusively a microsomal enzyme, compared to the one forming 
hippuric acid, which has a mitochondrial localization (9). 

D. Factors That Determine Bile Acid Conjugation 

The intrinsic ability of the liver to conjugate bile acids and the relative 
proportions of the two principal forms, the glycine and taurine conjugates, 
are determined and regulated by several factors, hepatic and extrahepatic. 
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In the newborn infant, the bile acids are almost exclusively conjugated with 
taurine (28,29), while after the first week there is a steady rise in the amounts 
of glycine conjugates in bile and duodenal contents, reaching adult values 
during the course of the first year. The average ratio of glycine conjugatesj 
taurine conjugates in the normal human adult is about 3.2: I, although some 
variations are observed that are ascribed to dietary and other external 
influences. For example, normal healthy human subjects when fed taurine 
of up to 1.5 gjday responded with an increase in taurine conjugates (30), 
although glycine in amounts of up to 21 gjday did not alter the conjugation 
pattern. In disease states, such as in myxedema, there is an increase in the G:T 
ratio to about 7 (31). Replacement therapy with thyroid hormone restores 
the conjugation pattern to normal. The relationship to thyroid status is 
further exemplified by the decrease in the glycinejtaurine ratio to about 2 in 
thyrotoxicosis (32). 

Administration of nicotinic acid for the reduction of serum cholesterol 
also reduces the proportion of bile acids conjugated with glycine (33), al­
though the converse is not true. In other words, alteration of the glycinej 
taurine ratio in favor of taurine conjugates by dietary means, such as the 
feeding of taurine, does not lower blood cholesterol levels. In vitamin B6 
deficient rats, there is an increase in glycine conjugates (34,35). There are a 
variety of pathological conditions that would bring about an alteration in the 
relative amounts of the conjugates in man. Extensive studies conducted by 
Ekdahl, Sjovall, and others in Sweden are reviewed by Schersten (20) and 
by Bergstrom et al. (36). 

Recent studies on bile salts in duodenojejunal samples from subjects 
suffering from tropical sprue have shown a significantly lowered glycinej 
taurine ratio compared to ratios in control or protein-caloric malnutrition 
subjects (37). 

In contrast, in ileal absorptive disorders, Garbutt et al. (38) observed an 
increase in G:T ratios of both cholate and deoxycholate, which was attributed 
to a decrease in enterohepatic recirculation of taurocholate and deoxycholate. 
It is also interesting to note that a selective conjugation of cholic acid with 
L-ornithine could be induced in the rat and guinea pig liver by the injection 
of a toxic capsular polysaccharide of Klebsiella pneumoniae (39). Partial 
hepatectomy has also been shown to result in a shutdown in the hepatic 
synthesis of glycine conjugates of bile acids (40). 

ill. PEPTIDE BOND HYDROLASES OF BILE ACID CONJUGATES 

In Section II, we have discussed the enzymatic synthesis of the peptide 
bond of bile acid conjugates by mammalian liver. The further metabolism of 
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conjugated bile salts during their passage through the intestinal tract, as far 
as we know, is almost exclusively brought about by the action of microflora 
indigenous to the gut. Among the several structural alterations, the most 
widely studied appears to be the hydrolytic cleavage of the peptide bond of 
bile acid conjugates by bacterial enzymes. 

Since most of the fecal bile acids are in the unconjugated form, the 
observation by Norman (41) that rats treated with antibiotics excreted only 
conjugated bile acids suggested a role for intestinal microorganisms in the 
deconjugating process. This was further supported by the fact that in germ­
free animals all of the fecal bile acids were in the conjugated form (42). 
Frankel (43), in 1936, reported the first successful isolation of a bacterium 
from human feces capable of hydrolyzing conjugated bile acids in cultures, 
although this organism was unable to grow at 370 C. Among the early 
studies on peptide-bond hydrolysis by microbial cultures, the one by Norman 
and Grubb (44) is notable. Their approach was to allow microorganisms from 
rat fecal suspensions to grow in a variety of culture media previously fortified 
with either labeled or unlabeled bile acid conjugates. After the organisms 
had grown for 24-52 hr, the existence of free bile acids in the growth medium 
was demonstrated by chromatographic analysis of the broth. Strains of 
Clostridium and Enterococcus were capable of peptide-bond hydrolysis, 
although they differed in some respects. The clostridia were especially active 
on the taurine conjugates, and effected a more complete splitting of the 
conjugates than the enterococci. Incidentally, enterococci are one of the few 
species of gram-positive organisms that can survive in the presence of bile. 
In 1964, Ogura and Ozaki (45) reported from Japan the isolation of a strain 
of Aerobacter aerogenes capable of splitting hippuric acid and to a lesser 
extent the conjugates of bile acids (45). 

It should be emphasized that until about this time our knowledge of the 
existence of bacterial bile salt hydro lases was limited and only indirectly 
inferred from the fact that certain organisms, when allowed to grow in culture 
media fortified with bile salts, were capable of hydrolyzing them. Most 
attempts at isolating or purifying a cell-free enzyme preparation were largely 
unsuccessful. In 1964, a group of investigators from the author's laboratory 
initiated a systematic study of known peptidases and proteases in a search for 
a natural source of an enzyme capable of splitting bile salt conjugates (46). 
These studies led us to two significant conclusions: First, the C-N bond 
in bile salt conjugates is unique in its ability to withstand cleavage by all 
known proteolytic enzymes examined by us and in its requirement of drastic 
alkaline conditions (15 % NaOH in 50 % ethanol at 115-2000 C for several 
hours in a Parr bomb) for its chemical hydrolysis. Second, microbial splitting 
of the C-N bond in these compounds is an attribute of bacterial metabolism 
during multiplication in media enriched with bile salt conjugates and normal-
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ly does not represent the production of a specific enzyme that is discharged 
into the growth medium. Therefore, in order to obtain a source for a cell-free 
enzyme, it was necessary to screen several strains of organisms in an attempt 
to isolate a mutant in which the gene coding for the enzyme(s) was fully 
derepressed. Abscesses of the gallbladder and bile ducts and the urine from 
patients with jaundice were obvious sources of our organisms, since these 
mutants were likely to have developed biochemical mechanisms that would 
allow them to survive in an environment rich in bile salts. These studies 
culminated in the isolation of a strain of Clostridium perfringens (A TCC-
19574, Sinai-43-F-4) in 1965 that yielded cell-free extracts containing a 
hydrolytic enzyme (47). The crude enzyme obtained from this strain exhibited 
a pH optimum at 5.8, unlike the extracellular enzyme (48) obtained from the 
clear supernatant fluid of rat intestinal contents, which showed an optimum 
between pH 6.5-8.0. 

A. Cultivation of C. perfringens 

C. perfringens (ATCC-19574, Sinai-43-F-4) (49) was isolated from a hu­
man subject with a biliary abscess using trypticase-soy-blood-agar (47). 
Cells are generally grown aerobically at 37° C in freshly prepared Brewer 
modified thioglycollate broth without indicator (No. 01-135C, Baltimore 
Biological Laboratories) for 16 hr and harvested by centrifugation at room 
temperature. Accidental cooling of the broth below room temperature can 
result in the formation of a white precipitate that interferes with the prepara­
tion of the cell-free extract. The cells are washed five times with physiological 
0.9 % NaCI at a temperature of 4° C. 

B. Characteristics of Clostridial Cholylglycine Hydrolase 

The partially purified enzyme from C. perfringens (A TCC-19574, Sinai-
43-F-4) (49,50) has a broadpH optimum between 5.6-5.8 and in acetate buffer 
at pH 5.6 gives higher values than those in phosphate buffer at pH 5.8. The 
enzyme is inhibited by sulfhydryl reagents and metal ions such as mercury, 
copper, and zinc. Cholic acid, the product of the enzymatic reaction, exhibits 
competitive inhibition of the hydrolytic process. Similarly, glycodehydro­
cholic acid, the triketo analogue of the standard substrate, glycocholic acid, 
is not only inactive but is inhibitory to the enzymatic cleavage of the latter. 
Electroconvection studies showed that the enzyme has an isoelectric point 
between pH 7.3-7.4. The enzyme has a molecular weight in excess of 200,000 
and is completely excluded from Sephadex G-200. 
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C. Assay of Cholylglycine Hydrolase Activity 

The reaction mixture containing sodium glycocholate (10 .umoles), 
acetate buffer (pH 5.6, 10 .umoles), fj-mercaptoethanol (20 .umoles), disodium 
EDTA (20 flmoles), and dilute enzyme in a final volume of 1.0 ml is incubated 
at 37° C for 5 min in a shaking water bath. The reaction is terminated by the 
addition of 1.0 ml 20 % TCA. The supernatant is assayed for free glycine, 
along with substrate and enzyme blanks, by the procedure of Troll and 
Cannan (51). 

