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Abstract

Bile acids (BA) are actively reabsorbed in the terminal ileum by the apical Na*-dependent bile salt
transporter. This review addresses the epidemiology, pathophysiology, diagnosis and treatment of
BA diarrhea (BAD). BAD is typically caused by ileal resection or disease; 25-33% of patients
with chronic functional diarrhea or irritable bowel syndrome-diarrhea (IBS-D) have BAD,
possibly from deficiency in the ileal hormone, FGF-19, which normally provides feedback
inhibition of BA synthesis. Diagnosis of BAD is typically based on reduced BA retention of
radiolabeled BA (">SeHCAT), increased BA synthesis (serum C4) or increased fecal BA loss. In
clinical practice, diagnosis is often based on response to BA sequestrants (e.g., cholestyramine or
colesevelam). Diagnostic tests for BA malabsorption (BAM) need to be used more extensively in
clinical practice. In the future, farnesoid X receptor agonists that stimulate ileal production of
FGF-19 may be alternative treatments of BAD.
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Introduction: bile acids & enterohepatic circulation

Bile acids (BAs) are detergent molecules [1], excreted from the liver and are responsible for
solubilization of the lipolysis products of triglycerides that are fatty acids and
monoglycerides, aiding digestion and lipid absorption in the small intestine. BA species are
differentiated by their hydroxylation and conjugation status. Chenodeoxycholic acid
(CDCA) and cholic acid (CA) are primary BAs (Figure 1) synthesized in the liver from
cholesterol [2] and conjugated with taurine and glycine; in the colon, bacteria deconjugate
and dehydroxylate the BAs.

Taurine or glycine conjugation of the BAs permits the latter to remain ionized in the
duodenum, and ionization increases their solubility and renders BAs impermeable to cell
membranes, allowing a high enough concentration of BAs to reach the critical micellar
concentration, allowing for spontaneous formation of micelles. In the micelles, the polar
BAs surround fatty acids and monoglycerides (which are insoluble in the aqueous phase)
and can present the hydrophobic fat molecules to the brush border membrane of the small
intestine for digestion and absorption. The colonic bacteria avidly deconjugate and
dehydroxylate BAs; therefore, the major proportion of fecal BAs consists of the
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deconjugated secondary BAs, deoxycholic acid (DCA) and lithocholic acid (LCA), with
only minor percentages of CDCA and CA [3].

A functional enterohepatic circulation (Figure 2) reabsorbs approximately 95% of BAs in
the terminal ileum [4] and transports the BAs back to the liver. The apical Na*-dependent
bile salt transporter (ASBT) (also called ileal BA transporter [IBAT] or SLC10A2 [solute
carrier family 10, member two]) is responsible for the active reuptake of BAs in the terminal
ileum. The molecular mechanisms involved in the enterohepatic circulation are summarized
elsewhere [5] and illustrated in Figures 3 & 4. Intestinal BA uptake has direct and indirect
impact on hepatic BA homeostasis. Farnesoid X receptor (FXR) is expressed in ileal
enterocytes and hepatocytes. BAs are agonists of the FXR, which modulates gene
transcription acting in concert with another nuclear receptor, the retinoid X receptor alpha
(RXRa). BAs exit the enterocyte via the OSTa/p transporter. Sensing of the enterocyte BA
pool by FXR affects the liver by way of the endocrine factor FGF19. FGF19 is released to
the portal circulation and activates FGF receptor 4 in hepatocytes and in a process that
involves interaction with klotho 3 on the hepatocyte membrane, results in downregulation of
cholesterol 7a-hydroxylase (CYP7A1) and therefore inhibition of the classical BA synthetic
pathway, both by small heterodimer partner (SHP) induction and possibly other pathways.
Details of ileal feedback regulation of hepatocyte synthesis [5] and the hepatocellular
formation of bile [6] are provided in Figures 2 & 3. In cholangiocytes, as in enterocytes, the
ASBT, mediates bile salt uptake across the luminal membrane. Ductular bile is modified by
chloride channels such as the cystic fibrosis transmembrane conductance regulator (CFTR)
and the chloride/bicarbonate exchanger (anion exchanger 2, AE2) [7]. Further details of the
major BA transporters in the enterohepatic circulation [8] are shown in Figure 4.

Cholerheic or BA diarrhea is thought to result predominantly from the interruption of the
enterohepatic circulation [9].

