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Abstract
BACKGROUND & AIMS—Sodium chenodeoxycholate (CDC) accelerates colonic transit in
health. Our aim was to examine pharmacodynamics (colonic transit, bowel function) and
pharmacogenetics of CDC in constipation-predominant irritable bowel syndrome (IBS-C).

METHODS—In a double-blind placebo-controlled study, 36 female patients with IBS-C were
randomized to treatment with delayed-release oral formulations of placebo, 500 mg CDC, or 1000
mg CDC for 4 days. We assessed gastrointestinal and colonic transit, stool characteristics, and
associations of transit with fasting serum 7αC4 (surrogate of bile acid synthesis) and FGF19
(negative regulator of bile acid synthesis) levels. Candidate genetic polymorphisms involved in
regulation of bile acid synthesis were analyzed in the 36 patients with IBS-C and 57 healthy
volunteers to assess genetic influence on effects of CDC on transit.

RESULTS—Overall colonic transit and ascending colon emptying (AC t½) were significantly
accelerated in the CDC group compared with placebo (P = .005 and P = .028, respectively).
Looser stool consistency (P = .003), increased stool frequency (P = .018), and greater ease of
passage (P = .024) were noted with CDC compared with placebo. The most common side effect
was lower abdominal cramping/pain (P = .01). Fasting serum 7αC4 (but not FGF19) was
positively associated with colonic transit (rs = 0.749, P = .003, placebo group). Genetic variation
in FGFR4 was associated with AC t½ in response to CDC (uncorrected P = .015); αKlothoβ
variant showed a gene-by-treatment interaction based on patient subgroup (uncorrected P = .
0088).
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CONCLUSIONS—CDC accelerates colonic transit and improves bowel function in female
patients with IBS-C. The rate of bile acid synthesis influences colonic transit. Genetic variation in
negative feedback inhibition of bile acid synthesis may affect CDC-mediated acceleration of
colonic transit.
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Bile acids have been used in the treatment of patients with gallstones and cholestatic liver
diseases. Long-term treatment is generally well tolerated other than the consistent side effect
of diarrhea,1 which mimics the chronic loose stools observed in patients with a disrupted
enterohepatic circulation from ileal disease (eg, Crohn’s disease, surgical resection, or
radiation ileitis), resulting in spillage of bile acid into the colon.2 This appears to be in part a
secretory phenomenon because studies have shown that colonic infusion of di-α-hydroxy
bile acids induces fluid and electrolyte secretion in mammalian and human colon.3,4 The
mechanisms involved in promoting secretion include intracellular activation of adenylate
cyclase,5 increased mucosal permeability,6,7 and inhibition of apical Cl−/OH− exchange.8
Bile acids also induce propulsive contractions in the mammalian and human colon.9,10

Chenodeoxycholic acid (CDCA), a primary bile acid previously used for dissolution of
gallstones, elicited diarrhea at dosages of 750 to 1000 mg/day but not at 250 to 500 mg/
day.11 CDC (with hydroxyl groups in the 3α, 7α positions) promoted colonic secretion in
comparison to its 3α, 7β epimer, ursodeoxycholic acid.6,12 Over time, ursodeoxycholic acid
has replaced CDCA in the treatment of biliary diseases due to its superior patient
tolerability.

In a head-to-head comparison with ursodeoxycholic acid, CDC was shown to improve
constipation in patients with gallstones receiving oral bile acids.13 Bazzoli et al also reported
that CDCA administered to patients with gallstones who had chronic constipation resulted in
a significant increase in the frequency of bowel movements and loosening of stools
compared with placebo.14 In our previous study in healthy volunteers who received 500 to
1000 mg CDC in a delayed-release capsule, we observed accelerated colonic transit,
increased stool frequency, and looser stool consistency compared with the group that
received placebo.15

