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The importance of keeping bile salts
in their place

Bile contains several substances which are partially absorbed from the
intestine and secreted again in the bile. They include urobilinogen,
cholesterol,1 and possibly certain hormones2 and fat-soluble vitamins3. But
the enterohepatic circulation of bile salts is unique in both its physiological
importance and its efficiency.

Conjugated bile salts have powerful detergent properties,4 which are
important in stabilizing the supersaturated state of bile and in promoting
fat digestion and absorption.5 These functions, and the complex metabolism
undergone by bile salts, all take place in the context of the enterohepatic
circulation and depend on its proper functioning. The enterohepatie
circulation may be thought of as an endless flow of detergent through thc
liver, biliary tract, small and to some extent large, intestine, and back to
the liver again. Thanks to the gallbladder, this process occurs in bursts
rather than continuously and it is estimated that the bile salt pool recirculates
twice with each meal, or up to eight times a- day.6 The normal pool size
being 3 to 4 g,7 this means that about 24 g of bile salts enters the duodenum
each day. A striking feature of the enterohepatic circulation is its efficiency
as a closed recycling system. Probably more than 99% of the bile salts in
the body are within the enterohepatic circulation at all times. The systemic
blood contains less than 10 mg in all8 and none is detectable in the urine.9
A significant leak does occur into the stools, but the normal daily excretion
of 15 to 20% of the pool represents a mere 3 to 4% escape at each turn of
the cycle.10' 11
The efficiency of the enterohepatic circulation depends on several factors.

First, the liver is avid in extracting bile salts from the blood.12 Isotope
studies show the mean half-life ofplasma cholic acid to be only 12-6 minutes.13
Such rapid clearance must be due to an active transport system, since it
involves transfer of large polar molecules across the essentially lipid
membrane of the liver cell.14 The same is true of biliary secretion which
is also rapid.14 Labelled bile salt has been detected in the duodenum of a
cholecystectomized patient within 20 minutes of intravenous injection.15
Secondly, having reached the duodenum, bile salts are prevented from
regurgitating into the stomach by the competence of the pyloric sphincter.
In normal subjects they are either undetectable or present in only trace
amounts in the gastric juice.16 Thirdly, due to their low pKa, conjugated
bile acids exist mainly in the ionized form at the pH of the upper small
intestinal lumen.4 This minimizes any tendency to diffuse down electro-
chemical gradients into the blood or lymph17 and ensures that the intraluminal
concentration remains high until fat absorption is complete.18 This
physicochemical 'seal' depends upon bile salts remaining in the conjugated
state, since free bile acids readily diffuse out of the jejunal lumen.17
Deconjugation is within the capacity of many intestinal bacteria,'9 so that
a fourth factor in maintaining the efficiency of the enterohepatic circulation
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is the relative sterility of the small bowel contents. The mechanisms respon-
sible for this probably include gastric acid,20 peristalsis,2' the immunoglobulins
(especially IgA) in gastrointestinal secretions22, and perhaps the antiseptic
properties of bile itself.23
The last and most crucial factor is the process of intestinal reabsorption

of bile salts. It is now well established that for this the esserntial requirement
is an intact terminal ileum.24-29 This fact accords well with animal
experiments showing that the distal quarter of the small intestine contains
an active transport system for bile salt absorption.30 The importance of this
system lies in the fact that once they pass into the colon bile salts are certain
to be attacked and degraded by the abundant bacterial population.3' A
small proportion may yet be absorbed32 and recirculated, but most
is excreted in the faeces, much of it being strongly bound by particulate
matter.33 In the face of these imminent hazards, one may perhaps view the
retrieval activities of the terminal ileum as a case of natural brinkmanship.
In this function the ileal transport system may be helped by the ileocaecal
sphincter, which presumably delays the egress of ileal contents and also
prevents reflux of the bacteria-rich caecal contents.34 In spite of these
mechanisms the bile salt pool is depleted of up to 100 mg per circulation,
but this loss is readily made good by synthesis of new bile salt in the liver
so that the size of the pool remains constant.
What is the purpose of such an efficient recycling system? Is it to preserve

something precious or to enclose something that can be noxious?
Conventionally, the enterohepatic circulation is regarded as an economy
device which enables the organism to utilize a physiologically valuable
agent many times.'2 35 There are excellent grounds for accepting this view.
If a bile salt pool of 4 g is to solubilize a dietary fat intake of up to 100 g
per day, it must clearly be made available very many times each day. The
only alternative, that the liver should repeatedly synthesize an entire new
pool, can be discounted. The maximal synthetic capacity of the liver seems
to be only about 3 g per day, or four times the normal daily turnover.27 36, 37

