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Abstract

Background & Aims: Approximately one-third of patients with IBS-diarrhea (IBS-D) have
increased bile acid (BA) synthesis or excretion. An open-label study showed benefits of
colesevelam on bowel functions, consistent with luminal BA sequestration by colesevelam. We
compared the effects of colesevelam vs placebo on symptoms and gene expression patterns in the
sigmoid colon mucosa in patients with BA diarrhea associated with IBS-D.

Methods: We performed a double-blind, parallel-group study of 30 adults with IBS-D and
evidence of increased BA synthesis or fecal excretion, from December 2017 through December
2018 at a single center. Patients were randomly assigned (1:1) to groups given colesevelam (3
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tablets, 625 mg each) or matching placebo, orally twice daily for 4 weeks. Stool diaries
documented bowel functions for 8 days before and 28 days during colesevelam or placebo. Stool
and fasting serum samples were collected for analyses of fecal BAs and serum levels of C4 and
FGF19. We measured colonic transit by scintigraphy, mucosal permeability by in vivo excretion of
saccharide probes, and mRNA levels in rectosigmoid biopsies. All measurements were made at
baseline and on the last days of treatment. The primary endpoints were change in total fecal BA
concentration and stool consistency.

Results: Compared with placebo, colesevelam was associated with significant changes in
sequestered fecal total BA excretion (P<.001) and serum levels of C4 and FGF19 (both A<.001),
and with a mean increase in fecal level of deoxycholic acid (10%; P=.07) compared to placebo.
Colesevelam decreased colon mucosal expression of NRIH4and PZRY4 and increased expression
of GPBARI, compared with baseline. Stool frequency and consistency, colonic transit, and
permeability did not differ significantly between groups. Colesevelam was well tolerated.

Conclusions: In a randomized trial, we found that colesevelam increases delivery of total and
secondary BAs to stool, hepatic BA synthesis, and colonic mucosal expression of genes that
regulate BA, farnesoid X, and GPBARLI receptors. Larger studies are needed to determine the
effects on clinical responses. ClinicalTrials.gov no: NCT03270085
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BACKGROUND

Irritable bowel syndrome (IBS) affects ~11% and IBS-diarrhea (IBS-D) affects ~5% of the
U.S. population! and often impairs quality of life.2 IBS is currently defined by symptoms
(i.e., abdominal discomfort associated with bowel disturbances) in the absence of organic
disease on routine testing. Current concepts on IBS focus on disturbances of peripheral
mechanisms (colonic transit, mucosal immune function, visceral hypersensitivity), and
central nervous system (CNS) hypervigilance.3#> These peripheral perturbations may
results from effects of intraluminal irritants [such as mal-digested carbohydrates (producing
short chain fatty acids ((SCFA)) or fats], excess of bile acids (BAs), bioactive amines (e.g.,
serotonin),® mucosal barrier function (TJ proteins),” immune activation, increased small
intestinal and colonic permeability, and alterations in microbiome. In fact, alterations in
colonic BA levels have been shown to affect all of these mechanisms,8 and about one-third
of patients with IBS have alterations in fecal BA excretion and hepatic BA synthesis rates
compared to healthy controls.®

A meta-analysis showed BA diarrhea (BAD) in up to 50% of patients with chronic
functional diarrhea or IBS-D based on "°SeHCAT retention test (not available in USA), and
these studies also showed the test identifies patients most likely to respond to BA
sequestrants.10 Efficacy of colestipol or cholestyramine or colesevelam has been

documented predominantly in open-label trials, sometimes with flexible dosing schedules.
11,12, 13
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With new diagnostic tests for BAD, specifically fecal BA measurements and fasting serum
C4,14 it is now possible to specifically diagnose idiopathic BAD in patients with symptoms
of IBS-D.

In a previous study, we showed increased mucosal expression, in the 47 IBS-D patients
(compared to healthy controls), of genes related to BA absorption (SLCI0AZ2for ASBT),
BA synthesis (NR1H4 for FXR), ion transport (GUCAZB and PD.ZD3), immune function
(C4BP4and CCL20), and barrier function (CLDONI and FNJI). In contrast, no such
differential expression was noted in mucosal biopsies from patients with IBS-C.15

Our study aim was to compare effects of the BA sequestrant, colesevelam, and placebo on
bowel functions, BA synthesis and excretion, colonic transit, intestinal and colonic mucosal
permeability, and mucosal expression of genes in sigmoid colon mucosa in patients with
BAD in association with IBS-D.