Pathophysiological mechanisms of bile acid-induced diarrhea

Perfusion of BAs in the human colon results in colonic secretion of water and electrolytes
[10] and induction of high amplitude propagated contractions [11]. The presence of two a
hydroxyl groups at the 3, 7 (CDCA) or the 3, 12 (DCA) positions in the BA molecules is
responsible for their secretory effects [12]. When the colon is exposed to an increased or
decreased amount of those BAs, their presence promotes or decreases fluid and electrolyte
secretion, which resembles symptoms of chronic diarrhea or constipation [2,13].

BAs induce colonic secretion by activating adenylate cyclase [14], increasing mucosal
permeability as a result of their detergent effects [12] and inhibition of apical CI7/OH~
exchange by a process which is dependent on calcium ions and Pl3 kinase, but not on 1P3
[15]. In addition to the calcium-dependent secretion of chloride, there is recent evidence that
CDCA activates CFTR via a CAMP-PKA pathway involving microtubules, implying that
this occurs via a basolateral membrane receptor [16]. The effects of bile salt may also be
mediated through activation of alternative mechanisms. For example, 4 mm CDC activates
the enteric nervous system, at least in part, via release of 5-HT from the enterochromaffin
cells [17]. This 5-HT secretory effect is inhibited by the non-selective serotonergic
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antagonist and methysergide, which inhibited fluid, sodium and mucus secretion in response
to 5 mm CDC [18] and by the 5-HT3 antagonist, granisetron [19]. Serotonin also stimulates
endotoxin translocation, increasing mucosal permeability via 5-HT3 receptors in the rat
ileum [19].

BAs increase colonic contractions. However, there is a wide range of the concentrations that
induce propulsive contractions in canine (>20 mm) [20] and human colon (1 mm) [11]. In
humans, a relationship was found between fecal BA excretion and colonic motility;
however, in those studies, 40% also had significant steatorrhea [21], and the effects on
colonic motility cannot be attributed entirely to the malabsorbed BA in such situations.
Moreover, the presence of significant steatorrhea is not typical for IBS or functional or
osmotic diarrhea where the fecal fat is rarely above 14 g/day [13].

The inter-relationships of altered permeability, secretion, transit and motility that may result
from effects of BA malabsorption (BAM) require further elucidation, especially in humans
in vivo.

Epidemiology of bile acid diarrhea

Type 1 BA diarrhea is typically caused by (and therefore paradoxically secondary to) ileal
disease or resection. The most common conditions associated with ileal disease or resection
are, Crohn’s disease and radiation ileitis. The classical papers of Hofmann and Poley [4,22—
24] described the association of ileal disease of <100 cm length in association with diarrhea;
when the extent of involvement was over 100 cm, there was associated steatorrhea as a
result of BA deficiency.

Type 2 BA diarrhea is currently considered diarrhea without morphological abnormalities,
and it was originally regarded as idiopathic (and paradoxically ‘primary’), though, as
explained below, it is now considered to result from definable abnormalities of function.
Several studies have documented BAM in up to 50% of patients with chronic diarrhea or
IBS with diarrhea [25-29]. In a systematic review [9], BAM was reported in 32% of patients
with IBS-D type symptoms, and there was a dose-response relationship to treatment with
BA binders based on severity of BAM. Moreover, up to 35% of patients with microscopic
colitis and diarrhea (which presents with a phenotype that overlaps with IBS-D) [30],
showed evidence of BAM [28]. However, the prevalence of BAM or BA deficiency in IBS
phenotypes and their relation to physiological phenotypes such as transit, colonic motility
and permeability are unclear. It has been estimated that 1% of the population of Western
countries suffers from BAD [31].

A third, poorly recognized, etiology of BAD is treatment with biguanide drugs, such as
metformin, most commonly in patients with Type 2 diabetes mellitus or polycystic ovary
syndrome. These treatments are associated with both BAM and vitamin B12 malabsorption
and diarrhea [32-34].

Malabsorption of BAs may also play a pathogenic role in patients with AIDS and diarrhea
[35], though the precise mechanism is not fully elucidated, and other causes (infectious) or
medications (e.g., lopinavir and ritonavir) should be considered first.
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Etiopathogenesis of BA diarrhea

The cause of idiopathic BA diarrhea is incompletely understood. However, there is evidence
for defective feedback inhibition of BA biosynthesis by FGF19 in BAM. FGF19 is produced
in the ileum in response to BA absorption and regulates hepatic BA synthesis [36]. Walters
et al. [37] reported lower serum FGF19 in patients with BAM and a significant inverse
relationship between FGF19 and serum C4 (a surrogate of the rate of hepatic BA synthesis).
We have confirmed inverse correlation between serum C4 and FGF19 in IBS-D (rg =
-0.414; p = 0.044) [37] and IBS-C (rs = —-0.371; p = 0.028) [2]. C4 levels are also
significantly correlated with colonic transit [2].

