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Elsewhere in this issue Julian Walters and his colleagues report a major advance in our
understanding of the pathogenesis of chronic diarrhea associated with idiopathic bile acid
malabsorption.1 The story is a fascinating one and unites long standing and very recent
discoveries in physiology, biochemistry, and molecular biology.

Conjugated bile acids are absorbed from the terminal ileum by the combined action of an apical
sodium-dependent transporter that takes bile acids into the cell, and a basolateral transporter
that takes bile acids out of the cell and into portal venous blood. The ileum was recognized as
the preferential site of bile acid absorption by Tappeiner in 18782, and his observations were
confirmed repeatedly. In 1960, Lack and Weiner used the everted gut sac technique to show
that conjugated bile acids moved uphill, against a concentration gradient, in segments prepared
from the distal ileum.3 Expression cloning was used by Paul Dawson and his colleagues to
clone the apical sodium dependent bile acid transporter in 1994.4 Seven years later, the
heterodimeric basolateral transporter OSTα/OSTβ of the skate hepatocyte was cloned by
Ballatori et al5,6 and its essential role in the transport of bile acids across the basolateral
membrane of the ileal enterocyte established by Dawson et al.7

Bile acid biosynthesis from cholesterol is under negative feedback control. Interruption of the
enterohepatic circulation by a biliary fistula8 or ileal dysfunction9–13 leads to a marked increase
in bile acid biosynthesis. Pandak et al made the observation that such upregulated bile acid
synthesis could be down regulated by bile acid infusion into the small intestine but not by
intravenous infusion.14 This observation was confirmed and extended by a Japanese surgical
group who showed that duodenal infusion downregulated bile acid biosynthesis whereas portal
venous infusion did not.15 These experiments raised the intriguing possibility that an unknown
intestinal factor was released by bile acids and was necessary for feedback inhibition of bile
acid synthesis. Ten years later, this intestinal factor was discovered by Inagaki et al to be a
protein, fibroblast growth factor-19, an atypical FGF family member that functions as a
hormone.16 FGF19 is synthesized in the ileal enterocytes in response to bile acids and released
into the portal venous circulation. Upon reaching the liver, FGF19 signals through a cell surface
receptor on hepatocytes to repress bile acid synthesis.
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Increased bile acid biosynthesis in patients with bile acid malabsorption because of ileal
dysfunction meant that more bile acids passed into the colon. A group of studies in animals
and humans led by Sidney Phillips at the Mayo showed that colonic perfusion with dihydroxy
bile salts induced colonic secretion17,18, and elevated concentrations of fecal bile acids were
shown to be present in patients with ileal resection.9–11 The elevated concentrations were the
result of greatly increased bile acid synthesis.9–13

It was quite straightforward to combine these findings and predict the sequence of events in
patients undergoing ileal resection.19 Defective bile acid absorption led to increased hepatic
synthesis. In this new steady state, increased bile acids passed into the colon and induced
secretion, manifest clinically as diarrhea. If diarrhea were caused by bile acid induced secretion
in the colon, it should respond to a bile acid sequestrant. Indeed, cholestyramine was shown
to be effective for the treatment of diarrhea in a small clinical study20 Colesevelam, a more
potent bile acid sequestrant, was developed a few years ago and its off label utility in diarrhea
associated with bile acid malabsorption has been claimed in anecdotal reports.21 Colesevelam
is available in tablet form and appears to be better tolerated than cholestyramine which is
marketed as a granular powder.

The diagnosis of bile acid malabsorption has never been simple to establish. One can collect
stools for a day or more and measure fecal bile acids by gas chromatography22 or by an
enzymatic method23, but fecal bile acid measurement by either method is complex, and patients
do not like to collect stool samples. Boyd, a biochemist working in Edinburgh, had the idea of
making a taurocholate analogue tagged with a gamma emitting isotope. He worked with
colleagues at the Amersham company to introduce a 75selenium atom (a gamma particle
emitter) into the side chain of the bile acid (between the 22nd and 23rd carbon atom), and this
compound 75Selenohomocholyltaurine, SeHCAT) was shown to behave physiologically like
taurocholate.25 In patients with bile acid malabsorption, the compound is lost from the body
much more rapidly than in patients without bile acid malabsorption as quantified by whole
body scanning with a gamma camera.25–28 However, this valuable diagnostic radionuclide has
never been available for clinical purposes in the United States.

A blood test for the detection of bile acid malabsorption would be more convenient. Rudling
and Gälman and their Swedish colleagues showed that an intermediate in bile acid synthesis
named C4 (actually cholest-4-ene-3-one) spills over from the hepatocyte into plasma in direct
proportion to the rate of bile acid synthesis29 When bile acid synthesis was increased, plasma
levels of C4 were markedly elevated.30,31