METHODS

Study Design, Randomization, and Experimental Protocol

We conducted a single-center, randomized, double-blinded, single-dose level, parallel-group,
controlled, 28-day trial of the effects of colesevelam, 1875mg (3 tablets, 625mg each), or
matching placebo (ratio 1:1), taken orally, twice daily, in 30 patients with IBS-D and prior
evidence of increased BA synthesis or fecal excretion. Placebo consisted of gelatin, titanium
dioxide, and FDA/E172 red iron oxide.

The study was conducted at Mayo Clinic, Rochester Minnesota, and participants were
recruited from December 2017 to December 2018. Identification and eligibility of
participants are detailed in Supplemental Materials.

The experimental protocol is shown in Figure 1. All of the authors had access to the study
data and approved the final manuscript. The study statistician generated by computer a
stratified randomization sequence designed for equal distribution of patients on treatment or
placebo and BMI (<35 and =35kg/m?). Further details are provided in Supplemental
Materials under random allocation.

Characterization of patient symptoms at screening, exclusions based on concomitant
medications or illnesses and details on the colesevelam treatment are detailed in the
Supplemental Materials. Patients who were on a bile acid sequestrant before the start of the
study discontinued the sequestrant at least 30 days before initial study visit.

Small Intestinal and Colonic Permeability: In Vivo 13C Mannitol Excretion after Oral Load

After baseline urine collection, 100mg 13C mannitol and 1g lactulose dissolved in 250mL of
water was administered. Urine collections were pooled for baseline (pre-test dose), 0-2, 2-8
and 8-24 hours following administration of test sugars, and excreted sugar concentrations
were measured by HPLC-tandem MS as previously published.16
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Biological Samples and Measurements of Bile Acid Parameters

Blood samples were collected in the morning after overnight fasting before starting the
colesevelam and on the morning after the 28-day dosing with colesevelam.

Random stools samples were collected before starting the colesevelam and after day 28 of
dosing with colesevelam. Participants provided a single random stool sample. The samples
were sent to a central laboratory to be frozen immediately for subsequent testing for fecal
BAs by HPLC, tandem mass spectrometry. Data are expressed as pumol/g stool.

Laboratory Measurements of Bile Acid Parameters

Additional information regarding serum 7a-hydroxy-4-cholesten-3-one (C4) testing and
fecal bile acid excretion are available in the Supplemental Materials.

Rectosigmoid Mucosal Expression of Genes Using RNA-Sequencing

The methods used and selection of genes of interest (previously associated with BAD) are
shown in the Supplemental Materials.

Statistical Power and Analysis

These are detailed in the Supplemental Materials.

Endpoints for analysis—The primary endpoint for analysis was the change in the total
fecal BAs concentration (umol/g stool) from baseline in response to treatment with
colesevelam compared to placebo. Since the fecal BA measurement included an extraction
step that freed the BAs into the stool water, the effect of colesevelam was measured as an
increase in fecal BA excretion. The co-primary patient response endpoint was stool
consistency. The secondary endpoints addressed other effects of colesevelam compared to
placebo in patients with IBS-D and BAD; these endpoints were appraised primarily for the
entire 4-week treatment period:

a. Percent fecal primary (CDCA and CA) and secondary (DCA and LCA) BA
excretion

b. Fasting serum C4 and serum FGF19

c. Stool frequency

d. Colonic transit measured at 24h and 48h

e. Small intestinal and colonic permeability

f. Mucosal expression of genes of interest previously associated with BAD?

