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SUMMARY
Background: Irritable bowel syndrome (IBS) patients often experience meal-associated

symptoms. However, the underlying mechanisms are unclear.

Aim: Our-objective-was-tTo determine small intestinal mechanisms of lipid-induced symptoms
and rectal hypersensitivity in IBS.

Methods: We recruited 26 IBS patients (12 IBS-C, 14 IBS-D) and 15 healthy volunteers (HV). In
vivo permeability was assessed using saccharide excretion assay. Rectal sensitivity was assessed
using a barostat before and after a—t-hour-small bowel lipid infusion and symptoms assessed
throughout. Next, an extended upper endoscopy with probe-based confocal laser endomicroscopy
(pCLE) was performed with changes induced by intraluminal-lipids. Duodenal and jejunal mucosal
biopsies were obtained for transcriptomics.

Results: Following lipid infusion, in-comparedison to IBS patients, higher proportion of HV
reported no pain, no nausea, no fullness and no urgency (P<0.05 for all). In a model adjusted for
sex and anxiety, IBS-C and IBS-D patients had lower thresholds for first rectal sensation
(P=0.0007) and pain (P=0.004) than HV. In vivo small intestinal permeability and mean pCLE
scores were similar between IBS and HV. Post-lipid, pCLE scores were higher than pre-lipid, but
were not different among the groups. Baseline duodenal transient receptor potential vanilloid
(TRPV) 1 and 3 expression was increased in IBS-D and TRPV3 in IBS-C. Duodenal TRPV1
expression correlated with abdominal pain (r=0.51, FDR=0.01) and inversely with first rectal
sensation (r=-0.48, FDR=0.01) and pain (r=-0.41, FDR=0.02) thresholds.

Conclusion: Lipid infusion elicits greater symptom response in IBS compared with HV, which
associates with small intestinal expression of TRPV channels. TRPV-mediated small intestinal

chemosensitivity may mediate post-meal symptoms in IBS.
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INTRODUCTION

Irritable bowel syndrome (IBS) is a common disorder of gut-brain interaction that causes
substantial morbidity, impairment in quality of life and decreased work productivity'. Patients
experience chronic or recurrent abdominal pain associated with changes in stool frequency and/or
form?. Although the pathophysiology of IBS is incompletely understood, visceral hypersensitivity
and impaired barrier function are phenotypes associated with it*>*. IBS symptoms often initiate or
worsen with meal ingestion™ ¢, with self-reported food intolerances known to cause significant
impairment in quality of life’. Infusion of nutrients, particularly fats, into the duodenum increases
rectal sensitivity in IBS patients® °. This response was initially found to be limited to diarrhea-
predominant IBS (IBS-D)!’; however, subsequent larger studies demonstrated it regardless of the
predominant bowel habit®. Although attributed to exaggerated sensory component of the
gastrocolic response!®, the mechanisms of nutrient-induced symptom exacerbation or rectal

hypersensitivity are not clear.

A subset of IBS patients, especially IBS-D and post-infection IBS (PI-IBS), have increased
intestinal permeability'" 2. Some studies have associated increased intestinal permeability with
symptom severity'> . Conventionally, intestinal permeability has been measured using urinary
excretion of orally administered, poorly-metabolized probe molecules (e.g. lactulose, mannitol,

)!4. Novel saccharides, such as '*C mannitol have been demonstrated to perform better due

sucrose
to lower contamination at baseline!> 6. More recently, probe-based confocal laser endomicroscopy
(pCLE), a novel in-vivo method that allows cross-sectional imaging of the epithelium at a

resolution of ~1 um has allowed the assessment of epithelial gaps, in addition to providing

architectural details'” '8, In IBS patients, pCLE demonstrated an increase in intraepithelial
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lymphocytes, epithelial breaks, and increased intervillous spaces when dietary antigens were
applied to the duodenum!. These findings were driven by a subset of IBS patients that
demonstrated a visible reaction to the food antigens. Terminal ileal pCLE identified more epithelial
gaps in IBS patients compared to healthy volunteers (HV)?°. These observations suggest that pCLE
evaluation of the intestinal architecture may be a helpful diagnostic tool in evaluating the epithelial
barrier and changes in response to nutrients or antigens. However, it is not clear if the description
of gaps alone correlates with increased permeability either by other parameters on pCLE or using
conventional measures of in vivo permeability assessment.

