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Abstract

AIM

To determine whether fructo-oligosaccharide (FOS)
affects visceral sensitivity, inflammation, and production
of intestinal short-chain fatty acids (SCFA) in an irritable
bowel syndrome (IBS) mouse model.

METHODS

Mice were randomly assigned to daily oral gavage of
saline solution with or without FOS (8 g/kg body weight)
for 14 d. Mice were further assigned to receive either
daily one-hour water avoidance stress (WAS) or sham-
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WAS for the first 10 d. After 2 wk, visceral sensitivity was
measured by abdominal withdrawal reflex in response
to colorectal distension and mucosal inflammation was
evaluated. Gas chromatography, real-time reverse
transcription PCR, and immunohistochemistry assays
were used to quantify cecal concentrations of SCFA,
intestinal cytokine expression, and number of intestinal
mast cells per high-power field (HPF), respectively.

RESULTS

Mice subjected to WAS exhibited visceral hypersensitivity
and low-grade inflammation. Among mice subjected to
WAS, FOS increased visceral hypersensitivity and led to
higher cecal concentrations of acetic acid (2.49 + 0.63
mmol/L vs 1.49 £ 0.72 mmol/L, P < 0.05), propionic
acid (0.48 £ 0.09 mmol/L vs 0.36 £ 0.05 mmol/L, P
< 0.01), butyric acid (0.28 + 0.09 mmol/L vs 0.19 +
0.003 mmol/L, P < 0.05), as well as total SCFA (3.62
+ 0.87 mmol/L vs 2.27 £ 0.75 mmol/L, P < 0.01)
compared to saline administration. FOS also increased
ileal interleukin (IL)-23 mRNA (4.71 £+ 4.16 vs 1.00 £
0.99, P < 0.05) and colonic IL-18 mRNA (2.15 + 1.68 vs
0.88 £ 0.53, P < 0.05) expressions as well as increased
mean mast cell counts in the ileum (12.3 + 2.6 per
HPF vs 8.3 £ 3.6 per HPF, P < 0.05) and colon (6.3 £
3.2 per HPF vs 3.4 + 1.2 per HPF, P < 0.05) compared
to saline administration in mice subjected to WAS. No
difference in visceral sensitivity, intestinal inflammation,
or cecal SCFA levels was detected with or without FOS
administration in mice subjected to sham-WAS.

CONCLUSION

FOS administration intensifies visceral hypersensitivity
and gut inflammation in stress-induced IBS mice, but
not in the control mice, and is also associated with
increased intestinal SCFA production.

Key words: Fructo-oligosaccharide; Stress; Irritable
bowel syndrome; Visceral hypersensitivity; Intestinal
inflammation; Short chain fatty acids; FODMAP

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Fructo-oligosaccharide is a component of
Fermentable Oligosaccharides, Disaccharides, Mono-
saccharides, and Polyols (FODMAP), which has been
associated with triggering symptoms in patients with
irritable bowel syndrome (IBS). In a stress-induced
IBS mouse model, daily fructo-oligosaccharide (FOS)
administration further intensified visceral hypersensitivity
and low-grade intestinal inflammation compared
to saline. FOS administration also led to increased
intestinal production of individual and total short-
chain fatty acids (SCFA) in mice subjected to stress.
However, no difference in visceral sensitivity, intestinal
inflammation, or cecal concentrations of SCFA was
observed among sham-stressed mice receiving FOS or
saline. Our findings suggest a mechanism of FODMAP-
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induced gastrointestinal symptoms associated with
increased production of SCFA specific to IBS.
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INTRODUCTION

Irritable bowel syndrome (IBS) is a functional gas-
trointestinal disorder characterized by chronic abdo-
minal pain associated with changes in bowel habit
and frequency affecting more than a tenth of the
general population!*¥, Many factors contribute to
the development of IBS, including altered visceral
pain perception, low-grade intestinal inflammation,
change in microbiota, and psychosocial factors®. The
complex pathophysiology of IBS has posed challenges
to developing effective interventions, and therapeutic
gains with conventional pharmacologic therapies have
been marginal at less than 15%"™.