This limited reserve capacity for synthesis de novo must mean that any
condition which interferes seriously with bile salt reabsorption will markedly
reduce the quantity of bile salts entering the duodenum. This has been
confirmed by ingenious experiments with Rhesus monkeys in which the
enterohepatic circulation could be interrupted at will and by precisely graded
amounts.38 It was found that recirculation defects of up to 20% were
compensated for by increased hepatic synthesis, but with greater defects
the output of bile salts fell progressively to about one-fifth of normal. There
is a clinical counterpart to these experiments in the form of disease or
resection of the terminal ileum. These disorders result in a serious defect
of bile salt absorption,24-29 estimated by isotope studies to be such that
more than 90% of the bile salt pool may be lost during the digestion of a
single meal.39 Consequently, in ileectomy patients only 3 or 4 g of bile
salts reaches the duodenum each day instead of the normal 24 g."1' 27 These
patients clearly have a detergent deficiency state and will presumably have
difficulty with fat absorption. Intubation studies have in fact confirmed
that duodenal bile salt concentrations are low during digestion, and have
shown deficient incorporation of intraluminal lipid into the micellar phase
of intestinal contents.25' 29, 40, 41 These investigations explain the previously
obscure fact of clinical experience that ileal resections cause more
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steatorrhoea than jejunal resections of comparable length.42 Detergent
deficiency may also be a factor in the high incidence of gallstones in patients
with terminal ileal disorders.43

These experimental and clinical facts show that efficient bile salt recircula-
tion is necessary to ensure adequate supplies of solvent for fat absorption
and bile stability, and confirm the view that the enterohepatic circulation
is an important economy device.
An additional interpretation ofthe efficiency ofthe enterohepatic circulation

is that it is designed to keep bile salts away from other parts of the organism
in which they might be harmful. In other words, while a detergent is precious
in the right place, it is also noxious in the wrong place. The evidence for this
view consists of several clinical situations that have one common factor-
escape of bile salts from the narrow limits of their proper circuit.

First, there is the problem of bile salt catharsis or the overloaded colon
syndrome. This again is a result of ileal disease. Normally the colon is
presented with only a minute fraction of the circulating pool at each meal.
Even a minor defect in ileal absorption will multiply this quantity many times
and flood the colon with detergent. This is probably the main reason why
watery diarrhoea occurs so often in patients with regional enteritis or after
ileal surgery.44 Characteristically, this diarrhoea occurs after meals and it
may be so profuse and urgent that the patient dare not leave his home. It
is worst in the morning, when the bile salt pool is largest due to overnight
accumulation of newly synthesized material.29 Steatorrhoea may be mild or
absent, indicating that the recirculation defect is partial and compensated.
The concept of bile salt catharsis rests on experiments showing that these
substances strongly inhibit water and electrolyte absorption by the colon.45' 46
There is clinical evidence also in that feeding the bile-salt-binding resin
cholestyramine alleviates the diarrhoea,44 47 while feeding taurocholate
worsens it. 25 This distressing syndrome has been aptly named 'cholerhoeic
enteropathy'.'0

Conceivably, the same mechanism contributes to the diarrhoea associated
with rapid small bowel transit, as in thyrotoxicosis, since experimentally
speeding the passage of intestinal contents does reduce bile salt absorption.28
It has been suggested that even the small quantity of bile salts normally
entering the colon acts physiologically to prevent undue dehydration of the
faeces.45 If this is true, then the normal daily excretion of 700 to 800 mg
represents not a regrettable waste but a carefully regulated dob of a natural
purge, and minor increases in the colonic load might well cause diarrhoea.
An inevitable effect of the overloaded colon syndrome is increased

bacterial production of bile acid metabolites, some of which are absorbed
and give rise to high blood levels of free bile acids.'8 The significance of this
is uncertain, but if there were much absorption of lithocholic acid (the
major metabolite of chenodeoxycholic acid) this could be relevant to the
high incidence of gallstones in ileal disorders.43 In experimental animals
feeding lithocholic acid has been found to induce cholelithiasis and also
liver damage.49-51

In the stagnant loop syndrome, a disorder of the enterohepatic circulation
occurs which is somewhat similar to that seen in ileal disease. Excessive
bacterial degradation of bile salts occurs, but in the small intestine rather
than the colon.52 In severe cases this results in local detergent deficiency
right at the site of fat absorption.53 A further consequence is high local
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concentrations of free bile acids which may well be toxic to the small bowel
mucosa, inhibiting absorption of nutrients such as sugars,"545 amino
acids54 "5 and fatty acids,56 as well as of water and electrolytes." The
toxicity of free bile acids may, however, be masked by adequate concen-
trations of conjugates, presumably through incorporation of the free acids
into micelles.57 The enterohepatic circulation is likely to be abnormal in
two contrasting ways. The first is excessive excretion of bacterially degraded
bile acids, which continue past the 'safety net' of the terminal ileum either
because they are bound by bacteria and other solid matter or possibly because
they are too altered to be recognized by the transport system. Their effect
on colonic, or indeed ileal, function may contribute to the diarrhoea of this
condition, which would explain the finding that the diarrhoea is worsened
by feeding taurocholate.53 On the other hand, bacterially deconjugated bile
acids which remain in solution in the upper small bowel may, thanks to
their relatively high pKa,4 diffuse out of the lumen before they reach the
ileum. In severe cases, this transjejunal leakage could constitute the main
mode of bile salt absorption. The extent to which absorption is pre-
ceded by deconjugation may be indicated by the serum concentration of
free bile acids, which is sometimes very high.48 This in turn may be
pathogenic as already noted.
A quite different abnormality of the enterohepatic circulation occurs in