A number of studies have assessed changes in colonic gene expression in IBS, mostly in the
rectosigmoid®!. Small bowel signaling is likely more important in understanding meal-induced
symptoms in IBS. Most studies in the small intestine have assessed limited gene expression panels
showing changes in mast cells, Toll-like receptors and tight junction signaling'® 2>?*. Small
intestinal mucosal transcriptome has not been assessed in IBS to date. Our aims were to determine
(a) small intestinal permeability in IBS using conventional methods of in vivo saccharide excretion
as well as pCLE; (b) changes in symptoms, rectal sensitivity and pCLE features in response to
small bowel lipid infusion; and (c) changes in duodenal and jejunal transcriptome as well as
signaling pathways in these cohorts of IBS patients, along with associations with symptoms and

rectal sensation induced by small bowel lipid infusion.
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MATERIALS AND METHODS

Study Design and Participants

We enrolled 26 IBS patients (12 IBS-C and 14 IBS-D; defined by Rome III criteria) and 15 HV.
Mayo Clinic Institutional Review Board approved the study (IRB # 14-000837), and all subjects
provided written informed consent before participation. All authors had access to the study data
and reviewed and approved the final manuscript. The study was registered as Clinical trials.gov
NCT02358564. Participants underwent screening using the validated Bowel Disease
Questionnaire and the Hospital Anxiety and Depression Scale (HADS) questionnaire to ensure
they did not have other chronic gastrointestinal (GI) conditions or significant psychiatric
disorders®®. Those with anxiety and/or depression score of >18 on HADS were excluded. All
subjects enrolled in the study underwent a complete history and physical examination before
enrollment. Subjects completed a 7-day symptom and bowel diary. Symptom severity of
abdominal pain/discomfort, bloating and urgency were scored every evening using a 6-point scale
ranging from O (none) to 5 (very severe), and the time and consistency of bowel movements were
reported using the Bristol Stool Form Scale, ranging from 1 (hard, lumpy) to 7 (watery, diarrhea).
Further details on exclusion criteria and dietary and medication restrictions are provided in

Supplemental Methods.

In vivo Permeability
In vivo permeability was assessed using a lactulose/mannitol excretion assay. Briefly, volunteers

were asked to ingest a solution of lactulose (1000 mg), mannitol (100 mg, regular or '*C mannitol)
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and radiolabeled '*C mannitol (100 mg) in 250 mL of water'®>. Water (500 mL) was given at 30
minutes post-sugar administration to aid in urine collection. Urine was collected at baseline and 0-
2 hours (to represent small bowel permeability)'*. Urine volumes were recorded, and the
concentration of each sugar was measured via high performance liquid chromatography-tandem
mass spectrometry. The total milligram of each sugar was calculated using urine volume and
concentration per time point. The concentration of '*C mannitol was adjusted for the percentage

of 1*C in '>C mannitol as previously described'¢.

Rectal Barostat

Following an overnight fast, a feeding catheter (Dobhoff feeding tube) was placed into the
duodenum with fluoroscopic assistance. Once positioned, participant underwent bowel preparation
(Fleet® phosphate enema). Thirty minutes after enema, a barostat manometry catheter (customized
rectal barostat catheter, part no. C7-2CB-R-22F; MUI Scientific, Mississauga, Ontario, Canada),
to which a polyethylene bag (pillow type rectal barostat balloon, part no. CT-BP600R; length, 22
cm; diameter, 15 cm; capacity 600 mL; MUI Scientific) was attached, was placed in the rectum.

Further details on the barostat procedure are provided in Supplemental Methods.

Extended Upper Endoscopy and Probe-based Confocal Laser Endomicroscopy

During a sedated, extended upper endoscopy, probe-based confocal imaging was performed with
the Cellvizio ColoFlex UHD probe prior to biopsy of the small bowel to assess mucosal and barrier
morphology. The endoscope was positioned within the jejunum in the first 10-20 cm distal to the
ligament of Treitz. Immediately prior to confocal imaging, if no macroscopic mucosal

inflammation was present, 4 mL of 10% fluorescein solution (AK Fluor, Akorn Pharmaceuticals,
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Buffalo Grove, IL) were administered intravenously over a 30-second push. Images were obtained
within the first 8 to 20 minutes after intravenous fluorescein injection for best imaging results.?¢
Continuous confocal images of the jejunum were obtained for 3 minutes. The scope was then
pulled back to the third portion of the duodenum, approximately 10 cm proximal to the ligament
of Treitz, and images were obtained for a further 3 minutes. On completion of the baseline (pre-
lipid) imaging, a 3 ml bolus of lipid (Microlipid 50% fat emulsion diluted as 2 kcal/mL, Nestlé
Health Science, Bridgewater, NJ) was infused into the duodenum over 5 seconds, and then the
scope advanced to the jejunum. A second 3 ml bolus of lipid was then infused into the jejunum
over 5 seconds. Repeat jejunal imaging and duodenal imaging were then carried out. These videos
were scored for presence of gaps (l=yes; 0=no), fluorescein leakage (I=yes; O=no), cellular
infiltrate (1= increased; 0 = normal), vessels (1=dilated; O=normal), goblet cells (1=reduced;
O=normal), and widening of intervillous space (1=yes; 0=no). A total score was calculated from

the sum of these individual scores. Additional details are provided in Supplemental Methods.