The intestinal uptake, transport, hepatic extraction, and synthesis of bile acids are controlled
by a complex series of carrier proteins, enzymes, and receptors in ileal enterocytes and
hepatocytes that are under genetic control (see Figure 1). Bile acid synthesis is regulated
homeostatically by fibroblast growth factor 19 (FGF19)-mediated feedback inhibition of
hepatic bile acid synthesis. This pathway is initiated by detection of high bile acid
concentrations at the ileal enterocyte, which results in secretion of FGF19 into the
mesenteric and portal circulation. FGF19 then binds to fibroblast growth factor receptor 4
(FGFR4) and Klothoβ (KLB) on the hepatocyte cell surface to initiate intracellular signaling
cascades that suppress CYP7A1 expression and decrease bile acid synthesis. Bile acids also
bind to the steroid receptor farnesoid X receptor to induce expression of small heterodimer
partner (SHP), which ultimately suppresses transcription of CYP7A1 (Figure 1). It is unclear
whether the endogenous level of bile acid synthesis and the genetic control of bile acid
homeostasis influence colonic transit or its response to CDC.

Walters et al recently suggested that plasma FGF19 levels reflect the strength of the negative
feedback suppression of hepatic bile acid synthesis.16 The rate of synthesis is reflected by
the serum level of 7α-hydroxy-4-cholesten-3-one (7αC4), which is closely related to the
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fecal excretion of bile acids as measured by the 75SeHCAT retention test.17 Higher levels of
7αC4 are therefore associated with lower levels of FGF19.

Our study had 3 primary aims: (1) to evaluate the effect of ileocolonic delivery of CDC on
gastrointestinal (GI) and colonic transit and bowel function in patients with constipation-
predominant irritable bowel syndrome (IBS-C), (2) to assess whether fasting serum 7αC4 or
plasma FGF19 levels influence colonic transit response to CDC, and (3) to examine whether
single nucleotide polymorphisms (SNPs) of candidate genes involved in bile acid
homeostasis affect CDC-induced changes in colonic transit.

Patients and Methods
Study Design, Randomization, and Medication

This was a double-blind, placebo-controlled, randomized study evaluating the effects of
orally administered CDC or placebo in patients with IBS-C selected on the basis of Rome III
criteria. Participants were enrolled by one study coordinator between April 17 and
November 20, 2009, when active participation in the trial ended as all required studies were
completed. The study was approved by the Mayo Clinic Institutional Review Board and was
registered on the ClinicalTrials.gov web site (NCT00912301). All data were collected in the
Clinical Research Unit (National Institutes of Health Clinical and Translational Science
Award grant RR0024150).

Patients with IBS-C were recruited from a preexisting database of 800 patients with different
functional GI diseases residing within 150 miles of Rochester, Minnesota, or through local
advertisements. We did not place a restriction on sex when recruiting patients for this study.
All medical records were screened for major exclusion criteria that could affect GI function,
including the use of medications known to alter GI transit. At the time of the initial screen,
all participants signed informed consent. Fasting blood levels of 7αC4 and FGF19 were
measured to assess for underlying disturbances in bile acid synthesis. The Hospital Anxiety
and Depression Scale,18 Symptom Checklist 90 (somatization),19 and validated daily bowel
diaries, including the Bristol Stool Form Scale,20 were also completed. GI and colonic
transit were evaluated by a scintigraphic method during the last 48 hours of drug ingestion,
which were days 3 and 4 of treatment.

CDC was purchased from Calbiochem, EMD Biosciences Inc (San Diego, CA), and the
Mayo research pharmacy prepared capsules with identical appearance containing either
placebo or CDC. All capsules were coated with the pH-sensitive polymer methacrylate
(Eudragit S-100; Rohm Pharmaceuticals, Darmstadt, Germany), which is acid resistant but
dissolves at the neutral pH of the distal ileum and thus prevents proximal small intestinal
absorption of the drug.