Importance of dietary factors in triggering symptoms
is increasingly being recognized in patients with IBS.
Specifically, poorly absorbed, fermentable carbohy-
drates categorized as Fermentable Oligosaccharides,
Disaccharides, Monosaccharides, and Polyols (FODMAP)
have been studied closely™. Consumption of food high
in FODMAP content triggers abdominal pain, bloating,
and flatulence in patients with IBS. Furthermore,
several randomized trials have demonstrated that
low FODMAP diet reduces gastrointestinal symptoms
in patients with IBS™®!. Although largely unexplor-
ed, the accumulation of intestinal fluid from osmotic
load of poorly digested carbohydrates and excessive
colonic gas production associated with ingestion of
FODMAP have been proposed as a mechanism for
development of gastrointestinal symptoms!*®*!,
Intestinal dysmotility, visceral hypersensitivity, altered
microbiota, and change in metabolic output also likely
contribute to the pathophysiology of gastrointestinal
symptoms associated with ingestion of FODMAP in IBS
patients!**™**1, In addition, the production of short-chain
fatty acids (SCFA), such as acetic, propionic, and butyric
acids, may also be important in the development of
symptoms in IBS!"Y.

Fructo-oligosaccharide (FOS) is one of the most
frequently consumed FODMAP components in the
general diet. The aim of our study was to investigate
the effects of FOS on visceral sensitivity, intestinal
SCFA production, and intestinal inflammation in a
stress-induced IBS mouse model. Water avoidance
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stress (WAS) was utilized to simulate psychological
stress in IBS, and a WAS mouse model was used to
evaluate the effects of FOS administration on visceral
hypersensitivity and intestinal immune activation™.
Individual (acetic, propionic, and butyric acids) as
well as total SCFA concentrations were also quantified
in the cecum to determine the effects of FOS
administration in a stress-induced IBS mouse model.

MATERIALS AND METHODS

Animals

Three-week-old female C57BL/6 mice (Slac Laboratory
Animal Co. Ltd. Shanghai, China) were used as
described in a previous study using WAS to develop
a stress-induced IBS mouse model™®. Mice were
housed in pathogen-free conditions with temperature
(21 £ 1°C) and light/dark cycle (12/12 h) regulation.
A purified rodent diet (AIN-76A) without any FODMAP
content and demineralized water were supplied freely
on demand.

Animal care and use statement

All animal experiment protocols were reviewed and
approved by the Animal Care and Use Committee of
Zhejiang University prior to initiating this study. All
animals received humane care in compliance with the
criteria described in “The Guide for the Care and Use
of Laboratory Animals.”

Experimental design

To evaluate the effects of FOS on WAS-induced visceral
hypersensitivity and intestinal inflammation, 32 mice
were randomly divided into four groups of eight mice
(sham-WAS + saline administration, sham-WAS + FOS
administration, WAS + saline administration, and WAS
+ FOS administration). Mice were administered daily
with oral gavage of saline solution with or without FOS
(8 g/kg body weight) for 14 d. FOS dose was derived
according to the Meeh-Rubner formula™®., Mice were
subjected to either WAS or sham-WAS during the first
10 d. For WAS, mice were placed on a glass platform
(3 cm length x 3 cm width x 9 cm height) surrounded
by water (25 °C) in the middle of a plastic container
(45 cm x 30 cm x 25 cm) as previously described™!.
Control mice assigned to sham-WAS were placed in
the same container without water. Food consumption
quantity, body weight, and indexes were recorded daily
prior to subjecting mice to daily WAS or sham-WAS.

Assessment of visceral sensitivity

Abdominal withdrawal reflex in response to colorectal
distension was evaluated to assess visceral sensitivity
as described previously!”l. Semi-quantitative
abdominal withdrawal reflex score (0-4) was utilized
to evaluate pain responses at different magnitudes of
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colorectal distention (20, 40, 60, and 80 mmHg)*®.
With gradual colorectal distention to 100 mmHg, the
pressure eliciting abdomen lifting was recorded as pain
threshold and that eliciting body arching was recorded
as volume threshold. To achieve accuracy, all pressure
and threshold measurements were repeated three
times and recorded by two independent operators
blinded to WAS or FOS assignment.