RNA sequencing (RNA-seq)

After pCLE imaging, the duodenum and jejunum mucosa were biopsied using large capacity (2.8
mm) biopsy forceps (no pin). The duodenum was sampled in all volunteers, and while the jejunum
was sampled in the majority of volunteers, some (4 IBS-C and 3 IBS-D) were not, due to technical
difficulties getting endoscopic access. Biopsies were immediately placed in vials containing
AllProtect Tissue Reagent (Qiagen) and were flash frozen in liquid nitrogen. Samples were then
stored at -80°C until further analysis. Further details on the sample processing and sequencing are

provided in Supplemental Methods.
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Bioinformatics: The sequencing raw data and gene expression counts were analyzed by
MAPRSeq?’ (v3.1.3) with reference of GRCh38. Following standard procedures, gene counts were
normalized to account for technical variability, and statistical assessment of differential expression
of each gene was performed using glmLRT procedure?®. Resulting differential expression p-values
were corrected using the Benjamini-Hochberg method. Genes with an adjusted p-value <0.05 and
an absolute log2 fold change of >1 were considered as differentially expressed for further analyses.
Independently, gene ranks were computed for each group comparison using GSEA PreRanked
procedure and gene set enrichment analysis was performed, using GSEA v4.0.0 software?, to
identify differentially regulated pathways between any two experimental groups. Pathways that
had a corrected false discovery rate of <0.05 were used for further analysis. Gene expression data
has been uploaded to GEO with the reference number GSE166869 (Token: clghiswenxyjdcz)

and further details are provided in Supplementary Methods.

Statistical Analysis

Means and standard deviations (SD) are reported for continuous variables, while frequencies and
percentages are reported for categorical variables. Comparisons of demographic and clinical
characteristics, in vivo permeability, pCLE score, rectal sensitivity thresholds between the 3 groups
(HV, IBS-C and IBS-D) were made using Kruskal-Wallis test with Dunn’s test for post-hoc
analysis. Matched two-way ANOVA test was used to assess changes after lipid infusion within
the same study group. Sex and anxiety adjusted multivariate models of symptom severity and rectal
sensation thresholds were used. Analysis of categorical variables was done with Chi-squared
method. Spearman correlations were used to investigate the relationship between gene expression

and the severity of symptoms at the end of lipid infusion and rectal sensitivity. Analyses were

10
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made using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). A P-value of <0.05
was considered statistically significant unless otherwise specified. The sample size was calculated
based on pCLE measurements by Turcotte et al., which showed a roughly two-fold increase in
epithelial gap density in IBS compared with controls®°. This magnitude of difference is similar to
that seen in permeability measured using urinary excretion of probe molecules'" 3. With 13 IBS-
D (or 13IBS-C) vs 13 controls, the study has an 80% power (at the 5% significance level) to detect
the effect size of 0.82 between the groups. Similarly, using pooled data from IBS and HV for 0-2
hr excretion of lactulose, an n=12/group provides 80% power to detect effect size of 1.04 between

the groups

11
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RESULTS

Demographic and Clinical Characteristics

Participants’ demographics and clinical characteristics are shown in Table 1. The three groups
were similar in age. 57-67% participants were males in the three groups. IBS subgroups had higher
HADS anxiety and depression scores than HV. Seven-day symptom and bowel diary showed that
IBS-C and IBS-D have higher average severity scores for abdominal pain (1.7 vs 2.0 vs 0.1;
P<0.001), bloating (2.2 vs 1.7 vs 0.1; P<0.001) and urgency (1.1 vs 1.7 vs 0.4; P=0.002) than HV.
HV had 1.5 bowel movements (BM) per day, whereas IBS-C 1.2 and IBS-D 2.1 (P=0.08). The

average Bristol stool type was 3.9 for HV, 2.7 for IBS-C and 5.0 for IBS-D (P<0.001).

Saccharide Excretion-based in vivo Permeability

Baseline lactulose was undetectable in all volunteers. Baseline '*C mannitol was detectable in two
IBS-D patients at low concentration; however, means were not statistically different between the
3 groups (Supplemental Figure 1A, B). Cumulative 0-2 hr secretion of lactulose [HV: 1.08 (0.84)
mg, n=3; IBS-C: 1.79 (1.52) mg, n=10; and IBS-D 1.21 (0.87) mg, n=10; P=0.68],"*C mannitol
[HV: 10.48 (2.13) mg, n=3; IBS-C: 12.08 (9.71) mg, n=10; and IBS-D: 12.87 (4.66) mg, n=10;
p=0.46 (ANOVA)], and lactulose/ 13C mannitol excretion ratio [HV: 1.04x1072 (7.67x107) mg,
n=3; IBS-C: 3.00x102(3.87x10?%) mg, n=10; and IBS-D: 9.31x107 (5.73x107?), n=10; P=0.2] was
similar between the three groups (Figure 1A-C). Considering only a small number of HV
underwent '*C mannitol excretion, we used 0-2 hr '*C mannitol excretion from a larger database
in our program'? %39 that showed cumulative excretion of 11.97 (0.54) mg, n=45, which is similar

to the values observed in current cohort.