Patients were randomized to receive one oral capsule daily containing placebo, 500 mg
CDC, or 1000 mg CDC for 4 days. The study doses were selected based on the observations
of diarrhea in previous gallstone dissolution trials1; in addition, daily synthesis to replenish
fecal bile acid loss in humans is ~600 mg.17 An independent Mayo Clinic statistician who
was otherwise not involved in the study generated the 3-group randomization code by
computer, and allocation was concealed from the study investigators. The pharmacy
implemented the randomization schedule, which was blinded from the study investigators
including the study biostatistician, and only assigned research pharmacists had access to the
schedule in case of emergency. Participants were assigned by the research pharmacist in
accordance with the randomization schedule and allocation sequence. All clinical and
laboratory study personnel were therefore blinded throughout the study until data were
locked and analyzed. Safety was monitored for the duration of the study.
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GI Transit Measurements
An adaptation of our established scintigraphic method was used to measure GI and colonic
transit. The method has been reported in hundreds of patients and volunteers,21 and its
performance characteristics are well established.22,23 111In was adsorbed onto activated
charcoal particles and delivered to the colon by an oral methacrylate-coated capsule. The
capsule was ingested following an overnight fast. After the capsule emptied from the
stomach, a 99mTc-sulfur colloid radiolabeled meal (of standardized composition and calorie
content) was ingested to measure gastric and small bowel transit. Subjects also ingested
standardized meals for lunch and dinner at 4 and 8 hours after the radiolabeled meal,
respectively. Abdominal scintiscans were obtained every hour for the first 6 hours and at 8,
24, and 48 hours after ingestion of the capsule containing 111In-charcoal.

Transit Data Analysis
Transit was measured by quantification of the radioactive counts in the stomach and 4
colonic regions (ascending [AC], transverse, descending, and combined sigmoid and
rectum) with a variable region of interest program. Counts were corrected for isotope decay,
tissue attenuation, and downscatter of 111In counts in the 99mTc window.22

Gastric emptying half-life (GE t½) was defined as the time for 50% of the radiolabeled tracer
to empty from the stomach. Colonic filling at 6 hours (CF6) was the percentage of the
radiolabeled meal that reached the colon at 6 hours, indirectly reflecting small bowel transit
time. Overall colonic transit was computed as the colonic geometric center (GC), which is
the weighted average of counts in the different colonic regions (AC, transverse, descending,
rectosigmoid) and stool, respectively, numbered 1 to 5. At any time point, the GC equals the
proportion of counts in each colonic region multiplied by its weighting factor: (percent AC ×
1 + percent transverse × 2 + percent descending × 3 + percent rectosigmoid × 4 + percent
stool × 5)/100. Thus, a higher GC reflects a faster colonic transit. AC t½ was calculated by
linear interpolation of values on the AC emptying curve.

The primary end points were the colonic GC at 24 hours (GC 24) and AC t½. Secondary
transit end points were colonic GC at 48 hours (GC 48), GE t½, and CF6. As an end point,
GC 24 has been shown in previous pharmacodynamic studies to be responsive to a variety of
treatments in patients with IBS-C or functional constipation.24

Daily Stool Diaries
During the 7 days before initiation of the study and the 4 days of treatment, each patient
maintained a diary, recording the time of each bowel movement, the description of stool
consistency according to the Bristol Stool Form Scale,20 ease of passage of stool (range: 1 =
manual disimpaction to 7 = incontinence), and completeness of evacuation (1 = yes and 0 =
no).

7αC4 and FGF19 Measurements
Serum 7αC4 levels were quantified by high-performance liquid chromatography with
tandem mass spectrometry.25 In our laboratory, a value of <61 ng/mL is established as the
95th percentile for the fasting serum 7αC4 level in healthy volunteers.25 Plasma FGF19
levels were measured using the FGF19 Quantikine Enzyme-Linked Immunosorbent Assay
Kit (R&D Systems, Minneapolis, MN).

Genotyping
We assessed candidate genes involved in bile acid homeostasis, that is, genes controlling
proteins involved in the regulation of ileal absorption, hepatic uptake, and synthesis of bile
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acid (see Table 1). We selected SNPs in these genes that are nonsynonymous and have a
minor allele frequency (MAF) >9% according to the HapMap-CEU population (see Table
1). These coding SNPs result in missense mutations with potential functional changes in the
amino acid sequence of the synthesized protein. Two genes, OSTβ and CYP7A1, do not have
coding SNPs with an MAF >9%; therefore, tag SNPs in these genes with r2 > 0.8 and MAF
>9% were used. In total, 16 SNPs or tag SNPs in 7 candidate genes were genotyped.