D. Relationship of Substrate Structure to Enzyme Activity 

The glycine and taurine conjugates of the four most common naturally 
occurring bile acids are good substrates, as would be expected. Conjugates of 
cholic and deoxycholic acids possessing negatively charged end groups with 
the exception of the one with o-aminovaleric acid are active as substrates, 
in contrast to those with positively charged end groups, which are not at­
tacked by the enzyme. The effect of increasing the length of the side chain 
beyond the C-N bond is exemplified by using poIY-L-lysine conjugates of 
cholic and deoxycholic acids, both of which are inactive. It appears that a 
side chain longer than two carbon atoms (beyond the C-N bond) renders the 
substrate inactive to the altered spatial relationships between the points of 
attachment of the substrate to the active sites on the enzyme (50). From the 
limited studies conducted so far, substrate activity is related to (a) the pres­
ence of free hydroxyl groups on the bile acid moiety and (b) the presence of 
a negatively charged end group on a side chain not longer than two carbon 
atoms, beyond the C-N bond. 

E. Bile Salt Hydrolases of Other Bacterial Genera 

Aries and Hill (52), of the Wright-Fleming Institute of St. Mary's Hos­
pital Medical School in London, extended the earlier studies from this 
author's laboratory by examining several organisms for extracellular and 
intracellular bile salt hydrolases. They described the characteristics of enzymes 
from two strains of each of the genera Bacteroides, Bifidobacterium, Clostri­
dium, and Enterococcus. Except for the bifidobacteria, all organisms produced 
an active intracellular enzyme capable of hydrolyzing glycodeoxycholic 
and taurodeoxycholic acids. One of the enterococcal strains had an intracel­
lular enzyme specific for glycodeoxycholic acid. Among these organisms, the 
bifidobacteria were unique in that they produced a hydrolase that was specific 
for glycine conjugates and was mostly extracellular, a small proportion being 
bound to the wall and membranous fragments. The eight hydrolases describ-
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ed by Aries and Hill had characteristics similar to those of the clostridial 
cholylglycine hydrolase of Nair et al. (49), with the exception of their chromat­
ographic behavior on DEAE-cellulose. Furthermore, the enzymes of the 
British workers seem to have molecular weights in the range of 50,000-
100,000, unlike that of the clostridial enzyme of about 200,000 (50). Until 
the subunit structure of this constellation of hydro lases is elucidated, one can 
only speculate on the nature and specificity of the individual units in this 
cluster. 

IV. HYDROXYSTEROID OXIDOREDUCTASES AND RELATED 
ENZYMES 

A. Oxidoreductases Acting on 3-Hydroxy/3-Ketocholanoic Acids 

Rat liver 3a-hydroxysteroid dehydrogenase is known to reversibly 
dehydrogenate 3a-hydroxycholanoic acids as readily as those in C19- or 
C21-steroids, NAD being required as a cofactor (53). The existence of similar 
dehydrogenases in other tissues such as the intestines and kidney and in 
intestinal bacteria has been reported (54-56). Kallner (57) reported his 
studies on the reduction in vitro of 3-keto groups of a series of substituted 
cholanoic acids by a 100,000 g supernatant of rat liver homogenate. Incuba­
tion of the monohydroxymonoketo bile acids with the mammalian soluble 
enzyme led to the formation of small amounts of 3p-hydroxy acids in addition 
to the usual 3a-hydroxy epimer. While the microsomal fraction catalyzed the 
reduction of ,14-3-keto bile acids to the corresponding 3-keto-5a bile acids, 
the enzymes in the supernatant specifically catalyzed the reduction of ,14_ 
3-keto bile acids to the corresponding 3-keto-5p bile acids. Aries and Hill 
(58) studied cell-free preparations of strains of Clostridium welchii and 
Bifidobacterium exhibiting both 3a- and 12a-hydroxycholanyl dehydrogenase 
activities. These enzymes are NADP dependent, and the 3a-hydroxycholanyl 
dehydrogenase of C. welchii did not oxidize 3p-hydroxy-5p-cholanic acid, 
3a-hydroxy-5a-androstan-17-one, 5p-cholestan-3p-ol, or cholesterol, thus 
showing a high degree of specificity for the substrate. 

B. Miscellaneous Oxidoreductases and Dehydroxylases 

Aries and Hill (58), during the course of their investigations of degrada­
tion of steroids by intestinal bacteria, prepared partially purified extracts of 
several microorganisms, such as Clostridium, Bacteroides, Bifidobacterium, 
and Enterobacterium, possessing enzymatic activity catalyzing the oxido­
reduction of the 7a- and 12a-hydroxy groups in bile acids, as well as the 7-
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dehydroxylase. The enzymes from C. welchii were NADP dependent, while 
those from Escherichia coli and Bacteroides utilized NAD. The presence of 
7-dehydroxylase activity could be demonstrated only in cells grown in the 
presence of bile acid substrate in a growth medium with a final pH above 
6.5. Enzymatic activity was enhanced by the addition of a reducing agent 
(0.05 % cysteine HCl) or blood (1 %) to the growth medium. 

v. CONCLUSION 

In this chapter, the author has chosen to describe only those reactions 
on bile acids that have been demonstrated by the use of cell-free preparations. 
Because of this, a large number of other metabolic reactions carried out by, 
for example, microorganisms during their growth and multiplication in 
media enriched with bile salts are not included here, although admittedly 
many of them are enzyme-mediated reactions. The constraints placed by the 
definition in the first sentence of this paragraph has made this chapter rather 
selective but also serves to alert the reader that this area of bile salt metabo­
lism is still in its infancy and is open to further investigation. 
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Chapter 10 

ACTION OF HYPOLIPIDEMIC DRUGS ON BILE 
ACID METABOLISM* 

David Kritchevskyt 
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Philadelphia. Pennsylvania 

I. INTRODUCTION 

The effects of pharmacological agents on bile acid metabolism may be 
assessed in several ways. The total excretion of bile acids in the bile or feces 
can be measured, the spectrum of bile acids or their conjugates can be deter­
mined, or the synthesis of bile acids can be assessed. To date, most experi­
mental approaches have involved the first of these possibilities. 

Although it has been known for some time that cholesterol is a precursor 
of bile acids, only recently have studies of bile acid metabolism been carried 
out in parallel with studies of cholesterol metabolism. The drugs whose 
effects on bile acids have been studied have generally been hypocholesterole­
mic agents. 

The effects of hormones on bile acid metabolism are reviewed by Beker­
sky and Mosbach (1) in Chapter 8 of this volume, and these compounds will 
not be considered in this discussion. 

II. NICOTINIC ACID 

The hypocholesterolemic effect of nicotinic acid was first reported by 

"This work was supported, in part, by United States Public Health Service Research Grants 
HE-03299 and HE-05209 and Research Career Award HE-00734 from the National 
Heart and Lung Institute. 

tWistar Professor of Biochemistry, Division of Animal Biology, School of Veterinary 
Medicine, University of Pennsylvania. 
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Altschul et al. (2) in 1955 and has since been confirmed by a number of 
investigators. The mechanism of action of nicotinic acid has been studied in 
a number of laboratories from various points of departure. Two recent 
reviews of the possible mechanisms of action of this compound are available 
(3,4). One suggestion has been that nicotinic acid accelerates bile acid excre­
tion, affects bile acid conjugation, or does both. 

Kottke et at. (5,6) have studied the effects of nicotinic acid on bile acid 
conjugation in dogs made hypercholesterolemic by diet or chemical thyroid­
ectomy. Dietarily induced cholesterolemia, effected by the addition of lard 
or corn oil to a meat diet, caused a moderate average rise in cholesterol 
levels (420 mg/dl), and administration of 1 g/day of nicotinic acid reduced 
this to an average level of 218 mg/dl. In two dogs whose bile ducts were 
cannulated, the starting cholesterol levels were lower than average. Although 
there was only a slight change in bile volume, the total bile acid excretion 
(mg/24 hr) doubled. The increase might have been due to a generally increas­
ed endogenous synthesis caused by the bile drainage. In contrast, bile acid 
excretion in one hypothyroid dog was increased tenfold, but this brought 
total excretion up to the level displayed by the euthyroid dogs. Nicotinic acid 
did not increase bile acid pool size, half-life, or turnover in either euthyroid 
or hypothyroid dogs. 