12
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Symptoms During Small Bowel Lipid Infusion

A summary of symptoms in a model adjusted for sex is presented in Figure 2. At the end of 60-
minute lipid infusion, 83% HYV had no pain, whereas only 30% IBS-C and 33% IBS-D reported
no pain (P=0.02). Bloating, nausea, fullness and urgency were not different at start of the lipid
infusion protocol between the 3 groups. However, at the end of lipid infusion, bloating was higher
in IBS-C and IBS-D compared to HV (P=0.04). At the end of lipid infusion, 83% HYV reported no
nausea, whereas only 20% IBS-C and 33% IBS-D had no nausea (P=0.006); 67% HV had no
fullness, while only 20% of IBS-C and 25% IBS-D had no fullness (P=0.04); 75% of HV had no
urgency while only 10% IBS-C and 8.3% of IBS-D had no urgency (P<0.001). There was no
difference in the severity of any symptom between IBS-C and IBS-D at any timepoint during the
infusion. The proportion of patients with no symptoms and with moderate to very severe symptoms

throughout lipid infusion is shown in Supplemental Figure 2.

Rectal Sensation Thresholds

Basal operating pressure and baseline anxiety scores were similar between groups (P=0.06 and
P=0.91, respectively). In a model adjusted for sex and anxiety (Supplemental Table 1), first
sensation before lipid infusion was significantly associated with the group status (P=0.0007).
While both IBS-C and IBS-D patients had a lower threshold for first sensation than HV, the two
IBS subgroups did not differ from each other (P=0.85). First sensation after lipid infusion followed
a similar pattern for group status (P=0.015), and there was no difference between IBS-C and IBS-
D patients (P=0.93). Pre-lipid pain threshold was significantly associated with the group status
(P=0.004) with both IBS-C and IBS-D patients having a lower pain threshold than HV, but no

difference between the IBS subtypes (P=0.44). Post-lipid, pain threshold followed a similar pattern
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for group status (P=0.017) while there was no difference between IBS-C and IBS-D patients
(P=0.90). The change in first sensation and pain thresholds after lipid infusion were not

significantly different between the IBS and HV groups (Supplemental Figure 3).

Probe-based Confocal Laser Endomicroscopy

Representative pCLE images before and after small bowel lipid infusion are shown in Figure 3.
A summary of individual scores and score totals of pCLE is presented in Supplemental Table 2.
Pre-lipid mean duodenal score was similar among the three groups (HV 0.6, IBS-C 1.0, IBS-D
0.9; P=0.46). Widening of intervillous spaces (pre-lipid) was more common in IBS-C than HV
and IBS-D. Post-lipid duodenal score was significantly higher than the pre-lipid (P<0.001) but not
different among the three groups (HV 4.2, IBS-C 3.8, IBS-D 3.3; P=0.30) (Figure 3C). In the
jejunum, pre-lipid score for widening of intervillous spaces as well as the cumulative score was
higher in IBS-C compared to IBS-D, but both were not statistically different from HV (HV 0.8,
IBS-C 1.1, IBS-D 0.0; P=0.008). Pre-lipid dilated vessels were more common in HV than the IBS
groups. No differences in total score was noted post-lipid in the jejunum (HV 3.9, IBS-C 3.3, IBS-

D 3.3; P=0.23) (Figure 3F).

Duodenal Transcriptome

Differentially expressed genes: There were 49 upregulated and 92 downregulated genes in IBS-D

when compared with HV (log2FC>1.0, FDR<0.05). Top five overexpressed genes in IBS-D are
XIST, SMIMS, NEATI, SLC19A1 and NR1D1 (log2FC>1.25 for all). Top five underexpressed
genes are C6orf58, GP2, GAST, FMOD and LYZ (log2FC<-1.25 for all). The DEG are shown in

Figure 4A (trimmed to top 50 by FDR when >50 genes were differentially expressed). Transient

14



Intestinal chemosensitivity in IBS Grover et al.

receptor potential vanilloid receptor 3 (TRPV3) was found to be overexpressed in IBS-D
(log2FC=1.4, FDR<0.001). Two additional TRP channel genes, TRPV1 (ENSG00000196689,
log2FC=0.87, FDR<0.01) and TRPM4 (log2FC=0.71, FDR<0.05), were also found to be
upregulated in IBS-D compared to HV. Interlectin 1 or intestinal lactoferrin receptor gene
expression was decreased in IBS-D (log2FC=-1.37, FDR<0.05). A complete list of DEG between

IBS-D and HV can be found in Supplemental Table 3.

In IBS-C, 17 genes were upregulated and 64 downregulated compared to HV (log2FC>1.0,
FDR<0.05; Figure 4C). Top overexpressed genes in IBS-C are PLCH2 and WASH7P
(log2FC>1.25 for both). Top underexpressed genes in IBS-C are SPINK4 and TXNDCS5
(log2FC<-1.25 for both). Claudin-3 was found to be overexpressed in IBS-C (log2FC=1.06),
which has been previously demonstrated in IBS-C as well*!. Additionally, similar to changes seen
in IBS-D, TRPV3 was found to be overexpressed in IBS-C patients (log2FC=1.04, FDR<0.05),
though no differences were seen in other TRP channels. A complete list of DEG between IBS-C
and HV can be found in Supplemental Table 3. No duodenal gene expressions were significantly

different between IBS-D and IBS-C.