Histological evaluation of inflammation

Mice were sacrificed by cervical dislocation, and
intestinal tissues were harvested for histological
evaluation. Intestinal tissue was fixed in formalin and
processed with hematoxylin and eosin stains. The
absence or presence of neutrophil infiltration in the
lamina propria and the degree of interstitial edema in
the intestinal tissues were graded based on previous
description!®!. Stained slides were examined by
two independent observers blinded to WAS or FOS
assignment.

Quantification of SCFA production

SCFA production was quantified using gas chroma-
tography as previously described!"®’. Cecal contents
(50 mg) were homogenized in 0.5 mL of distilled
water and 0.1 mL of 25% (w/v) metaphosphoric
acid was added to the suspension. The samples were
subsequently centrifuged at 14000 x g for 20 min,
and the supernatant was filtered through a membrane
filter (pore size 0.22 ym). SCFA in the samples were
then separated with InertCap FFAP columns (0.25 mm
x 30 mm x 0.25 mm), and the peaks were integrated
with GC Solution software (Shimadzu, GC-2010 Plus,
Japan). Single-point internal standard method was
used to quantify SCFA.

Intestinal cytokine mRNA detection

Intestinal expression of cytokines such as tumor
necrosis factor (TNF)-q«, interleukin (IL)-6, IL-23,
IL-10, and IL-1B was evaluated. Total RNA was isolated
from 100 mg of ileal and colonic tissues by using a
RNA Extraction Kit (Takara, Japan) and processed
with a PrimeScript RT reagent Kit (Takara, Japan) to
synthesize cDNA. Primers used are listed in Table 1.
Quantitative real-time PCR was performed in triplicate
for each sample with Lightcycler 480 instrument (Roche
Applied Science, Penzberg, Germany). Reaction
conditions for amplification of DNA were as follows:
95 °C for 30 s and 40 cycles of 95°C for 5 s and 60 C
for 30 s. Cytokine transcript levels were normali-
zed with B-actin, and relative gene expression was
expressed as the fold change (2**“) relative to the
expression in the control samples.

Immunohistochemistry
Intestinal mucosal mast cells were estimated by
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Table 1 Primer sequences

Gene Forward primer (5'-3") Reverse primer (5'-3")

TNF-a GGCTTTCCGAATTCACTGGAG CCCCGCCCTTCCAAATAAA
B-actin GCAGGAGTACGATGAGTCCG ACGCAGCTCAGTAACAGTCC
IL-6 GTATGAACAACGATGATGCACTTG ATGGTACTCCAGAAGACCAGAGGA
IL-23 AATAATGCTATGGCTGTTGC CCTTGAGTCCTTGTGGGT

IL-10 ACTGCACCCACTTCCCAGT ATGTTGTCCAGCTGGTCCTT
IL-1B TTGACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA

IL: Interleukin; TNF: Tumor necrosis factor.

immunohistochemistry. After incubating in xylene to
dewax and in ethanol to rehydrate, tissue section was
incubated with 0.3% hydrogen peroxide in methanol
to block endogenous peroxidase activity, followed by
visualizing antigen with heat-mediation. After blocking
slides with 3% goat serum at room temperature for 20
min to prevent nonspecific staining, the section was
treated with mouse anti-mast cell tryptase antibody
(1:20000, Abcam, Cambridge, United Kingdom) for 1
hour at room temperature. After washing, the section
was treated with HRP-labeled goat anti-mouse IgG
(Zhongshan Gold Bridge, Beijing, China) for 30 min.
Diaminobenzidine (DAB kit, Zhongshan Gold Bridge,
Beijing, China) and hematoxylin were used to visualize
the reaction. Four to five non-overlapping fields were
randomly selected. The number of mucosal mast
cells was counted under a light microscope (400 x
magnification, Leica Company, Wetzlal, Germany) by
two independent observers and is expressed as cells
per high power field (HPF).