Alternative mechanisms for BAD in IBS have been proposed:

Genetic mutations in the ASBT are extremely rare [38,39];

Accelerated small bowel transit bypassing active BA transport in the ileum; while
this is theoretically possible, it seems unlikely given the ASBT’s affinity for BA
[40,41]. Thus, Sciarretta ef al. measured small bowel transit using lactulose-
hydrogen breath test or choledochocecal transit of intravenous %9™Tc-HIDA [40].
Some patients had accelerated transit; however, as a group, there was no significant
relationship between small bowel transit time and BAM [40]. In a separate study by
Sadik et al., there was accelerated small bowel transit in patients with idiopathic
BAM that may contribute to the development of BAM; the same report showed
accelerated distal colonic transit in both males and females with idiopathic BAM,
which may conceivably be the result of the BAM [41]. The potential role of
accelerated small bowel transit on BAM is illustrated by the observation that one
patient without ileal resection and two with ileal resection of 50 cm showed
normalization of BAM on treatment with loperamide [42]. However, there was no
improvement in SeHCAT retention with loperamide in those with resections >80
cm, suggesting that, in the latter cases, the accelerated transit was not as important
as the lack of the active transport BA mechanism which was lost with the extensive
ileal resection [42]. Similarly, diarrhea caused by chronic radiation enteritis is
associated with rapid small bowel transit and BA and lactose malabsorption;
loperamide slows small intestinal transit, increases BA absorption and is effective
in the treatment of the diarrhea [43];

Defective BA uptake into ileal mucosal biopsies was excluded by Bajor et al. [44].
In addition, genetic mutations in ASBT are extremely rare [38]. In the view of the
findings of Walters et a/. that BAD may result from deficiency of ileal FGF-19
secretion into the portal circulation, studies have been conducted to explore the
potential association of genetic variation in one or more of the seven proteins
involved in feedback regulation of BA synthesis with the IBS-D phenotype or
acceleration of colonic transit (Figure 2) [45], as discussed in the next section;

A fourth potential mechanism is that genetic influences that control BA
mechanisms may influence gastrointestinal functions that could predispose to BA
diarrhea. First, genetic variation in the K/otho B (KLB) gene and six other genes
involved in BA synthesis (ASBT, FGFR4, OST-alpha, OST-beta, SHP and
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CYP7A1 that assessed 15 SNPs and tagSNPs) revealed significant associations of
SNP rs17618244 in the KLB gene with colonic transit in IBS-D [46]. In addition,
in IBS-C patients, the genotype variants of K/otho B (rs17618244) determined the
dose-response effects of administered chenodeoxycholate (CDC) on the emptying
rate of the ascending colon [2], suggesting that KL B variation may influence
colonic response to BAM.

Second, there is a separate, membrane bound BA receptor, TGR5 or GPBARL, a
member of the G protein-coupled receptor superfamily that functions as a cell
surface receptor for BA [47]. The TGR5 receptor is located on colonic epithelial
cells [48] and regulates basal and cholinergic-induced secretion in rat colon [49],
The TGRS receptor is also located on cholinergic and nitrergic neurons in the colon
and more proximal intestine. TGR5 influences smooth muscle contraction as well
as secretion from goblet cells and L cells, which secrete physiologically important
peptides, including glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2
(GLP-2), peptide YY (PYY) and oxyntomodulin. Although these peptides do not
appear to be involved in BAD, genetic variation in TGR5 rs11554825 [50] has
been associated with immunity and inflammation [51], small bowel transit,
particularly in IBS-D and with colonic transit [52]. Immune activation and altered
colonic transit are recognized pathophysiological mechanisms in [1BS-D [53];

» Abnormalities in BA recycling. Whereas the efficiency of ileal extraction in a
single pass displayed very little variation (95-97%), it was observed that absorption
efficiency per day varied widely (49-86%), implying wide variation in BA
enterohepatic recycling frequency [54]. Variations in recycling frequency could
explain the wide variations in BA retention observed using "°SeHCAT
radioscintigraphy in patients with chronic diarrhea [55]. It could also explain the
diarrhea that may follow cholecystectomy [56-58] and vagotomy [59], both of
which are associated with reduced BA retention; in such patients increased
recycling rate may result from the reported accelerated small bowel transit in
patients following vagotomy [60]. However, such an explanation is not likely in
patients with post-cholecystectomy diarrhea, since small bowel transit was not
accelerated (in contrast to colonic transit) in such patients [61]; the mechanisms of
diarrhea post-cholecystectomy are complex and still incompletely understood [62];
at present, the weight of evidence suggests that there is not abnormal recycling in
post-cholecystectomy diarrhea.