Association with symptoms: Since TRP channels have been linked to GI pain and hypersensitivity

in IBS 32 and other conditions 33, TRP gene expression data from volunteers was correlated with
clinical symptoms reported at the end of intraluminal lipid infusion into the small bowel. TRPV1
(ENSG00000196689) gene expression was found to have significant positive correlation with
pain/discomfort (Spearman r=0.51, Benjamini-Hochberg corrected FDR=0.01), bloating (r=0.46,

FDR=0.01), nausea (r=0.50, FDR=0.01), fullness (r=0.45, FDR=0.01) and urgency (r=0.49,

15
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FDR=0.01) (Figure 5A-C). A significantly positive correlation was also seen between TRPV3
expression and post-lipid infusion pain (Spearman r=0.45, FDR=0.02), bloating (r=0.43,
FDR=0.02), and urgency (r=0.58, FDR=0.002) (Figure 5D-F). Additionally, TRPM4 expression
also modestly correlated with pain during lipid infusion (Spearman correlation r=0.38, P=0.03).
As an exploratory analysis to determine sex-differences, TRPV1 expression associated with
symptoms only in males (pain: Spearman r=0.62, P=0.002; bloating: Spearman r=0.47, P=0.03;
nausea: Spearman r=0.47, P=0.03; urgency: Spearman r=0.53, P=0.01). In contrast, TRPV3
expression associated with symptoms only in females (pain: Spearman r=0.66, P=0.03; bloating:

Spearman r=0.73, P=0.01; urgency: Spearman r=0.75, P=0.01).

Pathway analysis: GSEA analysis suggested that 65 pathway terms were significantly

downregulated in IBS-D while none were significantly upregulated (FDR threshold <0.1). Top
downregulated Reactome pathways focused around amino acid metabolism: SRP-dependent
cotranslational protein targeting to membrane, selenoamino acid metabolism, response of
EIF2AK4 GCN2 to amino acid deficiency and metabolism of amino acid derivatives. The pathway
involved in cellular responses to external stimuli was also downregulated. Additionally,
translation-related pathways were downregulated (eukaryotic translation initiation, eukaryotic
translation elongation, translation). Impaired translation in IBS was noted in a prior study as well**.
TNFa signaling via NF-KB and peroxisomal lipid metabolism were upregulated at a lower
threshold for statistical significance (FDR=0.15 for both). 117 pathways were downregulated in
IBS-C while none were upregulated. Downregulated pathways include amino acid metabolism

translation and cellular responses to external stimuli pathways seen in IBS-D. An interesting

downregulated pathway was “Defective CFTR causing cystic fibrosis” which involves genes

16
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associated with chloride transport, the major anionic secretion in the intestinal epithelium which
has previously been implicated in IBS-C'®. IFNa, IFNy, complement cascade, epithelial to
mesenchymal interactions, cell adhesion molecules and integrin cell surface interactions were also
downregulated in IBS-C compared with HV. A complete list of duodenal GSEA pathways for IBS-

D and IBS-C compared to HV is available in Supplemental Table 4.

Jejunal Transcriptome

Differentially expressed genes: There were 53 upregulated and 211 downregulated genes in IBS-

D when compared to HV (log2FC>1, FDR<0.05). Top five overexpressed genes in IBS-D are
XIST, MT-RNR 1,2, RN7SL2, CYP4F11 and MUCI12 (log2FC>1.5 for all). Top five under
expressed genes are C3, EVI2B, LY6E, C7, and APOE (log2FC<-1.5 for all). The DEGs are shown
in Figure 4B (trimmed to top 50 by FDR). Like in the duodenum, various TRPV channels were
overexpressed in IBS-D: TRPV1 (ENSG0000196689, log2FC=1.02, FDR<0.001), TRPV3
(log2FC=1.13, FDR<0.005) and TRPM6 (log2FC=0.83, FDR<0.05). A complete list of DEG in

jejunum between IBS-D and healthy can be found in Supplemental Table 5.

In contrast, downregulated PHLDA1 (log2FC=-1.31, FDR<0.01) and upregulated CYP2B7P
(log2FC=1.43, FDR<0.01) were the only two DEGs between IBS-C and HV (Figure 4D).
PHLDALI is an anti-apoptotic nuclear protein, and CYP2B7P is a cytochrome P450 family gene,
though neither has been previously described in IBS. When comparing IBS-D with IBS-C, two
genes were differentially expressed (both upregulated in IBS-D), SLC16A4 (log2FC=1.48,

FDR<0.01) and MUCI12 (log2FC=2.00, FDR<0.01). SLC16A4 encodes for a monocarboxylate

17
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transporter protein (MCTS) and MUCI12 encodes for mucosa associated mucin. While MUC12
has not previously been associated with IBS, it has been found to be involved in epithelial
protection from bacterial infection in vitro®, and has also been studied in inflammatory bowel

disease (IBD) %, though no clear differences in expression were seen.