Statistical analysis

Data are presented as mean £ SD or median with 5
and 95" percentiles. Differences between two groups
were determined by Student’s t-test for normally
distributed data or Wilcoxon two-sample otherwise.
Comparisons among three or more groups were
performed by one-way analysis of variance (ANOVA)
for normally distributed data or Kruskal-Wallis one-
way ANOVA for non-normally distributed data. Rate
of weight gain was analyzed by repeated measures
ANOVA using the factors of WAS administration and
time. Statistical analyses were conducted using SPSS
(IBM, Armonk, NY, United States; version 22) and
Graphpad Prism (GraphPad Software, San Diego, CA,
United States; version 6.0). A two-tailed P-value < 0.05
was considered statistically significant. The statistical
methods of this study were reviewed by Professor
Yunxian Yu from Department of Epidemiology and
Health Statistics of Zhejiang University.

RESULTS

WAS-induced visceral hypersensitivity in the IBS mouse
model
Of the 32 randomized mice, five (one in the sham-
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WAS + saline group, one in the sham-WAS + FOS
group, two in the WAS + saline group, and one in the
WAS + FOS group) died due to gavage trauma and
were excluded from the outcome analysis.

During the first 10 d, mice receiving WAS had
lower rate of weight gain compared to mice receiving
sham-WAS (Figure 1A). No difference in quantity of
consumed feed were observed between mice receiving
WAS or sham-WAS. Mice subjected to WAS had higher
mean abdominal withdrawal reflex scores at colorectal
distention pressures of 20, 40, 60, and 80 mmHg
compared to mice subjected to sham-WAS (Figure 1B).
Furthermore, mice subjected to WAS had lower pain
and volume thresholds compared to mice subjected to
sham-WAS (Figure 1C and D).

FOS intensifies WAS-induced visceral hypersensitivity
Among mice subjected to WAS, mice that received FOS
administration for 14 d had higher mean abdominal
withdrawal reflex scores at a colorectal distention
pressure of 20 mmHg compared to those receiving
saline administration (Figure 2A). Furthermore, mice
that received FOS administration had lower pain and
volume thresholds compared with those receiving
saline administration following WAS (Figure 2B and C).
However, no difference in mean abdominal withdrawal
reflex scores, pain thresholds, or volume thresholds
was observed between mice administered with FOS or
saline following sham-WAS.

FOS has no effect on intestinal histological score

No difference in neutrophil counts or degree of
interstitial edema in the lamina propria was observed
between the WAS and sham-WAS groups (Figure 3A
and C). Furthermore, no difference in histologic score
was observed among all four groups (sham-WAS +
saline, sham-WAS + FOS, WAS + saline, WAS + FOS)
at 14 d of the experiment (Figure 3B and D).

FOS increases cecal SCFA concentrations following
WAS

No difference in levels of SCFA in the cecum was found
between mice subjected to WAS and sham-WAS that
received saline administration. Among mice subjected
to WAS, mice administered with FOS had higher mean
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Figure 1 Effect of water avoidance stress on rate of weight gain and visceral sensitivity. A: Rate of weight gain (g) was lower in the water avoidance stress
(WAS) group (n = 13) compared to the sham-WAS (n = 14) group. Values represent mean weight gain + SD, repeated analysis of variance (ANOVA); B: Abdominal
withdrawal reflex (AWR) scores in response to colorectal distension were increased in the WAS group compared to the sham-WAS group. Lines within the box
represent the median value, ends of the box represent 25" and 75" percentiles, and the error bars represent 5" and 95" percentiles. Wilcoxon two-sample test;
C: Pain threshold was decreased in the WAS group compared to the sham-WAS group. Values represent mean + SD, Student's t-test; D: Volume threshold was
decreased in the WAS group compared to the sham-WAS group. Values represent means values + SD, Student’s t-test. °P < 0.05, Sham vs WAS.

concentrations of acetic acid (2.49 £ 0.63 mmol/L
vs 1.49 £ 0.72 mmol/L, P < 0.01, one-way ANOVA),
propionic acid (0.48 £ 0.09 mmol/L vs 0.36 + 0.05
mmol/L, P < 0.01, one-way ANOVA), butyric acid
(0.28 £ 0.09 mmol/L vs 0.19 £ 0.003 mmol/L, P <
0.05, one-way ANOVA), and total SCFA (3.62 + 0.87
mmol/L vs 2.27 £ 0.75 mmol/L, P < 0.01, one-way
ANOVA) measured in the cecum compared to the mice
administered with saline for 14 d (Figure 4). However,
among mice subjected to sham-WAS, no difference in
concentrations of individual or total SCFA was found
between those administered with FOS or saline for 14 d.