Impact of diet & drugs on bile acid pool & composition

Both low- and high-fat diets reduce the synthesis and turnover rates of primary bile salts in
humans, although probably through different mechanisms [63]. There is evidence that
agonists of the FXR stimulate CYP7A1 synthesis of cholesterol and expand the hydrophobic
BA pool [64]. In addition, fish oil increases BA synthesis, at least in men with
hypertriglyceridemia [65]. Dietary fat can alter the gut microbiota of mice indirectly by
changing the animals’ pool of BAs [66]. Milk fat stimulates the growth of B. wadsworthia
which thrives in the presence of taurocholic acid [67], and taurocholic acid is thought to be
produced more readily during the ingestion of milk fats [68].
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About 20-30% of patients who take metformin have gastrointestinal side effects that include
diarrhea and nausea [32]; the majority does not have Gl symptoms. BAM, due to metformin
has been detected by some investigators [69], but not by others [70]. Scarpello et al. reported
BAM during metformin treatment, without an effect on orocecal transit time [69]. In that
study, dietary macronutrient composition was not characterized. Investigators at Mayo
Clinic [MILES, VELLA, CAMILLERI, UnpusLisHeD DATA] have recorded that metformin treatment
produces an increase in 7a-hydroxy-4-cholesten-3-one (C4), a surrogate test for BAM.

Impact of the microbiome on bile acid pool & composition

The colonic microbiome is responsible for the dehydroxylation of primary BAs, cholic and
chenodeoxycholic to the secondary BAs, deoxycholic and lithocholic acids. In addition, gut
microbiota regulate expression of FGF-15 in the ileum and CYP7AL in the liver by FXR-
dependent mechanisms [71]. The microbiome influences the generation of organic acids
and, specifically, BAs in the colon of experimental animals [72]. There are evidences that in
humans the BA pool size and composition appear to be major regulators of microbiome
structure, which, in turn, appears to be an important regulator of BA pool size and
composition [73]. Ongoing research seeks to unravel the contributions of the microbiome
and BA composition to diverse conditions including colorectal cancer [74], inflammatory
bowel disease [75], IBS[76], cirrhosis [77], NAFLD [78] and obesity [79].

In an exclusive human study that may reflect BAD in patients with IBS-D, fecal counts of
total bacteria, Lactobacillus, the bacteroides/prevotella group, coccoides and
Faecalibacterium prausnitzii were similar in IBS-D and healthy controls [76]. In contrast,
there was a significant increase of Escherichia coliand a significant decrease of Lepfumand
Bifidobacterium, as well as levels of primary BA in the feces were significantly increased in
IBS D patients [76]. It is still unclear whether the effect of the microbiome is mediated
partly or wholly through the changes in BAs, or if the changes in microbiome are somehow
responsible for changes in function that manifest as BAD.

Differential diagnosis

Diagnosis

The main differential diagnoses of non-bloody, chronic diarrhea in adults and the
appropriate screening tests are listed in Table 1 [80].

At present, the most popular method of diagnosis of BAD is a therapeutic trial of BA
binders with symptom improvement; this is the only approach in countries like the USA
where non-invasive imaging based on scintigraphic BA retention is unavailable.
Unfortunately, this approach may require high doses of the BA sequestrant or binder that
patients may not tolerate because of poor palatability and side effects (borborygmi,
flatulence and abdominal pain when using certain BA binders [6]. Thus, such a therapeutic
trial may be negative, compromising ability to diagnose BAM. In addition, the therapeutic
trial is not specific for BAD, since resin formulations such as cholestyramine may also bind
and inactivate other etiological agents including Clostridium difficile toxin [81,82]. Hence,
the continued need for diagnostic tests for BAD.
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There are 4 tools that directly measure BAM: 14C-glycocholate breath and stool
test, "®selenium homotaurocholic acid test (SeHCAT), 7 a-hydroxy-4-cholesten-3-one (C4)
and fecal BAs. Table 2 summarizes the pros and cons of these diagnostic tests [83].