Association with symptoms: TRPV3 gene expression correlated positively with urgency during

rectal sensation (Spearman correlation r=0.41, P=0.04).

Pathway analysis: In IBS-D, 27 pathways were upregulated, and 160 gene sets downregulated

(FDR<0.1). The most significantly upregulated gene set in IBS-D was Reactome pathway “ion
channel transport” (FDR=0.004), with TRPV1 and TRPV3 as leading-edge genes (Figure 4E).
Both TRPV1 and TRPV3 have been shown to express in colonic mucosal biopsies with stronger
cytoplasmic TRPV1 expression than TRPV3*. Other leading-edge genes in the “ion channel
transport” pathway include TRPM4, TRPM6, chloride voltage gated ion channel 2 (CLCN?2), and
ANO9. However, the expression of these genes was not altered in IBS-D making their significance
unclear ¥’.. Reactome pathway “stimuli-sensing channels” was also unregulated (FDR=0.012).
Lastly, bile acid metabolism (FDR=0.016, Reactome) and transport (FDR=0.05, Reactome)
pathways were upregulated. Similar to the duodenum, translation pathways (initiation, elongation,
SRP dependent membrane targeting) and amino acid pathways (response of EIF2AK4 GCN2 to
amino acid deficiency, selenoamino acid metabolism) were downregulated. Integrin cell surface
interactions and cell adhesion molecules pathway were also downregulated. Lastly, signaling

related to complement cascade and interferon o and y responses were downregulated in IBS-D.
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In IBS-C compared to HV, two pathways were upregulated and 27 down regulated (FDR<0.01).
“Stimuli sensing channels” and “TRP channels” were the two upregulated gene sets (Figure 4F).
Leading edge genes for the TRP channel gene set included TRPM4, TRPV1, TRPV3, and TRPV6.
In the colon, TRP channel genes have been implicated in IBS pathophysiology, with regards to
visceral nociception and hypersensitivity*®. Leading edge genes for the stimuli sensing gene set
included TRPM4, TRPV1, CLCN2, and TRPV3, and various sodium channels. Downregulated
pathways include IFNo, IFNy, complement cascade, epithelial to mesenchymal interactions, cell
adhesion molecules and integrin cell surface interactions. For the entire list of GSEA data in

jejunum for IBS-D and IBS-C compared to healthy, see Supplemental Table 6.

TRPYV Gene Expressions Associated with Rectal Sensation

Selected TRP gene expressions were correlated with baseline rectal barostat data. Duodenal
TRPV1 and TRPV3 expressions inversely correlated with threshold for first rectal sensation (r=-
0.48, FDR=0.01 for TRPV1 and r=-0.39, FDR=0.02 for TRPV3) and pain (r=-0.41, FDR=0.02 for
TRPV1 and r=-0.39, FDR=0.02 for TRPV3) (Figure 6). Additionally, TRPV6 gene expression
was found to moderately correlate with pain symptom (r=-0.38, P=0.03). Additionally, in the
jejunum, TRPV3 gene expression inversely correlated with threshold for pain (r=-0.42, P<0.05).

DISCUSSION

The pathophysiology of post-prandial GI symptoms in IBS is poorly understood. Experimental
studies using small bowel lipid administration have revealed evidence of exaggerated symptoms,
as well as rectal visceral hypersensitivity in IBS patients® °. Mucosal barrier of small bowel,
neurohormonal reflexes as well as small bowel microbiome have all been implicated in meal-

induced symptomatology in IBS'*3% %, Our study demonstrates that IBS patients experience more
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GI symptoms upon lipid administration in the small bowel. There was no difference in baseline in
vivo intestinal permeability or small bowel architecture examined using pCLE between IBS
patients and HV. In contrast, small intestinal TRPV channel expression was increased in IBS
patients, and correlated strongly with symptoms during lipid infusion. Similarly, TRPV channel
expression inversely correlated with pain thresholds. Additionally, gene set enrichment pathways
for “ion channel transport”, “stimuli sensing channels” and “TRP channels” were significantly

upregulated in IBS patients. These findings were present in both IBS-D and IBS-C patients, which

aligns with abdominal pain being the defining and central feature of IBS, regardless of the subtype.

Most studies examining the intestinal barrier in IBS have focused on the colon. /n vivo permeability
assessments have largely used a 5-6 hour time frame following administration of oral probes for
characterizing permeability of the proximal GI tract. However, Rao et al. observed that in healthy
volunteers, 62% of the ingested liquid solution has already reached the colon at 2 hours'*. We
believe that probe recovery beyond the first 2 hours likely represents distal small bowel and colonic
permeability. When assessing within the first 2-3 hours and using saccharide excretion, many'! 1#
41 but not all*>*? studies have found evidence of increased permeability in IBS-D. In contrast, no
evidence of increased small bowel permeability was noted in IBS-C in prior studies by us and
others!! 16, One study found a modest but significant relationship between an increased in vivo
intestinal permeability and severity of abdominal pain**. Zhou et al. found that an increased
lactulose to mannitol excretion ratio was associated with somatic hypersensitivity in response to
thermal stimulation as well as visceral hypersensitivity to rectal distension*>. However, 3 other