Miller et at. (7) reported that nicotinic acid did not increase bile acid 
excretion in man. Miettinen (8), in a sterol balance study of five hypercho-

TABLE I. Influence of Nicotinic Acid on Lipids and Bile Acid 
Metabolism in Six Hypercholesterolemic Patientsa 

Nicotinic acid 

+ 
Plasma lipids (mg/dl) 

Cholesterol 389 267 
Triglycerides 258 123 
Phospholipids 452 341 

Bile acid ratios 
Glycocholic/taurocholic 4.6 3.9 
Cholic/chenodeoxycholic 1.0 1.3 

Cholic acid 
Half-life (days) 2.1 3.3 
Pool size (g) 0.51 0.63 
Turnover (g/day) 0.269 0.230 

Chenodeoxycholic acid 
Half-life (days) 2.1 2.1 
Pool size (g) 0.38 0.34 
Turnover (g/day) 0.159 0.156 

a After Wollenweber et at. (9). 
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lesterolemic patients, showed average serum cholesterol and triglyceride 
reductions of 30 and 55 %, respectively. Their total fecal steroid output 
(mg/day) rose from 83 I to 1368. Their total neutral steroid rose from 680 to 
1129 mg/day, but acidic steroid excretion was relatively unchanged, 151 
versus 239 mg/day. He concluded that nicotinic acid exerted its hypocholes­
terolemic action by increased mobilization of tissue cholesterol and possibly 
by reduced cholesterol synthesis. 

In another study, Wollenweber et al. (9) determined half-life, pool size, 
and turnover of cholic and chenodeoxycholic acids in six hypercholesterol­
emic patients. Their findings are summarized in Table I. It is apparent that 
turnover of neither cholic nor chenodeoxycholic acid was affected signifi­
cantly by administration of nicotinic acid. Failey et al. (10) found that the 
ratio of glycocholamic/taurocholanic acid in seven patients treated with 
nicotinic acid (2 g/day) fell from 4.0 to 1.7. These authors also reported that 
subjects given 8 g/day of either benzoic or p-aminobenzoic acid showed 
changes in these ratios of 1.9 to 3.0 and 2.4 to 0.9, respectively. The available 
data show that nicotinic acid does not affect bile acid metabolism. 

III. NEOMYCIN 

The antibiotic neomycin is hypocholesterolemic in man (11,12) and in 
chicks (13). Since the compound is effectively hypocholesterolemic only when 
administered by the oral route, its presence in the gut is obviously what 
determines its mode of action. Goldsmith (14) and Powell et al. (15) observed 
increased fecal excretion of bile acids in patients fed this compound. Neomy­
cin even when administered orally retains some antibacterial activity, since 
Rubulis ef al. (J 6) found a marked decrease in fecal coprostanol excretion in 
patients fed 6 gjday of neomycin; they suggested that cholesterol excretion 
was increased in these patients. In general, neutral steroid excretion increas­
ed slightly. Bile acid excretion increased by about 100 % in these patients, and 
stool weight increased by 150 %. There was a change in the spectrum of 
fecal bile acids. There was a drop in fecal lithocholic acid and a sharp rise 
in cholic acid; deoxycholic acid excretion was virtually unchanged. The most 
striking difference was the appearance of appreciable quantities of chenode­
oxycholic acid in the feces. Hamilton (17) had previously noted the increase 
in fecal cholic acid. Cayen (18) has shown that in I'itro neomycin precipitates 
only dihydroxy bile acids. 

Van den Bosch and Claes (J 9) have reported that N-methyl neomycin, 
a compound with no antibiotic properties, will lower cholesterol levels in man 
and in chicks. In man, N-methyl neomycin produces a sharp rise in both the 
fecal bile acids and neutral steroids. The amount of excreted lithocholic and 
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deoxycholic acids and of coprostanol and cholesterol is increased. These 
findings show that the bile acid binding activity is a function of the basicity 
of the compounds and not of their antibiotic properties. The ineffectiveness 
of neomycin in the rat (20) has not been explained. 

IV. ETHYL p-CHLOROPHENOXYISOBUTYRATE (CLOFIBRATE, 
ATROMID-S) 

Clofibrate is a widely used hypolipidemic agent whose mode of action, 
like that of nicotinic acid, has not been unequivocally established (21). In the 
earliest studies of the effect of this compound on fecal steroid excretion (22), 
it was concluded that excretion of sterols was increased but that of bile acids 
was not. The ratio of glycocholanic/taurocholanic acid was unaffected (23). 
Grundy et al. (24) reported that this drug reduced fecal bile acid excretion in 
their patients. 

Horlick et al. (25) have studied the effect of clofibrate on fecal sterols in 
type II (hyperbetalipoproteinemia) and type IV (endogenous hypertriglyc­
eridemia) patients, the typing being made on the basis of the Fredrickson­
Levy-Less (26) classification. In three type II patients, there were significant 
increases in total fecal steroid excretion. Neutral steroid excretion was in­
creased by 90 % and acid steroid excretion by 72 %. One normal patient 
showed significantly increased neutral steroid excretion, but there was no 
change in his acidic fecal steroids. Four type IV patients showed practically 
no changes in fecal steroids during clofibrate therapy. 

Clofibrate appears to have little general effect on bile acid metabolism, 
but, as Horlick et al. (25) have shown, it may affect bile acid excretion in 
certain types of hyperlipidemias. 

V. CHOLESTYRAMINE 

Cholestyramine is a high molecular weight anionic exchange resin which, 
as the chloride saIt, is used to absorb bile acids. In the dog (26), this material, 
when fed at the level of 25 g/day, was shown to increase fecal sterols by 85 % 
and fecal bile acids by 160 % and to reduce cholesterol levels by 22 %. Rate 
fed 2 % of cholestyramine in the diet showed a three- to fourfold increase in 
bile acid excretion, and the increase was all in the dihydroxycholanic acid 
fraction (27). In mice (28), this resin decreased the time for bile acid turnover 
from 5 to 1.25 days. Fecal neutral sterols were increased by 37 %. Pigs fed 
2-4 % cholestyramine showed a marked increase in bile acid excretion (29). 

Bergen et al. (30) first demonstrated the hypocholesterolemic effect of 
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cholestyramine in man. Hashim and Van Itallie (31) found that this com­
pound had variable effects on neutral sterol excretion in man but that bile 
acid excretion was increased from 224 to 1349 mgjday (three patients). 
Moore et al. (32) and Miettinen (33) also found increases in the level of fecal 
bile acids but almost no change in neutral sterol excretion. Carey and Wil­
liams (34) found the increased bile acid excretion to be attributable to a sharp 
rise in deoxycholic acid content of the feces. 

Mosbach et al. (35) have used cholestyramine to confirm that the 7a­
hydroxylation of cholesterol is the rate-limiting step in bile acid synthesis. 
Because of the loss of cholesterol from the enterohepatic circulation, there is 
a marked increase in cholesterol synthesis during administration of choles­
tyramine to rats (27) or man (36). Mosbach et al., using perfused rabbit liver, 
showed that the biliary content of glycocholic acid rose from 0.34 to 3.3 mg, 
while the content of glycodeoxycholic acid fell from 7.4 to 3.7 mg. The 
conversion of radioactive acetate, mevalonate, or cholesterol to bile acids 
was increased from five- to twentyfold, but the conversion rate of 7a-hy­
droxycholesterol to cholic acid was unchanged. The formation of 7a-hy­
droxycholesterol from cholesterol is enhanced by treatment with cholestyr­
amine (37,38). 

Other resins (39) have been shown to bind bile acids and to lower cho­
lesterollevels by inhibiting its reabsorption; however, it is apparent that these 
compounds exert a specific effect on bile acid metabolism. 

VI. OTHER COMPOUNDS 

Heparin (39) and ,B-sitosterol (40) have been reported to promote bile 
acid excretion in man. Vitamin B12 has been shown to increase bile acid 
excretion (41), and one possible mechanism of action might involve its effect 
on increased bacterial growth (42). 

Jones et al. (43) have observed that a hypocholesterolemic brain extract 
preparation (44) enhances bile acid excretion in man. A hydrophilic colloid 
derived from psyllium seed has been shown to effect a 500 % increase in bile 
acid excretion in man (45,46). In the experiments with the colloid bile acid, 
excretion rose with the first week of feeding. 

VD. MITOCHONDRIAL OXIDATION OF CHOLESTEROL 

The nuclear changes involved in the conversion of cholesterol to cholic 
acid (reduction of the 5,6 double bond, epimerization of the hydroxyl group 
at carbon-3, and insertion of hydroxyl groups at positions 7 and 12) appear 
to be carried out by microsomal enzyme systems. Side-chain oxidation is 
effected by mitochondrial enzymes. 
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It has been shown (47-49) that suitably fortified preparations of mouse 
or rat liver mitochondria can oxidize the terminal methyl group of choles­
terol to C02. The acidic products obtained are not identical with common 
bile acids (50,51). When the substrate is 3a,7a,12a-trihydroxycoprostane, 
however, the product of mitochondrial oxidation is cholic acid (52-54). 
Danielsson (55,56) has reviewed much of this work. 