Genomic DNA was isolated from blood using standard methods. Genotyping was performed
using TaqMan SNP Genotyping Assays (Applied Biosystems, Foster City, CA) according to
the manufacturer’s instructions, with 10 to 20 ng of DNA. Following polymerase chain
reaction amplification, end reactions were analyzed on the ABI 7300 Real-Time PCR
System using Sequence Detection Software (Applied Biosystems).

Statistical Analysis
An analysis of covariance (ANCOVA) compared the responses overall among the treatment
groups and was used to assess the treatment effects of CDC on the primary and secondary
end points, with body mass index (BMI) as a covariate. For each of the bowel pattern
responses, the corresponding baseline value obtained from the 7 days before initiation of the
study was also used as a covariate. Two pairwise comparisons (eg, each dose of CDC
against placebo) were also examined using Dunnett’s test. Another set of ANCOVA models
incorporated baseline 7αC4 and FGF19 levels separately as covariates to assess whether
treatment effects with placebo were affected by baseline levels of these enzymes.

Associations of fasting serum 7αC4 levels with colonic transit in the placebo group and the
association between fasting 7αC4 and FGF19 levels in all groups were assessed using the
Spearman correlation.

Sample Size Considerations for the Pharmacodynamic Effects of CDC on Colonic Transit
Sample size assessment was based on the results of primary end points in a previous study
of patients with IBS-C in our laboratory.26 For the primary end point of GC 24, the mean
value was 1.9 and coefficient of variation was 15%. The estimated effect size demonstrable
in GC 24 was 16%; this effect size is the difference in group means as a percentage of the
overall mean based on a 2-sample t test with n = 12 per group. For the other primary end
point of AC t½, the mean value was 17 hours and coefficient of variation was 41%. The
estimated effect size demonstrable in AC t½ was 43% based on a 2-sample t test with n = 12
per group.

It was anticipated that the ANCOVA would provide similar power for somewhat smaller
effect sizes by pooling residual variation across all 3 treatment groups and by incorporating
relevant covariates.

Analysis of Relationship of Genotype and Colonic Transit Response to CDC
An ANCOVA (with adjustments for BMI) was used to assess the association of genotypes
with potential differential CDC effects on colonic transit variables (GC 24 and AC t½). To
increase the power for the analysis, data from the 36 patients with IBS-C in this study were
pooled with that of 57 of 60 healthy volunteers who had genetic data available and who
participated in a similar study evaluating the effect of the same doses of CDC and placebo
on transit.15 We used a dominant genetic model comparing the major allele homozygotes
with the combined group of heterozygotes and minor allele homozygotes, adjusting for BMI
and phenotype (ie, health and IBS-C). We did not adjust α for the multiple genes tested.
Given the differences in the MAFs of the different candidate genotypes, we did not assess
the statistical power based on the sample size for each of the candidate genes. However, we
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assessed post hoc the power for the 2 genes that were associated with AC t½ with P values
less than the nominal .05 (see Discussion).

Results
Participants, Study Conduct, and Completion

Forty participants with IBS-C (Figure 2) were recruited. Three participants were deemed
ineligible based on the initial screen, and one dropped out before randomization secondary
to major illness. Demographic data of the 36 female participants randomized to placebo, 500
mg CDC, or 1000 mg CDC are shown in Figure 2; all treatment groups had similar age and
BMI. All patients completed the studies, and there was 100% medication compliance (based
on coordinator interview and pill count).

Effect of CDC on Colonic Transit in Female Patients With IBS-C
Data are summarized in Table 2 and illustrated in Figure 3. CDC accelerated overall colonic
transit at 24 hours (ANCOVA, P = .005, overall CDC vs placebo) with a greater effect
observed for the 1000-mg dose than the 500-mg dose compared with placebo (Dunnett’s
test, P = .012 and P = .066, respectively). There was also acceleration of AC t½ with CDC
treatment (ANCOVA, P = .028, overall CDC vs placebo). The 1000-mg dose of CDC
accelerated AC emptying relative to placebo (P = .058, Dunnett’s test), but the effects of
500 mg CDC and placebo were not different (P = .18).