studies did not find correlations between abdominal pain and in vivo permeability'!:*¢47_ In a small

study visualizing the colonic mucosa ultrastructurally, intercellular gaps correlated with the
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frequency of abdominal pain*® and similar findings were noted in jejunal mucosa*’. pCLE has also
demonstrated increased small intestinal epithelial gaps in IBS patients?’. In a subsequent study,
application of diluted food antigens (cow’s milk, wheat, yeast, and soy) to duodenal mucosa
resulted in increased intraepithelial lymphocytes, formation of epithelial gaps and widening of
intervillous spaces in about 60% of IBS patients'®. These findings were replicated in a recent larger
study by the same group, with 61% of IBS patients demonstrating changes on pCLE to wheat™°.
In our study, widening of intervillous spaces was observed in duodenum from IBS-C patients
compared to HV and IBS-D patients. Following lipid application, goblet cells were reduced in HV
but not in IBS groups. Some changes were also seen in jejunum in IBS-C patients (widening of
intervillous spaces). However, when cumulative scores were calculated, no robust differences were
seen between the three groups at baseline or post-lipid administration. Thus, although small bowel
architectural changes occur in response to lipid administration, these were observed in both HV
and IBS and hence unlikely to explain the significantly greater post-prandial symptom response in

IBS patients compared with healthy volunteers.

Although observed in a subset of patients, rectal visceral hypersensitivity is considered a
pathognomonic feature of IBS. We also observed that both IBS-D and IBS-C patients had rectal
hypersensitivity compared to HV. Several prior studies have shown that small bowel lipid
administration exacerbates rectal hypersensitivity in IBS®1°. However, this was not observed in
the current study. This could be plausibly related to a greater proportion of males in our study
compared to previous studies that have been female predominant. The differences in thresholds
for first sensation and pain between IBS patients and HV observed in this study are greater than

those observed in prior studies. Possibly, this cohort of IBS patients was overly hypersensitive at
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baseline (40% of the healthy threshold for first sensation), that lipid administration did not increase
it any further. Additional possibilities include differences in rectal barostat protocol used in the
current study and location of testing (rectum vs sigmoid colon in prior studies). The mechanisms
of lipid-induced rectal hypersensitivity are unclear. One study found IBS-C patients to have lower
corticotropin-releasing hormone levels compared with IBS-D; however, similar changes were
noted with saline infusion'®. Furthermore, saline infusion induced greater motilin levels compared
to lipid infusion. Another study found that SHT3 antagonists reduced lipid-induced colonic
hypersensitivity*®. A recent study using an animal model of ovalbumin challenge and Citrobacter
infection showed induction of colonic hypersensitivity to be dependent on mast cell activation®.
Histamine as well as colonic supernatants from IBS were found to mediate neuronal excitability
in a TRPV1-dependent manner® 5! 52, Altered expression, modulation or sensitization of TRP
cation channels on visceral afferents has been widely determined to mediate visceral
hypersensitivity*2. Rectosigmoid biopsies from IBS patients as well as quiescent IBD patients with
IBS-like symptoms were shown to have higher numbers of TRPV1 immunoreactive fibers> >4,
Although TRP channels have not been studied in the proximal small bowel in the context of IBS,
an interesting study demonstrated IBS patients to experience worse abdominal symptoms within
2 hours of chili consumption in an experimental protocol suggesting the role of capsaicin-sensitive
visceral nociception®. Animal studies have also shown that TRPV1 plays an essential role in
development of post inflammatory visceral pain following colitis*®. The role of TRPV3 is less well
characterized. In the mouse, distal colonic but not duodenal mucosa expressed TRPV3,
predominantly in the epithelial cells’’. TRPV3 expression has also been detected in human colonic
mucosa*® %8, In another study, mice jejunal and ileal mucosa was shown to express TRPV3’. We

found that in duodenum, TRPV3 expression was increased in both IBS-D and IBS-C while TRPV 1
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was only increased in IBS-D. In contrast, in jejunum, only IBS-D patients should increase in
expression of TRPV1 and 3 channels. Additionally, there may be sex-specific differences in
pathophysiology of lipid-induced symptoms as TRPV1 expression associated with the symptoms

of pain, bloating and urgency in males and TRPV3 in females.