The mitochondrial enzyme system does not exhibit a great deal of 
specificity, being able to oxidize cholesterol, coprostanol, cholestenone, 
cholestanone, coprostanone (57), and even ergosterol (58) and desmosterol 
(59). 

With use of the system defined by Whitehouse et al. (49,60), investiga­
tions have been carried out on the effects of cholesteropenic drugs on the 
oxidation of cholesterol-26-14C to 14C02. While the substrate is not the 
natural one for mitochondrial oxidation, on the presumption that the 
natural enzyme system(s) is operating, it was thought that some useful clues 
to mechanism of action might be obtained. 

The first experiments were carried out with nicotinic acid (61), and it 
was found that mitochondrial oxidation of cholesterol was enhanced in rats 
fed this compound. It was later found (62) that addition of nicotinic acid 
(8 x 10-5 moles, 10 mg) to the incubation mixture enhanced oxidation of 
cholesterol. Of a large series of nicotinic acid and nicotinamide homologues 
tested, only 3-pyridylacetic acid also stimulated oxidation of cholesterol 
(62,63). This compound has also been shown to be hypocholesterolemic in 
man (64,65). Pyridinol carbamate, 2,6-bis(hydroxymethyl)pyridine-di-N­
methylcarbamate, fed to rats as I % of their diet also enhanced in vitro 
oxidation of cholesterol by rat liver mitochondria (66). 

Experiments with clofibrate, ethyl p-chlorophenoxyisobutyrate, showed 
that there was no difference in cholesterol oxidation when the complete sys­
tem was used, but, in the absence of cytosol, liver mitochondrial preparations 
from drug-treated rats exhibited a significantly higher oxidative capacity (67). 
Two other compounds of related structure have also been tested in this sys­
tem. With SU-13,437, [2-methyl-2-(p-l,2,3A-tetrahydro-l-naphthylphenoxy)] 
propionic acid, results similar to those obtained with clofibrate were observed 
(68). There was no difference when the complete system was used, but the 
liver mitochondria from drug-treated rats oxidized more cholesterol than did 
those from control rats when cytosol was omitted. Similar, but less marked, 
results were obtained in experiments with Halofenate, 2-acetoamidoethyl(p­
chlorophenyl)(m-trifluoromethylphenoxy)acetate (69). All three of these 
compounds caused hepatomegaly, but this alone cannot be considered the 
cytosol effect, since two other cholesterol-lowering compounds were also 
hepatomegalic but did not enhance cholesterol oxidation in the absence of 
cytosol. These two compounds were W -1372, N-a-phenylpropyl-N-ben-
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zyloxy:acetamide (70), and Biphenabid, 4,4' -(isopropylidenedithio )bis(2,6-
di-t-butylphenol) (71). 

Toki et al. (72,73) have shown that certain amides of linoleic acid are 
effective in reducing the severity of cholesterol-induced atherosclerosis in 
rabbits. Their mechanism of action appears to involve inhibition of choles­
terol absorption (74-76). Liver mitochondrial preparations from rats fed 
either linolexamide, N-cyclohexyl linoleamide (77) or AC-223, N-(a-meth­
ylbenzyl)linoleamide (76) do not oxidize more cholesterol-26-14C to 14C02 

than do similar preparations from livers of control rats. Table II summarizes 
the effects of these drugs on mitochondrial oxidation of cholesterol. It should 
be emphasized again that this system is of interest primarily because the 
proper enzyme system (for cholesterol side-chain cleavage) is involved. For a 
completely accurate assessment of this system, 3a, 7a, 12a-trihydroxycopros­
tane would be the proper substrate. 

VIII. CONCLUSION 

It is becoming apparent to all investigators interested in control of 
hypocholesterolemia by drugs or diet that it is important to know the dis­
position of the sterol which is lost from the plasma. Since the bile acids are 
the principal degradation products of cholesterol, it becomes important to 
learn if cholesterol lowering is accompanied by excretion of the sterol or one 
of its degradation products. As can be seen from the foregoing discussion, 
the advent of new analytical methods has permitted an assessment of the 

TABLE II. Effect of Cholesterol-Lowering Agents on Oxidation of 
Cholesterol-26-14C to 14C02 by Rat Liver Mitochondria 

Percentage of control 

Liver weight Serum Serum Cholesterol 
Compound a (gjloo g) cholesterol triglyceride oxidation References 

Nicotinic acid 90 96 229 (61) 
Pyridinol carbamate 105 110 79 136 (66) 
Clofibrate 125 100 68 94b ; 304c (67) 
SU-13,437 188 132 65 90b ; 150c (68) 
Halofenate 119 55 91 132b ; 221 c (69) 
W-1372 163 107 68 95 (70) 
Biphenabid 126 46 55 67 (71,80) 
Linolexamide 103 107 147 (77) 
AC-223 127 108 99 (76) 

a See text for chemical names. 
b With cytosol. 
c Without cytosol. 
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amount of bile acid excreted during several different types of drug treatment. 
Fewer analyses of bile acid spectrum have been carried out, but this infor­
mation may be necessary for understanding modes of drug action. Portman 
(78) has shown that 12-hydroxylated bile acids are the most cholesterolemic 
for rats. It has also been shown (79) that cholic acid causes cholesterolemia in 
hyperthyroid rats, whereas chenodeoxycholic acid reduces serum cholesterol 
levels of hypothyroid rats. Thus the mechanism of drug action may depend 
not only on changes in bile acid content but on bile acid composition as well. 
We can expect future studies to concern themselves with bile acid content, 
spectrum, and conjugation. 
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Chapter 11 

BILE ACID METABOLISM IN GNOTOBIOTIC 
ANIMALS * 

Thomas F. Kellogg 

Department of Biochemistry 
Mississippi State University 
State College, Mississippi 

I. INTRODUCTION 

The bile acid metabolism of conventional animals is an intimately re­
lated blend of effects caused by the enzymes of the host and the enzymes of 
the indigenous microbial flora. In the absence of pathogenic conditions, 
significant populations of enteric microorganisms will be found in the lower 
small intestine, and in the colon (and cecum if present) they will reach up to 
1010 organisms per gram of intestinal contents. This microftora exerts a 
profound effect on the biology of the host and particularly on those systems 
which come into intimate contact with it. 

During the course of their normal enterohepatic circulation, bile acids 
are secreted into the lumen of the intestine, where they aid in the emulsifica­
tion and digestion offats. In the lower small intestine, they are largely actively 
reabsorbed and carried back to the liver, where they are again secreted to the 
upper gut. During this intestinal phase of the circulation, the bile acids are 
exposed to the action of microbial enzymes which may modify their chemical 
structure and thus their biological activity in many ways. There is always a 
small percentage of bile acids not absorbed by the active transport system, 
and these bile acids will be exposed to the mass of bacterial activity present 
in the cecum and large intestine. Some passive absorption of the bacterially 

*Supported in Part by Grant No. HL 14525 from the National Institutes of Health. 
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modified bile acid occurs in the lower gut (1) and cecum (2) in most species, 
and the bile acid which is not absorbed is excreted in the feces. This chapter 
will discuss comparative bile acid metabolism of germfree and conventional 
subjects and the activities of pure and mixed cultures of bacteria on bile 
acids in gnotobiotic species and in vitro. 

A. Definitions 

In order to clarify terminology, the following definitions have been offici­
ally adopted: 

Germfree animal: a gnotobiote that is free from all demonstrable associated 
forms of life, including bacteria, viruses, fungi, protozoa, and other sapro­
phytic or parasitic forms. 

Gnotobiote: an animal, stock, or strain, derived by aseptic caesarean section 
or sterile hatching of eggs, which is reared and continuously maintained 
with germfree techniques under isolator conditions in which the composi­
tion of any associated fauna and flora, if present, is fully defined by ac­
cepted current methodology. 

Defined flora animal; a gnotobiote maintained under isolator conditions in 
intentional association with one or more known types of microorganisms. 
Such terms as "monoinfected," "monocontaminated," "monoassociated," 
and "polycontaminated" have been employed to describe this type of 
gnotobiote. Of these the terms, "monoassociated" and "polyassociated" 
are preferable for describing intentional, rather than accidental, associa­
tion with microbes. 

B. Antibiotic Experiments with Conventional Animals 

Norman (3) demonstrated that the types of bile acids found in normal 
rat bile were not the same as those which were excreted in the feces. However, 
when the rats were fed high levels of antibiotics, the fecal bile acids were 
excreted essentially unchanged from the biliary bile acids (4). The intestinal 
bacteria were responsible for the hydrolysis of the biliary taurine-conjugated 
bile acids to the free bile acids found in the feces. Norman also showed that 
the dehydroxylation of cholic acid to deoxycholic acid could be prevented by 
inhibiting the intestinal bacteria. The total amount of fecal bile acid excreted 
by conventional chicks has been found to be significantly lowered (5) by 
incorporation of an antibiotic into the diet. 