The 14C-glycocholate breath and stool test is laborious and is no longer widely utilized
following development of less complex tests without radiation exposure. Serum C4 is a
simple, accurate method that is applicable to a majority of patients, but requires further
clinical validation. Fecal measurements to quantify total and individual fecal BAs are
technically cumbersome and not widely available [84,85]. Recent data show that functional
diarrhea or diarrhea-predominant IBS-D are associated with higher serum C4 (Figure 5A),
higher total fecal BA (Figure 5B), inverse relationship of serum C4 and FGF-19 (Figure 6)
[84], and increased secretory BAs (e.g., CDCA, DCA) (Figure 7). In contrast, constipation-
predominant IBS-C is associated with higher fecal LCA levels (Figure 7) [85].

An enzymatic assay indirectly measures fecal BA. An NAD*-dependent 3a-steroid
dehydrogenase enzyme is used to oxidize deconjugated BAs and produce NADH which is
then measured biochemically. This method requires proper stereotactic alignment of enzyme
and substrate, and with a variety of conjugations (sulfonation, glucuronidation) of BA while
they are in the small intestine; this method would lack precision if it was used to measure
concentrations of BA in small bowel fluid or ileostomy effluent. In addition, it does not
assess BA with hydroxyl groups in the B configuration, and it tends to underestimate total
BAs.

Recently, Pattni et a/. [86] have explored the ability of serum FGF-19 to serve as a screen
for BAD, given the inverse relationship between C4 and FGF-19 originally described by
Walters et al. [32] and confirmed by other groups [33,84]. In the study of Pattni et a/. [86] of
258 patients, sensitivity and specificity of FGF-19 at 145pg/ml for detecting a C4 level >28
ng/ml were 58 and 79%, respectively, and for C4 >60 ng/ml (denoting high BA synthesis),
the sensitivity and specificity of FGF-19 were 74 and 72%, respectively [87]. Given the ease
of the ELISA for FGF-19 rather than the HPLC method required for C4 (or fecal BA)
measurement, the test could provide an inexpensive and convenient method to screen for
BAD [88], and further validation studies are eagerly awaited.

In summary, cholerrheic diarrhea is most typically confirmed by a therapeutic trial, although
it can be diagnosed with the 7°SeHCAT retention test or measurement in serum C4 or fecal
BAs in a few centers.

Management of BAD

Intraluminal bile acid binders

Cholestyramine is generally considered a first-line treatment in BAD; however, because of
poor palatability and low patient compliance [6], alternatives are being used, even though
there are no large clinical trials specifically for the indication of BAD. Thus, patients may
prefer colesevelam at a dose of up to 1.875 g twice a day (b.i.d.). In a pharmacodynamics
study of 24 unselected patients with IBS-D (4 of whom had increased serum C4 levels
suggesting increased hepatocyte BA synthesis), emptying of the ascending colon took an
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average of 4 h longer in patients given colesevelam compared with placebo [89]. Treatment
effect was significantly associated with baseline serum C4 levels (p = 0.0025), and
colesevelam treatment was associated with greater ease of stool passage (p = 0.048) and
somewhat firmer stool consistency (p = 0.12). There is preliminary evidence that
pharmacogenetics may influence the response to colesevelam; thus, two genetic variants
(FGFR4rs351855 and KL B rs497501) that impact the rate of hepatocyte BA synthesis rate
were associated with differential colesevelam effects on ascending colon emptying and
overall colonic transit [90].

Experimental agents inhibiting BAD by cellular mechanisms

FGF-19 stimulation by obeticholic acid [91] provides an opportunity to reverse the
deficiency which is considered one of the factors leading to excessive hepatocyte BA
synthesis. This treatment was associated with improved stool frequency and consistency in a
preliminary study of patients with BAD [92]. Given the observation that BAs chronically
downregulate colonic secretory function in colonic epithelial cells [93], an effect that may
serve to facilitate normal colonic absorptive function, it is intriguing to note that an FXR
agonist, GW4064, induced nuclear translocation of the receptor in T84 cells, attenuated Cl-
secretory responses to both Ca2* and cAMP-dependent agonists, and reduced ovalbumin-
induced diarrhea and cholera toxin-induced intestinal fluid accumulation secretion in mice /n
vivo [94]. These observations led to the proposal that FXR agonists may be efficacious in
the treatment of BAD through restoration of FGF-19 production and exertion of
antisecretory actions on the colonic epithelium [94].