We also observed greater expression of PDZ domain-containing protein 3 (PDZD3) in jejunum of
IBS-D patients compared to healthy volunteers. The PDZ protein associates with guanylate cyclase
C and regulates cGMP production, which mediates chloride secretion and has previously been
found to be overexpressed in rectosigmoid mucosa from IBS-D patients®. Tryptophan
hydroxylase-1 (Tphl) expression was decreased in the duodenum of IBS-D patients. Serotonin
availability as well as Tph1 has been found to be decreased in IBS in other studies®! %2, Lastly, we
observed downregulation of amino acid metabolism pathways in IBS-D duodenum and jejunum.
Purine metabolism has recently been identified to be an important host-microbial signaling
pathway for IBS pathophysiology®. Interestingly, in this deep sequencing analysis, no duodenal
genes and only two jejunal genes were differentially expressed between IBS-D and IBS-C.
Limitations of the study include smaller representation of females, lack of control (saline) group
for lipid administration studies, absence of protein expression and localization data, and limitations
of the sample size that can allow identification of subsets within IBS patients with unique
physiological or transcriptional profiles.

In conclusion, this study provides a complementary assessment of small intestinal permeability
and architecture using confocal endomicroscopy with response to locally applied lipids, small
intestinal transcriptomics and rectal sensitivity with response to intraduodenal lipid infusion.

Although meal and lipid-induced sensitivity has been described in IBS, this study is the first to
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associate it with expression of TRPV channels in the small bowel. Further studies will need to
mechanistically understand the localization of these channels as well as mechanisms of
sensitization with lipids and potential ways to inhibit it. Lipids induced mucosal changes were
detectable on confocal endomicroscopy. Automation and other advancements in image analysis
can help identify patterns that distinguish responses in IBS from controls and responses to broader
range of nutrients. Overall, these strategies will lay foundation for further assessment of
postprandial symptoms and visceral hypersensitivity in IBS patients. Clinical trials.gov

registration NCT02358564
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Table 1. Demographic and clinical characteristics of study participants

Grover et al.

HV IBS-C IBS-D P value
(n=15) (n=12) (n=14)

Age, y, mean + SD 33.9+9.0 328+7.8 | 326114 0.40
Female sex, n (%) 5(33.3) 5@41.7) 6 (42.9) 0.85
Caucasian, n (%) 14 (93.3) 12 (100.0) 10 (76.9) 0.14
BMI, kg/m?, mean + SD 28.6 5.5 25.1+4.0 | 28.2+49 0.26
HADS anxiety score, mean + SD 35+£2.6 6.3+6.2 5.7+4.6 0.50
HADS depression score, mean + SD 1.5+2.0 3.5+£3.1 29+3.0 0.12
Abdominal pain/discomfort (>25% 3(25.0) 8 (66.7) 13 (92.9) 0.002
time)¥, n (%)
-Before meals or when hungry 3(25.0) 3(25.0) 0 (0.0) 0.13
-Made better by eating 2 (16.7) 1(8.3) 1(7.1) 0.70
-Immediately post-meal (0-30 minutes) 1(8.3) 6 (50.0) 9 (69.2) 0.008
-Post-meal (30-120 minutes) 0 (0.0) 6 (50.0) 11 (78.6) <0.001
-Triggered by a specific food/drink 1(8.3) 541.7) 6 (42.9) 0.11
7-day symptom and bowel diary€, mean + SD
Average abdominal pain/discomfort 0.1+£0.2 1.7+1.0 20+£1.0 <0.0017
Average abdominal bloating 0.1+£0.2 22+1.1 1.7+14 <0.001f
Average urgency 04+0.5 1.1 +0.8 1.7+0.9 0.0027
Average BMs per day 1.5+0.8 1.2+0.7 2.1+1.1 0.088
Average Bristol stool type 3.9+0.8 2.7+£0.9 5.0+£0.9 <0.001f
Straining during defecation 0.4+04 1.9 +£0.87 1.2+£0.8 <0.001f
Urgency during defecation 04£0.5 1.5+0.7 21+£1.0 <0.0017

NOTE. Data were missing for the number of HV, IBS-C, and IBS-D, respectively, in the following variables:
Caucasian, 0, 0 and 1; abdominal pain/discomfort, 3, 0 and 0; before meals or when hungry, 3, 0 and 0; made better
by eating, 3, 0 and 0; immediately post-meal (0-30 minutes); 3, O and 1; post-meal (30-120 minutes); triggered by a
specific food/drink, 3, 0 and 0; all variables of the 7-day symptom and bowel diary, 2, 0 and 3.

Continuous and categorical variables analyzed using Kruskal Wallis test and Chi-Square test, respectively.
Abbreviations: BM, bowel movement; BMI, body mass index; HADS, hospital anxiety and depression scale.

¥Based on the Bowel Disease Questionnaire (BDQ). Positive response meaning the symptom occurred “often” (>25%
of the time).

€Severity scale: 0 “none”, 1 “very mild”, 2 “mild”, 3 “moderate”, 4 “quite severe”, 5 “very severe”.

Post-hoc Dunn’s multiple comparisons test (P<0.05): Average abdominal pain/discomfort, HV vs IBS-C, HV vs IBS-
D; Average abdominal bloating, HV vs IBS-C, HV vs IBS-D; Average urgency, HV vs IBS-D; Average Bristol stool
type, HV vs IBS-C, IBS-C vs IBS-D; Straining during defecation, HV vs IBS-C; Urgency during defecation, HV vs
IBS-C, HV vs IBS-D.
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