cholestasis and cirrhosis, namely, obstruction. In cholestasis, whether
intrahepatic or extrahepatic, it is accepted that steatorrhoea and its
complications such as osteomalacia are due to failure of bile salts to enter
the small intestine.58'59 In cirrhosis too malabsorption is common,60 and
recently it has been shown that this is associated with bile salt deficiency
in the duodenum.61 This is probably not due merely to impaired bile salt
synthesis by a damaged liver, since steatorrhoea often occurs in well
compensated cirrhosis. Moreover, isotopic measurement of the body pool
of cholic acid has shown it to be greater than normal in cirrhosis.13 The
paradox may be resolved by postulating a defect in transport of bile salts
into the biliary tract, due perhaps to failure of canaliculi in regeneration
nodules to link up with the duct system. The result is a small pool of bile
salts circulating enterohepatically in the normal way and another pool
circulating uselessly in the systemic blood (with constant exchange between
the two pools). This failure to keep bile salts in their place results in high
serum levels, most of the increase being due to conjugated bile acids.62'63
Serum levels are particularly high in patients with cholestasis and are said
to be responsible for pruritus64 (probably through deposition in the skin65),
bradycardia,23 and target cells in the circulating blood.66 It seems likely
that other ill effects await discovery.

Finally, there are the diseases associated with the presence of bile salts
in parts of the digestive system which are not used to dealing with detergents,
namely, the stomach and pancreas. It was shown in 1888 that acute gastric
ulcers can be induced in animals by feeding bile salts.67 Recently, it has been
found that in patients with gastric ulcer the stomach contains on average
far more bile salts than normal,16 presumably because of the high incidence
of pyloric incompetence in these subjects.68 Cause and effect remain to be
identified. However, Davenport69 has demonstrated that detergents, including
bile salts, damage the gastric mucosal barrier and allow hydrogen ions to
diffuse into the stomach wall. This aggressive action of bile salts out of their
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place may well explain the abnormally permeable mucosa of patients with
gastric ulcer and atrophic gastritis.70 The resulting seepage of acid not only
erodes the stomach wall but gives a false impression of hypochlorhydria.70
With pancreatitis the role of bile salts is controversial.7' Many believe that
an important pathogenetic factor is reflux into the pancreatic duct of bile72
or bile-containing duodenal contents.73 Introduction of pure bile salt or
other detergent solutions will induce necrosis in the dog's pancreas,74
possibly by activating phospholipase A.75 This pancreatic enzyme converts
biliary lecithin into lysolecithin, which is highly injurious to pancreatic
tissue.75

In conclusion, it must also be considered whether over-efficient recycling
of bile salts could be harmful. Too complete ileal absorption might well
cause constipation45 but, in addition, it could have an important effect on
cholesterol metabolism. Bile salt synthesis and excretion comprise the major
route for cholesterol catabolism3' and are reduced in some patients with
familial hypercholesterolaemia.76 In normal subjects, the factors controlling
bile salt synthesis are incompletely understood but it can be assumed that,
if faecal excretion is reduced for any reason, hepatic breakdown of cholesterol
to bile salts will also be reduced and this might result in hypercholesterolaemia.
The amount of bile salts excreted in the faeces is probably influenced by
the nature of the diet. In animal experiments a low-residue diet is associated
with reduced bile acid excretion,77 probably because of slow intestinal
transit.78 In western countries the diet is typically low in bulk and vegetable
fibre and constipation is common.79 Taking artificial bulk supplements
increases faecal excretion of bile acids and significantly reduces the serum
cholesterol,80 while a high intake of fruit and vegetables also lowers the
serum cholesterol level.8' It is conceivable that the general tendency in
western society for high serum cholesterol levels is related to the low bulk
content of the diet, and that this effect is mediated, at least in part,
by suboptimal bile salt excretion. Perhaps after all a mild, diet-related
inefficiency of the enterohepatic circulation is desirable.

K. W. HEATON
The Department of Medicine,

Bristol Royal Infirmary
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