In the meantime, the mechanistic details of the negative feedback regulation of bile acid
biosynthesis in the hepatocyte were being clarified.32 An orphan member of the steroid
hormone receptor family, named FXR, was discovered to be activated by bile acids and to play
a central role in the regulation of bile acid homeostasis.33–36 In the ileum, bile acid-mediated
activation of FXR was shown to induce the synthesis and secretion of the hormone FGF19,
which subsequently represses bile acid synthesis in hepatocytes by binding to a cell surface
receptor comprised of the FGF receptor 4, a tyrosine kinase, and β-klotho, a single pass
transmembrane protein.37–39 Activation of the FGF receptor 4/β-klotho complex activates
phosphorylation cascades that culminate in the transcriptional repression of the gene encoding
cholesterol 7α-hydroxylase, the rate-limiting enzyme in bile acid synthesis16,40,41 In mice,
elimination of either FXR, FGF15 (the mouse ortholog of FGF19), FGF receptor 4 or β-klotho
increases cholesterol 7α-hydroxylase expression and bile acid synthesis,16,42–45 highlighting
the importance of each of these proteins in the feedback regulatory pathway. This pathway of
feedback inhibition of bile acid synthesis is illustrated in Figure 1.
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The late Hess Thaysen, working in Denmark, identified a group of patients who had bile acid
malabsorption and diarrhea responsive to cholestyramine, yet had no detectable ileal pathology.
46 The defect has been termed primary bile acid malabsorption or idiopathic bile acid
malabsorption. Merrick et al showed that bile acid malabsorption was common in patients
diagnosed as irritable bowel syndrome, diarrhea predominant.47,48 This observation was
confirmed by Bardhan and his colleagues working in Rotherham, UK49 as well as in Italy50
and Sweden51. It was logical to assume that such patients would have a defect in the gene
encoding the ileal apical bile acid transporter. However, in a careful study by Montagnani et
al, no defects in the gene encoding the apical sodium dependent bile acid transporter (SLC10a2)
were identified.52 Moreover, independent studies by Tilburg et al53, and Bajor et al54 showed
that conjugated bile acid transport by human ileal biopsy samples was not defective, but either
normal or increased.

In this issue of CGH, Julian Walters and his colleagues present evidence for a new and
fascinating explanation for the altered bile acid metabolism that is present in such patients.1
They describe a group of patients with chronic diarrhea responsive to cholestyramine who have
bile acid malabsorption based on SeHCAT non-retention and increased plasma levels of C4.
Their exciting discovery was that these patients had low plasma levels of FGF19. A low plasma
level of FGF19 should in turn lead to defective negative feedback of bile acid biosynthesis and
increased bile acid biosynthesis. In this new steady state, ileal transport is saturated, and
increased bile acids pass into the colon, inducing secretion that in turn is manifest clinically as
diarrhea. This pathophysiological defect can explain why Bajor et al53 and Tilburg et al54 and
Bajor et al found unimpaired bile acid transport in their ileal biopsy samples. It is not known
why plasma levels of FGF19 are abnormally low, and this will surely be investigated. Figure
2 compares the pathophysiological defect in patients with idiopathic bile acid malabsorption
(as elucidated by the study of Walters et al1) with that present in patients with ileal dysfunction
or resection.

At last, we have a satisfying explanation for at least some cases of idiopathic bile acid
malabsorption. Such patients should have increased bile acid biosynthesis and increased bile
acid secretion. Presumably ileal transport is at its maximum, although some animal and human
studies suggest that the ileal bile acid transport system should downregulate when exposed to
an increased flux of bile acids55

The observation by the Walters group is the culmination of fifty years of research on the
enterohepatic circulation of bile acids. For the physician, an explanation is available for a subset
of patients with chronic diarrhea. The diagnosis of bile acid malabsorption can be made by
finding an increased plasma level of C4. However, a simple therapeutic trial of a bile acid
sequestrant such as colesevelam or cholestyramine should generally be sufficient to establish
the diagnosis and, if the patient responds, indicate successful therapy, providing symptomatic
relief. In the future, it may be possible to synthesize nonprotein FGF19 agonists that would act
to downregulate bile acid synthesis to normal rates and thereby correct the pathophysiological
defect..
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Figure 1.
Pathway by which the enterohepatic circulation of bile acids down regulates bile acid
biosynthesis. Bile acids traversing the ileal enterocyte activate FXR, the nuclear receptor for
bile acids (shown as a heterodimer with RXR, the retinoid X receptor). FXR activation
promotes the synthesis of a protein, fibroblast growth factor – 19 (FGF19), which exits the
ileal enterocyte by an unknown mechanism, and travels to the liver in portal venous blood.
FGF19 interacts with a FGFR4/βklotho receptor complex present on the sinsudoidal membrane
of the hepatocyte. The activated receptor initiates a phosphorylation cascade that culminates
in the transcriptional repression of the gene encoding cholesterol 7α-hydroxylase, the rate
limiting enzyme in bile acid biosynthesis.32
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Figure 2.
Presumed pathophysiological defect in release of FGF19 from the ileal enterocyte in idiopathic
bile acid malabsorption (middle panel) is contrasted with normal release in health (left panel)
or defective release in ileal dysfunction or resection (right panel). Bile acid transport is
unimpaired in idiopathic bile acid malabsorption. As yet, defective synthesis and/or release
from the ileal enterocyte is an inference based on the abnormally low plasma levels of FGF19
found in patients with idiopathic bile acid malabsorption as reported in this issue by Walters
et al.1 Not shown is the colonic flux of bile acids. It is increased in idiopathic bile acid
malabsorption and ileal dysfunction causing colonic secretion manifest as diarrhea.
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