The comparisons of stool parameters (frequency and consistency) were performed as
prespecified for the total duration (4 weeks) of treatment and in post-hoc analyses for the
last 7 days of treatment, as well as for the 57% of patients with elevated C4 or decreased
FGF19 compared to those with normal serum biomarkers.
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RESULTS

Demographics

Table 1 shows the demographics and baseline data of participants in the study and
documents the absence of any statistically significant differences between the 2 groups. The
CONSORT flow chart and participant disposition are shown in Figure 2. One person
withdrew from the study secondary to personal reasons, but was included within the analysis
in accordance with intention to treat principles. Within this cohort, 30% (9/30) were
diagnosed with BAD based on elevated total fecal BA, 57% (17/30) based on elevated
primary fecal BA, and 13% (4/30) based on elevated C4.

Thirty-five percent of patients (7/20) were receiving bile acid sequestrant before the first
(screening) study visit. Four patients were on cholestyramine, 4 grams daily or BID; 2 were
on colestipol, 1-2 grams BID; and 1 patient was on colesevelam, 1,875 mg BID. All patients
stopped the sequestrant therapy at least 30 days before the initial study visit.

Effects of Colesevelam on Stool Form and Bowel Function

Table 1 and Figure 3 summarize the group data and individual participant data regarding the
patient response outcomes. While there were numerical improvements in stool number and
stool consistency in several participants, there were no significant group differences in the
analysis of least square means, which account for the pre-study observations in each group.

During the last week of treatment compared to baseline (Figure 3), there was numerical,
non-significant improvement in stool frequency with colesevelam [delta from baseline —0.65
(-1.6 to —0.5)] compared to placebo [delta from baseline —0.3 (-0.14 to 0.0)] (p=0.93).
Average stool consistency during the last 7 days of treatment was not significant between the
two treatment groups: colesevelam -0.6 (-1.7 to —0.1) and placebo —0.55 (-0.94 to —0.07)
(p=0.41).

There were no significant differences in stool consistency or frequency in the 57% of
participants with baseline elevated C4 or decreased FGF19 (p=0.46 and p=0.36,
respectively).

Pharmacodynamic Effects of Colesevelam on Fecal BA Excretion and Fasting Serum C4
and FGF19

Binding and sequestration of BAs in stool with colesevelam are demonstrated by the
increased fecal total BAs (Table 1), as well as an average 10% increase in sequestration of
the secretory, secondary BA, deoxycholic acid; the increased sequestration and loss of BAs
were associated with the expected increase in serum C4 and decease in serum FGF19. These
data illustrate that colesevelam achieved its pharmacodynamics effects.

Correlation of Fecal BA Excretion and Bowel Functions

Based on non-linear regression analysis, increased fecal BA sequestration (expressed as
concentration of total fecal bile acids per gram of stool) was associated with a higher
reduction in stool frequency (Rs=0.28, p<0.01 for the entire 4 weeks and Rs=0.41, p <0.01
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for the last 7 days of treatment compared to baseline) with colesevelam. In contrast, there
was an increase in stool frequency observed with placebo during the last 7 days of treatment
(Rs=0.47, p=0.14). There was no significant correlation seen with the amount of total fecal
BA sequestered and improvement in stool consistency with colesevelam (Rs=0.11, p=0.75)
or placebo (Rs=0.17, p=0.61).

Effects of Treatment on Mucosal Permeability and Gastrointestinal and Colonic Transit

Table 1 shows there were no significant differences in small intestinal or colonic
permeability, or in stomach, small bowel and colonic transit. Data for 13C-mannitol
excretion are included in Table 1.

Effects of Treatment on Mucosal Expression Based on RNA Sequencing

Using standard criteria of false discovery rate (FDR) <5% and log2 fold change =1 or <-1,
there were 1051 genes that were different in the mucosal biopsies taken post-colesevelam
compared to post-placebo, as illustrated in the heatmap of differential expression shown in
Supplemental Figure 1 (left side: colesevelam [orange] and placebo [cyan] groups). Based
on canonical pathway analysis (Supplemental Figure 1, right side), the vast majority of the
differentially expressed mucosal genes are associated with immune functions, such as Thl
and Th2 activation pathways and signaling in T helper cells. Given that these mechanisms
have not been previously definitively associated with BAD or functional diarrhea, we
explored the genes previously reported to be associated with BAD.