Effect of CDC on Bowel Function in Female Patients With IBS-C
There were significant overall treatment effects of CDC compared with placebo on bowel
function, including looser stool consistency (P = .003), increased stool frequency (P = .018),
and greater ease of passage (P = .024) (see Table 2 and Supplementary Figure 1).

Effect of CDC on Gastric and Small Bowel Transit in Female Patients With IBS-C
CDC treatment was associated with prolongation of mean GE t½ by an average of 22 and 18
minutes in the 500-mg and 1000-mg CDC groups respectively, relative to the mean GE t½ in
the placebo group (ANCOVA, P = .079 overall CDC vs placebo, see Table 2). Significant
treatment effects on CF6 were not observed (Table 2).

We also assessed the relationship between gastric emptying and colonic transit in response
to treatment. There was a significant inverse correlation between GE t½ and colonic transit
in the entire cohort (treated with placebo or CDC [see Figure 4, upper panel]); thus, the
faster the colonic transit, the slower the stomach emptied (GC 24: rs = 0.464, P = .0043; AC
t½: rs = −0.431, P =.009). This relationship was also present in participants who received
placebo. Thus, an analysis removing the treatment effects of CDC indicates a correlation
between GE t½ and colon transit at 24 hours (r = 0.52 [P = .002]), colon transit at 48 hours
(r = 0.42 [P = .014]), and AC t½ (r = −0.39 [P = .026]). However, there was an additional
effect of CDC treatment on the relationship between colonic transit and gastric emptying
such that, as the colonic transit was accelerated by CDC, there was a greater retardation of
gastric emptying (Figure 4, bottom panel).

Blood Levels of 7αC4 and FGF19 in Female Patients With IBS-C
No clinically important differences were found among the treatment groups (Figure 2) in
fasting serum 7αC4 or plasma FGF19 levels. An inverse correlation was, however, found
between the 7αC4 and FGF19 measurements (rs = −0.371, P = .028).
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Relationship of Baseline Fasting 7αC4 and FGF19 Levels and Colonic Transit With Placebo
or CDC

There was a positive correlation between fasting serum 7αC4 level and colonic transit (GC
24) for the placebo group. Thus, the higher the 7αC4 level, the faster the overall colonic
transit observed (rs = 0.749, P = .0032). Supplementary Figure 2 shows the relationship
between (the rank transformation of) baseline serum 7αC4 level and observed GC 24 values
for the placebo group. There was no significant correlation between fasting serum. 7αC4
level and AC t½.

ANCOVA models assessing treatment effects of CDC on colonic transit indicated an
influence of 7αC4 on GC 24 (P = .055) and on GC 48 (P = .019).

There was no correlation between plasma FGF19 level and GC 24 or GC 48 for the placebo
or the CDC groups.

Associations of Variations in Candidate Genes Controlling Bile Acids and Colonic Transit
The association between SNP rs376618 from the FGFR4 gene and GC 24 in the entire
cohort of IBS-C and healthy participants was not significant (P = .126). SNP rs376618 was,
however, associated with AC t½ (uncorrected P = .015) in the entire cohort. The TT
genotype was associated with acceleration of transit with both doses of CDC; in contrast,
participants with the TC/CC genotypes did not show accelerated transit with the 500-mg
dose of CDC, only with the 1000-mg dose of CDC (Figure 5).

SNP rs17618244 from the KLB gene was not associated with colonic transit in the entire
cohort (Figure 5). However, a genotype-by-treatment interaction depending on participant
subtype was shown (uncorrected P = .0088). Thus, in patients with IBS-C, the GG genotype
was associated with accelerated AC t½ with 500-mg and 1000-mg doses of CDC, whereas
GA/AA genotypes showed accelerated transit with 1000 mg not with 500 mg of CDC. In
contrast, in healthy volunteers with the GG genotype, AC t½ was accelerated by 1000 mg
but not by 500 mg of CDC, whereas AC t½ was accelerated in GA/AA carriers by 500 mg
but not 1000 mg of CDC.

There were nonsignificant potential associations of CF6 with SNP rs7833904 from the
CYP7A1 gene (P = .0891) and of CF6 (P = .0854) and GC24 (P = .0858) with rs6659176
from the SHP gene. The other 12 SNPs analyzed did not correlate with any of the measured
transit parameters (data not shown).