C. Cholesterol Feeding and Liver and Serum Cholesterol Levels of Germfree 
and Conventional Animals 

The intestinal microflora exerts a protective effect III several specIes 
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against high tissue accumulations of cholesterol when the subject is fed a 
cholesterol-containing diet. Eyssen et al. (6) reported that both germfree and 
conventional chicks fed cholesterol-free diets had essentially similar serum 
and liver cholesterol pools. When the chicks were fed diets containing 0.25 % 
cholesterol, the pool was twice as large for the germfree chicks as for the 
conventional group. They further showed that the fecal excretion of bile 
acids was greater in the conventional than in germfree groups on both 
cholesterol-free and cholesterol-containing diets. This increased catabolism 
of cholesterol to bile acids would aid in keeping tissue levels of cholesterol 
low. 

Similar data have been reported for liver cholesterol levels in rats (7). 
Germfree and conventional rats fed a cholesterol-free diet had similar liver 
cholesterol levels; however, as the amount of cholesterol in the diet was 
increased, the liver cholesterol levels of the germfree rats rose three times 
higher than did those of the comparable conventional rats. In these rats, the 
serum cholesterol levels did not change with microbiological status or dietary 
cholesterol. 

Large changes in serum cholesterol levels have been shown to occur when 
gnotobiotic swine were fed a cholesterol-containing diet. Gnotobiotic swine 
fed a cholesterol-containing diet had serum cholesterol levels of about 1000 
mg %, but when they were removed from isolators and raised in a non sterile 
environment, the serum cholesterol levels fell to 100 mg % within 3 weeks 
(8). The fall in serum cholesterol could be correlated with the development 
of an intestinal microflora which metabolized the primary bile acids to sec­
ondary bile acids. Similar swine fed an identical but cholesterol-free diet 
had serum cholesterol levels of about 100 mg % during both periods. 

The above experiments indicate that the intestinal microflora is an 
important variable in qualitative and quantitative bile acid metabolism. In 
the following sections, some specific aspects of this interaction will be ex­
amined in detail. 

II. STUDIES OF CHOLESTEROL CATABOLISM TO BILE ACIDS 
IN GERMFREE ANIMALS 

A. Fate of 14C-26 of Cholesterol Molecule 

When cholesterol labeled in the 26-position was injected into an intact 
rat, most of the 14C released by the animal was found as expired 14C02 (9). 
However, when the identical experiment was performed using 14C-4 labeled 
cholesterol, none of the isotope was recovered as 14C02. Subsequent ex­
periments (10) established the liver as the site of the side-chain oxidation. 
In vitro experiments with subcellular fractions (I I, 12) revealed that during the 
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conversion of cholesterol to bile acids, the three terminal carbons of the 
cholesterol side chain were oxidatively removed as propionate (12), which 
was subsequently oxidized via the Krebs cycle to CO2. 

B. Release of Radioactive 14C02 in Germfree and Conventional Animals 

Wostmann et al. (13) utilized the above findings to monitor the relative 
rates of cholesterol oxidation to bile acids in germfree and conventional rats. 
They established that there was a uniform rate of uptake of injected cholester-
01-26-14C into blood and tissue in both groups and then studied the distri­
bution of the isotope and the specific activity of cholesterol in various tissues, 
expired air, urine, and feces. The 14C02 expired by the conventional rats in a 
72-hr period was 29.7% (see Table I) of the injected label, while the compa­
rable germfree group expired only 19 % of the injected isotope; 54 % of the 
isotope was recovered as unchanged cholesterol-26-14C in the conventional 
rats versus 67 % in the germfree group. There was no significant difference 
in the total recovery of isotope from the two groups or in the amount of 
isotope found in the liver or carcass as noncholesterol 14C. The total blood 
plus liver cholesterol pool was not significantly different in the two groups, 
indicating that dilution of the isotope was not responsible for the differences 
observed. Both the liver and carcass cholesteroP4C levels were higher in the 
germfree group, again supporting the conclusion that the catabolism of cho­
lesterol to bile acid was slower in germfree than in conventional rats. 

The 14C recovered in the feces was nearly twice as great in the conven­
tional group as in the germfree, thus indicating that conventional rats ex-

TABLE I. Percentage Distribution of 14C after Intravenous 
Administration of Cholesterol-26-14C to Germfree 

and Conventional Male Ratsa 

Germfree Conventional 

Expired air 19.0 ± 1.2 29.7 ± 2.0 
Carcass 

3,1l-0H sterol 48.9 ± 1.7 42.5 ± 1.7 
Other 3.7 ± 1.1 4.1 ± 1.2 

Liver 
3,1l-0H sterol 10.0 ± 0.6 7.5 ± 0.3 
Other 1.7 ± 0.4 2.2 ± 0.5 

Fecal extract 2.6 ± 0.4 4.6 ± 0.4 
Residual (urine, cecal contents, blood, etc.) 3.2 ± 0.1 2.3 ± 0.1 
Total recovery of original dose 89.1 ± 1.8 92.9 ± 2.0 

P 

±0.01 

0.02 
N.S. 

0.01 
N.S. 
om 
om 
N.S. 

From Wostmann et al. (13). Reprinted with permission of the authors and the Journal of 
Lipid Research. 

aMean values ± S.E.M. 
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creted more fecal neutral sterol than their germfree counterparts. This has 
subsequently been verified by direct chromatographic experiments by others 
(14). 

ID. BILE ACID POOL SIZES, TURNOVER RATES, AND 
PHYSIOLOGICAL OBSERVATIONS IN GERMFREE VERSUS 
CONVENTIONAL ANIMALS 

The early studies of the relative rate of bile acid excretion, pool size, etc., 
in germfree and conventional rats suffered from an incomplete knowledge of 
the qualitative composition of the bile acids which could be biosynthesized 
by the rat. Studies by workers at St. Louis University (15-20) have shown that 
intact rats excrete, in addition to chenodeoxycholic and cholic acids, a- and 
fJ-murichoilc acids, which can be biosynthesized from chenodeoxycholic acid 
but not from cholic acid. All of the isotopic studies reported in this section 
were based on the assumption that administered isotopic cholic acid would 
uniformally label the bile acid pool. These studies are valid in the context of 
investigations on the metabolism of cholic acid and its metabolites; however, 
it should be borne in mind that at least 60 % of the germfree bile acid excre­
tion of rats consists of unlabeled muricholic acids (14), and, depending on 
the techniques of the individual experiments may have been missed. 

The first investigation of bile acid metabolism in germfree animals was 
reported by Gustafsson et al. (21) in 1957. They administered an oral dose of 
cholic acid-14C to germfree, conventional, and gnotobiotic rats 3-6 months 
old, fed a semisynthetic diet. Feces were collected daily and extracted for bile 
acids by boiling in 80 % ethanol. The ethanol extracts were counted for total 
radioactivity, and the bile acids were separated by partition chromatography 
using radioactivity measurements to follow bile acid elution. 

As stated above, when conventional rat feces were chromatographed, the 
14C from cholic acid was found in a variety of compounds, while in rats 
treated with chemotherapeutics only taurocholic acid- l4C was found-the 
same compound as was found in the bile when cholic acid was injected. The 
feces of the germfree rats contained only radioactive taurocholic acid, the 
same results as when conventional rats were fed antibiotics. This definitely 
established that intestinal enzymes do not hydrolyze the conjugated bile 
acids. 

One rat was monoassociated with Aspergillus niger and later diassociated 
with A. niger and Clostridium perfringens type E. Monoassociation with A. 
niger did not change the qualitative fecal bile acid excretion; however, addi­
tion of C. perfringens caused free cholic acid and other compounds to appear. 
This same rat was then removed from the isolator and placed in the open 
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laboratory for 10 days to obtain a "normal" intestinal flora. When its feces 
were examined, the bile acids were present as a complex mixture of many 
radioactive compounds. 

The time required for the conventional rats to excrete one-half of the 
administered isotope was calculated to be 2 days. The germfree rats required 
11.4 days to excrete one-half of their isotope, a similar time as conventional 
rats fed antibiotics. The rat infected with A. niger with or without C. per­
fringens had an excretion half-life similar to its germfree rate; however, after 
being exposed to the laboratory environment for 10 days, it required only 
1.8 days (versus 2 days for conventionally reared) to excrete one-half of its 
isotope. Thus it rapidly became "normal" in its bile acid excretion. Excretion 
of the germfree group was estimated to be 0.9 mg/lOO g body weight, and the 
bile acid pool size was 15.4 mg/IOO g body weight. 