FOS-mediated intestinal cytokine expression following

WAS
Mice subjected to WAS had higher expression of IL-6

(8.25 £ 3.95 vs 1.86 £ 1.66, P < 0.01, one-way
ANOVA) and TNF-a (2.05 + 1.73 vs 0.56 £ 0.28, P <
0.05, one-way ANOVA) mRNA in the ileal specimen,
as well as higher IL-6 (1.60 £ 1.10 vs 0.46 = 0.29,
P < 0.05, one-way ANOVA) and IL-1p (0.88 + 0.53
vs 0.34 = 0.35, P < 0.05, one-way ANOVA) mRNA
expression in the colonic specimen compared to those
receiving sham-WAS (Figure 5). Among mice sub-
jected to WAS, mice administered with FOS for 14 d
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had higher expression of IL-23 mRNA (4.71 + 4.16 vs
1.00 £ 0.99, P < 0.05, one-way ANOVA) in the ileum
and IL-18 mRNA (2.15 £ 1.68 vs 0.88 £ 0.53, P <
0.05, one-way ANOVA) in the colon compared to the
mice administered with saline. However, among mice
subjected to sham-WAS, no difference in IL-6, IL-23,
TNF-a, IL-10, or IL-1p mRNA expression in the ileum
or colon was found between mice administered with
FOS or saline for 14 d.

FOS increases the mucosal mast cell counts following
WAS

Mice subjected to WAS had higher mean mast cell
counts in the ileum (8.3 + 3.6 per HPF vs 4.9 + 1.4
per HPF, P < 0.05, one-way ANOVA) and colon (3.4
+ 1.2 per HPF vs 1.8 £ 1.5 per HPF, P < 0.05, one-
way ANOVA) compared to those subjected to sham-
WAS (Figure 6). Among mice subjected to WAS, mice
administered with FOS for 14 d had greater mast cell
infiltration in the ileum (12.3 * 2.6 per HPF vs 8.3 £
3.6 per HPF, P < 0.05, one-way ANOVA) and colon (6.3
+ 3.2 per HPF vs 3.4 £ 1.2 per HPF, P < 0.05, one-
way ANOVA) compared to the mice administered with
saline. However, among mice subjected to sham-WAS,
no difference in mast cell infiltration in the ileum or
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Figure 2 Effect of oral gavage of fructo-oligosaccharide on visceral sensitivity. A: Fructo-oligosaccharide (FOS) increased abdominal withdrawal reflex (AWR)
scores in response to colorectal distension compared to saline administration following water avoidance stress (WAS). Values represent median, 25", 75", 5", and
95" percentiles. Sham + saline (n = 7), sham + FOS (n = 7), WAS + saline (n = 6), WAS + FOS (n = 7). Kruskal-Wallis one-way ANOVA; B: Pain threshold decreased
in FOS-administered compared to saline-administered mice following WAS. Values represent mean + SD, one-way ANOVA; C: Volume threshold decreased in FOS
compared to saline-administered mice following WAS. Values represent mean * SD, one-way ANOVA. °P < 0.05, sham + saline vs WAS + saline; °P < 0.05, WAS +

saline vs WAS + FOS.

colon was observed between mice administered with
FOS or saline for 14 d.

DISCUSSION

We evaluated the effects of administration of high-
dose FOS, a component of FODMAP, on visceral
sensitivity and gut inflammation using a stress-induced
IBS mouse model. Mice subjected to WAS exhibited
visceral hypersensitivity and low-grade inflammation
demonstrated by higher mucosal expression of pro-
inflammatory cytokines and increased number of
intestinal mast cells. Among mice subjected to
WAS, FOS administration further intensified visceral
hypersensitivity and also led to higher intestinal
expression of IL-23 and IL-1p with increasing mucosal
mast cell counts. Furthermore, FOS administra-
tion in mice subjected to WAS led to higher intesti-
nal production of individual (acetic, propionic, and
butyric acids) as well as total SCFA. However, FOS
administration did not affect visceral sensitivity,
intestinal inflammation, or intestinal SCFA production
in control mice.
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The effect of psychological stress as an inciting
and/or exacerbating factor on altered brain-gut axis is
central to the pathophysiology of IBS. In our study, mice
subjected to WAS demonstrated visceral hypersensitivity
and low-grade immune activation, characterized by
increased expression of pro-inflammatory cytokines
and mucosal mast cell infiltration yet without overt
difference in intestinal histological scores compared to
the control mice. These findings are consistent with
prior studies that demonstrated the effects of stress
on visceral hypersensitivity and intestinal immune
activation in rodents!**, Therefore, a WAS-induced
IBS mouse model was used to study the effects of
FOS administration on visceral sensitivity and mucosal
inflammation typical in IBS.