Effects of Treatment on Mucosal mMRNA Expression Related to Bile Acid Pathways

In order to account for potential intra-individual differences in mRNA expression, we
analyzed the ratio of post- / pre-mRNA expression for each individual, and then compared
the data for all participants available in the two treatment groups. These data were available
for 8/15 patients in the colesevelam group and 9/15 patients in the placebo group. Biopsies
were available at baseline for one additional patient in each group; however, this participant
elected not to undergo repeat biopsy at the end of treatment.

RNA sequencing with ingenuity pathway analysis demonstrated significant or borderline
differences in the colesevelam- and placebo-treated groups for the ratio between post- and
pre-treatment mRNA expression in rectosigmoid mucosal biopsies (Figure 4). Colesevelam
treatment was associated with reduced expression of NR1H4 (gene for FXR receptor) and
PZRY4 (gene involved in glial cell function) and with increased expression of GPBARI (bile
acid receptor). There were numerical increases in V/P (neurotransmitter, secretagogue) and
CCL 20 (cytokine) expression that did not reach statistical significance.

Adverse Events

No serious adverse events were reported throughout the study.

DISCUSSION

Our study demonstrates expected pharmacodynamic effects of colesevelam such as increase
in sequestered total fecal BAs, increase in fasting serum C4 reflecting compensatory BA
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synthesis, and the expected reciprocal reduction in serum FGF19. There was also a
numerical increase in sequestration of deoxycholic acid in stool with colesevelam (p=0.07).
However, there were no significant effects on stool frequency and consistency with
colesevelam compared to placebo, although there was variable clinical responsiveness to
colesevelam among patients with BAD. The pharmacodynamics observations reassure us
that it is unlikely that noncompliance or inappropriate timing of medication contributed to
the nonsignificant changes in patient response outcomes (stool frequency and consistency).

Small intestinal and colonic permeability and gastrointestinal and colonic transit were not
different in the two treatment groups; in our prior study, colesevelam did not significantly
alter colonic transit, although the ascending colon emptying T/, on colesevelam treatment
correlated with baseline serum C4 level, 18 and genetic variants in FGFR4rs351855 and
KLBrs4975017 identified a subset of IBS-D patients with beneficial response to
colesevelam.1?

In addition to the biochemical pharmacodynamic effects, our study demonstrates alterations
in mucosal expression in genes of interest in the BA pathway and their biological effects.
The upregulation of the CCL20 gene related to inflammation in response to colesevelam
compared to placebo is surprising and unexplained since BAs can induce a histological
picture similar to microscopic colitis, there is high prevalence of bile acid diarrhea in
collagenous colitis (mean 41%and lymphocytic colitis (mean 29%; reviewed in ref.2%), and
86% of the patients with BAD and microscopic colitis responded to BA sequestrant,
cholestyramine.?!

The positive transcriptomics findings were reduced expression of NR1H4 (nuclear receptor
subfamily 1, group H, member 4 gene for FXR receptor) and P2RY4 (pyrimidergic receptor
P2Y, G-protein coupled, 4 gene involved in glial cell function) and increased expression of
GPBARI (G protein-coupled bile acid receptor 1; synonym TGR5 or Takeda G coupled BA
receptor). These observations suggest that, in the presence of the BA sequestrant, a reduction
in expression of the gene for FXR protein may reflect the reduction in BA absorption by
colonocytes; normally, the absorbed BAs bind to the nuclear FXR receptor and result in the
synthesis of FGF19. Consistent with this hypothesis is our observation of reduced FGF19 in
fasting serum samples. Activation of P2RY4 is a downstream effect in BAD, based on our
prior studies, and intraluminal sequestration of the BAs likely results in a reduced activation
of glial signaling, which is involved in the control of mucosal secretion.22-24 Finally, the
increased expression of GPBARI with colesevelam is consistent with the prior observation
that this receptor (aka TGR5) is required for colesevelam to induce GLP-1 and alter hepatic
glycogen metabolism, and that BAs bound to colesevelam activate a prolonged TGR5-
mediated cCAMP response.2® The latter observation may also explain the inter-individual
variability in the response to colesevelam observed in our study, since the persistent
activation of cAMP by the sequestered BAs in some patients may itself result in colonic
secretion and variation in patient response outcomes.