Gustafsson et al. (22)reinvestigated this area with improved techniques 
in a study of the effect of monoassociation with Escherichia coli on cholic 
acid metabolism of rats. In this study, they determined the amount of bile 
acids excreted by quantitative paper chromatography. These techniques 
would probably include the muricholic acids. The quantitative results of 
their study are given in Table II. They, in agreement with earlier work (2), 
found that in the rat, which does not have a gallbladder, approximately 97 % 
of the bile acids were present in the intestines, with the small intestine having 
the greatest quantity. In conventional rats, the cecum, a site of maximal 
bacterial activity on fecal steroids (Kellogg, unpublished data, 23), contains 
5-6 % (Table II) of the total. The germfree and E. coli monoinfected rats 
(Table II) had nearly three times as much (18 %) bile acid in the cecum as did 
the conventional rats. An enlarged cecum is a normal condition for germfree 
rats. On the other hand, the bile acid in the colon was less in the germfree 
rats, implying that there was greater absorption of bile acid in the germfree 
and monoinfected rats in the area of the cecum. It has been shown that 50 % 
of a dose of cholic acid-14C injected into the cecum of conventional rats 
could be recovered in the bile, much of it as secondary bile acids (2). 

The estimated pool size of the germfree and monoinfected groups was 
somewhat larger than that of the conventional group. The half-life of the 
isotope in the conventional groups was the same as in the previous study, 
2.0 days; however, that in the germfree group was shorter, 6.6 days versus 
11.4 days in the previous study. 

Portman and Murphy (24) reported that the type of diet had an in­
fluence on turnover of cholic acid in conventional rats. Gustafsson and 
Norman (25) have investigated whether this effect is seen in germfree rats. 
In their study, they concluded that no significant difference existed in the 
percent of bile acid in the cecum of their rats among different groups of 
animals kept on different diets or between germfree and conventional ani-
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mals. They did find, however, that in germfree rats fed a commercial rat 
pellet diet, the biological half-life of cholic acid was one-third that in germ­
free rats fed a semi purified diet. The differences were much less among the 
conventional rats fed the different diets. Among comparable diet groups, 
the elimination rates of the germfree rats were always slower than in con­
ventional rats. A possible explanation of the more rapid elimination of bile 
acid by the germfree group receiving pellets may lie in the observation of a 
more rapid transit time in this group than in the germfree rats fed the semi­
synthetic diet. Addition of cellulose to the diet of the latter did not bring it 
up to the pellet-fed group. 

IV. STATE OF BILE ACIDS IN THE INTESTINAL LUMEN 

It has been proposed that the differences in excretion rates of bile acid 
between germfree and conventional rats may lie in the adsorption of the 
secondary bile acids to the nonfluid sediment in the gastrointestinal tract so 
that they are less available for absorption. Gustafsson and Norman (23) 
administered cholic acid- l4C to germfree and conventional rats fed a semi­
synthetic diet ad libitum. Forty-eight hours after dosing, the rats were killed 
and the intestinal tracts removed. The contents of the small intestine, cecum, 
and colon were removed separately and after homogenization were centri­
fuged at 25,000g for 60 min. The supernatant and sediment were analyzed for 
radioactivity, and the bile acids were chromatographed. In the germfree rats, 
all of the radioactivity was recovered in the supernatant fraction from all 
sections of the gastrointestinal tract. In the conventional rats, 95 % or more 
of the label was found in the supernatant in the small intestine. This is the 
site of active bile salt transport and usually has little microbiological activity. 
In the cecum and large intestine, an average of 35 % of the radioactivity was 
recovered in the sediment. There was proportionally more bile acid without 
substituents in the C-7 position in the sediment than in the supernatant. 
Norman (26) conducted a similar study on the distribution of isotope in 
feces after oral administration of labeled bile acids to human subjects. His 
conclusions are in agreement with the above report, that "the results show 
that chemical transformation of cholic acid by intestinal microorganisms 
also changes the physical state of the bile acids in the intestinal contents by 
forming derivatives which are either poorly soluble or easily adsorbed to the 
residue. " 

An investigation of the distribution of the dehydroxylation products of 
cholic and chenodeoxycholic acids by mixed human fecal microorganisms 
in vitro (27) has shown that lithocholic acid (formed by the bacterial dehy­
droxylation of chenodeoxycholic acid) was recovered almost entirely in the 
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culture sediment after centrifugation (25,000g, 60 min); however, in this in vitro 
system, deoxycholate was recovered in the supernatant. The authors speculate 
that lithocholic acid formed in vivo by enteromicroorganisms was less avail­
able for absorption than deoxycholic acid, and this explains why lithocholic 
acid is only found in traces in human bile. 

It has been shown that the adsorption of bile salts to the "sediment" 
fraction was greater when the diet was of a natural type than when it was 
semisynthetic (28). Eastwood and Hamilton (29) have shown that lignin, 
present in grains, will bind bile acids, with the nonconjugated and 7-dehy­
droxy forms bound more readily than the more polar bile acids. Since these 
"less polar" bile acids are formed by bacterial action, their observations may 
explain both the greater concentration of bile acid in the "sediment" fraction 
in rats fed crude versus synthetic diets (more lignin in the former) and the 
increased effect in conventional animals (proportionally more bacterially 
formed deconjugated and dehydroxylated bile acid, which is bound more 
strongly). 

As will be discussed below, the fecal bile acid excretion of germfree 
subjects is only one-half that of comparable conventional subjects. Wost­
mann (unpublished data) has observed that the biliary bile acid flow in the 
germfree rat was three times greater than in the conventional rat. Since the 
pool sizes were essentially similar (22), this implies that the absorptive ca­
pacity and the number of cycles through the enterohepatic system were marked­
ly greater in germfree rats than in conventional rats. 

V. QUANTITATIVE FECAL EXCRETION OF BILE ACIDS BY 
GERMFREE AND CONVENTIONAL ANIMALS 

The quantitative analysis of the fecal bile acids of rats presents a special 
problem which does not need to be considered in comparable studies with 
most other species. The presence of appreciable quantities of muricholic 
acids, over 50 % of the total with germfree feces, requires methods which 
will not cause destruction of these 3,6,7-trihydroxy bile acids if chromato­
graphic techniques are used. 

It has been shown that the trifluoroacetates of 3,6,7-trihydroxy bile acids 
are subject to thermal decomposition in gas chromatographs (30). Oxidation 
of the bile acids to their keto derivatives and subsequent gas chromatography 
should also be avoided (31). In our laboratory, we have been unable to gas 
chromatograph any oxidized 3,6,7 bile acid methyl esters; they are either 
destroyed or will not elute in a reasonable amount of time. 

If isotopic techniques are used, care must be taken to ensure that the 
entire bile acid pool is uniformally labeled. Use of radioactive cholic acid 
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will not label the muricholic or chenodeoxycholic acid pools. Radioactive 
chenodeoxycholic acid would be expected to label its own and the muricholic 
acid pools, since the liver cannot add a 12-hydroxy group after the side chain 
has been oxidized. Possibly, a labeled intermediate between cholesterol and 
an early step in bile acid biosynthesis may prove to be satisfactory, although 
there is increasing evidence for a branch point at cholesterol and an alternate 
path of bile acid biosynthesis in some species (32-34). 

A. Rats 

Gustafsson et al. (22) studied the fecal excretion of cholic acid-14C 
metabolites in conventional and germfree rats. The mean daily excretion of 
labeled cholic acid and its metabolites was 18.9 mg/kg body weight for the 
conventional group and 8.2 mg/kg body weight for the germfree group. As 
mentioned above, their techniques would not uniformly label the bile acid 
pool; however, their other techniques may have caused inclusion of the 
muricholic acids in their assay. 

Kellogg and Wostmann (14) studied the fecal bile acid excretion of 
germfree and conventional rats by direct chromatographic procedures. The 
germfree rats average 11.3 ± 2.4 mg and the conventional rats 21.4 ± 9.9 
mg of bile acid/kg body wt/day (p < 0.005) (Table III and Fig. I). The coeffi­
cients of variation were 21 and 46%, respectively, suggesting that at least 
half of the quantitative variation seen in fecal bile acid excretion in the con­
ventional animal was derived from effects of the intestinal microftora. 

All of the bile acids excreted had TLC mobilities similar to those for 

TABLE III. Fecal Bile Acids Excreted by Germfree and 
Conventional Male Rats 

Fecal bile acid excretion 
(mg/kg body wt/day ± S.D.) 