Although the role of food intolerance-induced IBS
symptoms has been long recognized, correlations
with a specific food group have been difficult to
demonstrate®??!, A key observation in our study
is that FOS consumption further intensified visceral
hypersensitivity already present in mice subjected
to WAS. This result is consistent with the clinical
studies that demonstrated adverse effects of high
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Figure 3 Effect of oral gavage of fructo-oligosaccharide on intestinal histological scores. A: lleal tissues stained with hematoxylin-eosin (HE) for evaluation
of inflammation score (magnification, 200x); B: No difference in structural histology among the four groups; C: Colonic tissues stained with H&E for evaluation of
inflammation score (magnification, 200x); D: No difference in structural histology among the four groups. Values represent median with 5" and 95" percentiles; sham +
saline (n = 7), sham + FOS (n = 7), WAS + saline (n = 6), WAS + FOS (n = 7); Kruskal-Wallis one-way ANOVA. FOS: Fructo-oligosaccharide; WAS: Water avoidance

stress.

FODMAP diet as an individual component or as an
aggregate in exacerbating gastrointestinal symptoms
in IBS'®®?*?*1 Along the same vein, our findings
are concordant with studies that demonstrated the
efficacy of dietary restriction of FODMAP in improving
gastrointestinal symptoms, such as abdominal pain,
diarrhea, bloating, flatulence, and quality of life in
IBS patients”***, Interestingly, FOS had no effect on
visceral sensitivity in mice exposed to sham-WAS. Prior
studies also demonstrated that high FODMAP diet-
induced gastrointestinal symptoms in IBS patients but
not in healthy volunteers except increased flatus®®.
Our findings highlight the direct effects of FODMAP
on visceral hypersensitivity as a mechanism of
FODMAP-induced IBS symptoms other than proposed
mechanisms such as osmotic effects of poorly absorbed
carbohydrates and increased colonic gas production
from intestinal fermentation. A recent study indicated
that hypersensitivity to colorectal distension, rather
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8327

than excessive gas fermented by FODMAP, was the
primary factor contributing to IBS symptoms®®. Our
finding that FOS consumption increased visceral
hypersensitivity in the IBS mouse model, but not in
control mice, suggests that stress-induced visceral
hyperalgesia is a prerequisite for FODMAP-induced
visceral hypersensitivity. Similarly, anxiety was
demonstrated to be a robust predictor of inducing
abdominal symptoms after ingestion of lactose, another
FODMAP component, in a previous study among
patients with IBS™”.

SCFA are byproducts of FODMAP fermentation. For
example, IBS patients on a low FODMAP diet have
altered fecal fermentation producing lower levels of
stool SCFA including acetic acid and butyric acid®®>",
Our study showed that high-dose FOS administration
increased production of individual (acetic, propionic,
and butyric acids) and total SCFA, which was also
associated with increased visceral hypersensitivity
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Figure 4 Effect of oral gavage of fructo-oligosaccharide on short chain fatty acid concentrations. The average concentrations of total SCFA, acetic, propionic,
and butyric acids increased in FOS-administered mice compared to saline-administered mice following WAS intervention. No difference was observed in total SCFA,
acetic, propionic, and butyric acid levels with FOS or saline administration in mice following sham-WAS. Values represent mean + SD; sham + saline (n = 7), sham
+FOS (n =7), WAS + saline (n = 6), WAS + FOS (n = 7); one-way ANOVA. °P < 0.05, WAS + saline vs WAS + FOS. SCFA: Short chain fatty acids; FOS: Fructo-

oligosaccharide; WAS: Water avoidance stress.