Expert commentary

BAD secondary to ileal resection and active inflammation is well understood and treated
according to the length of ileal disease, as classically described by Hofmann [4,23] and
recently reviewed [95]. BAD is increasingly appreciated as a cause of chronic functional
diarrhea or IBS-D. If, indeed, one in four cases of IBS-D is caused by BAD [6] and IBS has
a global prevalence of 11.2% (95% CI: 9.8-12.8%) [96], with 31.0% (95% CI: 22.0-41.0%)
of women with I1BS and 50.0% (95% ClI: 44.0-56.0%) of men with IBS having IBS-D [97],
it is estimated that 1% of all people have BAD.

Therefore, from an epidemiological perspective and, because it can be specifically treated,
patients presenting with IBS-D or chronic diarrhea should be screened for BAM; in several
countries, this can be achieved with serum C4 or ">SeHCAT retention tests. In countries
where 7°SeHCAT is unavailable, screening with serum C4 followed by confirmation with
either a therapeutic trial with a BA binder or measurement of fecal BA excretion should be
done.

The widespread availability of these tests will usher in a more specific treatment for
functional diarrhea, avoiding the non-specific treatment of chronic diarrhea which may be
associated with adverse effects, as observed with opioids, such as constipation, abdominal
pain, diarrhea, headache and nausea [98]. Definitive diagnosis of BAD has the added
advantage that it will help physicians convince patients to stay compliant with the BA binder
therapy, which is currently a problem with the inexpensive cholestyramine. It will also
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facilitate the rational use and formulary approval of more expensive agents, like
colesevelam. The latter has the added advantages that it reduces serum cholesterol and
improves diabetes control.

Finally, it is anticipated that with formal studies, metformin will be proven to cause BAD
and diabetologists will be convinced to use alternative treatments for the diabetes, such as
DPP-1V inhibitors, which do not appear to be associated with BAD or cause symptomatic
gastric emptying delay, a frequent occurrence with GLP-1 agonists.

Five-year view

The mechanism of BAD will require further investigation. While the current prevailing
hypothesis is that FGF-19 feedback regulates hepatocyte BA synthesis, the cause of the
FGF-19 deficiency is still unclear. In addition, the KLB and FGFR4 genetic polymorphisms
described in association with IBS-D or rapid colonic transit require further evaluation to
determine if they are associated with increased fecal excretion or hepatocyte excretion of
BAs. Given the greater understanding of the hepatocellular pathways in BA synthesis and
excretion, the potential role of genetic or acquired variations in hepatocellular synthesis in
the causation of BAD requires further study.

The diagnosis of the cause of chronic diarrhea or the non-specific phenotype of IBS-D will
be anchored on the identification of specific causes including disaccharidase deficiency,
food intolerance and BAD (such as screening with C4 or FGF-19). In the USA, the field of
cognitive gastroenterology is making a comeback, in part because the procedural practice is
coming under increasing scrutiny for the high costs of care and the unnecessarily frequent
surveillance programs for colorectal cancer and Barrett’s adenocarcinoma. Definitive
diagnosis with fecal BAs will be widely available in clinical practice. In other

countries, "°SeHCAT will remain an important diagnostic test. Thus, BAD will be routinely
excluded in patients presenting with chronic functional diarrhea or IBS-D.

From a therapeutic perspective, the efficacy of FXR agonists in the treatment of BAD
requires formal study, but the dual actions of stimulation of FGF-19 synthesis (and reduced
hepatocyte BA synthesis) as well as their recently described anti-secretory actions appear
promising to develop alternatives to BA binders for BAD.
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Key issues

Bile acid diarrhea (BAD) is an important clinical entity that may account for up
to a third of patients with chronic diarrhea or diarrhea-predominant irritable
bowel syndrome.

At present, the strongest evidence suggests that BAD results from failure of
feedback regulation of hepatic synthesis by the ileal hormone FGF-19.

There is a wide array of molecules involved in feedback regulation of BA
synthesis, including nuclear receptors and membrane transporters in the ileal
enterocyte and hepatocyte that may lead to disturbances in the absorption,
synthesis and secretion of BA.