Adverse Events With CDC
The most common adverse events with CDC were lower abdominal cramping/pain (0% with
placebo, 45% with 500 mg CDC, and 42% with 1000 mg CDC; P = .01 by Fisher exact
test), diarrhea (0% with placebo, 18% with 500 mg CDC, and 17% with 1000 mg CDC; P
= .36), and nausea (0% with placebo, 9% with 500 mg CDC, and 25% with 1000 mg CDC;
P = .14). Headache was observed at similar rates (15%–18%) between the placebo and 2
treatment groups. Gas, heartburn, and light-headedness were also experienced by >10% of
participants in the CDC arms (P = not significant). No participants withdrew from the study
due to an adverse event.

Discussion
Our study provides insight on the potential use of bile acids for the treatment of bowel
dysfunction in patients with IBS-C and helps elucidate the influence of endogenous bile acid
synthesis (via indirect serum markers) and genes involved in control of bile acid
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homeostasis on the response to exogenous CDC. Overall, our data support the role of CDC
as a physiologic laxative, accelerating overall and AC colonic transit and improving bowel
function, and as a potential treatment in patients with constipation and IBS-C. Genetic
variations in the proteins involved in the FGF19-mediated feedback inhibitory pathway of
bile acid synthesis may influence the effects of CDC on AC colon emptying.

Pharmacodynamics of CDC in IBS-C
In female patients with IBS-C, doses of CDC previously used for dissolution of gallstones
accelerated whole colonic transit, and the higher dose of 1000 mg appeared more
efficacious. The acceleration in colonic transit was accompanied by looser stool form,
increased stool frequency, and greater ease of passage. A post hoc analysis showed that the
coefficient of variation in primary end points observed was similar to that on which the
study sample was calculated, and therefore the sample size in each group was appropriate
and the results are reliable.

The fasting serum 7αC4 level was associated with colonic transit, suggesting that the
endogenous rate of bile acid synthesis influences overall colonic transit in the absence of
treatment. This is consistent with the concept that an idiopathic decrease in bile acid levels
in the colon is associated with constipation in children.27 Alterations in bile acid synthesis
have also been reported in adults with slow transit constipation28 and, conversely, chronic
diarrhea in “idiopathic bile acid malabsorption” appears to result from reduced negative
feedback by the hormone FGF19.16

Given the postulated role of FGF19 in the feedback control of bile acid synthesis,16 we
assessed whether FGF19 was a significant covariate in response to CDC. Our data in female
patients with IBS-C replicate the inverse relationship previously observed in health15 and
chronic diarrhea16 between fasting serum 7αC4 and FGF19 levels. However, we did not find
a significant correlation between fasting FGF19 and CDC-induced colonic transit, in
contrast with the significant association of serum 7αC4 level with colonic transit.

Bile salts accelerate colonic transit by inducing fluid and electrolyte secretion or by
stimulation of motility. Concentrations of >5 mmol/L bile acids infused directly into the
human sigmoid and rectum stimulated colonic phasic contractions10; however, such
concentrations are seldom achieved in the colon in the absence of ileal resection.2 In fact,
bile acid concentrations in the proximal colon in constipation states are likely to be lower. It
is estimated that the human bile acid pool is 3 to 5 mmol, with 6 to 10 enterohepatic
circulations each day. The daily bile acid synthesis is about 600 mg29; thus, the daily dose
administered in our study may have simply doubled or tripled the load available in the bile
acid pool. The efficacy of exogenous bile acids in stimulating colonic secretory or motor
function may depend on the baseline endogenous concentrations to which the colon is
exposed. This is illustrated by the observation that ANCOVA models assessing treatment
effects of CDC on colonic transit indicated an influence of 7αC4 on transit at 24 and 48
hours. We found that in subjects with lower bile acid synthesis rates, as suggested by
relatively lower 7αC4 levels, CDC was more effective in accelerating transit. The clinical
potential of CDC in patients with IBS-C will require longer administration or repeated
administration of short courses. Identifying the subset of patients with IBS-C with a
diminished rate of endogenous bile acid synthesis may help target those individuals most
likely to respond to CDC treatment. CDC appears to be safe because no major adverse
events occurred throughout this study. In addition, there have been no reports of colon
cancer or liver damage observed in longer-term follow-up of patients with gallstones who
were treated with CDCA and patients who underwent partial ileal bypass for
hyperlipidemia.30
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In a prior study, fecal parameters did not respond in a subgroup of patients with chronic
constipation treated with up to 1 g oral CDCA.14 Our results suggest that the delivery of
CDC to the ileocolonic region may be more efficacious, but a direct comparison between
oral and delayed release CDC is required to prove this.