Approximate percent of bacterial 
modification 

Types of bile acids found 

Germfree 
(14) 

11.3 ± 2.4 

None 
Taurocholic 
Tauro-f3-muricholic 
Tauro-a-muricholic 
Unidentified 

compound 

Conventional 
(11) 

21.4 ± 9.9a 

57.7 
Cholic 
f3- M uricholic 
a-M uricholic 
Chenodeoxycholic 
DeoxycholIc 
Lithocholic 
Many others 

From Kellogg and Wostmann (14). Reprinted with permission of the authors and the Journal 
of Lipid Research. 

aDifference between conventional and germfree means is significant (p < 0.005). 
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GERMFREE 

GNOTOBIOTIC 

CONVENTIONAL 

Thomas F. Kellogg 

Fig. 1. G LC of fecal bile acids from germfree, gno­
tobiotic, and conventional rats. The first peak 
in each chromatogram is the internal standard 
5a-cholestane. Instrument, Hewlett-Packard 402 
gas chromatograph. Column, 2-m glass Utube 
packed with 1 % SE-30 on 80-120 mesh Gas 
Chrom Q. Isothermal 220°C. Nitrogen carrier 
gas 75 ml/min. Flame ionization detector. Bile 
acids were analyzed as the trimethylsilyl ethers 
of the bile acid methyl esters. From Kellogg et al. 
(44). Reprinted with permission of the Journal 
of Lipid Research. 

taurocholic acids, whereas all of the conventional bile acids were excreted as 
the free bile acids. Approximately 61 % of the total germfree fecal bile acid 
consisted of fi-muricholic acid and some 30 % of cholic acid, with possible 
traces of a-muricholic acid. A small amount of a material which behaved like 
a mono hydroxy bile acid was also observed. Kellogg and Wostmann esti­
mated that 60 % of the conventional bile acids had been modified in some 
form in addition to deconjugation by the intestinal microflora. 

The large amount of muricholic acid found in these studies can be 
partially explained by the results of Shefer et al. (35). They found that when 
cholic acid was infused into intact rats, the de novo bile acid synthesis dropped 
markedly. However, the decrease in bile acid biosynthesis was much sharper 
for the cholic acid than for the fi-muricholic acid, and, after a long-term 
bile acid infusion, fi-muricholic acid became the predominant bile acid 
biosynthesized in the conventional rat. Data cited above indicate that in the 
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germfree rat there was a greater reabsorption of bile acid from the gastroin­
testinal tract and a greater recirculation than in the conventional rat. This 
would lead to a tighter feedback inhibition control and less new bile acid 
biosynthesized in the germfree rat. Since Shefer et al. (35) have shown that 
under these conditions in the conventional intact rat p-muricholic acid 
becomes one of the major newly biosynthesized bile acids; this could explain 
the predominance of this material in the germfree rat. 

B. Chickens 

Eyssen (5) showed that germfree chicks excreted much less fecal cheno­
deoxycholic acid than their conventional counterparts and that the addition 
of the antibiotic virginiamycin to the diets of conventional chicks significant­
ly reduced fecal bile acid excretion, although the values were never as low as 
in the germfree birds. 

The biliary bile acids of germfree chicks have been shown by Haslewood 
(34) to be composed of approximately 80 % taurochenodeoxycholic acid, 
17 % taurocholic acid, and 5 % tauroallocholic acid. 

C. Swine 

The bile of germfree swine from two different sources contained the 
taurine and glycine conjugates of chenodeoxycholic acid, hyodeoxycholic 
acid, hyocholic acid, and (probably) cholic acid. The hyodeoxycholic acid 
was present at 4 % by weight and could be detected by TLC as its conjugate. 
It had previously been felt that hyodeoxycholate in swine was solely a 
microbial dehydroxylation product of hyocholic acid; however, this study 
shows that it can be biosynthesized by the germfree swine. 

D. Rabbits 

The bile of germfree rabbits has been shown to be composed of 94 % 
glycocholic acid, 5 % glycochenodeoxycholic acid, and I % glycoallocholic 
acid (36). Since deoxycholic acid is the predominant bile acid in conventional 
rabbit bile, this study points up the profound influence of the intestinal 
microflora in this species. 

VI. QUALITATIVE CHANGES IN BILE ACIDS AS A RESULT OF 
MICROBIOLOGICAL INTERACTION 

A. Types of Studies 

The marked differences cited above in qualitative and quantitative bile 
acid metabolism of germfree and conventional species have led many in-
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vestigators to study pure and mixed cultures of bacteria in an attempt to 
determine which microbial species are responsible for the differences observ­
ed. These studies are carried out in two fundamental manners. The procedure 
which yields the most information is to associate otherwise germfree animals 
with one or more known pure cultures of bacteria and study the effects 
brought about by the association of these bacteria in the gnotobiotic animal. 
The intent of these experiments is to procure an animal system in which some, 
but not all, of the characteristics of the conventional animal are seen. A sec­
ond approach requiring considerably less investment in time and equip­
ment, however yielding only a partial answer, is to study the effects of mi­
crobiological species on bile acids in in vitro fermentations. These studies may 
give us a clearer picture of the microbial activity on the steriod but, of course, 
do not give us any insight into the interaction of these changes with a host 
species. 

It should be borne in mind with respect to both of these kinds of studies 
that microorganisms do not always exhibit the same biochemical character­
istics under all conditions. The biochemical control mechanisms of repression, 
induction, and feedback inhibition may cause a given species to exhibit one 
characteristic in vivo and quite another in vitro. Further, there are many 
strains of microorganisms inside an individual species, and one strain isolated 
from a given source may not possess identical biochemical characteristics 
with a strain from another source. Only a very small portion of the biochemi­
cal and morphological characteristics of a given microorganism is utilized 
for its taxonomic characterization. It is quite possible that, aside from a given 
uniform set of taxonomic characteristics, there may be considerable variation 
in the genetic capabilities to express other characteristics or, indeed, in the 
conditions under which these characteristics may be allowed to be expressed 
by the biochemical control mechanisms. It is with these qualifications in mind 
that in the following discussion an attempt will be made to list and identify 
some of the activities of the species which have been studied. 

B. Observations in Gnotobiotic Animals 

The first experiment on bile acid metabolism in germfree animals in­
cluded one subject, which was associated with known species of bacteria. 
Gustafsson et al. (21) monoassociated a rat with Aspergillus niger and, sub­
sequently, also with Clostridium perjringens type E. The A. niger association 
did not appear to alter the quantitative or qualitative bile acid metabolism 
compared to the same animal's germfree state. With the addition of C. 
perjringens, however, the rat feces contained free bile acid and other unidenti­
fied metabolites. It has previously been shown that C. perjringens could 
deconjugate bile acids in vitro (37). Association with these species did not 
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cause any marked change in quantitative cholic acid- l4C excretion from the 
rat compared to that in its germfree state. When the rat was removed from the 
isolator and allowed to acquire a "normal" flora, the rate of isotope excretion 
increased fourfold. 

In a later experiment, the same group (22) studied the effect of mono­
association of rats with E. coli. They found that there was no increase in bile 
acid excretion compared to that of germfree rats and identified 3a,12a­
dihydroxy-7-ketotaurocholanic acid and 3a, 7{3, 12a-trihydroxytaurocholanic 
acid as new bile acids in the feces of the E. coli associated rats. Only the 3a, 
12a-dihydroxy-7-keto derivative was formed in vitro by E. coli, and this com­
pound was metabolized by the rat to 3a,7{3,12a-trihydroxy- and 3a,7a,12a­
trihydroxytaurocholanic acids. 

In a series of studies, Midtvedt and associates (38-43) isolated species of 
bacteria capable of deconjugating, 7-dehydroxylating, and oxidizing bile acid. 
Gustafsson et al. (43) investigated the effect of several of these species on bile 
acid metabolism in gnotobiotic rats. A bacterium capable of 7-dehydroxylat­
ing bile acids (called by them strain II) had been shown in vitro (see below) to 
be specific for deconjugated bile acid. These results were confirmed in vivo. 
Strain II, as a monoassociate, could neither deconjugate nor dehydroxylate 
bile acids, but when it was polyassociated with species which could decon­
jugate (but not dehydroxylate), both deconjugated and dehydroxylated bile 
acids (i.e., deoxycholic acid) were recovered. 