The current diagnosis of BAD is based on either a therapeutic trial with BA
binders or measurement of BA retention using °SeHCAT; simpler serological
screening tests are measurement of C4 and possibly FGF-19, farnesoid X
receptor (FXR) agonists have the potential to become alternative treatments for
BAD in addition to BA binders such as cholestyramine and colesevelam.
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Figure 1. Bile acid chemistry: chenodeoxycholic acid, cholic acid, deoxycholic acid, lithocholic
acid and ursodeoxycholic acid

CA: Chalic acid; CDCA: Chenodeoxycholic acid; DCA: Deoxycholic acid; LCA:
Lithocholic acid; UDCA: Ursodeoxycholic acid.
Reproduced with pemission from [83].
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Figure 2. lleal feedback regulation of bile acid synthesis in hepatocytes
Intestinal BA uptake has direct and indirect impact on hepatic BA homeostasis. FXR is

expressed in ileal enterocytes and hepatocytes. BAs are agonists of the FXR, which
modulates gene transcription acting in concert with another nuclear receptor, the retinoid X
receptor a (RXRa). BAs exit the enterocyte via the OSTa/p transporter. Sensing of the
enterocyte BA pool by FXR affects the liver by way of the endocrine factor FGF19. FGF19
is released to the portal circulation, binds to FGF receptor 4 in hepatocytes, and in a manner
that involves biochemical interaction with klotho B, results in downregulation of CYP7AL.
This results in inhibition of the classical BA synthetic pathway, both by SHP induction and
possibly other pathways. In hepatocytes FXR increases expression of the BSEP and
downregulates the expression of NTCP and CYP7A. Since NTCP and BSEP mediate BA
uptake from blood and export to bile in hepatocytes and CYP7A catalyzes the limitingrate
step in the classical BA biosynthetic pathway, this leads to reduced BA uptake, decreased
synthesis and enhanced export to bile.

BA: Bile acid; BSEP: Bile salt export pump; FXR: Farnesoid X receptor; NICP: Na*/
taurocholate co-transporting polypeptide transporter; SHP: Small heterodimer partner.
Reproduced with permission [5].
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Figure 3. Hepatocellular bile formation: expression of hepatobiliary transporters in hepatocytes
determines hepatic bile acid flux and hepatocellular concentrations

To ensure the balance between synthesis, uptake and excretion, expression of hepatobiliary
transporters is tightly regulated by nuclear receptors that provide negative feedback and
positive feed-forward mechanisms to control of intracellular concentration of biliary
constituents. Several nuclear receptor pathways also influence CYP7AL, the rate limiting
enzyme in BA synthesis. (A) Bile acid-activated FXR is a central player that has several
effects: first, FXR represses (via interaction with HNF4 in rats and GR in humans) hepatic
BA uptake NTCP. FXR also represses the synthesis of BA by CYP7AL; this effect involves
SHP. Second, FXR promotes bile secretion via induction of canalicular transporters BSEP,
MRP2, cholesterol efflux pump, ATP-binding cassette, subfamily G, member 5/8
[ABCG5/8], MDR3). Third, FXR induces BA elimination via alternative export systems at
the hepatic basolateral (sinusoidal) membrane OSTa/B. (B)Other nuclear receptors, CAR
and PXR, facilitate adaptation to increased intracellular BA concentrations by upregulation
of alternative hepatic export routes (MRP 3 and MRP4) and induction of detoxification
enzymes (not shown). Together with RAR, these receptors also regulate the canalicular
expression of MRP2. (C) The cholesterol sensor, (LXR, promotes biliary cholesterol
excretion via ABCG5/8. Stimulation of the expression of AE2 by GR stimulates biliary
bicarbonate secretion thus reducing bile toxicity. Green arrows indicate stimulatory and red
lines suppressive effects on target genes. In addition to these transcriptional mechanisms,
post-transcriptional processes (e.g., vesicular targeting of transporters to the membrane,
phosphorylation of transport proteins) and modification of the bile through cholangiocytes
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(e.g., bicarbonate secretion) also play an important role in bile formation (not shown). AE2:
Anion exchanger 2; BSEP: Bile salt export pump; Bili-glu: Bilirubin glucuronide; BSEP:
Bile salt export pump; CAR: Constitutive androstane receptor; CYP7A1: Cholesterol-7a-
hydroxylase; FXR: Farnesoid X receptor; GR: Glucocorticoid receptor; HNF4: Hepatocyte
nuclear factor 4; LXR: Liver X receptor;MDR3: Multidrug resistance3; MRP: Multidrug
resistance-associated protein; NTCP: Na*-dependent taurocholate co-transporting
polypeptide; OSTa/B: Organic solute transporter alpha and beta; PC: Phosphatidylcholine;
PXR: Pregnane X receptor; RAR: Retinoic acid receptor; SHP: Small heterodimer partner.
Reproduced with permission from [6].
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Figure 4. The major bile acid transporters in the enterohepatic circulation
The transport of BAs across cell membranes in different organs involved in the