A post hoc analysis showed a significant inverse correlation between gastric and colonic
transit, consistent with the hypothesis that stimulation of the ileal brake by delivery of bile
acids to the ileocolonic region for 4 days provided negative feedback to the stomach. Bile
acids have been shown to promote glucagon-like peptide 1 secretion in cell culture.31 The
mechanism of in vivo inhibition of gastric emptying by bile acids may involve glucagon-like
peptide 1, oxyntomodulin, peptide YY, and neurotensin; future studies are warranted to
elucidate this further. Our recent study15 showed a similar delay in gastric emptying in
patients with diarrhea-predominant IBS who received the bile acid sequestrant colesevelam,
which stimulates glucagon-like peptide 1 and has been shown to enhance glycemic control
in diabetes.32 Therefore, it is possible that both bile acids and colesevelam may increase
release of incretins or other hormones (eg, peptide YY, oxyntomodulin) from
enteroendocrine cells, which then inhibit gastric emptying.

Pharmacogenetics of CDC in IBS-C and Health
Our study also explored potential genetic factors that might impact the therapeutic efficacy
of CDC. To assess this hypothesis, we developed assays for common SNPs or tag SNPs in
genes associated with bile acid homeostasis, including enterocyte uptake and efflux, hepatic
synthesis, and feedback inhibition of bile acid production. To increase the power of our
study, we combined data from our previous report of healthy subjects15 with the data from
the patients with IBS-C in this study; the 2 studies had identical study design with the same
doses of CDC used. Our data suggest that the genes of 2 proteins critical in FGF19-mediated
feedback inhibition of hepatic bile acid synthesis impact the acceleration in colonic transit
(specifically AC colonic emptying) by CDC. The SNP rs376618 in FGFR4 was associated
with differences in the effects of CDC on colonic transit, and patients with the rs376618 TT
genotype responded to a lower concentration of CDC delivered to the colon. These data also
raise the hypothesis that carriers of the TT genotype are more sensitive to effects of
endogenous bile acids and are thus more susceptible to the syndrome of bile acid
malabsorption and chronic diarrhea. The magnitude of the effect of this genetic
polymorphism is consistent with the influence of fasting serum 7αC4 on treatment response
to CDC.

A weaker association was identified with SNP rs17618244 in KLB. In a separate study of the
genetic association of this SNP with intermediate phenotypes of diverse colonic functions,
we found a significant interaction between rs17618244 and colonic transit.33 In the current
study, there was an effect of rs17618244 genotype on dose response in patients with IBS-C,
similar to what was observed with rs376618 in FGFR4. The additional finding of an
interaction of genotype-by-treatment effects with participant subgroup, with a different
effect observed in healthy subjects compared with patients with IBS-C, may be spurious
given the relatively small sample size and MAF of 15.5% of rs17618244. Nevertheless, if
these SNPs are functional, genetic variations in these 2 proteins involved in ileal feedback
suppression of hepatic bile acid synthesis by CYP7A1 (the rate-limiting enzyme in the
synthesis of bile acid from cholesterol) may ultimately be critical for controlling the size of
the total body bile acid pool, the dynamics of the enterohepatic circulation, and hence the
amount of bile acids reaching the colon to promote laxation. FGFR4 and KLB are both
transmembrane proteins expressed on the surface of hepatocytes, where they serve together
in a receptor complex for binding their ligand FGF19 and activating downstream
intracellular signaling pathways to suppress bile acid synthesis. Our results therefore raise
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the tantalizing hypothesis that variations in bile acid homeostatic genes are associated with
colonic transit in response to exogenously administered bile acids.