and intestinal inflammation already present in the IBS
mouse model. Although inconsistent effects, SCFA
clearly play a role in the regulation of visceral pain and
intestinal immune activation. For example, butyric acid
reduced visceral pain in humans, but induced visceral
hypersensitivity in rats®®*’. Intracolonic infusion of 0.5%
acetic acid led to visceral hypersensitivity in rats®?.
In addition, SCFA may also act as pro-inflammatory
substrates to induce immune responses®®, but in
others cases, exert anti-inflammatory properties®".
SCFA inhibited regulatory T cell differentiation and
suppressed IL-10 expression in IBS™!. However,
butyric acid exacerbated dextran sodium sulfate-
induced colitis in @ murine model and increased IL-23
production by stimulating dendritic cells®®,
Interestingly, administration of FOS in control mice
did not increase the levels of individual or total SCFA
production, highlighting the difference in fermentation
of FOS between stressed and sham-stressed conditions.
Stress-induced alteration in microbiota may lead to
the change of fermentation products!*®. Alternatively,
stress-induced release of corticotropin-releasing
hormone may accelerate intestinal transit, reducing
absorption of SCFAP®”), However, SCFA production
was comparable between mice subjected to WAS or
sham-WAS in the absence of FOS administration.
Although studies have generally reported higher stool
concentrations of SCFA in IBS patients, some have
demonstrated similar SCFA levels in IBS and non-
IBS patients, likely explained by a lack of rigorous
control of dietary factors!***7%, In our study, feed
void of FODMAP content as an essential substrate for
SCFA may account for the lack of difference in SCFA
production between WAS and sham-WAS group despite
possible difference in fermentation capacity of the two
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groups.

In our study, FOS administration in mice subj-
ected to WAS was associated with low-grade inflam-
mation, which is consistent with prior studies on
IBS. FOS administration increased the expression
of pro-inflammatory cytokines, such as IL-23 in
the ileum and IL-1p in the colon, following WAS.
Specifically, IL-23 is important in regulating intestinal
inflammation by activating lymphocytes, as well as
inducing and promoting release of other inflammatory
mediators. Although FOS administration exerted anti-
inflammatory effects in some studies”, others have
also demonstrated that FOS administration induced
pro-inflammatory cytokine profile, including elevated
IL-10 and a reduction in IL-6, typically observed in
active Crohn'’s disease!'. Given the pivotal role of
low-grade mucosal inflammation as a trigger of IBS
symptoms!**“**, the increased pro-inflammatory
cytokines may have played a role in worsening visceral
hypersensitivity in FOS-administered mice following
WAS. In addition to increased production of pro-
inflammatory cytokines, mice subjected to WAS had
further increased mucosal mast infiltration with FOS.
Our findings are in line with a study that demonstrated
an eight-fold reduction of urinary histamine, a measure
of mast cell activation, among IBS patients receiving
a low compared to high FODMAP diet!*!, Mast cells
play an important role in mucosal immune activation
in IBS by releasing a variety of pro-inflammatory
mediators*®!, For example, tryptase released by mast
cells can activate protease-activated receptor-2, which
is important in inducing visceral hypersensitivity™”.
In addition to mucosal mast cell activation by WAS,
FOS-induced SCFA production may also contribute to
further recruitment of mucosal mast cells and secretion
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Figure 5 Effect of oral gavage of fructo-oligosaccharide on intestinal cytokine expression. A: Among saline-administered mice, IL-6 and TNF-a. expressions
increased in the ileum in the WAS group compared to the sham-WAS group. IL-23 expression increased in FOS compared to saline-administered mice following WAS; B:
In saline-administered mice, colonic IL-6 and IL-1(3 expression increased in the WAS group compared to the sham-WAS group. IL-1( expression increased in FOS
compared to saline-administered mice in the WAS group. Values represent mean + SD; sham + saline (n = 7), sham + FOS (n = 7), WAS + saline (n = 6), WAS + FOS
(n=7); one-way ANOVA. °P < 0.05, sham + saline vs WAS + saline; °P < 0.05, WAS + saline vs WAS + FOS. FOS: Fructo-oligosaccharide; WAS: Water avoidance

stress; IL: Interleukin; TNF: Tumor necrosis factor.

of histamine!*®*.