enterohepatic circulation is complex. Bile acid transport across the basolateral membrane
into hepatocytes is mediated mainly by the NTCP and OATPs. BAs efflux across the
basolateral membrane of hepatocytes may occur via the organic solute and steroid
transporter (OST a-OST ) and/or the multidrug resistance-associated proteins 3 and 4
(MRP3 and MRP4). The secretion of bile acids across the hepatocyte canalicular membrane
into bile occurs via two members of the ATP-binding cassette transporters: the BSEP and
MRP2. BAs are delivered to the intestinal lumen through bile duct where they aid in
emulsifying diet-derived monoglycerides and fatty acids. BAs are actively re-absorbed in
the distal ileum (and in cholangiocytes) via Na*-dependent ASBT and are effluxed through
OST a-OST B. ASBT: Apical Na* dependent bile acid transporter; BA: Bile acids; BSEP:
Bile acid export pump; NTCP: Na*-dependent taurocholate co-transporting polypeptide;
OATPs: Organic anion transporting polypeptides.

Reproduced with permission from [8].
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Figure 5. Bile acid measurements in patients with functional bowel disorders
Measurements of serum C4. (A) BA synthesis marker and (B) fecal total bile acids in IBS-

D, IBS-C and healthy controls.
BA: Bile acid; IBS: Irritable bowel syndrome.
Reproduced with permission from [84].
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Figure 6. Inverse relationship of serum C4 and FGF-19, with spearman correlation inset

Reproduced with permission from [84].
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Figure 7. Individual predominant fecal bile acids in patients with irritable bowel syndrome-D,
irritable bowel syndrome-C and healthy controls

Note there is an increased percentage of the primary secretory BA, CDCA,in stool in IBS-D.
In contrast, there is more of the non-secretory LCA (secondary BA) in IBS-C than in health
or IBS-D. BA: Bile acid; CDCA: Chenodeoxycholic acid; IBS: Irritable bowel syndrome;
LCA: Lithocholic acid.

Data taken from [85].
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Table 1
Differential diagnoses of bile acid diarrhea
Disorder/disease Diagnosis and disease management

Food allergy (e.g., gluten/intolerance) Dietary exclusion

Sugar maldigestion Sugar-breath H, test; exclusion diet

Celiac disease 1gA tissue transglutaminase serology + duodenal biopsy gluten-free diet

Gluten intolerance, not Crohn’s disease  HLA-DQ2/8; trial of gluten-free diet

Microscopic/lymphocytic colitis Fecal calprotectin; colon biopsy; bismuth subsalicylate, budesonide

Small bowel bacterial overgrowth Duodenal aspirate and culture; glucose or lactulose-breath H, test;
find the cause for example, diverticula; treat with antibiotics

Reproduced with permission from [80].
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Table 2

Advantages and disadvantages of bile acid malabsorption diagnostic methods

BAM diagnostic ~ Advantages
methods

Disadvantages

14C glycocholate ~ May identify small bowel bacterial overgrowth

Radiation exposure, § emission, long ty/,
Varying normal values

Positive breath excretion at 2-4 h does not differentiate
BAM from small bowel bacterial overgrowth

Laborious test method (stool collection)

75SeHCAT y emission, short ty,, with decreased radiation to
extra-abdominal organs

Well-defined normal values; level of isotope retention
predicts response to bile acid sequestrant

Simple test method: two patient visits

Not available in the USA

Radiation exposure

Serum C4 No radiation
Normal values reported in adults

Not dependent on age, gender or cholesterol

Simple blood test: one patient visit

Fasting sample, diurnal variation
Requires further validation

False-positive in liver disease, treatment with statins and
altered circadian rhythm

Fecal BA No radiation

Measures total and individual BAs

Variable daily fecal BA excretion, requires at least 48 h
sample

Cumbersome method (stool collection)

BA: Bile acid; BAM: Bile acid malabsorption.

Reproduced with permission from [83].
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