Kellogg et al. (44) utilized gnotobiotic mice to screen for a microorga­
nism which accelerated cholesteroP4C catabolism as compared to a germfree 
control group. Mice mono associated with C. perfringens type A retained 

TABLE IV. Fecal Steroid Excretion of Germfree, C. perfringens 
Associated (Gnotobiotic), and Conventional Rats 

Animal status 

Parameter examined Germfree Gnotobiotic Conventional 

Number of rats 12 12 14 
Endogenous fecal neutral sterol 

excretion (mg/kg body wt/day) 12.8 ± 3.0a 12.7 ± 4.2e 19.5 ± 5.2 
Fecal bile acid excretion (mg/kg 

body wt/day) 11.3 ± 2.4b 7.14 ± 3.53 h 21.4 ± 9.9b 

Percent fecal bile acids conjugated 
with taurine 100 None None 

Percent fecal bile acids bacterially modified None 34.3 ± 14.1 c 57.7 ± 9.Jc 
Percent fecal bile acids present as 

cholate and a-muricholate 29.5 ± 9.6 27.3 ± 10.1 
Percent fecal bile acids as fl-muricholate 60.5 ± 9.1 d 23.6 ± 8.6d 

From Kellogg et al. (44). Reprinted with permission of the authors and the fournal of Lipid 
Research. 

a.b,c,d,eAny values with the same superscript are significantly different at p < 0.50. 
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significantly less isotope 5 days after injection with cholesterol-26-14C than 
did germfree or six other monoassociated groups. This organism was sub­
sequently studied in monoassociated rats by steroid balance techniques. The 
fecal bile acids of the C. perfringens monoassociated rats were all decon­
jugated. Figure I shows bile acids of germfree, C. perfringens gnotobiotic, 
and conventional rats fed identical diets. Table IV indicates that the quanti­
tative fecal steroid excretion of the gnotobiotic group was not increased by 
the total deconjugation of the bile acids. Conventional rats also excreted de­
conjugated bile acids and had a total bile acid excretion twice as large as the 
germfree and gnotobiotic groups did. It thus appears that the deconjugation 
seen in conventional rats was not the factor responsible for their increased 
bile acid excretion. 

TABLE VI. Microorganisms Which Modify Bile Acids in Vitro 

Dehydroxyla-
Deconjugation of tion of 

Species Taurocholate Glycocholate cholic acid References 

Pseudomonas sp." n.f. b (49) 
Escherichia coli n.f. (49) 
Protells mirabilis n.f. (49) 
Staphylococclls aureus + n.f. (49) 
Streptococcus pyogenes n.f. (49) 
Streptococcus faecalis + n.t. + (49) 
Streptococcus salivarius n.f. (49) 
Streptococcus viridans n.f. (49) 
Bacteroides sp. +- n.f. (49) 
Clostridium sp. T n.f. + (49) 
Bi/idobacterium sp. + n.f. (49) 
Veilonella sp. n.f. (49) 
Lactobacillus sp. n.f. (49) 
Candida albicans n.f. (49) 
Candida sp. n.f. (49) 
Saccharomyces sp. n.f. (49) 
Torulopsis sp. n.f. (49) 
Streptococcus faecalis EI n.f. (45) 
Streptococcus faecalis E 12 + n.f. (45) 
Bi/idobacterium BBC 18 T n.r. (45) 
Bi/idobacterium BBC 29 +- n.r. (45) 
Clostridium welchii CC 20 + + n.f. (45) 
Clostridium welchii CC 63 + + n.r. (45) 
Bacteroides BY IO T n.f. (45) 
Bacteroides fragilis NCTC 9343 + + n.r. (45) 

a For number of strains tested, see original paper. 
I) Not reported. 
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C. Changes Caused by Microbiological Species in in Vitro Experiments 

Several studies (38-42,45-50) have investigated the occurrence of micro­
organisms which modify bile acid structure in vitro. Table V, reprinted from 
Midtvedt and Norman (38), lists common intestinal bacteria which they 
investigated and their activity on some bile acids. Table VI summarizes 
similar data from several other investigators. Among the less well-known ac­
tivities observed have been oxidation of hydroxyl groups to ketones, dehy­
droxylation of 12a-hydroxy groups leading to the formation of secondary 
chenodeoxycholic acid (48), and aromatization of the A-ring of bile acids 
(50). A detailed discussion of the effects of 12a-dehydroxylation on various 
bile acid pools in the rat has been presented by Kellogg et al. (I 4,44). 

The data cited in this section and its tables do not represent all the 
studies done in this area but are selected from recent studies as representative 
examples of the range of species and activities which have been observed. A 
detailed review of the entire field of bile acid metabolism by microorganisms 
in vitro has been prepared by Lewis and Gorbach (51). 

VII. CONCLUSIONS 

Bile acid metabolism in conventional animals is the activity of a balanced 
ecological system composed of the host, the associated intestinal microflora, 
and the diet. The host contributes the bile acids themselves and serves to 
maintain the homeostasis of the gastrointestinal tract. The intestinal micro­
flora alters the molecular structure of the bile acids which it comes into con­
tact with and also profoundly alters the physiological and, to a degree, the 
anatomical features of the host. The diet contributes the nutrition for both 
the host and the intestinal microflora and can cause marked changes in the 
flora's activity toward the bile acids in vivo (52). In addition, the amount of 
dietary sterols may cause the host to change its absorption and/or catabolism 
of cholesterol to bile acid and thus the rate of bile acid excretion (53). 

Conventional animals excrete more bile acids, both qualitatively and 
quantitatively, than do germfree animals. It appears that the qualitative modi­
fication of bile acids in vitro is the result of many different microorganisms of 
widely varying taxonomic types. The studies reported here have characterized 
the differences in the bile acid metabolism between the two types of animal 
but have not explained the factor(s) responsible for .these differences. 

The conventional animal may be thought of as a middle state in a con­
tinuum bounded at one end by the germfree animal and at the other by the 
animal in a state of severe steatorrhea. Thus one could conclude that the 
conventional animal is in a state of mild "malabsorption," which, since it is 
the common condition, we define as "normal." 
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Among the main features of the modification of bile acids by the intes­
tinal microorganism are deconjugation and dehydroxylation. Evidence has 
been presented that suggests that the deconjugation of bile acids has no effect 
on the total bile acid excretion from rats. It has been demonstrated in vil'O 
and in vitro that none of the organisms isolated thus far is capable of dehy­
droxylating conjugated bile acids unless the same microorganism can also 
deconjugate. It appears, thus far at least, that the enzyme(s) for dehydrox­
ylation is specific for deconjugated bile acids. 

Several experiments have demonstrated the advantage of using germfree 
animals in studies on the systemic metabolism of the host. Eliminating the 
"background noise" of the microflora transformations has shown that the 
host sometimes carries on metabolic activities formerly thought to be ex­
clusively the function of the microflora. It also has been shown that there 
is considerably less variation in the fecal bile acid excretion in germfree than 
in conventional rats, thus allowing more statistically sensitive experiments 
when germfree subjects are used. 
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Note Added in Proof (to Chapter 1) 

Since completion of this manuscript in 1970 several reports pertinent to the 
subject have been published. Some of these will be briefly summarized in the 
following. 

Section II AI: The properties of cholesterol 7a-hydroxylase have been 
further studied by Mitton et at. (183). Gielen et at. (184,185) have found that 
the activity of cholesterol 7a-hydroxylase is subject to diurnal variations 
controlled by the pituitary-adrenocortical system. The differing findings 
concerning the effect of phenobarbital on rat liver cholesterol 7a-hydroxylase 
can be ascribed to strain differences (186). Further evidence that free and not 
esterified cholesterol is the precursor of bile acids has been provided by 
Ogura et at. (187). The differing properties of the hydroxylase systems involv­
ed in the formation of bile acids have been further studied by Bjorkhem 
(188, 189), who has found that breaking of the C-H bond is rate limiting in 
some hydroxylations but not in others. 

Section II A 6: Anderson et at. (190) have reported results indicating that 
a pathway to cholic acid involving 5-cholestene-3tl,26-diol as an intermediate 
may be of importance in man. 

Section II B 2: Okuda and Takigawa (191) have provided further evidence 
that 5tl-cholestane-3a,7a, 12a,26-tetrol dehydrogenase is identical with liver 
ethanol dehydrogenase. 

Section III: In agreement with the suggested major pathway for formation 
of chenodeoxycholic acid, Hanson (192) has found that in man cholesterol 
is converted into 3a,7a-dihydroxy-5tl-cholestanoic acid, which in turn is 
metabolized predominantly into chenodeoxycholic acid. Yamasaki and 
collaborators (193-196) have provided evidence for the presence in rat of a 
pathway to chenodeoxycholic acid involving the conversion of 5-cholestene-
3tl,7a-diol into 3tl,7a-dihydroxy-5-cholenoic acid. 

Section IV: Mui and Elliott (197) have shown that allochenodeoxycholic 
acid is converted to a small extent into allocholic acid in the rat. 

Section VI: The patterns of diurnal variations in cholesterol synthesis and 
cholesterol 7a-hydroxylase activity have been found to be practically the 
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same, indicating a close relationship between cholesterol and bile acid biosyn­
thesis (198). The question whether bile acids exert their effect on liver choles­
terol synthesis in the liver or in the intestine has been further studied by 
Hamprecht et al. (199, 200), who have concluded that bile acids influence the 
activity of hydroxymethylglutaryl-coenzyme A reductase in the liver. 
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