Our study has several limitations. First, FOS is only
one component of FODMAP that was studied, and
effects of the other FODMAP components on visceral
hypersensitivity and immune activation are unknown.
Second, although our study demonstrated the effects
of FOS on stress-induced visceral hypersensitivity
and intestinal inflammation, detailed mechanism was
beyond the scope of the study and will be invaluable
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in future studies. Finally, although the WAS-induced
mouse model exhibited visceral hypersensitivity and
low-grade inflammation, experimental models are not
able to fully encompass the complex biopsychosocial
components of IBS, and our findings should be inter-
preted with caution.

In conclusion, administration of FOS, a component
of FODMAP, intensified visceral hypersensitivity and gut
inflammation in the stressed-induced IBS mice, but
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not in the control mice. A parallel increased production
of intestinal SCFA was also observed with FOS
administration in the IBS mice but not in the control
mice. Our findings suggest a mechanism of FODMAP-
induced gastrointestinal symptoms specific to IBS.

ARTICLE HIGHLIGHTS

Research background

The impact of dietary factors in exacerbating symptoms of irritable bowel
syndrome (IBS) is being increasingly recognized. Specifically, abdominal pain
following the consumption of Fermentable Oligosaccharides, Disaccharides,
Monosaccharides, and Polyols (FODMAP) is common, and dietary restriction of
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FODMAP improves symptoms of IBS.

Research motivation

Although osmotic effects of poorly absorbed carbohydrates and increased
colonic gas production from intestinal fermentation are proposed, evidence
providing specific mechanism of FODMAP-induced IBS symptoms is sparse.
With wide acceptance of low-FODMAP diet as a treatment for IBS, clarifying the
specific mechanism is important for optimal application in clinical practice.

Research objectives

The aim of the study was to explore the effects of high-dose fructo-
oligosaccharides (FOS), a component of FODMAP, on visceral sensitivity,
inflammation, and production of intestinal short-chain fatty acids (SCFA) using
an IBS mouse model. FOS administration intensified visceral hypersensitivity
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and gut inflammation already present in the stress-induced IBS mice, but
not in the control mice, and was also associated with increased cecal SCFA
production. The results provide a biologic framework for FODMAP-induced
IBS symptoms that supports the application of low FODMAP therapy in clinical
practice.

Research methods

The effects of FOS on visceral sensitivity, SCFA production, and intestinal
inflammation were examined by using a water avoidance stress (WAS)-induced
IBS mouse model. Mice were randomly assigned to receive daily WAS or sham-
WAS for 10 d while receiving daily oral gavage of saline solution with or without
high-dose FOS. After 2 wk, visceral sensitivity was measured by abdominal
withdrawal reflex in response to colorectal distension and mucosal inflammation
was measured by histologic analyses. Furthermore, intestinal SCFA production,
cytokine expression, and mast cell counts were evaluated.

Research results

FOS administration intensified visceral hypersensitivity, increased mucosal
mast cell counts, and mediated intestinal cytokine expression in the stressed-
induced IBS mice, but not in the control mice. A parallel increase in cecal
SCFA levels was also observed with FOS administration in the IBS mice but
not in the control mice. These findings suggest that visceral hypersensitivity
and gut inflammation intensified by FODMAP diet may lead to worsening IBS
symptoms. Examining the effects of other FODMAP components other than
FOS on visceral hypersensitivity and immune activation, as well as, detailed
molecular mechanism may be invaluable in future studies.

Research conclusions

Administration of high-dose FOS, a component of FODMAP, intensified visceral
sensitivity and intestinal inflammation in a stress-induced IBS mouse model,
and was also associated with increased production of SCFA. These findings
suggest a mechanism of FODMAP-induced gastrointestinal symptoms specific
to IBS and are consistent with clinical studies that demonstrate the efficacy of
low-FODMAP diet in treatment of individuals with IBS.

Research perspectives

The importance of dietary factors in triggering symptoms is increasingly
being recognized in patients with IBS. FOS administration intensifies visceral
hypersensitivity and gut inflammation in stress-induced IBS mice, and is also
associated with increased intestinal SCFA production.
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