Our data suggest that further large, placebo-controlled, randomized studies of longer
duration are required, particularly given the numerical difference in stool frequency in the
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last week of the current trial, and the availability of only few placebo- or active-comparator
controlled trials.26:27

In a previous double-blind, randomized, controlled trial, patients with IBS-D with and
without BA diarrhea were given cholestyramine, 4 grams twice daily, compared to
hydroxypropyl cellulose for 8 weeks. Although the study did not demonstrate efficacy on the
primary endpoint of less than or equal to 3 bowel movements per day, there was a significant
decrease in watery bowel movements compared to the hydroxypropyl cellulose. Based on
previous evaluations, we know that hydryoxypropyl cellulose will also bind fecal BAs, and
this may have complicated the assessment of the results.25 In a longer open-label study
utilizing dose titration of cholestyramine, there was a significant improvement in stool
consistency and frequency, and cholestyramine was utilized for a median of 35 months,! far
longer than the 4 week duration of our trial.

In addition, the optimal doses for the BA sequestrants or FXR agonists for BAD are still
incompletely understood. For example, improvement in BA retention after cholestyramine
occurred in 50% of patients with post-cholecystectomy BAD, and normalization was
achieved in only 20% of patients,28 and only of 27 patients with BAD responded with
colestipol treatment.12

A placebo-controlled trial of colesevelam in secondary bile acid diarrhea after ileal resection
in Crohn's disease showed significant clinical efficacy; however, the level of BA excretion
was likely different from the current study.2”

The goal of BA sequestrants is not to bind all intestinal BAs, as that would conceivably
cause diarrhea associated with fat malabsorption.2? In theory, an ileocolonic released form
of BA sequestrant may have better efficacy, but this would need to be evaluated in
prospective, clinical studies in patients with BA diarrhea. Cholestyramine enterocoated with
cellulose acetate phthalate has been shown to be effective in patients after ileal resection.30

Limitations

Our assessment of clinical responses is clearly impacted by the sample size (15 per
treatment group), missing mucosal gene expression data in a few participants, the fact that
this is a single-center study and 3 patients had BSFS <5 and bowel frequency <3/day at
baseline, but did meet Rome 111 IBS-D criteria; these factors reduce generalizability of the
results and conclusions. Based on the variations in responses observed for bowel movements
per day and consistency (standard deviation for each 0.7), with the sample size of 15 per
treatment group, the study was powered to detect a change in bowel frequency of 0.75/day
and stool consistency of 0.75 on the 7-point Bristol Stool Form Scale. Changes of 0.5 for
both endpoints would require 32 patients per treatment arm, based on these data.
Importantly, the colesevelam dose used in this study was selected from the approved dose
for treatment of hyperlipidemia and type 2 diabetes, and further dose explorations may be
required, especially in view of the documented variability of responsiveness to all BA
sequestrants, and the potential role of mucosal genetic variation in pivotal genes'? in the bile
acid synthesis pathway (specifically FGFR4and KLB) may also require examination.
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Conclusion

Our study is consistent with the literature documenting that, to date, the optimal dosing of
BA sequestrants is unclear, despite the significant pharmacodynamics effects of serum C4,
FGF19, and BA sequestration with colesevelam in this study, and the positive correlation
between improved stool frequency and consistency and the binding and fecal excretion of
BAs. However, stool frequency and consistency were not significantly different between
colesevelam and placebo treatment. Larger studies with dose titration treatment for longer
durations are required to further identify the correct dose of sequestrant to optimize or
individualize therapy. Our observations suggest that differences in the expressions of
mucosal genes associated with BAs and their proteins, especially FXRand GPBARI, may
contribute to the variable responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Daily Bowel Diary and Adverse Events Records
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colonic transit by scintigraphy; sigmoid colon mucosal biopsies

Figure 1.
Experimental design
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Enroliment
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l
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Figure 2.

CONSORT flow chart and participant disposition
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Effects of colesevelam on stool frequency and consistency in patients with diarrhea-
predominant irritable bowel syndrome and bile acid diarrhea. Same color lines within each

cohort represent the same patient.
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