The genetic associations observed are clearly hypothesis generating given the relatively
small sample size (n = 93) and multiple SNPs (n = 16) tested. However, we do perceive that
there was adequate power to detect clinically meaningful associations in this study, because
we estimated the differences in physiologic responses that could be identified between
subgroups defined by genotype. This study examined several SNPs; therefore, assuming a
dominant genetic model, there were differing numbers of subjects in the subgroups for each
SNP. For 2 of the SNPs studied, FGFR4 (rs371688) and KLB (rs17618244), the breakdown
of minor allele homozygotes plus heterozygotes (CC/TT for FGFR4 and GA/AA for KLB)
versus major allele homozygotes (TT for FGFR4 and GG for KLB) was almost identical: 33
versus 60 and 34 versus 59, respectively. Thus, the difference in AC t½ that could be
detected with ≥80% power (using a 2-sided α level of .05) is calculated to be 5.3 hours,
based on univariate associations, for groups of 33 and 60. Figure 5 shows that in response to
treatment with 1000 mg CDC, there is a >5-hour difference in AC t½ in one genotype
grouping versus the other for the 2 genes of interest. In summary, this post hoc assessment
shows that the study had sufficient power to detect meaningful differences in AC t½ for
these 2 different genotypes.

In summary, CDC accelerates colonic transit and improves bowel function in female
patients with IBS-C. The rate of bile acid synthesis influences colonic transit. Genetic
variations in bile acid synthesis may affect CDC-mediated acceleration of colonic transit and
deserves further study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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GE gastric emptying half-life

IBS-C constipation-predominant irritable bowel syndrome

KLB Klothoβ

MAF minor allele frequency

7αC4 7α-hydroxy-4-cholesten-3-one

SNP single nucleotide polymorphism

t½ half-life
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Figure 1.
Illustration of bile acid enterohepatic circulation and homeostasis and relevant proteins with
genetic variation tested in this study.
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Figure 2.
Study flow chart and patient demographics.
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Figure 3.
Effects of placebo or CDC on overall colonic transit and time for AC emptying. *Overall
significant difference among placebo and CDC groups (ANCOVA P = .005 for GC 24 and
P = .028 for AC t½).
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Figure 4.
Correlation between gastric emptying and colonic transit for each treatment group.
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Figure 5.
Effects of treatment on AC colon emptying in relation to genotype. The upper panel shows
results by genotype in the entire cohort (health and IBS-C). The lower panel shows results
for KLB for the different phenotype subgroups and illustrates the genotype-by-treatment-by-
phenotype interaction.
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Table 2

Effects of CDC on GI Transit and Bowel Function

Placebo (n = 13) CDC 500 mg (n = 11) CDC 1000 mg (n = 12)
P value (contrast of
drug vs placebo)

GE t½ (min) 116.5 ± 4.3 138.3 ± 11.7 134.1 ± 10.3 .079

CF6 (%) 50.6 ± 6.7 52.6 ± 6.7 54.8 ± 7.1 .71

GC 24 2.2 ± 0.2 3.1 ± 0.4 3.5 ± 0.4 .005

GC 48 3.8 ± 0.3 4.1 ± 0.3 4.3 ± 0.3 .130

AC t½ (h) 15.8 ± 2.5 9.5 ± 2.9 8.2 ± 1.8 .028

Stool frequency (daily) 1.2 ± 0.2 1.6 ± 0.2 2.1 ± 0.3a .018

Stool consistency (Bristol Stool Form Scale) 2.9 ± 0.3 4.4 ± 0.5b 4.4 ± 0.4a .003

Ease of stool passage (scale 1–7) 3.7 ± 0.1 4.2 ± 0.2 4.4 ± 0.2 .024

Sense of complete evacuation (1 = yes, 0 =
no)

0.30 ± 0.09 0.55 ± 0.11 0.44 ± 0.09 .20

NOTE. Values are expressed as mean ± SEM unless otherwise noted.

a
P = .010 vs placebo.

b
P = .031 vs placebo.
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